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Abstract 

Many biomolecular condensates act as viscoelastic complex fluids with distinct cellular functions. 

Deciphering the viscoelastic behavior of biomolecular condensates can provide insights into their 

spatiotemporal organization and physiological roles within cells. Though there is significant 

interest in defining the role of condensate dynamics and rheology in physiological functions, the 

quantification of their time-dependent viscoelastic properties is limited and mostly done through 

experimental rheological methods. Here, we demonstrate that a computational passive probe 

microrheology technique, coupled with continuum mechanics, can accurately characterize the 

linear viscoelasticity of condensates formed by intrinsically disordered proteins (IDPs). Using a 

transferable coarse-grained protein model, we first provide a physical basis for choosing optimal 

values that define the attributes of the probe particle, namely its size and interaction strength with 

the residues in an IDP chain. We show that the technique captures the sequence-dependent 

viscoelasticity of heteropolymeric IDPs that differ either in sequence charge patterning or 

sequence hydrophobicity. We also illustrate the technique’s potential in quantifying the spatial 

dependence of viscoelasticity in heterogeneous IDP condensates. The computational 

microrheology technique has important implications for investigating the time-dependent rheology 

of complex biomolecular architectures, resulting in the sequence-rheology-function relationship 

for condensates. 
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Introduction 

Characterizing the spatiotemporal evolution of biomolecular condensates is crucial for 

understanding their role in modulating cellular biochemistry1-3 and how they transform into 

pathological aggregates.4-6 Liquid-liquid phase separation through multivalent interactions in a 

protein sequence can drive the formation of these condensates.7-12 Liquid-like (viscous) behavior 

of these cellular compartments is thought to define their functional landscape, by enabling extreme 

dynamics13 and efficient transport of biomolecules that can aid in biochemical processes.14 

However, recent investigations have demonstrated the loss of condensate liquidity over time, 

yielding dominant elastic behavior that may eventually promote the formation of solid fibrillar 

states.15-17 Thus, it is critical to accurately quantify the viscoelastic spectrum of biomolecular 

condensates to establish how the protein sequence governs their (dys)functional paradigm.18 

Transitions in the material states of protein condensates can occur due to a multitude of 

factors, e.g., post-translational modifications that alter sequence charge patterning or mutations 

that alter sequence hydrophobicity.19-21 Such sequence alterations commonly occur in intrinsically 

disordered proteins (IDPs) or regions (IDRs), which are prevalent in biocondensates, thereby 

causing a speed-up or slowdown in their dynamics. Deciphering the sequence-encoded molecular 

interactions of IDPs that dictate prominent dynamical changes in conjunction with the 

measurements of viscoelasticity are essential for establishing the sequence-rheology-function 

relationship of condensate biology. Simulations can serve as a computational lens into the 

molecular interactions of condensates and a tool for accurately measuring their rheological 

properties. For example, the viscosity and viscoelasticity of IDP condensates can be quantified 

using equilibrium molecular dynamics (MD) simulations along with the Green-Kubo (GK) relation 

and nonequilibrium MD simulations.22-26 While these techniques are useful for measuring the bulk 

rheology of single-component systems, they suffer from the inability to capture the spatial 

variations in viscoelasticity seen in multi-component in vitro and in vivo condensates. Knowledge 

of the spatial dependence of viscoelastic properties within the condensates can provide important 

insights for studying how the partitioning and transport of small drug molecules into condensates 

depends on their local environment.27 

Particle tracking experimental microrheology is widely used for investigating the time-

dependent bulk viscoelasticity and viscosity of in vitro phase-separated droplets displaying 
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different material characteristics ranging from liquid-like to solid-like behaviors.28-33 It is a highly 

sought-after method because it requires only small volumes of biological samples and enables a 

label-free approach where the biomolecules need not be fluorescently tagged.34, 35 In addition, the 

technique has the potential to quantify the local viscoelasticity of heterogeneous condensate 

systems.34 The technique relies on connecting the probe particle motion in a complex fluid system 

and its microscopic viscoelastic properties through continuum mechanics.36, 37 A computational 

analogue of the technique via MD simulations has been shown to yield quantitatively accurate 

viscoelastic modulus for the homopolymer and colloidal systems,38-41 but a rigorous 

implementation of it remains untested for the heteropolymeric protein condensates. The success 

of the computational microrheology technique relies on carefully choosing the parameters for the 

probe particle, namely its size and interactions with the medium of interest, such that they follow 

continuum mechanics assumptions. This is also a primary concern in experimental microrheology 

where the nonspecific interactions between probe beads and protein molecules need to be 

prevented for reliable measurements.35 Establishing a physical basis for choosing the attributes of 

the probe is important because of the unexplored questions regarding the technique’s capability in 

two following aspects: (1) capturing the sequence-dependent viscoelasticity of condensates 

formed by heteropolymeric IDPs and (2) quantifying the spatial variations in viscoelasticity found 

in heterogeneous condensates formed by a pair of heteropolymeric IDPs. To this end, we 

systematically demonstrate in this work that computational microrheology is a robust technique 

for studying the time-dependent rheological properties of protein condensates. 

Results 

 To investigate the sequence-dependent viscoelasticity of IDP condensates using 

computational microrheology, we employed coarse-grained (CG) model sequences formed by an 

equal number of negatively charged glutamic acid (E) and positively charged lysine (K) with chain 

length 𝑁𝑁 = 250 residues. Recently, we used similar IDP sequences to establish the sequence-

dependent material properties, namely diffusion coefficient 𝐷𝐷 and viscosity 𝜂𝜂 of condensates 

formed by charge-rich model and naturally occurring IDPs.24 We chose three E−K sequences that 

varied in the sequence charge patterning, with a high degree of charge segregation quantified using 

a high value of normalized sequence charge decoration (nSCD ∈ [0,1]) parameter42-44 (see Table 

𝐒𝐒𝟏𝟏 for the amino acid sequences). Specifically, we used variants with nSCD values of 0.067, 
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0.468, and 1.000, respectively. We performed computational passive probe microrheology via 

MD simulations in a cubic simulation box at the preferred dense phase concentrations of the E−K 

variants (see Methods). We found that the dense phase concentration 𝜌𝜌 increased with increasing 

degree of charge segregation (i.e., increasing nSCD), highlighting stronger effective interactions 

between the oppositely charged residues (Fig. 𝐒𝐒𝟏𝟏). A probe particle of bare mass 𝑚𝑚bare, modeled 

as a rough sphere for ensuring no-slip boundary conditions,45 was dispersed in the dense phase of 

the E−K variants (Fig. 𝟏𝟏𝐚𝐚). All the simulations were carried out via a transferable hydropathy 

scale (HPS) model46, 47 at a constant temperature of 𝑇𝑇 = 300 K (see Methods for model and 

simulation details). 

The friction encountered by the probe particle during its Brownian motion can be related 

to the linear viscoelastic properties (elastic 𝐺𝐺′ and viscous 𝐺𝐺′′ modulus) of the dense phase of a 

condensate using the inertial generalized Stokes-Einstein relation (IGSER)48, 49 

      𝐺𝐺∗(𝜔𝜔) = 𝑖𝑖𝑖𝑖𝑍𝑍∗(𝜔𝜔)
6𝜋𝜋𝑅𝑅h

+ 𝑚𝑚eff𝜔𝜔2

6𝜋𝜋𝑅𝑅h
+ 𝑅𝑅h2𝜔𝜔2

2
��𝜌𝜌2 + 2𝜌𝜌

3𝜋𝜋𝑅𝑅h3
�𝑍𝑍

∗(𝜔𝜔)
𝑖𝑖𝑖𝑖

− 𝑚𝑚eff� − 𝜌𝜌�,                           (1) 

where 𝐺𝐺∗ = 𝐺𝐺′ + 𝑖𝑖𝐺𝐺′′ is the dynamic modulus of the medium, 𝑍𝑍∗ is the frequency-dependent 

friction experienced by the probe through its interactions with the medium, 𝑅𝑅h is the hydrodynamic 

radius of the probe, and 𝑚𝑚eff is the effective mass of the probe particle. As per continuum 

mechanics, 𝑚𝑚eff = 𝑚𝑚bare + 𝑚𝑚add, where 𝑚𝑚add = 2
3
𝜋𝜋𝑅𝑅h3𝜌𝜌 is the added mass from the medium.50 

For IGSER to accurately capture the viscoelastic properties of IDP condensates, two important 

characteristics of the probe emerge, namely its size (i.e., 𝑅𝑅h) relative to the relevant length scale 

of the IDP dense phase and its interactions with the IDP chains. This prompted us to do a 

systematic assessment of the attributes of the probe particle for the successful implementation of 

computational microrheology for protein condensates. 

Probe particle size is a critical determinant for the computational microrheology of IDP 

condensates 

Given that the length of our model E−K sequences is representative of naturally occurring 

IDPs, we first asked whether there is an appropriate size of the probe particle, which can be 

rationalized in terms of the relevant length scale such as the mesh size within IDP condensates.51 

To investigate this aspect, we varied the probe sizes, ranging from bare radius 𝑅𝑅b = 2.5 Å (similar 
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to the radius of the residue beads in the HPS model) to 𝑅𝑅b = 20 Å (similar to the single-chain 

radius of gyration 𝑅𝑅𝑔𝑔 of the investigated E−K variants). For our continuum mechanics analysis, 

we used the hydrodynamic radius 𝑅𝑅h of the probe particle, defined as the location of the first peak 

in the radial distribution function (RDF) between the probe and the protein residues within the 

dense phase of the condensates (Fig. 𝐒𝐒𝟐𝟐). This choice of definition for 𝑅𝑅h was previously shown 

to recover the Stokes frictional force and torque for the rough spherical particle moving through a 

complex fluid as well as yield accurate 𝐺𝐺′ and 𝐺𝐺′′ values of homopolymers with increasing 𝑁𝑁.38, 

39, 45 For all sizes of the probe, its interaction with the protein residues was modeled via a modified 

Lennard-Jones potential with interaction strength 𝜀𝜀HPS = 0.2 kcal/mol, the strongest possible van 

der Waals interaction between a pair of residue beads in our HPS model. 

In our passive rheology simulations, we tracked the Brownian displacement of the center 

of mass of the probe of different sizes in the dense phase of the E−K sequences (insets of Figs. 

