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Abstract 34 

The conditions that lead to the liquid-liquid phase separation (LLPS) of the tau protein, a 35 

microtubule associated protein whose pathological aggregation has been implicated in 36 

neurodegenerative disorders, are not well understood. Establishing a phase diagram that 37 

delineates the boundaries of phase co-existence is key to understanding its LLPS. Using a 38 

combination of EPR, turbidity measurements, and microscopy, we show that tau and RNA form 39 

complex coacervates with lower critical solution temperature (LCST) behavior. The coacervates 40 

are reversible, and the biopolymers can be driven to the supernatant phase or coacervate phase by 41 

varying the experimental conditions (temperature, salt concentration, tau:RNA charge ratio, total 42 

polymer concentration and osmotic stress).  Furthermore, the coacervates can be driven to a 43 

fibrillar state through the addition of heparin. The equilibrium phase diagram of the tau/RNA 44 

complex coacervate system can be described by a Flory-Huggins model, augmented by an 45 

approximate Voorn Overbeek electrostatic term (FH-VO), after fitting the experimental data to 46 

an empirical Flory interaction parameter divided into an entropic and enthalpic term. However, a 47 

more advanced model in which tau and RNA are treated as discrete bead-spring chains with a 48 

temperature-dependent excluded volume interaction and electrostatic interactions between 49 

charged residues, investigated through field theoretic simulations (FTS), provided direct and 50 

unique insight into the thermodynamic driving forces of tau/RNA complexation. FTS 51 

corroborated the experimental finding that the complex coacervation of tau and RNA is has an 52 

entropy-driven contribution, with a transition temperature around the physiological temperature 53 

of 37 °C and salt concentrations around 100-150 mM. Together, experiment and simulation show 54 

that LLPS of tau can occur under physiological cellular conditions, but has a narrow equilibrium 55 

window over experimentally tunable parameters including temperature, salt and tau 56 
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concentrations. Guided by our phase diagram, we show that tau can be driven towards LLPS 57 

under live cell coculturing conditions with rationally chosen experimental parameters.   58 

 59 

Introduction 60 

Protein liquid-liquid phase separation (LLPS) is a process in which proteins assemble and 61 

partition into a protein-dense phase and a protein-dilute phase. The proteins in the dense phase 62 

form droplets, and retain liquid-like mobility, as shown by NMR measurements [1,2]. The 63 

process of LLPS in vitro has been observed for decades [3–8], but the field has recently been 64 

invigorated by the realization that LLPS also occurs in vivo, suggesting a possible physiological 65 

role for these assemblies[4,9,10]. The overwhelming majority of proteins observed to undergo 66 

LLPS are intrinsically disordered proteins (IDPs) [11], and much of the research thus far has 67 

focused on ALS-related IDPs, including FUS [9,12–14], hnRNPA2B1 and hnRNPA1 [15], TDP-68 

43 [15,16], C9ORF72 [17–19] and Ddx4 [20]. Recently, we and others discovered that another 69 

amyloid forming IDP, the microtubule binding protein tau, also undergoes LLPS [21–25]. 70 

Interestingly, many of the LLPS forming IDPs have been observed to form amyloid fibrils in 71 

cell-free systems [13,15], leading to a number of hypotheses regarding the physiological role of 72 

LLPS in regulating aggregation. In particular, a compelling idea is that protein LLPS may be an 73 

intermediate regulatory state, which could redissolve into a soluble state or transition to 74 

irreversible aggregation/amyloid fibrils [13–15,21,22].  75 

In a healthy neuron, tau is bound to microtubules. When tau falls off the microtubule 76 

under adverse conditions to the cell, tau is solubilized in the intracellular space as an IDP. Under 77 

certain conditions, tau forms intracellular fibrillary tangles, a process linked to 78 

neurodegenerative tauopathies that include Alzheimer’s disease. In recent work, we showed that 79 
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tau in neurons strongly (nanomolar dissociation constant) and selectively associates with smaller 80 

RNA species, most notably tRNA [22]. We also found tau and RNA, under charge matching 81 

conditions, to undergo LLPS [22] in a process determined to be complex coacervation (CC) [26]. 82 

We found that tau-RNA LLPS is reversible, and persisted for > 15 hours without subsequent 83 

fibrilization of tau, and hypothesized that LLPS is potentially a physiological and regulatory state 84 

of tau. 85 

In this work, we characterize the phase diagram of tau/RNA LLPS using a combination 86 

of experiment and simulation, and thereby specify the conditions that drive the system towards a 87 

homogeneous phase or an LLPS state. We study a N-terminus truncated version of the longest 88 

isoform of human 4R tau in vitro, and first demonstrate that tau/RNA complexation is reversible, 89 

and that tau remains dynamic and without a persistent structure within the dense phase. The 90 

phase coexistence curve separating a supernatant phase from a condensate phase is determined 91 

by the system's free energy, which in turn is state dependent, i.e. dependent on concentration, 92 

temperature, salt, and the nature of the interaction strength between the various solution 93 

constituents, including the solvent. We construct the phase diagram from cloud-point 94 

measurements of the onset of complex coacervation under varying conditions of temperature, 95 

salt, and polymer concentrations. These experiments establish the features and phase coexistence 96 

boundaries of the phase diagram, which we then model using theory and simulation to rationalize 97 

and understand the physical mechanisms that drive and stabilize LLPS.  98 

A number of theoretical models can be used to model LLPS, each with their own 99 

advantages and disadvantages. Ideally, one would turn to simulations at atomic resolution in 100 

explicit solvent; however, such models are computationally prohibitive given the multiple orders 101 

of magnitude in time and length scales involved in LLPS. Turning to the polymer physics 102 
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literature, theoretical treatments of simplified coarse-grained models are much more 103 

computationally tractable, and offer useful insight. Although approximate, analytical theories can 104 

be formulated, providing an extremely efficient platform for describing the thermodynamics of 105 

polyelectrolyte mixtures [27]. These include the Flory-Huggins model [28], the Voorn-Overbeek 106 

model [6,29–34], the random-phase approximation [35–37], the Poisson-Boltzmann cell model 107 

[38,39], as well as other more sophisticated approaches[40–42], which have been applied to 108 

synthetic polymers with low sequence heterogeneity [29,43–46], and to proteins with single 109 

composition [2,20,47,48]. While such models have been successful in describing simpler 110 

polyelectrolytes, it is less apparent that these models are suitable to describe the complex 111 

coacervation of the more complicated tau/RNA system. The simplest approach that one can use 112 

is the Flory-Huggins (FH) model, augmented by the Voorn and Overbeek (VO) correction to 113 

describe electrostatic correlations. This model is widely used to model LLPS; however, while 114 

experimental data can be fit to the model [2,20], ultimately the FH-VO model has serious 115 

inadequacies. The original Flory-Huggins model is a mean-field theory, which means that 116 

fluctuations in polymer densities away from their average value in each phase are neglected. 117 

