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ABSTRACT Biomolecular condensates exhibit a wide range of viscoelastic properties, shaped by their molecular grammar
and composition. Coarse-grained molecular models of biomolecules are widely used to complement experiments for revealing
the molecular drivers of thermodynamic stability and dynamics. However, fully flexible chain representations of proteins used in
widely popular models often fail to capture their complex viscoelastic dynamics, instead predicting purely viscous responses. In
this work, we demonstrate that introducing sequence-dependent chain rigidity enables us to quantitatively reproduce the exper-
imentally observed viscelasticity trends for the low complexity domain of hnRNPA1 protein (A1-LCD) condensates and their var-
iants. Furthermore, we show that the frequency-dependent loss factor can be characterized by a single descriptor that correlates
with viscosity across A1-LCD variants and diverse parameter settings within a single-bead, semiflexible coarse-grained model.
We further find that increasing backbone rigidity expands the elastic-dominated frequency range and is accompanied by more
extended condensate-phase conformations. Finally, we elucidate the microscopic origins of sequence-encoded viscoelasticity
by demonstrating how it can be tuned through sequence rearrangements that promote the formation of sticker clusters.

SIGNIFICANCE Using coarse-grained simulations, we demonstrate that incorporating sequence-dependent backbone
rigidity into models of intrinsically disordered proteins captures key features of the experimentally observed viscoelastic
behavior of condensates. Within this semiflexible coarse-grained framework for A1-LCD condensates, we identify a robust
relationship between protein sequence, condensate viscosity, and elasticity, providing new insights into how sequence
encodes material properties and how these can be predictively tuned.

INTRODUCTION

The phase separation of biomolecules into membraneless
condensates is a ubiquitous organizing mechanism in cells
for exerting spatial and temporal control over biochemical
processes (1-4). The functional attributes of condensates
stem from their liquid-like properties, which manifest in
their ability to swiftly assemble, disassemble, fuse, and
divide, allowing cells to rapidly adapt to changing environ-
mental cues (5-8). Over time, however, condensates may
lose their liquid-like material properties and age into more
solid-like assemblies associated with pathological condi-
tions (9—12). Depending on their molecular composition,
condensates span a wide range of material properties:
from Newtonian fluids to viscoelastic materials and gel-

like states, reflecting their capacity to integrate, process,
and store regulatory information at the mesoscale (13—18).

Capturing this rich spectrum of material behaviors in silico
remains a significant challenge, particularly for computational
models aiming to bridge molecular sequence features with
mesoscopic rheology. Microrheology experiments have been
instrumental in uncovering the sequence- and composition-
dependent viscoelastic properties of biomolecular conden-
sates (19-21). In addition to measuring material responses,
microrheology provides access to internal dynamics and char-
acteristic timescales associated with aging, relaxation, and
flow (10,22,23). Complementing these experimental ad-
vances, sequence-resolved coarse-grained models have
played a central role in elucidating the molecular origins of
condensate behavior. Notably, such models have successfully
reproduced key thermodynamic trends of intrinsically disor-
dered proteins, including saturation concentrations and critical
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temperatures (18,24-28). A key assumption in many single-
residue, sequence-resolved models is that chains are fully flex-
ible, an approach that significantly accelerates simulations,
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prevents entanglement, and enables robust predictions of
structural and thermodynamic properties (29). Driven by
available experimental data from SAXS and turbidity mea-
surements, most molecular models prioritize thermodynamic
accuracy and structural realism over dynamic material proper-
ties, thereby overlooking the subtle role of local chain rigidity
in shaping stress relaxation and energy dissipation.

Recent reports, however, (30,31) have shown that models
adopting fully flexible chains fail to capture viscoelastic
crossover behavior when used to calculate condensate mate-
rial properties. This limitation is consistent with the well-es-
tablished fact that intrinsically disordered proteins exhibit
sequence-dependent chain rigidity: flexible glycine-rich
segments enhance local flexibility, whereas bulky hydro-
phobic and aromatic residues can increase effective stiffness
and lead to deviations from ideal polymer scaling (32-34).
In addition, single-molecule experiments and simulation
studies have revealed sequence-dependent internal friction,
reflecting barriers to conformational rearrangement even
in dilute solution (35-37). Although internal friction con-
tributes to intrinsic chain reconfiguration timescales, con-
densates exhibit additional collective viscoelastic effects
arising from intermolecular interactions, transient cross-
linking, and network formation (19,31,38).