𝟏𝟏𝐛𝐛, 𝐒𝐒𝐒𝐒𝐒𝐒, and 𝐒𝐒𝐒𝐒𝐒𝐒).  Using the displacement data, we then computed the probe’s mean square 

displacement 

                                                        MSD(𝑡𝑡) = 〈[𝒓𝒓(𝑡𝑡) − 𝒓𝒓(0)]2〉,                                                               (2) 

where 𝒓𝒓 is its position at time 𝑡𝑡 (Figs. 𝟏𝟏𝐛𝐛, 𝐒𝐒𝐒𝐒𝐒𝐒, and 𝐒𝐒𝐒𝐒𝐒𝐒). We found that probes of all sizes 𝑅𝑅h 

exhibited a ballistic motion (MSD ∝ 𝑡𝑡2) at short times, but only the smallest probe (𝑅𝑅h = 6.2 Å) 

showed a diffusive motion (MSD ∝ 𝑡𝑡) at long times. We observed a sub-diffusive behavior at 

intermediate times, which became increasingly prominent until long times with increasing 𝑅𝑅h, 

indicating that larger probes move slower in the condensate within the simulation duration of the 

E−K sequences investigated. Further, MSD at intermediate to long times drastically decreased for 

smaller 𝑅𝑅h, followed by a gradual decrease for larger 𝑅𝑅h, highlighting high friction exerted on 

large probe particles. In fact, the friction 𝑍𝑍∗ that appears in IGSER can be related to the MSD of 

the probe as 

                                                             𝑍𝑍∗(𝜔𝜔) = 2𝑑𝑑𝑘𝑘B𝑇𝑇
(𝑖𝑖𝑖𝑖)2MSD(𝜔𝜔)

,                                                                         (3) 

where 𝑑𝑑 is the number of dimensions in which the particle is tracked, 𝑘𝑘B is the Boltzmann constant 

and MSD(𝜔𝜔) is the one-sided Fourier-transformed MSD. For obtaining MSD in the frequency 

domain, we used a previously developed analytical fitting procedure by expressing MSD in terms  
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Fig. 𝟏𝟏. (a) Simulation snapshot of the dense phase of a condensate formed by a select E−K sequence 
(nSCD = 1) of chain length 𝑁𝑁 = 250 with a spherical probe particle (magenta) of hydrodynamic 
radius 𝑅𝑅h embedded in it. (b) Mean square displacement MSD(𝑡𝑡) of the center of mass of the probe 
particle for different 𝑅𝑅h in the dense phase of the E−K sequence with nSCD = 1. The dashed lines 
are the fits based on the Baumgaertel-Schausberger-Winter-like power law spectrum to the MSD data. 
The inset shows probe’s displacement in the three-dimensional Cartesian coordinates for select 𝑅𝑅h 
values. (c) Elastic 𝐺𝐺′ (dashed line) and viscous 𝐺𝐺′′ (solid line) modulus for the dense phase of the 
E−K sequence with nSCD = 1 as a function of 𝑅𝑅h, with circles corresponding to the crossover 
frequency. The inset shows the relaxation time 𝜏𝜏, computed as the inverse of crossover frequency, 
with varying 𝑅𝑅h. (d) Viscosity 𝜂𝜂, normalized by that obtained based on the Green-Kubo (GK) relation 
𝜂𝜂GK, as a function of normalized probe particle size 𝑅𝑅h/𝜉𝜉, where 𝜉𝜉 is the correlation length, for three 
different nSCD sequences.  The two shaded regions delineate regions where 𝑅𝑅h is smaller or larger 
than 𝜉𝜉. The black dashed line corresponds to 𝜂𝜂 = 𝜂𝜂GK.   
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of a Baumgaertel-Schausberger-Winter-like power law spectrum (see Methods; Figs. 𝟏𝟏𝐛𝐛, 𝐒𝐒𝐒𝐒𝐒𝐒, 

and 𝐒𝐒𝐒𝐒𝐒𝐒).39, 52 This method is usually superior to the use of an approximate Fourier transform 

expression used for the polynomial fit to MSD(𝑡𝑡) in experimental microrheology,37 which often 

leads to poor estimates when the slope of MSD varies rapidly. 

Next, we used IGSER (Eqs. 1 and 3) to obtain the elastic 𝐺𝐺′ and viscous 𝐺𝐺′′ modulus of 

the dense phase of E−K sequences (Figs. 𝟏𝟏𝐜𝐜, 𝐒𝐒𝐒𝐒𝐒𝐒, and 𝐒𝐒𝐒𝐒𝐒𝐒). Consistent with the trends in the 

probe motion, we found that 𝐺𝐺′ and 𝐺𝐺′′ were significantly lower as well as the terminal regime 

(i.e., 𝐺𝐺′ ∝ 𝜔𝜔2 and 𝐺𝐺′′ ∝ 𝜔𝜔1) was observed at high frequencies for smaller probe particles (i.e., 

𝑅𝑅h ≤ 8.2 Å) as compared to the larger ones for all E−K sequences. For 𝑅𝑅h > 8.2 Å, the onset of 

terminal viscous characteristics occurred at similar frequency values, as indicated by similar 

crossover frequencies below which 𝐺𝐺′′ > 𝐺𝐺′. This was also evident by further looking at the 

similar relaxation times 𝜏𝜏, computed as the inverse of crossover frequency, for larger probe 

particles in the dense phase of E−K variants (insets of Figs. 𝟏𝟏𝐜𝐜, 𝐒𝐒𝐒𝐒𝐒𝐒, and 𝐒𝐒𝐒𝐒𝐒𝐒). Our findings 

indicate that for probe sizes beyond a certain threshold value (i.e., 𝑅𝑅h > 8.2 Å), the probe motion 

yields a viscoelastic spectrum of the dense phase of E−K sequences that exhibit similar 

characteristics (i.e., similar 𝜏𝜏). 

Given that the motion of the probe is intricately tied to the dense environment of the IDP 

condensates, we next investigated whether the similar viscoelastic modulus yielded based on the 

probe motion of certain sizes is because of them being larger than the mesh size53 within the dense 

phase of E−K sequences. Note that IGSER requires the probe particle to be large enough to see 

the medium as a continuum. Following previous work,51 we estimated the correlation length 𝜉𝜉 

from the overlap concentration 𝜌𝜌∗, which is related to the polymer mesh size in a dense phase 

system. We found the values of 𝜉𝜉 to be in the range of 5.24 Å to 8.32 Å for the E−K sequences. 

We also computed the viscosity of the dense phase of E−K sequences from the microrheology 

simulations as 𝜂𝜂 = 𝐺𝐺′′/𝜔𝜔 in the terminal region as well as from the GK relation that yields 

macroscopic viscosity 𝜂𝜂GK (see Methods). When we normalized 𝜂𝜂 by 𝜂𝜂GK, we found that probes 

larger than the correlation length (i.e., 𝑅𝑅h/𝜉𝜉 ≳ 1.5) yielded macroscopic viscosity (Fig. 𝟏𝟏𝟏𝟏). This 

finding highlights that probes larger than 𝜉𝜉 feel the ‘true’ macroscopic friction present within the 

dense phase. However, given that very large probes sample the dense phase of the condensates 

much slower (insets of Figs. 𝟏𝟏𝐛𝐛, 𝐒𝐒𝐒𝐒𝐒𝐒, and 𝐒𝐒𝐒𝐒𝐒𝐒), we concluded that the smallest probe size that  
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Fig. 𝟐𝟐. (a) Velocity 𝑣𝑣𝑥𝑥 profile of the residues of protein chains with nSCD = 1 around the probe 
particle translating with a velocity 𝑣𝑣𝑥𝑥,probe for different probe-protein interaction strengths 𝜀𝜀, 
normalized by the strongest possible interaction strength 𝜀𝜀 = 0.20 kcal/mol in the HPS model. (b) 
Mean square displacement MSD(𝑡𝑡) of the center of mass of the probe particle for different 𝜀𝜀/𝜀𝜀HPS in 
the dense phase of the E−K sequence with nSCD = 1. The dashed lines are the fits based on 
Baumgaertel-Schausberger-Winter-like power law spectrum to the MSD data. The inset shows 
probe’s displacement in the three-dimensional Cartesian coordinates for select 𝜀𝜀/𝜀𝜀HPS values. (c) 
Elastic 𝐺𝐺′ (dashed line) and viscous 𝐺𝐺′′ (solid line) modulus for the dense phase of the E−K sequence 
with nSCD = 1 as a function of 𝜀𝜀/𝜀𝜀HPS, with circles corresponding to the crossover frequency. The 
inset shows the relaxation time 𝜏𝜏 with varying 𝜀𝜀/𝜀𝜀HPS. (d) Viscosity 𝜂𝜂, normalized by that obtained 
based on the Green-Kubo (GK) relation 𝜂𝜂GK as a function of 𝜀𝜀/𝜀𝜀HPS for three different nSCD 
sequences. The black dashed line corresponds to 𝜂𝜂 = 𝜂𝜂GK.   
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satisfied the criteria 𝑅𝑅h/𝜉𝜉 ≈ 1.5 (i.e., 𝑅𝑅h = 10.6 Å) would be a computationally efficient choice 

to obtain reliable viscoelastic measurements of any IDP condensates investigated using the HPS 

model and other analogous CG models.54-57 

Confluence of probe particle size and its interaction strength with IDPs correctly captures 

condensate rheology 

The friction experienced by the probe particle depends on its interaction with the IDP 

chains constituting the condensates. Having established a suitable probe size for computational 

microrheology, we next investigated whether the strength of probe-protein interactions had a 

significant effect on the viscoelastic modulus of the dense phase of IDP condensates. An important 

requirement imposed by IGSER is the need for a no-slip boundary condition at the probe particle 

surface.39, 40 To identify the interaction strengths 𝜀𝜀 that would satisfy the condition, we varied it in 

the range of 𝜀𝜀/𝜀𝜀HPS = 0 (purely repulsive interactions) to 𝜀𝜀/𝜀𝜀HPS = 4 for a probe particle size of 

𝑅𝑅h = 10.6 Å. We then computed the velocity 𝑣𝑣𝑥𝑥 profile of the protein residues around the probe 

particle that was moving at a pre-defined translational velocity 𝑣𝑣𝑥𝑥,probe (Fig. 𝟐𝟐𝟐𝟐). We found that 

the velocity of the protein residues adjacent to the probe surface became increasingly similar to 

that of 𝑣𝑣𝑥𝑥,probe with increasing 𝜀𝜀/𝜀𝜀HPS, indicating that sufficient attractive interactions prevent a 

slip at its surface. In line with this observation, we observed that only probe particles with 

𝜀𝜀/𝜀𝜀HPS < 0.75 exhibited very high displacements as well as a diffusive behavior within the course 

of the simulations of E−K sequences (Figs. 𝟐𝟐𝟐𝟐, 𝐒𝐒𝐒𝐒𝐒𝐒, and 𝐒𝐒𝐒𝐒𝐒𝐒). To quantify the variations in the 

probe’s MSD for different 𝜀𝜀/𝜀𝜀HPS in terms in viscoelasticity, we measured 𝐺𝐺′ and 𝐺𝐺′′ of the dense 

phase of E−K variants via IGSER (Figs. 𝟐𝟐𝟐𝟐, 𝐒𝐒𝐒𝐒𝐒𝐒, and 𝐒𝐒𝐒𝐒𝐒𝐒). 