Augmenting the FH model with a VO treatment of electrostatics approximately accounts for 118 

charge correlations, but it entirely neglects chain-connectivity [49]. Thus, the FH-VO model is 119 

unable to model the spatially varying charge distribution along the polymer backbone. Ideally, 120 

one would like to introduce chain connectivity, charge correlation, and uneven charge 121 

distribution into a more realistic polymer physics model; however, a full treatment of polymer 122 

density fluctuations is analytically intractable. One possible approach is to pursue a Gaussian 123 

approximation to field fluctuations, also known as the random phase approximation (RPA) [50–124 

52].  The RPA model can be viewed as a lowest-order correction to the mean field 125 
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approximation, and was recently introduced to describe the charge pattern and sequence-126 

dependent LLPS of IDPs [53,54]. The advantage of the RPA model, over the mean-field FH-VO 127 

model, is that charge correlations are introduced in a formally consistent manner. Nonetheless, it 128 

has been recently demonstrated that the RPA model fails to quantitatively predict polymer 129 

concentrations in the dilute phase, given that higher-order fluctuations are important in this 130 

regime [55,56].  131 

Of all the models described above, fitting experimental data with the FH or FH-VO 132 

theory is currently the preferred methodology in the LLPS community to describe and analyze 133 

phase diagrams. We demonstrate that this model can be fit to describe our experimental data, but 134 

the learning outcome from this modeling is limited. Thus, we take a different approach by 135 

computing the exact phase diagram of an off-lattice coarse-grained polyelectrolyte model using 136 

field theoretic simulations (FTS). FTS is a numerical approach that allows one to fully account 137 

for fluctuations, and thus serves as an approximation-free method to compute equilibrium 138 

properties from a suitably chosen coarse-grained representation of the true system. The ability to 139 

perform field theoretic simulations enables us to include the important physics of polymer 140 

sequence-specificity that cannot be captured by FH-VO, including charge distribution and chain 141 

connectivity.  Results from FTS are compared to those obtained from the FH-VO model. 142 

 The model substantiates the experimental phase diagram that the equilibrium window for 143 

the complex coacervation of tau and RNA under cellular conditions is narrow. Guided by the 144 

phase diagram, empirically obtained from in vitro experiments and validated by simulation, we 145 

finally show that LLPS of tau-RNA can be established and rationalized under cellular co-146 

culturing conditions in the presence of live cells.  147 

 148 

 149 
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Results 150 

 151 

Tau-RNA complex coacervate is reversible and a dynamic liquid phase.  152 

Truncated versions of the longest isoform of human 4R tau, residues 255-441 [57] and 153 

residues 255-368 were used to study tau-RNA complex coacervation (CC). A C291S mutation 154 

was introduced to either tau variant, resulting in single-cysteine constructs. Thioflavin T assays 155 

and TEM imaging were performed showing these variants retain the capability to form fibrils 156 

with morphology similar to full length tau. Unless otherwise specified, we refer to these two 157 

single-cysteine tau constructs as tau187 and tau114 (tau114 is close to K18, 244-372 [58]), 158 

respectively, while tau refers collectively to any of these variants (see SI methods for 159 

experimental details). Importantly, experiments were performed with freshly eluted tau within 30 160 

minutes upon purification to minimize the effects of possible disulfide bond formation. This 161 

minimizes the influence of the cysteine mutations on the LLPS behavior of tau-RNA CC. The 162 

single-cysteine containing tau187 can be singly spin labeled at site 322, referred to as tau187-SL 163 

(see SI methods). Full length tau, tau187 and tau114 are overall positively charged with an 164 

estimated +3, +11 and +11 charge per molecule at neutral pH, respectively, based on their 165 

primary sequences. The charged residues of tau are more concentrated in the four repeat domains 166 

(Fig 1A). PolyU RNA (800~1000 kDa), which is a polyanion carrying 1 negative charge per 167 

uracil nucleotide, was used in this study and henceforth referred to as RNA (Fig 1A). Under 168 

ambient conditions, both tau and RNA are soluble and stable in solution. By mixing tau and 169 

RNA under certain conditions, a turbid and milky suspension was obtained within seconds, 170 

where tau and RNA formed polymer-rich droplets (dense phase) separated from polymer-171 

depleted supernatants (dilute phase) (Fig 1B). These polymer-rich droplets are tau-RNA CCs. 172 
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We began by determining the concentration of the dense and dilute phases. After mixing and 173 

centrifuging 60 µL tau187-RNA droplet suspension, we separated a polymer-rich phase of 174 

volume <1 µL with a clear boundary against the dilute supernatant phase. Applying UV-Vis 175 

spectroscopy (see SI methods), we determined the concentration of tau and RNA inside the 176 

droplets as >76 mg/mL and >17 mg/mL with partitioning factors of >15 and >700 respectively. 177 

This is consistent with our previously findings that tau is virtually exclusively partitioned within 178 

the dense phase [22]. High protein concentrations are typically correlated with higher propensity 179 

for irreversible protein aggregations. In order to verify that there was indeed no fibril formation, 180 

tau187-RNA CCs were prepared by mixing tau187-SL and RNA (see SI methods) and monitored 181 

by continuous wave electron paramagnetic resonance spectroscopy (For details of cw-EPR 182 

experiments see SI methods). The cw-EPR spectra shows no broadening (Fig 1C), and the cw-183 

EPR spectra analysis reveals an unchanged rotational correlation time for the spin label of 184 

tau187-SL, τ, of 437 ± 37 ps as a function of time after > 96 hours of incubation at room 185 

temperature (Fig 1D, turquoise) (see SI methods). For comparison, cw-EPR spectra and τ were 186 

recorded of tau187-SL alone in buffer, and of tau187-SL in the presence of heparin under fibril 187 

forming conditions. Tau187-SL alone in buffer showed cw-EPR spectra overlapping with those 188 

of tau187-RNA CC, and rotational correlation time τ, 425 ± 16 ps, nearly identical to the τ of 189 

tau187-SL CCs (Fig. 1D, red). In contrast, tau187-SL with heparin shows a significantly 190 

broadened cw-EPR spectrum and an increasing τ to 2.3 ± 0.7 ns (Fig 1C, D, green). Note that a 191 

hundreds of ps range of τ corresponds to rapid tumbling of the spin label, whose rotational 192 

degree of freedom is minimally hindered by molecular associations, while a several ns range of τ 193 

corresponds to slow tumbling and molecular hindering by association or confinement. The 194 

Thioflavin T (ThT) fluorescence curves of the same sample system as a function of time 195 
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confirms the absence of amyloid aggregate formation in tau187-RNA CCs (Fig S1). These 196 

results together suggest that tau187-RNA CCs are in an equilibrium state, in which tau retains its 197 

solution-like dynamics.  198 

Next, we investigated the reversibility of tau187-RNA complex coacervation. Tau187-RNA 199 