In this work, we show that introducing sequence-dependent
semiflexibility into C,, coarse-grained models of A1-LCD al-
lows us to reproduce the experimentally measured viscoelastic
trends across its sequence variants (39). By designing new se-
quences via the reshuffling of A1-LCD residues, we also pro-
vide experimentally testable predictions for tuning the
viscoelasticity of condensates through systematic variation
of hydrophobic patterns. We elucidate the microscopic origins
of sequence-encoded viscoelasticity by showing that rearrang-
ing residues to cluster aromatic stickers strengthens network
connectivity and shifts condensates toward elastic dominance
as viscosity increases. Finally, we show that appropriately re-
scaled spectra exhibit a collapse across the sequences and
parameter perturbations studied here. This suggests that,
within this model class and data set, a dominant stress-relaxa-
tion scale governs both elastic storage and viscous dissipation.
Future studies should test weather adopting higher resolution
models or looking at more complex protein topologies can
lead to hierarchy of relaxation timescales which one may
expect for heterogenuous network architectures. Nevertheless
the present results establish a useful framework for engineer-
ing the material properties of condensates via sequence
design, preparing the ground for rational modulation of
condensate functional dynamics in cells.

MATERIALS AND METHODS
Description of models

We employed a one-bead-per-residue hydrophobicity scale (HPS) model
(29) with the CALVADOS 2 parameterization (40) to simulate the low-
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complexity domain of protein hnRNP A1l (referred to as A1-LCD in the
following text) (39). The coarse-grained (CG) beads in the chain represent
the amino acid residues. The nonbonded interactions between residues i, j
are modeled via the Ashbaugh-Hatch potential, and salt-screened electro-
static interactions are modeled via the Debye-Hiickel potential:
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where ¢ = 0.8368 kJ/mol, 7. = 4 nm, and U" is the Lennard-Jones poten-

tial Ubj(r) = 4e {(a;j/r) - (a,-j/r)ﬁ]. Here, 6; = (0; +0;)/2 and
Aij = (ﬂi +/1,~) /2 are arithmetic averages of monomer size and hydropho-
bicity value, respectively. The pair potential with A = 0 consists of only the
repulsive term equivalent to the Weeks-Chandler-Andersen functional form
(41). We use o values of amino acids from van der Waals volumes (42). We
use A values of amino acids from the CALVADOS 2 parameters (40). In
the Debye-Hiickel potential, ¢ is the charge number of particles, and
k! = JekgT /2¢1 is the Debye length, where ¢ is the dielectric constant,
and / is the ionic strength. We take / = 0.17 M, T = 300 K, and
x~! = 0.9 nm in our simulations. The temperature-dependent dielectric
constant used in our simulations has the following empirical relation:
e(T)/ey = 5321/T + 233.76 — 0.9297T + 1.41710x 1073T? —
8.29210 x 10~ T3, This functional form is an empirical fit for liquid water
that has been adopted in prior CG electrostatic parameterizations; we use it
here for consistency with the Debye-Hiickel treatment in CALVADOS-type
models (40). All CG beads are connected via bonded interactions modeled
by harmonic potentials.

U(r) = 2(r — ro)%, 3)

where k, = 8033 kJ/mol/nm?, and r; = 0.38 nm. Other parameters used
in the equilibration process are listed in supporting material A.

Modulating rigidity by angular potential

We employed a harmonic “bond angle” potential between two adjacent
bonds in the simulations. The angular potential of residue i (Fig. 1 A) is ex-
pressed as

k
Up = 50 = 00:)’, )

1

where k is the angular stiffness (in units of kgT/rad®), and 6o, is the
preferred bond angle for residue i. These are adjustable parameters, and
their variation is systematically explored in Table 1.