For probes with 𝜀𝜀/𝜀𝜀HPS < 0.75, we found that 𝐺𝐺′ and 𝐺𝐺′′ were significantly lower and did 

not show a crossover between them as compared to the higher 𝜀𝜀/𝜀𝜀HPS values. When sufficient 

attractive interactions (𝜀𝜀/𝜀𝜀HPS ≥ 0.75) exist between the probe and the protein residues, similar 

relaxation timescales delineating dominant viscous and elastic behaviors were observed 

irrespective of 𝜀𝜀/𝜀𝜀HPS for all sequences (Figs. 𝟐𝟐𝟐𝟐, 𝐒𝐒𝐒𝐒𝐒𝐒, and 𝐒𝐒𝐒𝐒𝐒𝐒). However, for 𝜀𝜀/𝜀𝜀HPS = 4, the 

modulus values were much higher as compared to 𝜀𝜀/𝜀𝜀HPS = 1. This is further highlighted in the 

normalized viscosity 𝜂𝜂/𝜂𝜂GK values, which revealed an optimal window for interaction strengths 

(1 ≤ 𝜀𝜀/𝜀𝜀HPS ≤ 1.5) that yielded the macroscopic viscosity (Figs. 𝟐𝟐𝟐𝟐). Note that, for 𝜀𝜀/𝜀𝜀HPS ≳
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1.75, we observed the IDP chains getting strongly adsorbed to the probe particle surface (Fig. 𝐒𝐒𝐒𝐒). 

This is a common concern in experimental microrheology as well, in which, for example, 

polystyrene beads are often passivated with polyethylene glycol, to ensure negligible chemical 

interactions with the biomolecules as well as to prevent the beads from getting constrained within 

the droplet.35, 58, 59 From these findings, we concluded that an attractive strength (𝜀𝜀/𝜀𝜀HPS = 1) that 

is low enough, but a value that resides in the optimal window would be ideal for correctly capturing 

the time-dependent rheology of IDP condensates computationally. 

Computational microrheology reveals the sequence-encoded time-dependent viscoelasticity 

of heteropolymeric IDP condensates 

Through the continuum analysis of the motion of a single probe particle in our 

computational microrheology simulations, we have identified suitable probe particle size and its 

interaction strength with the IDP chains that would yield accurate macroscopic dense phase 

viscosities of the E−K sequences. However, the microrheology experiments are often performed 

with multiple probe particle beads within the same droplet, and the average motion of all particles 

is used for quantifying the condensate viscoelasticity.13, 28 This approach is efficient as it reduces 

the uncertainties in the viscoelastic measurements, which may arise from tracking only a single 

particle. Though the continuum mechanics expressions are for a single particle, which necessitates 

that no hydrodynamic interactions exist between the probe particles, we next asked the extent to 

which multiple probes in an IDP dense phase system would influence their motion, which can alter 

the corresponding viscoelastic measurements. For this purpose, we performed the passive rheology 

simulation with 𝑛𝑛 = 2 to 48 probes in the dense phase of E−K sequences (Fig. 𝐒𝐒𝐒𝐒). Surprisingly, 

we found that the probe’s average MSD was nearly the same at all times with varying 𝑛𝑛, but the 

statistical noise in the MSD profile has significantly reduced for systems with multiple particles. 

To demonstrate the ability of passive rheology simulations to capture the changes in viscoelasticity 

with increasing nSCD, we again obtained the viscoelastic modulus 𝐺𝐺′ and 𝐺𝐺′′ of the dense phase 

of E−K sequences based on the average MSD of 𝑛𝑛 = 8 probes (Fig. 𝟑𝟑𝟑𝟑). The modulus values 

obtained from the microrheology simulations using multiple probes are in quantitative agreement 

with those obtained based on a single probe particle (Fig. 𝐒𝐒𝐒𝐒). Further, we also observed a semi-

quantitative agreement, yet similar trends in the modulus values obtained from the microrheology 

simulations and based on the Green-Kubo relation for all E−K sequences, even though the latter 
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method suffers from noise at long times (see Methods; Figs. 𝐒𝐒𝐒𝐒𝐒𝐒 and 𝐒𝐒𝐒𝐒𝐒𝐒). Our microrheology 

simulations revealed that the modulus 𝐺𝐺′ and 𝐺𝐺′′, relaxation time 𝜏𝜏, and viscosity 𝜂𝜂 were higher 

with increasing nSCD, highlighting that charge segregation slows down dynamics, thereby 

resulting in longer timescales for displaying the terminal flow behavior (Fig. 𝟑𝟑𝟑𝟑). Finally, we also 

tracked the probe motion in the dense phase of E−K sequences of 𝑁𝑁 = 50, but with the same 

nSCD values as those used for 𝑁𝑁 = 250 (Fig. 𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒). We found that 𝐺𝐺′ and 𝐺𝐺′′ did not show a 

cross-over (i.e., no dominant elastic response in the entire frequency space) for the shorter 

sequences, indicating negligible entanglement effects between the chains in these systems (Fig. 

𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒). Our findings indicate that condensates formed by longer chains exhibit Maxwell fluid-like 

behavior over the entire frequency range investigated, which is in agreement with recent 

experimental28 and computational studies.60, 61 

The dynamics and rheology of IDP condensates can be modulated not only through 

sequence charge patterning but also via alterations to sequence hydrophobicity. We next 

investigated the ability of the passive rheology technique coupled with our CG model to capture 

Fig. 𝟑𝟑. (a) Elastic 𝐺𝐺′ (dashed line) and viscous 𝐺𝐺′′ (solid line) modulus for three E−K sequences with 
different nSCD, obtained based on multiple (𝑛𝑛 = 8) probes in each dense phase system. (b) Elastic 𝐺𝐺′ 
(dashed line) and viscous 𝐺𝐺′′ (solid line) modulus for A1-LCD WT and its three variants, obtained 
based on multiple (𝑛𝑛 = 6) probes in each dense phase system. The circles in (a) and (b) correspond to 
the sequence-specific crossover frequencies. The insets in (a) and (b) shows the changes in relaxation 
time 𝜏𝜏 and viscosity 𝜂𝜂 with changing nSCD and with mutational changes in the A1-LCD WT sequence, 
respectively. 
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the sequence alterations affecting the hydrophobic character. To this end, we tracked multiple (𝑛𝑛 =

6) probe particles in a naturally occurring IDP A1-LCD wildtype (WT) sequence and three of its 

variants, each with 𝑁𝑁 = 137, with different aromatic residue (tyrosine Y, tryptophan W, 

phenylalanine F) identities, namely allY, allW, and allF (see Table 𝐒𝐒𝟐𝟐 for the amino acid 

sequences). Again, we ensured that the average probe MSD computed based on 𝑛𝑛 = 6 particles 

was similar to the MSD of a single particle in these systems, except for long times where the 

statistics for the MSD based on multiple probes were better as compared to a single probe MSD 

(Fig. 𝐒𝐒𝐒𝐒𝐒𝐒). The values of 𝐺𝐺′ and 𝐺𝐺′′, 𝜏𝜏, and 𝜂𝜂 obtained using IGSER increased in the following 

order: allW > allY ≈ WT > allF (Fig. 𝟑𝟑𝟑𝟑). This finding is in agreement with the recent 

experimental microrheology measurements on the same set of IDP sequences.62 Taken together, 

we concluded that the computational microrheology technique coupled with continuum mechanics 

and CG models can accurately quantify the sequence-encoded time-dependent viscoelasticity of 

IDP condensates. 

Computational microrheology unmasks the spatial variations in the viscoelasticity of 

heterogeneous IDP condensates 

Intracellular biomolecular condensates are multi-component in nature, often exhibiting 

complex molecular architectures with spatial heterogeneities.63 We next asked whether 

computational microrheology can be used to quantify the spatial variations in the viscoelasticity 

of heterogeneous condensates. It is known that IDPs with large differences in nSCD values demix 

in such a way that a highly charge-segregated sequence forms the condensate core and the well-

mixed sequence forms a shell around the core.64 Specifically, we formed such a condensate using 

a pair of E−K sequences with nSCD = 0.067 and nSCD = 1.000, respectively (Fig. 𝟒𝟒𝟒𝟒). Also, 

the maximum densities of the two E−K sequences in the heterogeneous mixture were the same as 

that we observed in the bulk condensates simulated in a cubic geometry (Fig. 𝟒𝟒𝟒𝟒). To characterize 

the local viscoelasticity within this heterogeneous condensate, we spatially restrained 𝑛𝑛 = 3 

probes along the 𝑧𝑧 direction encompassing distinct local environments: one among nSCD = 1.000 

chains, one among nSCD = 0.067 chains, and one at the interface of the two nSCD sequences 