CCs were prepared again and incubated by cyclically ramping the temperatures (1 °C/min) 200 

upwards and downwards, while the absorbance at λ = 500 nm was monitored, referred to as 201 

turbidity hereafter. Ramping rates of 0.5 °C/min and 1 °C/min were tested, but the results shown 202 

to be indistinguishable. Microscopy images were concurrently acquired at low and high turbidity, 203 

confirming the appearance and abundance of CC droplets correlating with turbidity increase, and 204 

vice versa (Fig 1E). The turbidity-temperature curves show that at high temperature, samples 205 

became turbid with Abs500 ~ 1.5 and abundance of CCs, while at low temperature, samples 206 

became transparent with Abs500 ~ 0 and absence of CCs. This demonstrates tau187-RNA CC 207 

formation is favored at higher temperature, following clearly a lower critical solution 208 

temperature behavior (LCST) (Fig 1E) [59]. By cycling the temperature, we robustly and 209 

reversibly changed the tau187-RNA mixture between a turbid state to a completely transparent 210 

state (Fig 1E).  The transition temperatures at which the turbidity emerged during heating and 211 

vanished during cooling stay invariant with repeated heating-cooling cycles. The method of 212 

extracting a cloud point for the LCST transition temperature from such data will be described in 213 

detail in the next section. Importantly, the history of temperature change does not affect the 214 

resulting state. Hence the formation and dissolution of tau187-RNA CCs are reversible and 215 

consistent with a path-independent equilibrium process. We point out that the maximum 216 

turbidity value successively decreases with each heating cycle (Fig 1E), even though the 217 

transition temperatures remain invariant. This can be attributed to slow degradation of RNA with 218 
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time, (as demonstrated in Fig S2) by verifying an altered turbidity change in the presence of 219 

RNase or RNase inhibitor. 220 

It is understood that upon gradual heating of the solution phase, the mechanism of LLPS 221 

proceeds via a nucleation process [60], and hence there is a kinetic barrier evidenced by the 222 

observed hysteresis in Fig 1E. Nonetheless, we conclude that the final tau-RNA CC state reached 223 

upon heating is a true thermodynamic state, and thus can be modeled by an equilibrium theory of 224 

phase separation.   225 

Tau-RNA complex coacervate phase diagram  226 

To understand the principles and governing interactions driving tau-RNA CC formation, 227 

we constructed a phase diagram for tau187-RNA CC by measuring the transition temperature – 228 

to be described in greater detail below – as a function of protein concentration and salt 229 

concentration. We first recorded tau187-RNA turbidity at various [tau], [RNA] and [NaCl] 230 

values, ranging from 2-240 µM, 6-720 µg/mL and 30-120 mM, respectively. Titrating RNA to 231 

tau187, the turbidity was found to be peaked when [RNA]:[tau] reached charge matching 232 

condition at which the charge ratio between net positive and negative charges was 1:1 (which for 233 

tau187 and RNA used in this study corresponded to [tau187]:[RNA] = 1 µM : 3 µg/mL), 234 

validating once more that LLPS is driven by complex coacervation (CC) (Fig S3). Henceforth, 235 

all phase diagram data are acquired at a charge matching condition between RNA and tau. 236 

Titrating NaCl to tau187-RNA, CC formation showed a steady decrease of turbidity (Fig S3). 237 

Combined, these demonstrate that tau187-RNA CC favors the condition of charge balance and 238 

low ionic strength, which is consistent with known properties of CC and previous findings [22].  239 

We next investigated the phase separation temperatures under various sample 240 

compositions. Tau187-RNA CCs were prepared with a fixed [tau]:[RNA] ratio corresponding to 241 
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the condition of net charge balance. Therefore, the composition of tau187-RNA CC can be 242 

determined by [tau] and [NaCl]. Samples were heated at 1 °C/min between T = 15-25 °C, while 243 

the turbidity was monitored. The turbidity-temperature data of the heating curves were then fit to 244 

a sigmoidal function, so that the cloud point temperature, Tcp, could be extracted as shown in Fig 245 

2A (Tcp was determined from heating curves out of practical utility; Tcp from cooling curves is 246 

possibly closer to thermodynamic transitions). The experimental cloud-point temperature Tcp for 247 

CC formation as a function of [tau] and [NaCl] are shown (as points) in Fig 2B and Fig 2C. The 248 

experimental data points show that increasing [tau] lowers Tcp, favoring CC formation, while 249 

increasing [NaCl] raises Tcp, disfavoring CC formation. Such trends were observed at two [NaCl] 250 

and two [tau] values, respectively (Fig 2B, 2C). Experimentally, Tcp was determined for a range 251 

of [tau] and [NaCl] conditions (see Fig S4). 252 

The features of the Tau-RNA CC phase diagram were also investigated by comparing 253 

tau187 and tau114. Tau187-RNA CC and tau114-RNA CC were prepared with 20 µM tau187 254 

and 28 µM tau114, so that the total concentration of polymer, i.e. tau and RNA, reaches 0.5 255 

mg/mL. Turbidity was recorded at varying [NaCl]. Similar to the observation with tau187-RNA 256 

CC, tau114-RNA CC showed decreasing turbidity at increasing [NaCl] (Fig S5). The [NaCl] 257 

values where turbidity reaches 0 were estimated as 131 mM and 150 mM for tau187 and tau114, 258 

respectively, implying CC formation is more favorable with tau114 that hence can sustain higher 259 

[NaCl]. Based on this, 20 µM of tau187, 131 mM of NaCl and room temperature, 20 °C, were 260 

used as the phase separation conditions ([tau], [NaCl] and Tcp) for tau187, and 28 µM, 150 mM 261 

and 20 °C for tau114. These two experimental conditions were used in the next section for 262 

comparing the two constructs of tau. 263 

 264 
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Flory-Huggins-Voorn-Overbeek Fit to Experimental Phase Diagram 265 

We next used the FH-VO model to fit the experimental data for the tau187-RNA CC 266 

system, as is commonly done in LLPS studies. Despite its theoretical deficiencies the FH-VO 267 

model is commonly used for its simplicity and ease of implementation. Our system consists of 268 

five species: tau187, RNA, monovalent cation (Na+), anion (Cl-) and water. For simplicity, we 269 

explicitly consider only the effect of excess salt, and do not include polymer counterions. The 270 

FH-VO model maps these five species onto a three-dimensional lattice (Fig 2D). Each polymer 271 

is treated as a uniform chain with degree of polymerization N and average charge per monomer 272 

σ. N was taken as the average chain length of the species (1 for monovalent ions). The charge 273 

density σ of RNA, monovalent ions and water were set to 1, 1 and 0 respectively. The values for 274 

σ of tau187 or tau114 were calculated from the net charge at neutral pH divided by the chain 275 

length. The composition of the species is expressed in terms of the volume fraction ϕ of the 276 

occupied lattice sites, which are proportional to the molar concentrations (see SI methods for 277 

details). As in experiments, tau187-RNA CCs were prepared at fixed [tau]:[RNA] and 278 

[Na+]:[Cl−] ratios. Under these two constraints, the volume fraction of all five species in tau187-279 

RNA CC listed above can be determined with two variables, [tau] and [NaCl], which are 280 

experimentally measurable. 281 

Given N, σ, [tau], [NaCl] and Tcp, the task is to find ϕtau
I and ϕtau

II, the volume fractions of 282 

tau in the dilute and dense, coacervate, phase at equilibrium, i.e. the binodal coexistence points. 283 