We quantify rigidity by the tangent correlation and the persistence length
of a single chain. In the discrete Kratky-Porod model, the tangent correlation
is((r; — ri—1)(rig1 — 1)) = (cos @), where (cos ) is the average cosine
of the bond angle. In our CG model, the natural bond length is a constant ry;
the corresponding discrete persistence length is [, = — ro/In({cos 6)) in re-
gimes where (cos ) >0. The local rigidity of different parameter sets is
shown in Fig. S2.
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FIGURE 1 Comparison of viscous and elastic moduli between simulations and experiments. (A and B) The amino acid sequences of seven aromatic mu-
tants of A1-LCD and their rearrangements. da, describes the distance of the closest aromatic residues. (C) Representative chain conformations in condensates
without and with the harmonic angular potential U“; for visualization clarity, the transparency of the remaining condensate environment is increased. (D)
Comparison of loss factor G” /G’ between experiments (39) and simulations with (orange) or without (green) angular potential U . In simulations, G”/ G’ is
taken at a characteristic frequency @ = 8 x 107> ps~ ! between the crossover points of allY and allW, in the same manner as in the experiment. The dashed
line shows robust agreement between the experiment and the simulations. (E) Comparison of elastic (G’) and viscous (G”) moduliatw = 8 x 1073 ps~ for
different rearrangemed A1-LCD variants. The white diagonal line (G” = G’) separates the dominantly viscous (blue) versus elastic (red) regimes.

Sequence rearrangement protocol and patterning
metrics

are kept the same. When da, = 1, all aromatic residues form a contiguous
block; when da, = 2, aromatic residues are gapped with one other residue,
which is located in their original order. The gap will widen if we increase the

We rearrange representative sequences (allF, WT, allY, and allW) with the
following protocol: only aromatic residues are rearranged into the centered
region of the chain with the same index distance da, between nearest-
neighbor aromatic residues (Fig. 1 B). The type and order of all other residues

parameter da,. When da, >2, the effect of rearrangement is not strong
because the distribution of aromatic residues is closer to a random permuta-
tion. We only compare da, = 1 and 2 with the original sequences in our
manuscript. Because the fraction of aromatic residues is about 14% and these

TABLE 1 The parameter lists of various harmonic angular potentials U?: Stiffness k and preferred bond angle 6 ;

Data set k [kgT/rad?] 6y [deg] Oar [deg] Oar+ [deg]
Adjust 6y (A1) 10 140 Oar = 6 Oarx = 6o
Adjust 0y (A2) 10 150 Oar = 6O Oars = O
Adjust 6y (A3) 10 160 Oar = 6o Oac= = 6o
Adjust k£ (B1) 0 / / /

Adjust £ (B2) 4 160 Oar = 6o Oar+= = Oy
Adjust k (B3) 6 160 Oar = 6O Oars = O
Adjust k (B4) 10 160 Oar = 60 Oarx = 0o
Adjust k (B5) 20 160 Oar = 6O Oars = O
Residue dependent (C1) 16 140 Oar = 6 Oarx = 6
Residue dependent (C2) 16 140 Or = 145,60y = 160, 8y = 175 Oars = O
Residue dependent (C3) 16 140 O = 145,60y = 160, 0y = 175 Oarr = Oar, Oar— = 6o
Residue dependent (C4) 16 140 O = 145,60y = 160, 6y = 175 Oar+ = Oar

The parameter sets (A1-A3) have constant k£ with increasing 6. The parameter sets (B1-B5) have constant 8, with increasing k. The parameter sets (C1-C4)
have residue-dependent 6y ;, which is determined by the following order: 1) 6y; = 6, when residue i is an aromatic amino acid (F, Y, or W); 2) 6y; =
max(far+,Oar—) when residue i £ 1 is aromatic; 3) 0y, = 6y when the previous two conditions are not met.
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residues are neutral, their rearrangement does not strongly affect overall elec-
trostatic interactions. We quantify their charge distributions using the normal-
ized sequence charge decoration; all values are close to 0, as shown in Fig. S1
A. As aromatic residues have higher hydrophobicity (see the A values in the
HPS model), clustering them along a 1D sequence will increase the hydrop-
athy decoration metric. We also show the relation between sequence hydrop-
athy decoration and viscoelasticity in Fig. S1.

Molecular simulations and viscoelasticity
measurements

All simulations were performed using the OpenMM (v7.7) molecular dy-
namics library on GPU nodes. The number of chains in the simulation
box was Npe, = 250. The initial length of the cubic box was set to
50 nm, well above the equilibrium size, to achieve a relatively low system
density during initialization. After energy minimization, we used the NVT'
ensemble with a timestep of 0.01 ps. Next, by gradually shrinking the box
dimensions, we increase the density of our system until it reaches the
condensate density from previous phase-separation simulations. The pa-
rameters of this process are shown in supporting material A. Finally, we
fix the box size and carry out 1 x 10%-step NVT simulations for all subse-
quent measurements.