(see Methods). We found that the two-dimensional probe particle displacements were different in 

each of the three regions at intermediate to long times, with the probe’s among nSCD = 0.067 

chains and nSCD = 1.000 chains exhibiting the highest and lowest mobilities, respectively (Fig.  
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Fig. 𝟒𝟒. (a) Simulation snapshot of a heterogeneous condensate formed by two different E−K 
sequences with nSCD = 0.067 and nSCD = 1.000.  Three probe particles are spatially restrained in 
three regions of the heterogeneous condensate: one among nSCD = 1.000 chains, one among 
nSCD = 0.067 chains, and one at the interface of the two nSCD sequences. Also shown are the 
density profiles of the heterogeneous condensate. (b) Mean square displacement MSD(𝑡𝑡) of the probe 
particle in three different regions of the heterogeneous condensate. The dashed lines are the fits based 
on Baumgaertel-Schausberger-Winter-like power law spectrum to the MSD data. The inset shows 
probe’s displacement in the two-dimensional Cartesian coordinates in the chosen regions within the 
condensate. (c) Elastic 𝐺𝐺′ (open symbols) and viscous 𝐺𝐺′′ (closed symbols) modulus sampled from 
three different regions of the heterogeneous condensate, with circles corresponding to the location-
specific crossover frequency. The inset shows the relaxation time 𝜏𝜏 in the chosen regions within the 
condensate. (d) Viscosity 𝜂𝜂 in three regions of the heterogeneous condensate compared with those 
obtained from the bulk simulations of the E−K sequences. 
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𝟒𝟒𝟒𝟒). This was evident in the elastic 𝐺𝐺′ and viscous 𝐺𝐺′′ modulus obtained by using the two-

dimensional probe particle displacement information in IGSER (Fig. 𝟒𝟒𝟒𝟒). Specifically, the values 

of modulus and the corresponding relaxation times 𝜏𝜏 were lower for the shell region around the 

condensate core as compared to the core itself, while the values at the interface between the core 

and the shell regions displayed intermediate viscoelasticity. Interestingly, we also found that 

viscosity 𝜂𝜂 values at the condensate core and shell regions, obtained based on 𝐺𝐺′′ in the terminal 

region, were quantitatively similar to that obtained from the bulk condensates (Fig. 𝟒𝟒𝟒𝟒). These 

observations further highlight the potential of computational microrheology for revealing the 

location-dependent viscoelasticity of complex heterogeneous condensates, which can gain insights 

about the small molecules that partition into such environments27 as well as help define the role of 

condensate interfaces that have been found to exhibit distinct conformational characteristics as 

compared to the core of the condensates.65, 66 

Conclusions  

Knowledge of the molecular interactions that govern the viscoelastic transitions would allow for 

establishing how protein sequence dictates the spatiotemporal evolution of condensates. Using the 

HPS model, we demonstrate that a computational passive probe microrheology technique, in 

which the probe particle motion is analyzed via continuum mechanics, can accurately quantify the 

sequence-dependent viscoelasticity of IDP condensates. We do so by first rationalizing our choice 

for the two important attributes of the probe particle, namely its size and interaction strength with 

the IDPs. We found that a probe with a hydrodynamic radius 𝑅𝑅h being slightly greater than the 

correlation length 𝜉𝜉 within the condensates (𝑅𝑅h ≈ 1.5𝜉𝜉) and its interactions with the IDPs being 

optimally strong that it prevents slip (𝜀𝜀/𝜀𝜀HPS = 1) is sufficient to accurately quantify the viscosity 

and viscoelasticity of IDP condensates. By tracking the motion of the probe particle and converting 

its displacement information into viscoelastic modulus using IGSER, we found that the 

measurements from microrheology simulations are in quantitative agreement with those obtained 

based on the Green-Kubo relation. Further, the elastic and loss modulus, relaxation time, and 

terminal viscosity increased with increasing degree of charge segregation, exhibiting Maxwell 

fluidic nature for the E−K sequences with identical sequence composition. This observation 

highlighted that computational microrheology captures the time-dependent rheological transitions 

with sequence alterations that result in pronounced electrostatic interactions between the 
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oppositely charged residues. Further, we have shown that the microrheology simulations can 

capture changes in viscoelasticity with changes in the composition of aromatic residues in the 

naturally occurring A1-LCD WT sequence through mutations. Taken together, we conclude that 

computational microrheology is a robust technique for characterizing the sequence-encoded time-

dependent viscoelasticity of heteropolymeric protein condensates. 

 Microrheology experiments are often performed with multiple probe particles within the 

same droplet and the average displacement of the particle is used to characterize condensate 

viscoelasticity. We also showed that microrheology simulations performed with multiple probe 

particles yield accurate viscoelastic modulus values of the dense phase of IDP sequences 

investigated in this work. This suggests that a single simulation with multiple probes can lead to 

improved statistical accuracy of the probe’s displacement at long times. Consequently, condensate 

viscoelasticity can be sampled based on a single simulation trajectory as opposed to other 

conventional techniques such as the MD simulations along with the Green-Kubo (GK) relation 

and the NEMD simulations. In the method involving GK relation, the values of shear stress 

relaxation modulus, used for obtaining the viscoelastic modulus, are typically prone to noise at 

long times because of which very long MD simulations are required.22 In the NEMD method, 

viscoelastic modulus can only be obtained by applying an oscillatory shear strain on the system at 

a specific frequency and is prohibitive of accessing low frequency (long time) viscoelasticity, 

rendering it computationally expensive.26, 38 Further, the use of multiple probe particles can allow 

for the accurate characterization of viscoelasticity in biomolecular condensates with inherent 

heterogeneities due to physical aging.62, 67 Finally, we spatially restrained multiple probe particles 

at distinct locations within a heterogeneous IDP condensate formed by a pair of E−K sequences 

with vastly different charge patterning for quantifying local viscoelasticity. By tracking each of 

the particle’s displacements in unrestrained directions, we demonstrated the technique’s ability to 

accurately quantify the viscoelasticity that depends on the local environment within such 

condensates. This finding highlights that passive rheology can be used for accurately sampling the 

spatial variations in viscoelasticity that are prevalent in intracellular condensates. Knowledge of 

the spatial dependence of viscoelasticity can provide important insights for designing drug-

delivery nanoparticles with targeted partitioning and transport within condensates.68 We believe 

that the computational microrheology technique can be an easy-to-use technique for establishing 

the sequence determinants of condensate viscoelasticity for a wide range of protein condensates. 
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Methods 

Hydropathy scale (HPS) model 

We used our transferable CG model based on the hydropathy scale to computationally 

investigate the IDP sequences.46, 47 This CG framework has been widely used in deciphering the 

sequence-dependent conformations and phase separation of a wide range of IDPs.44, 54, 69-74 In this 

framework, we represent the IDPs as fully flexible polymeric chains with a single bead per residue 

representation. Interactions between bonded residues occurred via the harmonic potential 

                                                              𝑈𝑈b(𝑟𝑟) = 𝑘𝑘b
2

(𝑟𝑟 − 𝑟𝑟0)2,                                                                       (4) 

with distance 𝑟𝑟 between residues, spring constant, and equilibrium bond length set to 𝑘𝑘b =

20 kcal �mol Å2�⁄  and 𝑟𝑟0 = 3.8 Å, respectively. The van der Waals interactions between 

nonbonded residues i and j were modeled using the modified Lennard-Jones (LJ) potential75, 76 

based on the average hydropathy 𝜆𝜆 = �𝜆𝜆𝑖𝑖 + 𝜆𝜆𝑗𝑗�/2 

                                            𝑈𝑈vdW(𝑟𝑟) = �
𝑈𝑈LJ(𝑟𝑟) + (1 − 𝜆𝜆)𝜀𝜀, 𝑟𝑟 ≤ 21 6⁄ 𝜎𝜎

𝜆𝜆𝑈𝑈LJ(𝑟𝑟), otherwise
,                                                         (5) 

where 𝑈𝑈LJ is the standard LJ potential 

                                                      𝑈𝑈LJ(𝑟𝑟) = 4𝜀𝜀 ��𝜎𝜎
𝑟𝑟
�
12
− �𝜎𝜎

𝑟𝑟
�
6
�.                                                                   (6) 

The parameters of LJ potential are the average diameter 𝜎𝜎 = �𝜎𝜎𝑖𝑖 + 𝜎𝜎𝑗𝑗�/2, and the interaction 

strength 𝜀𝜀 = 𝜀𝜀HPS = 0.2 kcal mol⁄ . We used 𝜆𝜆 values based on the Kapcha-Rossky scale77 for the 

E−K sequence variants and those based on the Urry scale78 for the A1-LCD sequence variants. 

We used the Urry scale for A1-LCD as it is known to capture the changes in the phase behavior 

of natural proteins upon mutations of arginine to lysine and tyrosine to phenylalanine.47 The values 

of 𝑈𝑈vdW and its forces were truncated to zero at a distance of 4 𝜎𝜎. Finally, the nonbonded charged 

residues interacted through a Coulombic potential with Debye-Hückel electrostatic screening79 

                                                           𝑈𝑈e(𝑟𝑟) = 𝑞𝑞𝑖𝑖𝑞𝑞𝑗𝑗
4𝜋𝜋𝜖𝜖r𝜖𝜖0𝑟𝑟

𝑒𝑒−𝑟𝑟/ℓ,                                                       (7) 

with vacuum permittivity 𝜖𝜖0, relative permittivity 𝜖𝜖r = 80, and Debye screening length ℓ = 
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10 Å. The choices for 𝜖𝜖r and ℓ were made to represent an aqueous solution with a physiological 

salt concentration of ~100 mM. The values of 𝑈𝑈e and its forces were truncated to zero at a distance 

of 35 Å. 

Model of the probe particle and its interactions with IDPs 

We modeled the probe particle by carving out a spherical region from a face-centered cubic 

(FCC) crystal lattice structure of the LJ beads (𝜎𝜎 = 1.5 Å and mass 𝑚𝑚 = 100 g/mol), with a lattice 

spacing (i.e. distance between corner atoms) of 2.12 Å. This value was chosen because it ensures 

that the corner and the face atoms in the FCC lattice are at a distance of 1.5 Å (i.e., just touching 

each other). The spherical shape of the probe particle was maintained by connecting the 

neighboring LJ particles, constituting the corner and the face atoms, using stiff harmonic bonds 

with a spring constant 𝑘𝑘b = 250 kcal �mol Å2�⁄ . We ensured that 𝑅𝑅g of the probe particle was 

nearly identical to the expected value for a spherical particle 𝑅𝑅g = �3𝑅𝑅b2/5 as well as its relative 

shape anisotropy 𝜅𝜅2 was nearly zero (𝜅𝜅2 = 0 for a sphere) during the simulations (Fig. 𝐒𝐒𝐒𝐒𝐒𝐒).53 

The probe particle beads interacted with all protein residues in an IDP chain via the 

modified LJ potential 𝑈𝑈vdW (Eqs. 5 and 6), in which the values of 𝜆𝜆 were varied between the values 

of 0 and 4 to control the interaction strength 𝜀𝜀. Specifically, the values of 𝜀𝜀 were in the range of 

0 kcal/mol to 0.8 kcal/mol. Again, we truncated 𝑈𝑈vdW and its forces were to zero at a distance of 

4 𝜎𝜎. We note that the interactions between the beads constituting the probe particle were modeled 

using a purely repulsive potential, which corresponds to 𝜆𝜆 = 0 in Eq. 5. 