The model and procedure is described in detail in the SI methods. For each experimental 284 

observation of Tcp determined for a given [tau] and [NaCl] (Fig S4), the FH-VO expression has 285 

one unknown parameter, the Flory-Huggins χ term. The Flory-Huggins χ parameter is introduced 286 

as an energetic cost to having an adjacent lattice site to a polymer segment occupied by a solvent 287 

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

The copyright holder for this preprint (which wasthis version posted September 22, 2018. ; https://doi.org/10.1101/424358doi: bioRxiv preprint 

https://doi.org/10.1101/424358
http://creativecommons.org/licenses/by-nc-nd/4.0/


   
 

13 
 

molecule [61]. Here we take χ to be an adjustable parameter, such that given a suitable 288 

expression for χ, the complete binodal curve can be modeled with the FH-VO theory. 289 

Consequently, we first solved for χ at each given experimental condition, so that the theoretical 290 

binodal curve intersects the experimental data point. Fig 2E shows two representative examples 291 

of a theoretical binodal curve (solid line) intersecting a single experimental data point at the 292 

given [NaCl] and [tau]. This procedure gives an empirical χ parameter for each experimental 293 

data point, as collated in Fig 2F as a function of 1/ Tcp. We then performed to this set of 294 

experimental data a least-squares fit of the empirical χ parameter to the form A + B/T (Fig 2F), 295 

yielding an expression of the temperature dependence of χ of 296 

𝜒  (𝑇) = 1.8− !"#
!
, 𝑅! = 0.67. (Equation 1) 297 

Finally, from this expression for χ(T), we computed the binodal curves that establishes the phase 298 

coexistence as a function of Tcp, [tau] and [NaCl], shown as solid lines, only for the dilute phase 299 

coexistence for Tcp vs [tau] (Fig 2B) and Tcp vs [NaCl] (Fig 2C). For the full phase diagram 300 

showing both dilute and dense binodal curves see Fig. S7. The experimental data (shown as 301 

points) and  computed binodal curves both exhibited a decreasing Tcp with increasing [tau] and 302 

an increasing Tcp with increasing [NaCl]. This simply establishes that tau-RNA CC favors higher 303 

tau concentrations in the 1-240 µM range and lower ionic strength in the 30-120 mM range 304 

tested here. Binodal curves for tau114-RNA CC were also computed, and are compared with 305 

tau187-RNA CC, along with experimental data (Fig. S5). Comparison of the two constructs 306 

shows that tau114-RNA CC has a lower Tcp than tau187-RNA CC, suggesting it is more 307 

favorable to phase separation. This qualitatively agrees with experimental observations. Note 308 

that the experimental conditions are for [tau] and [RNA] set at charge matching conditions for 309 

maximal CC, and thus [tau] and [RNA] are locked relative to each other. When [RNA] falls 310 
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either well below or well above charge matching condition relative to [tau], it is expected that the 311 

LLPS envelope will collapse.   312 

 313 

Field theoretic simulations of a coarse-grained model of tau-RNA complex 314 

coacervation 315 

 316 

Although the FH-VO model can be brought into agreement with experiment through a judicious 317 

choice of χ, it is fundamentally unsound from a theoretical perspective, noticeably because it 318 

neglects connectivity between charges on the same chain. This is a severe limitation because it is 319 

expected that subtle difference in primary amino acid sequences may have a profound effect on 320 

the phase diagram.  A particularly appealing alternative to gain insights into the thermodynamics 321 

of LLPS is to perform field theoretic simulations (FTS) on a physically motivated polyelectrolyte 322 

model (Fig 3), in which each amino acid is represented by a single monomeric unit of length b in 323 

a coarse-grained bead-spring polymer model. The charge of each segment is unambiguously 324 

assigned from the particular amino acid charge at pH 7.0. In addition to harmonic bonds between 325 

nearest neighbors, which enforces chain connectivity, all segment pairs interact via two types of 326 

non-bonded potentials: a short-ranged excluded volume repulsion and a long-range electrostatic 327 

interaction between charged monomers (see Fig 3). We take the polymers to be in a slightly good 328 

solvent, meaning that favorable interactions between monomers and solvent cause chain 329 

swelling. In such cases, the excluded volume interaction is modeled as a repulsive Gaussian 330 

function between all monomer pairs with a strength that increases with solvent quality [62]. 331 

Conversely, as solvent quality decreases, the excluded volume repulsion decreases, approaching 332 

zero at the so-called theta condition. In the present case we limit ourselves to the case where the 333 

excluded volume is positive and small, i.e. a good solvent near the theta condition. Simulations 334 
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are performed using a single excluded volume strength, v, identical for all monomers, which is 335 

an input parameter in the model and can be adjusted to parameterize the favorable monomer-336 

solvent interactions. Additionally, the long-range electrostatic interactions are described by a 337 

Coulomb potential in a screened, uniform, dielectric background. The length scale of the 338 

electrostatic interactions is parameterized by the Bjerrum length lB, which is the distance at 339 

which the electrostatic interactions become comparable to the thermal energy kBT and is defined 340 

as  341 

𝑙! =
!!

!!!!!!!!!
                 (Equation 2) 342 

 where e is the unit of electronic charge, 𝜖! the dielectric constant (𝜖! = 80 for water), and 𝜖! 343 

the vacuum permittivity. 344 

  The main features of the model used for FTS here are the inclusion of chain connectivity, 345 

charge sequence-dependence for the electrostatic interactions based on the primary amino acid 346 

sequence of tau, solvation effects which are parameterized by the single excluded volume 347 

parameter, 𝑣, and an electrostatic strength parameterized by the Bjerrum length, lB. FTS is 348 

performed in implicit solvent with a uniform dielectric background. We assume that the polymer 349 

chains are in a fully dissociated state, and we do not explicitly represent counter ions. The effect 350 

of excess salt is included in our model by introducing point charges explicitly, which engage in 351 

Coulomb interactions with all other charged species and repel other ions and polymer segments 352 

at short distances by the same Gaussian excluded volume repulsion. By introducing explicit 353 

small ions in this manner, we are neglecting strong correlations such as counter ion 354 

condensation; however, we are allowing for weak correlations of the Debye-Hückel type. The 355 

explicit addition of salt will serve to screen the electrostatic interactions and inhibit the driving 356 

force for CC, in agreement with the experiments. 357 
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 Details of the FTS protocol are described in the SI methods. By performing FTS at 358 

various state points and computing equilibrium properties, we first set out to fully explore the 359 

parameter space relevant for LLPS in this model. This involves running simulations at different 360 

conditions analogous to experiments. For each simulation the thermodynamic state of the system 361 

is determined by specifying a particular value for the dimensionless excluded volume parameter 362 

𝑣/𝑏!, the dimensionless Bjerrum length 𝑙!/𝑏, and the dimensionless monomer number density 363 