By the Green-Kubo (GK) relation, the shear stress relaxation modulus
G(t) can be determined by computing the autocorrelation of the off-diago-
nal components of the stress tensor. A more accurate expression can be ob-
tained by taking into account the isotropic nature of the system (43,44).

Gl = g 3| ConOun(0) + § Vun(ONey(0)].
B ap

®)
where Nos = 040 — 0pp is the normal stress difference, and the summation
contains (aff = xy,yz,xz). To avoid the typical noisy nature of G(¢) at long
time scales, we fitted G(f) to a series of Maxwell modes Gu(f) =
ZnGm exp(—t/7,), which are equidistant in logarithmic time (44,45)
(see Fig. S5). Then, elastic and viscous moduli G'(w) and G”(w) can be
straightforwardly calculated by the Fourier transform of G(r). The shear
viscosity can be calculated by integrating the shear stress relaxation
modulus over the relaxation time.

y - / aG(o) + [ diGu(o) ©)
0 fo

The division time 7y is chosen so all the fast intramolecular oscillations of
G(r) have decayed, and the function becomes positive after 7). We recorded
the stress tensor every 20 steps for evaluating the short-time part of the in-
tegral and every 200 steps for assessing the long-time part of Eq. (6) in the
NVT simulations.

Importantly, the Maxwell representation used here is multimode: G(r) is
fitted to a sum of exponentials with a logarithmically spaced relaxation
spectrum, and all subsequent quantities (G'(w), G” (w), and i) are computed
from the full fitted spectrum. The single-mode Maxwell expressions intro-
duced later are used only as a minimal illustrative model to rationalize the
emergence of rescaled master curves and are not assumed in the underlying
analysis pipeline.

RESULTS

Sequence-dependent rigidity recapitulates
viscoelasticity of A1-LCD and its variants

To reproduce experimentally observed trends among the
A1-LCD sequence variants, allF, WT, allY, and allW (39),
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we introduce a residue-dependent angular potential Uj
into the CALVADOS framework (Fig. 1 A). This term mod-
ulates local backbone rigidity based on amino acid identity.
Aromatic residues, owing to their bulky side chains, are ex-
pected to increase adjacent bond angles and thereby stiffen
the chain. To create experimentally testable predictions
regarding how rigidity and spatial patterning shape conden-
sate mechanics, we further analyzed two representative
rearrangements that systematically alter the spacing or
blockiness of aromatic residues via one- and two-residue
gaps. Introducing this sequence-dependent angular potential
has a clear structural consequence: chains become more
extended within condensates (Fig. 1 C). Compared with
simulations without the angular term, the residue-dependent
rigidity suppresses local collapse and promotes expanded
conformations in the dense phase. These qualitative differ-
ences form the structural basis for the rheological changes
described below.

When comparing viscoelastic properties across variants,
we find that the residue-dependent angular potential yields
strikingly improved agreement with experiments. Experi-
mental microrheology data for A1-LCD mutants are taken
from Ref. (39), and simulation-experiment comparisons in
Fig. 1 D follow the same loss-factor definition and charac-
teristic-frequency protocol used in that work. Because CG
dynamics do not provide a unique mapping to experimental
time scales, we focus on reproducing relative ordering and
spectral shape using the characteristic-frequency protocol
of Ref. (39) rather than absolute values of w. The loss factor
G"/G' at the characteristic frequency @ = 8 x 1073 ps~!
reproduces the experimentally established ordering of mu-
tants (Fig. 1 D). Both storage and loss moduli increase
upon introducing residue-specific rigidity, relative to a
constant angular potential, indicating that local stiffening
promotes a denser and more mechanically robust intermo-
lecular network. Differences among mutants are also magni-
fied: the spread in G”/G’' across variants increases
substantially (Fig. 1 D), reflecting the cooperative action
of aromatic type and spatial distribution in modulating
viscoelasticity.