Microrheology simulation details 

We simulated the IDP sequences in a cubic simulation box at a constant pressure of 𝑃𝑃 =

0 atm for a duration of 0.2 𝜇𝜇𝜇𝜇. At the end of this equilibration run, the IDPs reached their preferred 

sequence-dependent dense phase concentration 𝜌𝜌. We then performed the Langevin dynamics 

(LD) simulations in the canonical ensemble for a total duration of 1 𝜇𝜇𝜇𝜇. For these simulations, a 

damping factor of 𝑡𝑡damp = 1 ns was used to set the friction coefficient of a residue in the chain as 

well as a bead constituting the probe particle to 𝑓𝑓 = 𝑚𝑚 𝑡𝑡damp⁄ . 

For characterizing the spatial dependence of viscoelasticity, we performed LD simulations 
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of a heterogeneous condensate formed by a pair of E−K sequences in a slab geometry 

(225 Å × 225 Å × 1687.5 Å) for a duration of 1 𝜇𝜇𝜇𝜇. The friction coefficient for the IDP residues 

and the probe particle beads were the same as those used in the bulk dense phase simulations. 

Three probe particles were restrained via a harmonic potential with 𝑘𝑘b = 20 kcal �mol Å2�⁄  at 

specific locations along the 𝑧𝑧 direction of the heterogeneous condensate via the restrain 

functionality (i.e., restrain.plane) within azplugins.80 

For comparison with the microrheology simulations, we performed equilibrium MD 

simulations of the E−K sequence variants in the absence of a probe particle to compute their 

viscosity and viscoelasticity using the Green-Kubo relation 

                                                                𝜂𝜂 = ∫ 𝐺𝐺(𝑡𝑡) 𝑑𝑑𝑑𝑑∞
0 ,                                                                             (8) 

where 𝐺𝐺(𝑡𝑡) is the shear stress relaxation modulus.  We measured 𝐺𝐺(𝑡𝑡) (Fig. 𝐒𝐒𝐒𝐒𝐒𝐒) based on the 

autocorrelation of the pressure tensor components 𝑃𝑃𝑎𝑎𝑎𝑎22, 81 

𝐺𝐺(𝑡𝑡) = 𝑉𝑉
5𝑘𝑘B𝑇𝑇

�〈𝑃𝑃𝑥𝑥𝑥𝑥(0)𝑃𝑃𝑥𝑥𝑥𝑥(𝑡𝑡)〉 + 〈𝑃𝑃𝑥𝑥𝑥𝑥(0)𝑃𝑃𝑥𝑥𝑥𝑥(𝑡𝑡)〉 + 〈𝑃𝑃𝑦𝑦𝑦𝑦(0)𝑃𝑃𝑦𝑦𝑦𝑦(𝑡𝑡)〉� + 𝑉𝑉
30𝑘𝑘B𝑇𝑇

�〈𝑁𝑁𝑥𝑥𝑥𝑥(0)𝑁𝑁𝑥𝑥𝑥𝑥(𝑡𝑡)〉 +

                            〈𝑁𝑁𝑥𝑥𝑥𝑥(0)𝑁𝑁𝑥𝑥𝑥𝑥(𝑡𝑡)〉 + 〈𝑁𝑁𝑦𝑦𝑦𝑦(0)𝑁𝑁𝑦𝑦𝑦𝑦(𝑡𝑡)〉�,                                                                   (9) 

where 𝑉𝑉 is the volume of the simulation box and 𝑁𝑁𝑎𝑎𝑎𝑎 = 𝑃𝑃𝑎𝑎𝑎𝑎 − 𝑃𝑃𝑏𝑏𝑏𝑏 is the normal stress difference. 

For computing viscosity 𝜂𝜂, we followed the approach of Tejedor et al.22 by fitting the smooth 𝐺𝐺(𝑡𝑡) 

profile at long times to a series of Maxwell modes (𝐺𝐺𝑖𝑖exp (−𝑡𝑡/𝜏𝜏𝑖𝑖) with 𝑖𝑖 = 1….4) equidistant in 

logarithmic time.53 We obtained 𝜂𝜂 by summing up the values from numerical integration at short 

times and analytical integration based on the fits to Maxwell modes at long times. For computing 

elastic 𝐺𝐺′ and loss 𝐺𝐺′′ modulus, we Fourier transformed 𝐺𝐺(𝑡𝑡) using the RepTate software.82 

All the simulations were performed with periodic boundary conditions applied to all three 

Cartesian directions. The simulations were performed with a timestep of 10 fs using HOOMD-

blue (version 2.9.3)83 with features extended using azplugins (version 0.10.1).80 

Continuum analysis of the probe motion 

In microrheology, the viscoelastic modulus (elastic 𝐺𝐺′ and loss 𝐺𝐺′′ modulus) is estimated 

from the probe particle’s motion, which is considered to obey the generalized Langevin equation 
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(GLE) 

                                        𝑚𝑚eff
𝑑𝑑2𝒓𝒓(𝑡𝑡)
𝑑𝑑𝑑𝑑2

= −∫ 𝑍𝑍𝑡𝑡
−∞ (𝑡𝑡 − 𝑡𝑡′) 𝑑𝑑𝒓𝒓�𝑡𝑡

′�
𝑑𝑑𝑡𝑡′

𝑑𝑑𝑑𝑑′ + 𝑭𝑭B(𝑡𝑡) + 𝑭𝑭ex(𝑡𝑡),                    (10)    

where 𝑍𝑍(𝑡𝑡) is the time-dependent friction, 𝑭𝑭B is the Brownian force on the probe particle, and 𝑭𝑭ex 

is the external force on the probe particle, which is zero in the case of our passive rheology 

simulations. Because of the low time scales inherent in the MD simulations, inertia plays an 

important role in accurately quantifying the modulus values of protein condensates. When the 

inertial terms are included, the GLE in the frequency domain takes the form38, 39, 48  

                                       𝑍𝑍∗(𝜔𝜔) = 6𝜋𝜋𝑅𝑅h𝐺𝐺∗(𝜔𝜔)
𝑖𝑖𝑖𝑖

+ 6𝜋𝜋𝑅𝑅h2�𝜌𝜌𝐺𝐺∗(𝜔𝜔) + 𝑖𝑖𝑖𝑖𝑚𝑚eff,                                        (11) 

where the terms on the right side correspond to the generalized Stokes drag, the Basset force arising 

from the medium inertia, and the effective probe particle inertial force, respectively. In 

experimental microrheology, the generalized Stokes drag alone is sufficient to obtain the 

viscoelastic modulus of complex fluid systems. On rearranging Eq. 11, we obtained IGSER as 

given in Eq. 1. 

Analytical expression describing the probe’s displacement data 

We followed the approach originally proposed by Karim et al.38, 39, which we discuss here 

for the sake of completeness. The probe’s mean square displacement can be described through the 

Baumgaertel-Schausberger-Winter-like power law spectrum 

                                          MSD(𝑡𝑡) = ∫ ℎ(𝜏𝜏)
𝜏𝜏
𝑓𝑓1(𝑡𝑡, 𝜏𝜏)𝑑𝑑𝑑𝑑 + 𝑔𝑔0𝑓𝑓0(𝑡𝑡, 𝜏𝜏max)∞

0 ,                                         (12) 

with 𝑓𝑓1, 𝑓𝑓0, 𝜏𝜏 being the first function for capturing the short-time ballistic behavior (MSD = 𝐶𝐶𝑡𝑡2, 

where 𝐶𝐶 is the ballistic coefficient), the second function for capturing the long-time diffusive 

behavior (MSD = 6𝐷𝐷𝐷𝐷, where 𝐷𝐷 is the diffusion coefficient), and characteristic time representing 

the changes in MSD, respectively. Further, the spectrum ℎ(𝜏𝜏) can be written as 

                                         ℎ(𝜏𝜏) = ∑ 𝑔𝑔𝑗𝑗𝜏𝜏𝛼𝛼𝑗𝑗𝐻𝐻�𝜏𝜏𝑗𝑗 − 𝜏𝜏�𝐻𝐻(𝜏𝜏 − 𝜏𝜏𝑗𝑗−1)𝑛𝑛max
𝑗𝑗=1 ,                                                   (13) 

where 𝑛𝑛max is the number of j modes, with each mode having a relaxation time 𝜏𝜏𝑗𝑗 (𝜏𝜏𝑗𝑗 > 𝜏𝜏𝑗𝑗−1) and 

exponent 𝛼𝛼𝑗𝑗. 𝐻𝐻(𝜏𝜏) is the Heaviside step function. The function in the first term is  
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                                                       𝑓𝑓1(𝑡𝑡, 𝜏𝜏) = 1 − �1 + 𝑡𝑡
𝜏𝜏
� 𝑒𝑒−

𝑡𝑡
𝜏𝜏.                                                                  (14) 

The function in the second term is 

                                                   𝑓𝑓0(𝑡𝑡, 𝜏𝜏max) = 𝑒𝑒−
𝑡𝑡

𝜏𝜏max − 1 + 𝑡𝑡
𝜏𝜏max

,                                                          (15) 

which is weighted by the constant 𝑔𝑔0 = ∑ 𝑔𝑔𝑗𝑗(𝜏𝜏𝑗𝑗
𝛼𝛼𝑗𝑗 − 𝜏𝜏𝑗𝑗−1

𝛼𝛼𝑗𝑗 )/𝑛𝑛max
𝑗𝑗=1 𝛼𝛼𝑗𝑗, ensuring that the first term in 

Eq. (12) equals the second term when 𝑡𝑡 = 𝜏𝜏max. The other weighted terms include 𝑔𝑔𝑗𝑗 =

𝑔𝑔1 ∏ 𝜏𝜏𝑘𝑘𝛼𝛼𝑘𝑘−𝛼𝛼𝑘𝑘−1
𝑗𝑗−1
𝑘𝑘=1  for 2 ≤ 𝑗𝑗 ≤ 𝑛𝑛max. The value of 𝑔𝑔1 can be obtained from 𝐶𝐶 =