𝜌𝑏!. Fig 4 shows the final polymer density configuration for two representative simulations at a 364 

monomer density of 𝜌𝑏! = 0.22 at different thermodynamic conditions (see caption for Fig 4 for 365 

details). Although the bulk density is fixed and identical for the two cases, the local polymer 366 

density is free to fluctuate. The left simulation box (Fig 4) shows a case where a single phase is 367 

favored, indicated by a nearly homogenous polymer density throughout the simulation box 368 

(white/blue). This is contrasted by the right simulation box (Fig 4) depicting the case where the 369 

system phase separates into a dilute polymer-deplete region (white) and a dense polymer-rich 370 

droplet region (red)—the coacervate phase with the color signifying the polymer density. Fig 4 371 

shows that given suitable parameterization, FTS can be used to study complex coacervation of a 372 

coarse-grained tau-RNA model. Given this observation, we next map out the full phase diagram 373 

in the parameter space of the model while fixing the physical parameters of charge sequence, 374 

chain length, and chain volume fractions that are consistent with the experimental conditions.  375 

 376 

Field theoretic simulations predict phase equilibria around physiological conditions 377 

The parameters to be explored in connection with phase behavior are the strength of the 378 

interactions in the polyelectrolyte model: the excluded volume strength v and the Bjerrum length 379 

lB. A direct comparison between FTS and the experimental phase diagram will be deferred until 380 

the following section. The phase coexistence points (binodal conditions) for a given value of the 381 
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excluded volume v and Bjerrum length lB can be obtained by running many simulations over a 382 

range of concentrations, and finding the concentration values at which the chemical potential and 383 

the osmotic pressure are equal in both phases (see Fig. S10). The procedure is described in the 384 

SI, and is repeated for many different v and lB combinations. The resulting phase diagram will be 385 

a three-dimensional surface which is a function of 𝜌, 𝑣, and 𝑙!. In Fig 5A, we show a slice of this 386 

surface along the 𝑙! − 𝜌   plane with a fixed value of  𝑣 = 0.0068  𝑏!, and in Fig 5B we show a 387 

slice along the 𝑣 − 𝜌 plane with a fixed 𝑙! = 1.79  𝑏 (at T = 293 K, Eq. 3). It should be noted that 388 

Fig 5 presents the first approximation-free phase diagrams presented in the literature of a 389 

theoretical model describing a biological complex coacervate system. From Fig 5, one can see 390 

that 𝑙! and v have counteracting effects, namely increasing v that is caused by increased solvent 391 

quality destabilizes the coacervate phase and favors the single phase, whereas increasing 𝑙! that 392 

is caused by reduced electrostatic screening favors coacervation, and destabilizes the single 393 

phase. The physical interpretation of the trends in Fig 5 is that the actual binodal for the 394 

experimental system will depend on two competing features: the solvent quality proportional to 395 

v, which inhibits coacervation, and the electrostatic strength of the media proportional to 𝑙! 396 

which promotes coacervation. 397 

The FTS- derived phase diagram shown in Fig 5 provides a guide how to experimentally tune 398 

the window for complex coacervation by changing the relative contribution of the solvent quality 399 

or the dielectric strength. Experimentally, the solvent quality can be decreased by adding 400 

crowding agents or by changing the hydrophilic/hydrophobic amino acid composition, while the 401 

electrostatic strength can be controlled by the salt concentration. Increasing salt concentration 402 

tends to decrease the bare electrostatic strength by screening the charges, and this is predicted to 403 
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stabilize the single phase solution mixture against coacervation, in agreement with experimental 404 

observation. We explore these ideas further below in the context of tau coacervation in vivo.  405 

Despite the simplicity of the coarse-grained description, the model predicts that these two 406 

competing parameters, excluded volume vs. electrostatic interactions, are nearly balanced around 407 

physiological salt concentration, temperature, and protein concentration. Assuming that the 408 

relative dielectric constant for water is 𝜖! = 80, and that the segment size b is approximately 409 

equivalent to the distance between 𝐶!   carbons, i.e. b ~4  Å, it follows that 𝑙! = 1.75𝑏 at 300 K. 410 

(𝑙! = 0.7  𝑛𝑚 at 300 K). In the 𝑙! − 𝜌   plane (shown in Figure 5A), at the cross section of 411 

𝑙! = 1.75, three points for 𝜌𝑏!  are indicated that correspond to 1, 5, and 10 𝜇𝑀  for tau 412 

concentrations at 300 K. Here we have implicitly assumed that at physiological temperature and 413 

in a crowded cellular environment tau is near the theta condition, and thus v is small. This 414 

analysis suggests that small modulation in the experimental conditions, such as changes in the 415 

temperature or salt concentration, local pH or crowding effects (via the excluded volume 416 

parameter v) can readily and reversibly induce complex coacervation in vivo under physiological 417 

conditions.  418 

Comparison between simulation and experiment 419 

In the preceding section we presented the phase diagram from FTS explicitly in terms of the 420 

model parameters of the excluded volume v and Bjerrum length 𝑙!. We now seek to compare our 421 

simulation results directly with the experimental phase diagram. This requires knowing precisely 422 

how the model parameters depend on temperature. We again take the monomer size b to be  423 

approximately the distance between the 𝐶!   carbons b ~4  Å, and assume a dielectric constant of 424 

𝜖! = 80 for pure water. The relative dielectric 𝜖! at a given salt concentration is then estimated 425 
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from Equation 2. With these values, the Bjerrum length 𝑙!   can be estimated from Equation 3 at 426 

the experimental cloud point temperature (Fig 6A), which leaves only one unknown parameter v.  427 

The excluded volume is typically taken to be proportional to (1− 𝜃/𝑇) where 𝜃  is the theta 428 

temperature, the temperature at which the chain follows ideal chain statistics [62–64]. For LCST 429 

behavior it is customary to introduce the form 𝑣 = −𝑣!(1− 𝜃/𝑇)  where 𝑣!   controls the 430 

magnitude of the excluded volume interactions [65]. This form of the excluded volume implies 431 

that at temperatures lower than the theta temperature, the excluded volume is repulsive ( 𝑣  > 0, 432 

meaning a good solvent) and for temperatures above the theta point, the excluded volume 433 

becomes attractive (𝑣  < 0, poor solvent conditions). By adjusting the excluded volume in FTS to 434 

fit a subset of the experimental data, (shown in Fig. 6B), we then perform a linear fit to obtain a 435 

value of 𝑣! = 0.25𝑏!  and 𝜃 = 309  K. Note that in the range of temperatures considered, the 436 

excluded volume remains positive. However, for temperatures higher than 𝜃, when the excluded 437 

volume becomes negative, the polymer chain will collapse, consistent with the observation in the 438 

literature [66], which showed that tau undergoes a thermal compaction at high temperatures due 439 

to entropic factors [63]. In such high temperature regimes a more sophisticated treatment is 440 

needed; however, all our experimental conditions remain below this threshold. Having mapped 441 

the two model parameters v and lB to the experimental temperature, we can compare directly the 442 