Because G'(w) and G”(w) are frequency dependent, we
verified that the rank ordering of mutants and rearrange-
ments is robust to the specific choice of comparison
frequency. In practice, selecting @ within an intermediate-
frequency window around @ = 8 x 107> ps~! yields the
same qualitative ordering of the loss factor across variants
(see Fig. S6 of the supporting material), indicating that the
conclusions do not depend on a fine-tuned frequency choice.

We also investigate how the sequence-rearrangement pro-
tocol modulates viscoelasticity. In this protocol, we concen-
trate aromatic residues near the center of the chain while the
order and number of all other residues remain unchanged
(see materials and methods and Fig. 1 B). Both storage
(G') and loss (G”) moduli increase after this rearrangement.
Notably, G’ increases more than G”, shifting the
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condensates toward elastic dominance. This shift is reflected
by the movement of the rearranged data points from the blue
to the red region in Fig. |1 E. The elastic transformation
induced by the enhanced connectivity of the aromatic
stickers suggests experimentally testable predictions for
the viscoelastic consequences of rearrangement.

At low frequencies, all sequences exhibit the expected
terminal relaxation regime, with G'(w)xa? and G’ ()
o, leading to G"/G'xw~! (17). In the intermediate-
frequency regime, the slower growth of G'(w) generates a
characteristic turning point in the loss factor curves
(Fig. 3), marking the transition toward an increasingly
elastic-dominated response. Together, these results demon-
strate that aromatic identity and local concentration coop-
erate to enhance both viscous and elastic moduli, shifting
condensates toward a more elastic regime. Having estab-
lished these rheological consequences, we next examine
how changes in chain dimensions quantitatively correlate
with viscosity across mutants and rearrangements.

To obtain R?“gle, we performed independent dilute-solu-
tion simulations of a single A1-LCD chain in a cubic box
at the same temperature, ionic strength, and CG force-field
parameters as in the condensate simulations, but at suffi-
ciently low concentration to eliminate interchain contacts
(see supporting material B for details). Unless otherwise
noted, all reported R, values are computed directly from
our simulations.

Fig. 2 quantifies these relationships among conforma-
tional properties. Across all mutants, condensate-phase
chains are consistently more extended than isolated chains,
with REOMenste > RIngle for all cases (Fig. 2 B). This expan-
sion is further amplified when residue-dependent angular ri-
gidity is included, consistent with the qualitative snapshots
of Fig. 1 C. Increasing hydrophobicity in single-chain sim-
ulations produces modest compaction, yet condensate-phase
R, remains comparatively insensitive to aromatic identity,
reinforcing the notion that intramolecular attractions domi-
nate collapse in dilute conditions. In contrast, condensate
environments, with their dense steric network and restricted
configurational space, favor more extended conformations.

These changes in R, correlate strongly with viscosity
(Fig. 2 A). In the absence of angular rigidity (red symbols),
the four mutants occupy a narrow band of viscosities. In

R;ondensate [n m]

ranged sequences (da, = 2) with C3 sets. (B) R, in
dilute phase as a function of R, in condensates.
The dashed line shows REondensate /Reingle —

5 6

contrast, residue-dependent angular rigidity (orange sym-
bols) significantly separates the mutants and reproduces the
experimentally observed ordering. Rearranged sequences
(dar = 2, green symbols) further illustrate how aromatic
clustering modulates chain extension and, consequently,
rheological behavior. Thus, we find that increasing local ri-
gidity and interchain hydrophobic attraction lead to a mono-
tonic rise in effective viscosity #, reflecting stronger network
connectivity and reduced configurational mobility. This in-
crease is consistent with classical mechanisms of viscous
dissipation (38,46,47) and with our previous analysis of
microscopic flow pathways. Corresponding R, and viscosity
values for almost all parameter sets are provided in Fig. S3.

Chain rigidity modulates transition between
viscous and elastic regimes

To quantify the transition between viscous and elastic
behavior, we extract the relaxation time 7 from the crossover
frequency at which G'(w) = G”(w) (see insets in Fig. 3). If
no crossover is observed, no relaxation time is assigned. We
compare two cases: 1) simulations with a uniform constant
angular potential (k = 0 — 20,6y = 160°) and 2) simula-
tions with residue-dependent angular rigidity, which matches
very closely with experimental measurements from
Ref. (39). Simulations incorporating residue-dependent ri-
gidity yield relaxation times that track experimental trends
far more faithfully than constant-rigidity models, underscor-
ing the importance of sequence-encoded stiffness in shaping
condensate viscoelasticity.