𝑔𝑔1
2
∑ �∏ 𝜏𝜏𝑘𝑘𝛼𝛼𝑘𝑘−𝛼𝛼𝑘𝑘−1

𝑗𝑗−1
𝑘𝑘=1 �

𝜏𝜏𝑗𝑗
𝛼𝛼𝑗𝑗−2−𝜏𝜏𝑗𝑗−1

𝛼𝛼𝑗𝑗−2

𝛼𝛼𝑗𝑗−2
+ 𝑔𝑔0

𝜏𝜏max
2

𝑛𝑛max
𝑗𝑗=1 . Given that 𝜏𝜏max is usually large, the second term in 

the expression for 𝐶𝐶 is negligible, and once the slope of the ballistic regime is known, 𝑔𝑔1 and other 

weighted terms can be readily computed. The integration of Eq. (12) with respect to 𝜏𝜏 then gives 

rise to 

                        MSD(𝑡𝑡) = ∑
𝑔𝑔𝑗𝑗 �𝜏𝜏𝛼𝛼𝑗𝑗 �

1
𝛼𝛼𝑗𝑗
− 𝑒𝑒

𝑡𝑡
𝜏𝜏 + �𝛼𝛼𝑗𝑗 − 1�𝐸𝐸1+𝛼𝛼𝑗𝑗 �

𝑡𝑡
𝜏𝜏
���

𝜏𝜏=𝜏𝜏𝑗𝑗−1

𝜏𝜏=𝜏𝜏𝑗𝑗

+𝑔𝑔0 �𝑒𝑒
− 𝑡𝑡
𝜏𝜏max − 1 + 𝑡𝑡

𝜏𝜏max
� ,

𝑛𝑛max
𝑗𝑗=1                              (16) 

where 𝐸𝐸1+𝛼𝛼𝑗𝑗 �
𝑡𝑡
𝜏𝜏
� = ∫ 𝑥𝑥−1−𝛼𝛼𝑒𝑒−𝑥𝑥𝑥𝑥/𝜏𝜏𝑑𝑑𝑑𝑑∞

1  is the exponential integral function. The Fourier transform 

of Eq. (16) gives the real and imaginary parts of the MSD in the frequency domain as 

   MSD′(𝜔𝜔) = −2∑ 𝑔𝑔𝑗𝑗
1+𝛼𝛼𝑗𝑗

�𝜏𝜏1+𝛼𝛼𝑗𝑗 .2𝐹𝐹1 �2, 1+𝛼𝛼𝑗𝑗
2

; 3+𝛼𝛼𝑗𝑗
2

,−𝜏𝜏2𝜔𝜔2��
𝜏𝜏=𝜏𝜏𝑗𝑗−1

𝜏𝜏=𝜏𝜏𝑗𝑗
−𝑛𝑛max

𝑗𝑗=1
𝑔𝑔0

𝜏𝜏max𝜔𝜔2�1+𝜏𝜏max
2 𝜔𝜔2�

,   (17) 

MSD′′(𝜔𝜔) = − 1
𝜔𝜔
∑ 𝑔𝑔𝑗𝑗

𝛼𝛼𝑗𝑗(2+𝛼𝛼𝑗𝑗)
�𝜏𝜏𝛼𝛼𝑗𝑗 �2 + 𝛼𝛼𝑗𝑗 − 𝛼𝛼𝑗𝑗𝜏𝜏2𝜔𝜔2.2𝐹𝐹1 �1, 2+𝛼𝛼𝑗𝑗

2
; 4+𝛼𝛼𝑗𝑗

2
,−𝜏𝜏2𝜔𝜔2� −𝑛𝑛max

𝑗𝑗=1

                         2𝛼𝛼𝑗𝑗𝜏𝜏2𝜔𝜔2
.2𝐹𝐹1 �1, 2+𝛼𝛼𝑗𝑗

2
; 4+𝛼𝛼𝑗𝑗

2
,−𝜏𝜏2𝜔𝜔2���

𝜏𝜏=𝜏𝜏𝑗𝑗−1

𝜏𝜏=𝜏𝜏𝑗𝑗
− 𝑔𝑔0

𝜔𝜔�1+𝜏𝜏max
2 𝜔𝜔2�

,                                         (18) 

where .2𝐹𝐹1 is the hypergeometric function and [𝑥𝑥(𝜏𝜏)]𝜏𝜏=𝜏𝜏𝑗𝑗−1
𝜏𝜏=𝜏𝜏𝑗𝑗 = 𝑥𝑥�𝜏𝜏𝑗𝑗−1� − 𝑥𝑥(𝜏𝜏𝑗𝑗) for an arbitrary 

function 𝑥𝑥(𝜏𝜏). The parameters �𝛼𝛼1, … ,𝛼𝛼max,𝜏𝜏0, 𝜏𝜏1, … , 𝜏𝜏max� are obtained based on the fit to the 

probe’s MSD data. We fixed 𝜏𝜏𝑗𝑗 values and numerically sought 𝛼𝛼𝑗𝑗 values that minimize 𝜒𝜒2 of MSD, 

which were then used to obtain the MSD values in the frequency domain (Eqs. 17 and 18). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 16, 2024. ; https://doi.org/10.1101/2024.08.13.607792doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.13.607792
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 
 

Acknowledgments 

 This material is based on the work supported by the National Institute of General Medical 

Science of the National Institutes of Health under grants R01GM136917 and R35GM153388, 

and the Welch Foundation under grant A-2113-20220331. We thank Prof. Michael P. Howard 

(Auburn University) for bringing to our attention about the features available within azplugins to 

restrain the particles at specific locations in our simulations. We also thank Prof. Benjamin 

Schuster (Rutgers University) and Dr. Avijeet Kulshrestha (Texas A&M University) for their 

helpful comments on the manuscript. The authors acknowledge the Texas A&M High Performance 

Research Computing (HPRC) for providing computational resources that have contributed to the 

results reported in this research article. 

References 

(1) Banani, S. F.; Lee, H. O.; Hyman, A. A.; Rosen, M. K. Biomolecular condensates: organizers 

of cellular biochemistry. Nature Reviews Molecular Cell Biology 2017, 18 (5), 285-298. 

(2) Shin, Y.; Brangwynne, C. P. Liquid phase condensation in cell physiology and disease. Science 

2017, 357 (6357), eaaf4382. 

(3) Lyon, A. S.; Peeples, W. B.; Rosen, M. K. A framework for understanding the functions of 

biomolecular condensates across scales. Nature Reviews Molecular Cell Biology 2021, 22 (3), 

215-235. 

(4) Brangwynne, Clifford P.; Tompa, P.; Pappu, Rohit V. Polymer physics of intracellular phase 

transitions. Nature Physics 2015, 11 (11), 899-904. 

(5) Patel, A.; Lee, Hyun O.; Jawerth, L.; Maharana, S.; Jahnel, M.; Hein, Marco Y.; Stoynov, S.; 

Mahamid, J.; Saha, S.; Franzmann, Titus M.; et al. A Liquid-to-Solid Phase Transition of the ALS 

Protein FUS Accelerated by Disease Mutation. Cell 2015, 162 (5), 1066-1077. 

(6) Molliex, A.; Temirov, J.; Lee, J.; Coughlin, M.; Kanagaraj, Anderson P.; Kim, Hong J.; Mittag, 

T.; Taylor, J. P. Phase Separation by Low Complexity Domains Promotes Stress Granule 

Assembly and Drives Pathological Fibrillization. Cell 2015, 163 (1), 123-133. 

(7) Dignon, G. L.; Best, R. B.; Mittal, J. Biomolecular Phase Separation: From Molecular Driving 

Forces to Macroscopic Properties. Annual Review of Physical Chemistry 2020, 71 (Volume 71, 

2020), 53-75. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 16, 2024. ; https://doi.org/10.1101/2024.08.13.607792doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.13.607792
http://creativecommons.org/licenses/by-nc-nd/4.0/


22 
 

(8) Hyman, A. A.; Weber, C. A.; Jülicher, F. Liquid-Liquid Phase Separation in Biology. Annual 

Review of Cell and Developmental Biology 2014, 30 (Volume 30, 2014), 39-58. 

(9) Murthy, A. C.; Dignon, G. L.; Kan, Y.; Zerze, G. H.; Parekh, S. H.; Mittal, J.; Fawzi, N. L. 

Molecular interactions underlying liquid−liquid phase separation of the FUS low-complexity 

domain. Nature Structural & Molecular Biology 2019, 26 (7), 637-648. 

(10) Feric, M.; Vaidya, N.; Harmon, T. S.; Mitrea, D. M.; Zhu, L.; Richardson, T. M.; Kriwacki, 

R. W.; Pappu, R. V.; Brangwynne, C. P. Coexisting Liquid Phases Underlie Nucleolar 

Subcompartments. Cell 2016, 165 (7), 1686-1697. 

(11) Brangwynne, C. P.; Eckmann, C. R.; Courson, D. S.; Rybarska, A.; Hoege, C.; Gharakhani, 

J.; Jülicher, F.; Hyman, A. A. Germline P Granules Are Liquid Droplets That Localize by 

Controlled Dissolution/Condensation. Science 2009, 324 (5935), 1729-1732. 

(12) Mohanty, P.; Kapoor, U.; Sundaravadivelu Devarajan, D.; Phan, T. M.; Rizuan, A.; Mittal, J. 

Principles Governing the Phase Separation of Multidomain Proteins. Biochemistry 2022, 61 (22), 

2443-2455. 

(13) Galvanetto, N.; Ivanović, M. T.; Chowdhury, A.; Sottini, A.; Nüesch, M. F.; Nettels, D.; Best, 

R. B.; Schuler, B. Extreme dynamics in a biomolecular condensate. Nature 2023, 619 (7971), 876-

883. 

(14) Küffner, A. M.; Prodan, M.; Zuccarini, R.; Capasso Palmiero, U.; Faltova, L.; Arosio, P. 

Acceleration of an Enzymatic Reaction in Liquid Phase Separated Compartments Based on 

Intrinsically Disordered Protein Domains. ChemSystemsChem 2020, 2 (4), e2000001. 

(15) Wegmann, S.; Eftekharzadeh, B.; Tepper, K.; Zoltowska, K. M.; Bennett, R. E.; Dujardin, S.; 

Laskowski, P. R.; MacKenzie, D.; Kamath, T.; Commins, C.; et al. Tau protein liquid–liquid phase 

separation can initiate tau aggregation. The EMBO Journal 2018, 37 (7), e98049. 