FTS with the experimental results (Fig 6C). The calculated FTS data points under the condition 443 

of low salt concentration are shown as filled green squares in Fig 6C.  444 

Next, explicit salt ions were introduced as point charges to simulate an excess salt 445 

concentration of 120 mM. We make the assumption that the salt is equally partitioned in both 446 

phases, and thus the concentration of salt is a constant, allowing us to sweep the polymer 447 

concentration at fixed salt concentration to find the phase coexistence points. A more detailed 448 
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FTS study of salt partitioning performed using a Gibbs ensemble method found that under 449 

conditions of nearly charge-balanced polymers, as is the case in the system of this study, the salts 450 

are nearly equipartitioned and counterion condensation is not a dominant factor [67]. Simulations 451 

performed in this manner with explicit salt are shown as open green squares in Fig 6C. The FTS 452 

data clearly demonstrate that the effect of added salt is to stabilize the single solution phase, and 453 

to raise the binodal closer to physiological temperature 37 °C, in agreement with experiments 454 

(filled red and blue circles Fig 6C). The complementary dense branch of the binodal curve is also 455 

predicted from FTS and is shown in Fig. S11.  456 

Application to cell-complex coacervate co-culture 457 

Looking at the experimental and calculated phase diagrams (Fig 2B, 2C), it is seen that 458 

under physiological conditions (Tcp ~ 37 °C, [NaCl] ~ 100 mM) it is principally feasible for cells 459 

to tune the formation of tau-RNA CCs. This has important implications for studying the 460 

physiological roles of tau-RNA CCs, and thus we asked if tau-RNA CCs could indeed exist in a 461 

biologically relevant media in the presence of living cells. Both the FH-VO theory and FTS 462 

predict that the conditions of high protein concentration, low ionic strength, high temperature 463 

and high crowding reagents (acting to lower the excluded volume) would independently favor 464 

tau-RNA CC formation. Using these tuning parameters as a guide, we designed several 465 

experiments to test the ability for tau-RNA CCs to form in a co-culture with H4 neuroglioma 466 

cells. We incubated H4 cells with tau187/tau114-RNA under CC conditions at varying 467 

temperatures, polymer concentrations and crowding reagent concentrations. At low polymer 468 

concentrations (10 µM tau, 30 µg/ml RNA) no LLPS was observed in the cellular media (Fig 7, 469 

first column), where increasing the temperature to 37 °C did not apparently influence the 470 

solution phase (Fig 7, first column, first and third row). However, when tau and RNA 471 

concentrations were increased (100 µM tau, 300 µg/ml RNA) LLPS could be observed (Fig 7, 472 
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second column). Further, LLPS could also be achieved by adding an additional crowding reagent 473 

(here PEG) to low concentration samples of tau and RNA (Fig 7, third column). As predicted, 474 

LLPS of tau-RNA CC was modulated by (i) temperature, (ii) tau and RNA concentration and/or 475 

(iii) the presence of crowding reagent PEG (Fig 7). Lowering the temperature to 18°C 476 

significantly reduced the number and size of fluorescent droplets, demonstrating that tau-RNA 477 

LLPS is indeed tunable by temperature, and demonstrate the biological consequence of the 478 

LCST behavior (Fig 7, first and third row). These results were consistently found for both tau187 479 

and tau114 systems. The successful application of FTS for tuning and predicting tau-RNA CCs 480 

in cellular media is a first step towards understanding the physiological condition under which 481 

tau-RNA LLPS, which follows the CC mechanism, can occur. The conditions described for 482 

LLPS here suggests that conditions exist in vivo under which LLPS by complex coacervation 483 

may be achieved. 484 

Discussion 485 

The ability of tau to undergo LLPS via a mechanism of complex coacervation has been 486 

recognized in a number of recent publications [21,25] [22]. However, to date, the criteria and 487 

physical parameters (specifically, polymer concentration, ionic strength, temperature and 488 

crowding reagents) that drive tau-RNA CC has not been rationalized. In this paper, we mapped 489 

out the experimental phase diagram for tau-RNA CC, and used theory and simulation to describe 490 

the parameter space for LLPS. In what follows, we discuss the relevance of our findings in the 491 

context of the physical mechanism of LLPS in vivo. 492 

 Although the FH-VO model cannot model spatially varying charges along the peptide 493 

backbone, we were able to fit the experimental data by treating the Flory-Huggins χ parameter as 494 

an empirical, temperature-dependent, adjustable parameter. This result highlights the fact that the 495 
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FH-VO model is adaptable to experimental data. Still, the FH-VO model has limited 496 

predictability, and should be seen as a qualitative descriptor of phase separation. In contrast, FTS 497 

is an approximation-free analysis that can provide physical insight and predictive information for 498 

biopolymers, such as scaling relationships and polymer or protein sequence effects. As shown 499 

above, the tau-RNA phase diagram was successfully reproduced by FTS using model parameters 500 

that are reasonable estimates of the experimental physical conditions.With reasonable estimates 501 

for the parameters in our polymer model (𝜖! = 80, 𝑏 = 4  Å), our simulations predict that the 502 

lower phase boundary falls in the vicinity of physiological conditions. This finding suggests that 503 

FTS can be a powerful theoretical modeling technique to describe and rationalize tau-RNA CC 504 

as a competition between short-ranged excluded volume interactions and long-ranged 505 

electrostatic interactions.  506 

 Consider that we can partition the driving forces of CC as 507 

Δ𝐺!! = Δ𝐻!"#/!"#

(!)
− 𝑇Δ𝑆!"#$

(!)
+ Δ𝐻!" − 𝑇Δ𝑆!"!#"$%

!"#$%&!&  !"#$%&  !"  !
 

where the first two terms are the negative (favorable) enthalpic contribution from tau/RNA 508 

interactions and the ideal entropy of mixing term (which is negative because we are considering 509 

CC formation). These first two terms are approximately accounted for in the original VO model, 510 

and by themselves predict UCST behavior (see SI). The last two terms introduce an non-ionic 511 

excess enthalpic contribution and a nonideal, noncombinatoric entropy that are introduced into 512 

the FH-VO model through the Flory-Huggins χ parameter, or within FTS through the 513 

temperature dependent excluded volume. Given the experimental observation of LCST phase 514 

behavior, these terms must be important and we now estimate their value from our model.  515 

Modeling the LCST experimental tau-RNA CC phase diagram using the FH-VO model 516 

by invoking an entropic term in the Flory-Huggins χ parameter, or by FTS using a temperature 517 
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dependent excluded volume, both provide an estimate of the entropic contribution that drives CC 518 

formation. The temperature-dependent excluded volume v used to describe LCST phase behavior 519 

within FTS can be formally related to the Flory-Huggins 𝜒 parameter to second order in the 520 

polymer volume fractions  𝑣 = 𝑏!(1− 2𝜒) [68]. Substituting our empirical excluded volume, we 521 

obtain from FTS an interaction parameter χ of the form 𝜒 = 𝜖! + 𝜖!/𝑇, with 𝜖!  being a non-522 

combinatoric entropic term and 𝜖!   an enthalpic term. Introducing conventional units (see SI 523 

methods for details) gives an unfavorable non-electrostatic enthalpy of phase separation of ΔHex 524 