We find that for weak or absent angular rigidity (flexible
chain regime), condensates remain dominantly viscous:
G"(w) > G'(w) over the entire frequency range (Fig. 3 A
and B). Increasing k stiffens local chain segments and sup-
presses angular flexibility, causing G’(w) to rise more
rapidly with frequency. This produces a clear viscous-to-
elastic transition marked by a crossover at intermediate .
For example, in the allW mutant, increasing k from O to 6
produces a crossover near 2 x 10~% ps~!, corresponding
to 7gx4.5 ns (Fig. 3 C). Further increasing rigidity
(k = 20) shifts the crossover to lower frequencies and
yields a substantially slower relaxation time (7x~19 ns),
consistent with more persistent elastic stresses. We report

Biophysical Journal 125, 1-11, March 3, 2026 5
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FIGURE 3 Angular potential modulates viscoelastic moduli and relaxation times. Elastic G’ (w) (solid lines) and viscous G” (@) (dashed lines) moduli for
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uncertainties of G” /G’ and t by combining block-bootstrap
GK estimates and error estimation in Maxwell fitting pro-
cess. Two examples are shown in Fig. S6.

We also investigate how aromatic mutations modulate
these trends. Without angular rigidity (k = 0), increasing
hydrophobicity from allF to allW elevates both G’ and G”,
but G”/G’ remains above 1 for all mutants, indicating a
persistent viscous regime (Fig. 3 A). Introducing moderate
rigidity (k = 6) induces a crossover for hydrophobic-rich
sequences, but the resulting relaxation times remain signif-
icantly lower than experimental values, suggesting insuffi-
cient resistance to backbone bending. At high rigidity
(k = 20), all mutants become elastic dominated
(G"/G' <1), and 7g increases with aromatic content
(Fig. 3 C), which overestimates the extent of the elastic
regime for weaker hydrophobic sequences (e.g., allF and
WT). For the residue-dependent rigidity case, hydropho-
bic-rich sequences (allY and allW) are distinguished by their
crossover behavior and larger elastic-dominated regime, in
qualitative agreement with experiments. Other modulations,
e.g., variations in the bond angle 6y, are shown in Fig. S4.
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Sequence programs viscoelasticity via
remodeling of sticker connectivity networks

To probe how aromatic patterning influences internal dy-
namics, we visualized condensates colored by the residue
hydrophobicity parameter 4 (Fig. 4 A and C) and computed
the self part of the van Hove function G(r, ), plotted as
47r2Gy(r,t) versus r/o (Fig. 4 B and D). In a homogeneous
diffusive regime, G,(r,t) is approximately Gaussian in r,
whereas pronounced non-Gaussian tails reflect dynamical
heterogeneity.

For compact comparison across conditions, we fit the cen-
tral part of the displacement distribution to a Gaussian form,
G,(r,t)xexp[ — r* /a(1)], and we report the corresponding
width parameter a(f) as a phenomenological measure of
typical displacements. Across both allF and allW systems,
rearrangements that promote stronger sticker clustering
yield narrower central distributions and more evident devi-
ations from Gaussian behavior at long times, consistent
with an increased fraction of slowly relaxing particles.
Conversely, the original sequences exhibit broader central
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in each panel.

distributions and more Gaussian-like dynamics within the heterogeneity by creating more persistent, locally connected
same observation window. sticker networks.

In the most clustered condition (allW, da; = 1; Fig. 4 C,
left), high-A residues form visually prominent sticker-rich . . R .

: . . Viscoelastic quasi-universality can be seen for
regions, and the corresponding G,(r,t) displays the stron-

. . . . some sequences

gest suppression of forcing-scale displacements, consistent
with enhanced kinetic constraints. Together, these data sup- Beyond variant-specific trends, our simulations reveal a
port the view that aromatic clustering increases dynamical quasi-universal scaling of viscoelastic response within a
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single-bead semiflexible CALVADOS/HPS model. After re-
scaling by characteristic frequency and loss-factor minima,
spectra from different sequences and angular-parameter sets
collapse onto master curves, consistent with a dominant
stress-relaxation timescale governing both G'(w) and
G"(w). This behavior should be interpreted as a model-
dependent prediction for single-component IDP conden-
sates and may not persist in systems with folded domains,
strong heterogeneity, or additional relaxation pathways.