(16) Noah, W.; Shuo-Lin, W.; Tongyin, Z.; Szu-Huan, W.; Valentin, K.; Jeetain, M.; Nicolas, L. 

F. Expanding the molecular grammar of polar residues and arginine in FUS prion-like domain 

phase separation and aggregation. bioRxiv 2024, DOI: 10.1101/2024.02.15.580391. 

(17) Murakami, T.; Qamar, S.; Lin, Julie Q.; Schierle, Gabriele S. K.; Rees, E.; Miyashita, A.; 

Costa, Ana R.; Dodd, Roger B.; Chan, Fiona T. S.; Michel, Claire H.; et al. ALS/FTD Mutation-

Induced Phase Transition of FUS Liquid Droplets and Reversible Hydrogels into Irreversible 

Hydrogels Impairs RNP Granule Function. Neuron 2015, 88 (4), 678-690. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 16, 2024. ; https://doi.org/10.1101/2024.08.13.607792doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.13.607792
http://creativecommons.org/licenses/by-nc-nd/4.0/


23 
 

(18) Michieletto, D.; Marenda, M. Rheology and Viscoelasticity of Proteins and Nucleic Acids 

Condensates. JACS Au 2022, 2 (7), 1506-1521. 

(19) Rhine, K.; Makurath, M. A.; Liu, J.; Skanchy, S.; Lopez, C.; Catalan, K. F.; Ma, Y.; Fare, C. 

M.; Shorter, J.; Ha, T.; et al. ALS/FTLD-Linked Mutations in FUS Glycine Residues Cause 

Accelerated Gelation and Reduced Interactions with Wild-Type FUS. Molecular Cell 2020, 80 

(4), 666-681. 

(20) Monahan, Z.; Ryan, V. H.; Janke, A. M.; Burke, K. A.; Rhoads, S. N.; Zerze, G. H.; O'Meally, 

R.; Dignon, G. L.; Conicella, A. E.; Zheng, W.; et al. Phosphorylation of the FUS low-complexity 

domain disrupts phase separation, aggregation, and toxicity. The EMBO Journal 2017, 36 (20), 

2951-2967. 

(21) Rekhi, S.; Sundaravadivelu Devarajan, D.; Howard, M. P.; Kim, Y. C.; Nikoubashman, A.; 

Mittal, J. Role of Strong Localized vs Weak Distributed Interactions in Disordered Protein Phase 

Separation. The Journal of Physical Chemistry B 2023, 127 (17), 3829-3838. 

(22) Tejedor, A. R.; Collepardo-Guevara, R.; Ramírez, J.; Espinosa, J. R. Time-Dependent 

Material Properties of Aging Biomolecular Condensates from Different Viscoelasticity 

Measurements in Molecular Dynamics Simulations. The Journal of Physical Chemistry B 2023, 

127 (20), 4441-4459. 

(23) Tejedor, A. R.; Sanchez-Burgos, I.; Estevez-Espinosa, M.; Garaizar, A.; Collepardo-Guevara, 

R.; Ramirez, J.; Espinosa, J. R. Protein structural transitions critically transform the network 

connectivity and viscoelasticity of RNA-binding protein condensates but RNA can prevent it. 

Nature Communications 2022, 13 (1), 5717. 

(24) Sundaravadivelu Devarajan, D.; Wang, J.; Szała-Mendyk, B.; Rekhi, S.; Nikoubashman, A.; 

Kim, Y. C.; Mittal, J. Sequence-dependent material properties of biomolecular condensates and 

their relation to dilute phase conformations. Nature Communications 2024, 15 (1), 1912. 

(25) Evans, D.; Morriss, G. Non-Equilibrium Statistical Mechanics of Liquids. Cambridge 

University Press, Cambridge, 2008. 

(26) Sundaravadivelu Devarajan, D.; Nourian, P.; McKenna, G. B.; Khare, R. Molecular 

simulation of nanocolloid rheology: Viscosity, viscoelasticity, and time-concentration 

superposition. Journal of Rheology 2020, 64 (3), 529-543. 

(27) Schuster, B. S.; Regy, R. M.; Dolan, E. M.; Kanchi Ranganath, A.; Jovic, N.; Khare, S. D.; 

Shi, Z.; Mittal, J. Biomolecular Condensates: Sequence Determinants of Phase Separation, 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 16, 2024. ; https://doi.org/10.1101/2024.08.13.607792doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.13.607792
http://creativecommons.org/licenses/by-nc-nd/4.0/


24 
 

Microstructural Organization, Enzymatic Activity, and Material Properties. The Journal of 

Physical Chemistry B 2021, 125 (14), 3441-3451. 

(28) Jawerth, L.; Fischer-Friedrich, E.; Saha, S.; Wang, J.; Franzmann, T.; Zhang, X.; Sachweh, 

J.; Ruer, M.; Ijavi, M.; Saha, S.; et al. Protein condensates as aging Maxwell fluids. Science 2020, 

370 (6522), 1317-1323. 

(29) Jawerth, L. M.; Ijavi, M.; Ruer, M.; Saha, S.; Jahnel, M.; Hyman, A. A.; Jülicher, F.; Fischer-

Friedrich, E. Salt-Dependent Rheology and Surface Tension of Protein Condensates Using Optical 

Traps. Physical Review Letters 2018, 121 (25), 258101. 

(30) Alshareedah, I.; Moosa, M. M.; Pham, M.; Potoyan, D. A.; Banerjee, P. R. Programmable 

viscoelasticity in protein-RNA condensates with disordered sticker-spacer polypeptides. Nature 

Communications 2021, 12 (1), 6620. 

(31) Ghosh, A.; Kota, D.; Zhou, H.-X. Shear relaxation governs fusion dynamics of biomolecular 

condensates. Nature Communications 2021, 12 (1), 5995. 

(32) Rekhi, S.; Garcia, C. G.; Barai, M.; Rizuan, A.; Schuster, B. S.; Kiick, K. L.; Mittal, J. 

Expanding the molecular language of protein liquid–liquid phase separation. Nature Chemistry 

2024. 

(33) Galvanetto, N.; Ivanović, M. T.; Del Grosso, S. A.; Chowdhury, A.; Sottini, A.; Nettels, D.; 

Best, R. B.; Schuler, B. Mesoscale properties of biomolecular condensates emerging from protein 

chain dynamics. arXiv preprint arXiv:2407.19202 2024. 

(34) Furst, E. M.; Squires, T. M. Microrheology. Oxford University Press, 2017. 

(35) Alshareedah, I.; Kaur, T.; Banerjee, P. R. Methods for characterizing the material properties 

of biomolecular condensates. In Methods in Enzymology, Keating, C. D. Ed.; Vol. 646; Academic 

Press, 2021; pp 143-183. 

(36) Mason, T. G.; Weitz, D. A. Optical Measurements of Frequency-Dependent Linear 

Viscoelastic Moduli of Complex Fluids. Physical Review Letters 1995, 74 (7), 1250-1253. 

(37) Dasgupta, B. R.; Tee, S.-Y.; Crocker, J. C.; Frisken, B. J.; Weitz, D. A. Microrheology of 

polyethylene oxide using diffusing wave spectroscopy and single scattering. Physical Review E 

2002, 65 (5), 051505. 

(38) Karim, M.; Kohale, S. C.; Indei, T.; Schieber, J. D.; Khare, R. Determination of viscoelastic 

properties by analysis of probe-particle motion in molecular simulations. Physical Review E 2012, 

86 (5), 051501. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 16, 2024. ; https://doi.org/10.1101/2024.08.13.607792doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.13.607792
http://creativecommons.org/licenses/by-nc-nd/4.0/


25 
 

(39) Karim, M.; Indei, T.; Schieber, J. D.; Khare, R. Determination of linear viscoelastic properties 

of an entangled polymer melt by probe rheology simulations. Physical Review E 2016, 93 (1), 

012501. 

(40) Sundaravadivelu Devarajan, D.; Khare, R. Linear viscoelasticity of nanocolloidal suspensions 

from probe rheology molecular simulations. Journal of Rheology 2022, 66 (5), 837-852. 

(41) Sundaravadivelu Devarajan, D. Molecular Investigations of Nanocolloid Rheology. Texas 

Tech University, 2020. https://hdl.handle.net/2346/90300. 

(42) Sawle, L.; Ghosh, K. A theoretical method to compute sequence dependent configurational 

properties in charged polymers and proteins. The Journal of Chemical Physics 2015, 143 (8), 

085101. 

(43) Sundaravadivelu Devarajan, D.; Rekhi, S.; Nikoubashman, A.; Kim, Y. C.; Howard, M. P.; 

Mittal, J. Effect of Charge Distribution on the Dynamics of Polyampholytic Disordered Proteins. 

Macromolecules 2022, 55 (20), 8987-8997. 

(44) Wang, J.; Sundaravadivelu Devarajan, D.; Kim, Y. C.; Nikoubashman, A.; Mittal, J. 

Sequence-Dependent Conformational Transitions of Disordered Proteins During Condensation. 

bioRxiv 2024, DOI: 10.1101/2024.01.11.575294. 

(45) Kohale, S. C.; Khare, R. Molecular dynamics simulation study of friction force and torque on 

a rough spherical particle. The Journal of Chemical Physics 2010, 132 (23). 

(46) Dignon, G. L.; Zheng, W.; Kim, Y. C.; Best, R. B.; Mittal, J. Sequence determinants of protein 

phase behavior from a coarse-grained model. PLOS Computational Biology 2018, 14 (1), 

e1005941. 

(47) Regy, R. M.; Thompson, J.; Kim, Y. C.; Mittal, J. Improved coarse-grained model for 

studying sequence dependent phase separation of disordered proteins. Protein Science 2021, 30 

(7), 1371-1379. 

(48) Indei, T.; Schieber, J. D.; Córdoba, A.; Pilyugina, E. Treating inertia in passive microbead 

rheology. Physical Review E 2012, 85 (2), 021504. 

(49) Indei, T.; Schieber, J. D.; Córdoba, A. Competing effects of particle and medium inertia on 

particle diffusion in viscoelastic materials, and their ramifications for passive microrheology. 

Physical Review E 2012, 85 (4), 041504. 