= 0.23 kJ • mol−1 of monomer, and a favorable noncombinatoric entropy of phase separation of 525 

TΔSnoncomb = 1.1 kJ • mol−1 of monomer at T = 300 K. For comparison, the empirical χ from 526 

fitting the experimental data with the FH-VO model gives ΔHex = 2.3 kJ • mol−1 of monomer and 527 

TΔSnoncomb = 3.24 kJ • mol−1 of monomer.  528 

Notably, ΔHex is small and positive. We hypothesize that the positive, i.e. nonionic, 529 

enthalpy value for forming a coacervate phase is due to the requirement of breaking favorable 530 

interactions between hydrophilic residues and water that stabilizes the solution phase of tau 531 

(ΔHex = -ΔHtau/water). For comparison, the enthalpy of forming a hydrogen bond ΔHHB at room 532 

temperature is ~ −8 kJ • mol−1 [69] while the enthalpy of hydration for a polar amino acid ΔHhyd 533 

is ~ −60 kJ • mol−1 [70,71]. Given that ΔHtau/RNA for tau–RNA association is negative and tau 534 

remains hydrated in the CC state (i.e. tau-water interface is not dehydrated), there has to be a 535 

source of penalty in the form of a positive ΔHex value; the unfavorable ΔHex
 associated with tau-536 

RNA CC might come from the loss of hydrogen bonds in the hydration shell from overlapping 537 

and sharing of the tau hydration shells in the dense CC phase.  538 

The TΔSnoncomb value is also small, positive and of comparable magnitude as ΔHex, making 539 

temperature increase a facile modulator favoring tau-RNA CC. Given the positive value of ΔHex 540 
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for tau-RNC CC, the entropy gain upon phase separation is contributing to the driving force of 541 

tau-RNA CC formation (besides the electrostatic correlation energy between the polycationic 542 

and polyanionic polymer segments that is the major driving force). Looking to potential origins 543 

for positive TΔSnoncomb, we consider the entropy gain of breaking a hydrogen bond of TΔSHB ~ 6 544 

kJ • mol−1 [69] and the entropy gain associated with the release of a single water molecule from a 545 

hydrated surface of ~ 7.5 kJ • mol−1   [72]. Given that our FTS study only considered excess ions, 546 

but no counterions, while fully capturing the LCST behavior through the excluded volume, v, our 547 

results are consistent with the hypothesis that competing hydrophilic/hydrophobic interactions 548 

are responsible for the LCST behavior [73–75]. At low temperatures, the attractive interaction 549 

between water and hydrophilic residues of the biopolymer stabilize the homogenous phase, but 550 

above a critical temperature hydrophobic interactions become dominant, in that it becomes more 551 

favorable for water to be released from the polymer surface and hydration shell, and for tau and 552 

RNA to associate. In this scenario, the entropy gain comes from the release of bound water into 553 

the bulk [70] due to overlapping of the hydration shell of tau upon CC. In the literature, the 554 

entropy gain of counter ion release [76–79] or compressibility effects [80,81] have been 555 

proposed as origins for the LCST behavior, and as prevalent driving forces for CC [82]. While 556 

this study cannot entirely delineate between these possible contributions that are all subsumed 557 

into the Flory-Huggins χ parameter or the excluded volume parameter in FTS, we demonstrate 558 

that it is not necessary to invoke a specific mechanism, such as counter ion release—the most 559 

popular hypothesis, to rationalize LCST driven CC formation. In fact, we performed FTS studies 560 

with (and without) explicit excess ions (Figure 6C) observing LCST behavior simply by means 561 

of excluded volume  and electrostatic considerations and not invoking any counter ion release 562 

mechanism to capture the phase diagram of the entropy driven tau-RNA CC. Instead, many 563 
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factors that globally modulate the excluded volume effects in the biological system of interest 564 

and that inevitably modulate the hydration water population, including the hydrophobic effect 565 

and crowding, may be considered. 566 

We demonstrated here that tau-RNA CC can be modeled as a coarse-grained 567 

polyelectrolyte mixture using equilibrium theory, and revealed the associated driving factors and 568 

the different thermodynamic contributions to the phase diagram. However, this finding does not 569 

contradict the possibility that tau-RNA complex coacervation is followed by, or even can 570 

facilitate, amyloid fibrillization of tau. Comparing our study to previous reports in the literature 571 

[21–23,25,83,84], it is clear that tau in fibrils possess dramatically different properties than tau in 572 

CCs. In contrast to fibrils, tau-RNA CCs are reversible and tau remains conformationally 573 

dynamic – this is because CCs are formed with a stable tau variant, such as the WT derived tau 574 

studied here. However, once aggregation-promoting factors are introduced, not only can the 575 

thermodynamically stable phase of tau-RNA CC be driven out of equilibrium, but the dense CC 576 

phase harboring high tau and RNA concentration may also lower the activation barrier for, and 577 

thus facilitate, tau aggregation. Still, tau complex coacervation is a distinct state and fibrilization 578 

is a distinct process, where the equilibrium of one does not contradict with its kinetic 579 

transformation into the other. Recently, the possibility of the transformation of tau CCs into tau 580 

fibrils has been demonstrated [21]. We have independently investigated these questions and find 581 

that irreversible transformation can be triggered by doping tau-RNA CC with highly sulfated 582 

polysaccharide heparin (Fig. S12). Tau is first driven towards an equilibrium complex coacervate 583 

state, from which tau can either re-dissolve into solution state reversibly, or form amyloid fibrils 584 

when aggregation driving force is present. However, the mechanism by which the CC state of tau 585 
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influences the rate of aggregation and/or alters the aggregation propensity of tau is not 586 

understood, and will and should be the subject of future studies.  587 

The physiological role of tau-RNA CC as a possible regulatory mechanism or as an 588 

intermediate toward fibrilization is an ongoing topic of research. In either case, for tau-RNA CC 589 

to be relevant for cellular function LLPS would have to be possible near (certain) physiological 590 

conditions. Our in vitro experiments found the tau-RNA CC phase diagram boundary to lie near 591 

physiological conditions. This suggests that tau-RNA CC can occur in vivo upon modulation of 592 

parameters, such as the local temperature, electrostatic balance, including local pH, and osmotic 593 

pressure. We demonstrate that indeed tau-RNA CC can be achieved in co-culture with living 594 

cells. While the coexistence of tau and RNA at low (10 µM) polymer concentrations is not 595 

sufficient to drive CC in cellular media, the addition of a molecular crowding reagent is, under 596 

physiological conditions (Fig 7). While in this study crowding has been simulated with PEG, 597 

many cellular proteins can act as molecular crowding reagents. This data encourages us to 598 

speculate that mechanisms that increase the already high concentrations of free proteins and 599 

other macromolecular constituents, not participating in CC, beyond the normal level within the 600 

cell (estimates of 50-200 mg/mL [85]) could be sufficient to promote tau-RNA CC by exerting 601 

crowding pressure. Thus, biological mechanisms that increase the concentration of intrinsically 602 

disordered and charged proteins and nucleic acids may be potent factors that drive liquid-liquid 603 

phase separation in the cellular context. Specifically for the context of this study, high 604 

concentrations of tau-RNA are by themselves sufficient to drive CC formation (Fig 7). Given 605 

that tau is known to bind and localize to microtubules in the axons of neurons, it is not a stretch 606 

to envision a scenario where the local concentration of tau would be highly elevated under 607 

certain stress conditions, around regions like the axon initial segment. We proposed at these 608 