We analyzed data across four categories of parameter
settings: 1) variations in the preferred bond angle 6, 2)
changes in the angular stiffness constant &, 3) introduction
of residue-dependent angular potentials U¢, and 4) rear-
rangements of aromatic sequence patterns (see Table 1;
Fig. 1 B). Despite the heterogeneity in input parameters
and sequences considered, a consistent dynamic response
emerges: the loss factor G”/G’, which quantifies the ratio
of viscous to elastic contributions and exhibits a well-
defined minimum at a characteristic frequency w*. When
normalized by this minimum value (G”/G’)" and fre-
quency *, the normalized loss-factor curves superpose
in the low-frequency regime (Fig. 5 A), revealing that
each condensate’s viscoelastic profile can be effectively
characterized by a single descriptor, (G”/G’)*, which
marks the point of maximal elasticity within the measured
frequency window.

Strikingly, we also observe a robust inverse correlation
between the shear viscosity 7 and (G”/G’)" (Fig. 5 B): sys-
tems with lower (G”/G’)" exhibit higher viscosities and
stronger elastic dominance. A similar trend is observed in
the experimental data (see Fig. S7 of the supporting
material). This behavior is consistent with general principles
of polymer rheology, in which longer-lived or more strongly
connected networks exhibit both larger viscosities and more
pronounced elastic contributions. In such systems, the dissi-
pative and elastic responses are not independent but are
coupled through the underlying relaxation spectrum and
constrained by the Kramers-Kronig relations (48).

Viscosity also scales positively with the radius of gyration
R, of chains within condensates (Fig. 5 C). Extended con-
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formations enhance interchain interactions and entangle-
ments, thereby increasing viscosity. However, aromatic
substitutions (e.g., F - Y — W) can increase viscosity
without altering R,, highlighting that interaction strength,
beyond chain shape, plays a crucial role in viscoelastic con-
trol. The relationship between viscosity and interaction en-
ergy is shown in Fig. S8 A. Lastly, we show that R,
increases with the average bond angle (6), a proxy for local
backbone rigidity (Fig. S8 B for R;‘mdensate). Although most
data follow this correlation, rearranged sequences (diamond
symbols) deviate, exhibiting a greater R, than expected,
indicating that both sequence patterning and rigidity
contribute independently to chain expansion and network
formation.

The observed collapse of viscosity versus normalized
loss factor suggests that a common relaxation timescale
controls both frequency-domain viscoelastic spectra and
the time-integrated stress relaxation that defines the shear
viscosity. Although viscosity is often treated as a static ma-
terial parameter, in equilibrium, it is determined by the
time integral of the stress autocorrelation function via the
GK relation (Eq. 6) and thus directly reflects the dominant
stress-relaxation timescale. The dynamical behavior of
associative IDP condensates can therefore be rationalized
within the conceptual framework of sticky Rouse (or
transient-network) models, in which reversible sticker-
sticker contacts generate a dominant stress-relaxation
timescale (48,49). Our central finding is that reproducing
experimentally observed viscoelastic trends within a
sequence-resolved CG model requires incorporating
sequence-dependent effective backbone rigidity, which is
not captured in standard fully flexible polymer representa-
tions. The average lifetime of reversible cross-links defines
a dominant relaxation timescale, 7z, that governs both
viscous dissipation and elastic storage. In previous work,
we have measured related timescales by quantifying the
flow activation energies of condensates in experiments
and simulations (19,38).

For intuition, this single-timescale behavior can be
captured by a single-mode Maxwell model, where the
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frequency-dependent storage and loss moduli are given by
the following:

G 2
G'(w) = 2ol )
1 + (wzr)
G
G (0) = — 2k ®)
1 + (COTR)
The corresponding loss factor becomes the following:
G (w) 1
= — fi 1. 9
() pr or wtg K )

Rescaling the loss factor by its minimum value (G”/G')"
and the corresponding frequency w* effectively factors out
differences in 7z between systems and can reveal a shared
relaxation mechanism. Variations in chain rigidity or
sequence composition alter the value of zg, but not neces-
sarily the functional form of G”(w)/G'(w) in the low-fre-
quency regime, leading to the observed collapse onto a
master curve. We note that the long-time tail of G(¢) is
intrinsically noisy in GK calculations; therefore, inferred
low-frequency moduli and # can be sensitive to the stability
and functional form of the Maxwell-spectrum fit (Fig. S5).
This uncertainty is mitigated by block averaging and boot-
strapping (Fig. S6), but it remains a practical limitation in
extracting extremely low-frequency rheology from finite-
time simulations.