(50) Landau, L.; Lifshitz, E. Fluid mechanics. Pergamon, Oxford, 1987. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 16, 2024. ; https://doi.org/10.1101/2024.08.13.607792doi: bioRxiv preprint 

https://hdl.handle.net/2346/90300
https://doi.org/10.1101/2024.08.13.607792
http://creativecommons.org/licenses/by-nc-nd/4.0/


26 
 

(51) Wei, M.-T.; Elbaum-Garfinkle, S.; Holehouse, A. S.; Chen, C. C.-H.; Feric, M.; Arnold, C. 

B.; Priestley, R. D.; Pappu, R. V.; Brangwynne, C. P. Phase behaviour of disordered proteins 

underlying low density and high permeability of liquid organelles. Nature Chemistry 2017, 9 (11), 

1118-1125. 

(52) Ethier, J. G.; Nourian, P.; Islam, R.; Khare, R.; Schieber, J. D. Microrheology analysis in 

molecular dynamics simulations: Finite box size correction. Journal of Rheology 2021, 65 (6), 

1255-1267. 

(53) Rubinstein, M.; Colby, R. Polymer Physics. Oxford University Press, Oxford, 2003. 

(54) Joseph, J. A.; Reinhardt, A.; Aguirre, A.; Chew, P. Y.; Russell, K. O.; Espinosa, J. R.; 

Garaizar, A.; Collepardo-Guevara, R. Physics-driven coarse-grained model for biomolecular 

phase separation with near-quantitative accuracy. Nature Computational Science 2021, 1 (11), 

732-743. 

(55) Tesei, G.; Schulze, T. K.; Crehuet, R.; Lindorff-Larsen, K. Accurate model of liquid–liquid 

phase behavior of intrinsically disordered proteins from optimization of single-chain properties. 

Proceedings of the National Academy of Sciences 2021, 118 (44), e2111696118. 

(56) Dannenhoffer-Lafage, T.; Best, R. B. A Data-Driven Hydrophobicity Scale for Predicting 

Liquid–Liquid Phase Separation of Proteins. The Journal of Physical Chemistry B 2021, 125 (16), 

4046-4056. 

(57) Das, S.; Lin, Y.-H.; Vernon, R. M.; Forman-Kay, J. D.; Chan, H. S. Comparative roles of 

charge, π, and hydrophobic interactions in sequence-dependent phase separation of intrinsically 

disordered proteins. Proceedings of the National Academy of Sciences 2020, 117 (46), 28795-

28805. 

(58) Feric, M.; Brangwynne, C. P. A nuclear F-actin scaffold stabilizes ribonucleoprotein droplets 

against gravity in large cells. Nature Cell Biology 2013, 15 (10), 1253-1259. 

(59) Elbaum-Garfinkle, S.; Kim, Y.; Szczepaniak, K.; Chen, C. C.-H.; Eckmann, C. R.; Myong, 

S.; Brangwynne, C. P. The disordered P granule protein LAF-1 drives phase separation into 

droplets with tunable viscosity and dynamics. Proceedings of the National Academy of Sciences 

2015, 112 (23), 7189-7194. 

(60) Biswas, S.; Potoyan, D. A. Molecular Drivers of Aging in Biomolecular Condensates: 

Desolvation, Rigidification, and Sticker Lifetimes. PRX Life 2024, 2 (2), 023011. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 16, 2024. ; https://doi.org/10.1101/2024.08.13.607792doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.13.607792
http://creativecommons.org/licenses/by-nc-nd/4.0/


27 
 

(61) Cohen, S. R.; Banerjee, P. R.; Pappu, R. V. Direct computations of viscoelastic moduli of 

biomolecular condensates. bioRxiv 2024, DOI: 10.1101/2024.06.11.598543. 

(62) Alshareedah, I.; Borcherds, W. M.; Cohen, S. R.; Singh, A.; Posey, A. E.; Farag, M.; Bremer, 

A.; Strout, G. W.; Tomares, D. T.; Pappu, R. V.; et al. Sequence-specific interactions determine 

viscoelasticity and ageing dynamics of protein condensates. Nature Physics 2024. 

(63) Welles, R. M.; Sojitra, K. A.; Garabedian, M. V.; Xia, B.; Wang, W.; Guan, M.; Regy, R. M.; 

Gallagher, E. R.; Hammer, D. A.; Mittal, J.; et al. Determinants that enable disordered protein 

assembly into discrete condensed phases. Nature Chemistry 2024, 16 (7), 1062-1072. 

(64) Rana, U.; Xu, K.; Narayanan, A.; Walls, M. T.; Panagiotopoulos, A. Z.; Avalos, J. L.; 

Brangwynne, C. P. Asymmetric oligomerization state and sequence patterning can tune multiphase 

condensate miscibility. Nature Chemistry 2024. 

(65) Farag, M.; Cohen, S. R.; Borcherds, W. M.; Bremer, A.; Mittag, T.; Pappu, R. V. Condensates 

formed by prion-like low-complexity domains have small-world network structures and interfaces 

defined by expanded conformations. Nature Communications 2022, 13 (1), 7722. 

(66) Wang, J.; Sundaravadivelu Devarajan, D.; Nikoubashman, A.; Mittal, J. Conformational 

Properties of Polymers at Droplet Interfaces as Model Systems for Disordered Proteins. ACS 

Macro Letters 2023, 12 (11), 1472-1478. 

(67) Blazquez, S.; Sanchez-Burgos, I.; Ramirez, J.; Higginbotham, T.; Conde, M. M.; Collepardo-

Guevara, R.; Tejedor, A. R.; Espinosa, J. R. Location and Concentration of Aromatic-Rich 

Segments Dictates the Percolating Inter-Molecular Network and Viscoelastic Properties of Ageing 

Condensates. Advanced Science 2023, 10 (25), 2207742. 

(68) Kelley, F. M.; Ani, A.; Pinlac, E. G.; Linders, B.; Favetta, B.; Barai, M.; Ma, Y.; Singh, A.; 

Dignon, G. L.; Gu, Y.; et al. Controlled and orthogonal partitioning of large particles into 

biomolecular condensates. bioRxiv 2024, DOI: 10.1101/2024.07.11.603072. 

(69) Dignon, G. L.; Zheng, W.; Best, R. B.; Kim, Y. C.; Mittal, J. Relation between single-

molecule properties and phase behavior of intrinsically disordered proteins. Proceedings of the 

National Academy of Sciences 2018, 115 (40), 9929-9934. 

(70) Johnson, C. N.; Sojitra, K. A.; Sohn, E. J.; Moreno-Romero, A. K.; Baudin, A.; Xu, X.; Mittal, 

J.; Libich, D. S. Insights into Molecular Diversity within the FUS/EWS/TAF15 Protein Family: 

Unraveling Phase Separation of the N-Terminal Low-Complexity Domain from RNA-Binding 

Protein EWS. Journal of the American Chemical Society 2024, 146 (12), 8071-8085. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 16, 2024. ; https://doi.org/10.1101/2024.08.13.607792doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.13.607792
http://creativecommons.org/licenses/by-nc-nd/4.0/


28 
 

(71) Regy, R. M.; Dignon, G. L.; Zheng, W.; Kim, Y. C.; Mittal, J. Sequence dependent phase 

separation of protein-polynucleotide mixtures elucidated using molecular simulations. Nucleic 

Acids Research 2020, 48 (22), 12593-12603. 

(72) Tesei, G.; Lindorff-Larsen, K. Improved predictions of phase behaviour of intrinsically 

disordered proteins by tuning the interaction range [version 2; peer review: 2 approved]. Open 

Research Europe 2023, 2 (94). 

(73) Tesei, G.; Trolle, A. I.; Jonsson, N.; Betz, J.; Knudsen, F. E.; Pesce, F.; Johansson, K. E.; 

Lindorff-Larsen, K. Conformational ensembles of the human intrinsically disordered proteome. 

Nature 2024, 626 (8000), 897-904. 

(74) Phan, T. M.; Kim, Y. C.; Debelouchina, G. T.; Mittal, J. Interplay between charge distribution 

and DNA in shaping HP1 paralog phase separation and localization. Elife 2024, 12, RP90820. 

(75) Ashbaugh, H. S.; Hatch, H. W. Natively Unfolded Protein Stability as a Coil-to-Globule 

Transition in Charge/Hydropathy Space. Journal of the American Chemical Society 2008, 130 

(29), 9536-9542. 

(76) Weeks, J. D.; Chandler, D.; Andersen, H. C. Role of Repulsive Forces in Determining the 

Equilibrium Structure of Simple Liquids. The Journal of Chemical Physics 1971, 54 (12), 5237-

5247. 

(77) Kapcha, L. H.; Rossky, P. J. A Simple Atomic-Level Hydrophobicity Scale Reveals Protein 

Interfacial Structure. Journal of Molecular Biology 2014, 426 (2), 484-498. 

(78) Urry, D. W.; Gowda, D. C.; Parker, T. M.; Luan, C.-H.; Reid, M. C.; Harris, C. M.; Pattanaik, 

A.; Harris, R. D. Hydrophobicity scale for proteins based on inverse temperature transitions. 

Biopolymers 1992, 32 (9), 1243-1250. 

(79) Debye, P.; Hückel, E. De la theorie des electrolytes. I. abaissement du point de congelation et 

phenomenes associes. Physikalische Zeitschrift 1923, 24 (9), 185-206. 

(80) https://github.com/mphowardlab/azplugins. (accessed 2021 July 15). 

(81) Ramírez, J.; Sukumaran, S. K.; Vorselaars, B.; Likhtman, A. E. Efficient on the fly calculation 

of time correlation functions in computer simulations. The Journal of Chemical Physics 2010, 133 

(15), 154103. 

(82) Boudara, V. A. H.; Read, D. J.; Ramírez, J. RepTate rheology software: Toolkit for the 

analysis of theories and experiments. Journal of Rheology 2020, 64 (3), 709-722. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 16, 2024. ; https://doi.org/10.1101/2024.08.13.607792doi: bioRxiv preprint 

https://github.com/mphowardlab/azplugins
https://doi.org/10.1101/2024.08.13.607792
http://creativecommons.org/licenses/by-nc-nd/4.0/


29 
 

(83) Anderson, J. A.; Glaser, J.; Glotzer, S. C. HOOMD-blue: A Python package for high-

performance molecular dynamics and hard particle Monte Carlo simulations. Computational 

Materials Science 2020, 173, 109363. 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 16, 2024. ; https://doi.org/10.1101/2024.08.13.607792doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.13.607792
http://creativecommons.org/licenses/by-nc-nd/4.0/