DISCUSSION

Biomolecular condensates exhibit tightly regulated material
propertiesdysregulation of which is linked to pathological
solidification in neurodegenerative diseases (10,20,50).
Although molecular simulations have greatly advanced
our understanding of condensate formation and thermody-
namics, standard CG models that treat IDPs as fully flexible
polymers fail to capture their viscoelastic response (30,31).
These models typically portray condensates as predomi-
nantly viscous, whereas experimental microrheology re-
veals a substantial elastic component.

Here, we demonstrate that introducing sequence-depen-
dent backbone rigidity via angular potentials enables CG
simulations to recover key viscoelastic signatures observed
in hnRNP A1-LCD condensates (39). Increasing local stiff-
ness systematically expands the frequency range domi-
nated by elasticity, shifts the viscoelastic crossover to
lower frequencies, and yields relaxation times that more
closely track experimental trends. These features are ab-
sent in fully flexible models. At the structural level, this
stiffness manifests as an increase in the chain radius of gy-
ration within condensates, indicating that semiflexible
chains resist local collapse and adopt more extended
conformations. These expanded conformations, in turn,

Viscoelasticity in Biocondensates

correlate positively with condensate viscosity, linking
sequence-encoded rigidity to macroscopic rheology.

Our results also highlight the importance of sequence
patterning and sticker connectivity. Guided by the recently
proposed energy-landscape view of condensate viscoelas-
ticity (31), we showed that rearranging aromatic residues
to enhance sticker clustering further amplifies elastic
response and slows stress relaxation. Rearranged sequences
reorganize the underlying sticker network, generating more
pronounced structural and dynamic heterogeneity, as re-
flected in deviations from Gaussian behavior in the self
van Hove functions. Thus, not only the overall aromatic
content but also its spatial distribution along the chain
play a key role in programming condensate mechanics by
remodeling the connectivity and heterogeneity of sticker-
mediated networks.

Within the family of AI-LCD-based sequences studied
here, which share the same protein length and closely
related composition but differ in charge patterning and aro-
matic distribution, we observe a consistent master-curve
collapse of viscoelastic spectra. When the loss factor
G"/G' and frequency w are normalized by the minimum
loss factor and its characteristic frequency, data from
different mutants, angular potentials, and sequence rear-
rangements collapse onto a common curve. This behavior
suggests that condensate viscoelasticity, within the single-
bead semiflexible framework considered here, is governed
by a shared relaxation mechanism rooted in the transient
connectivity of sticker-sticker networks (19,38). In this pic-
ture, the dominant relaxation timescale is set by a combina-
tion of backbone rigidity, sticker interaction strength, and
sequence patterning, which together determine both chain
expansion and the lifetime of network connections. These
observations indicate that some aspects of viscoelastic
spectra may exhibit quasi-universal trends under restricted
sequence perturbations. Future studies should clarify the
conditions under which this quasi-single-timescale picture
holds and when additional relaxation modes become
essential.

Together, these findings establish a general framework
linking sequence-encoded chain stiffness, sticker connectiv-
ity, and chain conformation to the emergent material proper-
ties of protein condensates. They also motivate new
experimental tests. For example, microrheology combined
with single-molecule measurements of chain dimensions in
condensates could directly probe the predicted correlation
between R, viscosity, and the minimum loss factor. More
complex architectures, such as mixed folded-disordered
systems or multicomponent condensates, are expected to
introduce additional relaxation modes that challenge the sin-
gle-timescale picture and provide a stringent test of the quasi-
universality observed here. Future work that integrates
optical-tweezers-based microrheology, sequence-resolved
perturbations, and multiscale simulations will further refine
this connection, advancing our ability to predict and program
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condensate mechanics from biomolecular sequence and
composition.

DATA AND CODE AVAILABILITY

Simulation input files and analysis scripts used in this study are available on
GitHub at https://github.com/PotoyanGroup/rigidity-simu-main.
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