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

The copyright holder for this preprint (which wasthis version posted September 22, 2018. ; https://doi.org/10.1101/424358doi: bioRxiv preprint 

https://doi.org/10.1101/424358
http://creativecommons.org/licenses/by-nc-nd/4.0/


   
 

27 
 

places in neuron, tau-RNA CCs have a higher probability to be observed. However, even though 609 

our calculations and experimental data support a model where tau-RNA CC in vivo is possible, 610 

whether this actually occurs within the cell depends on many other factors, among them the 611 

strength of tau-microtubule binding that compete with tau-RNA CC.  612 

 613 

Conclusion 614 

We report here the first detailed picture of the thermodynamics of tau/RNA complex 615 

coacervation. The observation of an LCST phase diagram implies that although electrostatic 616 

interactions are key to CC formation, factors that contribute to solvation entropy gain are key to 617 

driving liquid-liquid phase separation. We have computed the first approximation-free 618 

theoretical phase diagram for tau/RNA complex coacervation from FTS, where we introduced a 619 

temperature-dependent excluded volume term. Simulations show a competition between 620 

electrostatic strength (parameterized by the salt concentration) and excluded volume 621 

(parameterized by the solvent quality). This knowledge can be used to design experiments that 622 

perturb this parameter space in vivo, as well as predict or understand biological mechanisms that 623 

may be favorable towards liquid-liquid phase separation. As a proof of this concept we have 624 

shown that by deliberately changing salt concentration, temperature, and solvent quality (by the 625 

addition of PEG), we can make tau/RNA LLPS appear or disappear in cellular medium with live 626 

cells. Interestingly, we find that without any adjustable parameters our simulations predict that 627 

tau/RNA is positioned near the binodal phase boundary around physiological conditions. This 628 

suggests that small and subtle changes within the cellular environment may be sufficient to 629 

induce LLPS in otherwise healthy neurons. Even if the conditions that induce LLPS in the cell is 630 

transient, the LLPS state can facilitate irreversible protein aggregation if aggregation-promoting 631 
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factors are already available, giving credence to the idea that LLPS may play a role in 632 

neurodegenerative diseases. However, we speculate that LLPS is reversible in the majority of 633 

biological events that drive LLPS, making it hard to observe this state within the cellular context. 634 
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FIG. 1 Steady tau dynamics and reversible droplet formation of tau-RNA complex 

coacervates. A. Diagram of tau187 (tau) and polyU RNA (RNA). Tau187 is a truncated version 

of full-length human tau (2N4R 255-441) containing repeat domains and C terminal. At neutral 

pH experimental conditions, tau187 is overall positively charged; while RNA consists of a 

phosphate backbone and is negatively charged. B. Scheme of tau-RNA CC preparation. Mixing 

clear tau187 and RNA solutions at proper conditions results in a turbid solution containing liquid 
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droplets. C. X-band cw-EPR spectra (solid line) of tau187 solution (tau187, red), tau187-RNA 

CC (blue) and tau187-heparin (green) at room temperature with different incubation time, tinc. 

Samples contains 500 µM tau with 20% spin-labelled. EPR simulation were performed (SI 

Method) and the fitted spectra is shown as a dashed line. D. Rotational correlation time, τR 

extracted from EPR simulation shown in (b1) (SI Method). E. Turbidity of tau187-RNA 

suspension in consecutive heating-cooling cycles. Confocal images represented samples at 19 °C 

and 25 °C. Temperatures were ramped at 1 °C/min. 
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FIGURE 2 

 

 

FIG. 2 FH-VO modeling of tau-RNA CC. A. Turbidity of tau187-RNA CC upon heating 

(Expt.1 ([tau], [NaCl]) = (50 µM, 120 mM), green dots; Expt.2 ([tau], [NaCl]) = (40 µM, 30 

mM), purple dots). Absorbance at λ = 500 nm were normalized and used as turbidity value. 

Turbidity-temperature data of the heating curves were fitted with a sigmoidal function (solid 

line) as described in (SI Method), and the temperature at which normalized turbidity reaches 0.5 

was assigned to cloud point, Tcp. B-C. Experimental phase diagram (points) showing [tau] vs. 

Tcp and [NaCl] vs. Tcp along with the binodal curve generated from fitting the data to the FH-VO 

model with χ = χ(Tcp) (solid line) D. Diagram of Flory Huggins lattice. Tau and RNA are 

represented by consecutively occupied lattice sites. E. Each experimental condition in (A) was 
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independently fit to the FH-VO model (solid lines) to obtain an empirical χ value. E shows two 

representative curves. These empirically determined values of  χ are shown as points in F. The 

solid line in F is a linear regression, generating χ = χ(Tcp), which is then used to generate the 

binodal lines in B and C.  
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FIGURE 3 

  

  

FIG. 3 Schematic depiction of the polyelectrolyte model. Tau and RNA molecules are represented as 

bead-spring polymers with segment length b in implicit solvent. Tau is modeled as a polyampholyte with 

the charge of each monomer determined from the amino acid charge at pH=7. RNA is modeled as a fully 

charged polyelectrolyte. In addition to chain connectivity, all monomers interact with an excluded volume 

repulsive potential, and charged monomers interact with a long-ranged Coulomb potential. 
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FIGURE 4

 

FIG. 4 Polymer density field from FTS. Left: Polymer density profile showing a single solution phase 

for the condition of relatively weak electrostatic strength lB = 0.16 b and relatively high excluded volume 

(good solvent conditions) v = 0.02 b3. The solution phase is characterized by near homogeneous low 

polymer density (white/light blue) throughout the entire simulation box.  Right: Polymer density profile 

showing complex coacervation upon increasing the electrostatic strength to lB = 3.25 b and decreasing the 

solvent quality by lowering the excluded volume to v = 0.0068 b3. The two phase region is characterized 

by a distinct region of high polymer density (dark red) and a surrounding region of low polymer density 

(white) within the same simulation box. The total polymer concentration is the same in both simulations.    
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FIGURE 5                            

FIG. 5 Phase diagram of the Tau/RNA model obtained from FTS. (Left) Binodal points as a function 

of the Bjerrum length at fixed excluded volume of v = 0.0068  b!. For comparison three concentrations at 

300 K are indicated (arrows) assuming 𝜖! = 80 and b = 4  Å (Right) Binodal points as a function of the 

excluded volume at fixed Bjerrum length l! = 1.79  b 
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FIGURE 6 

 

FIG 6 LCST phase behavior from FTS: (A) Temperature dependence of the reduced Bjerrum length 

(ε=80 for water) shown in red. (B) Temperature dependence of the excluded volume obtained by 

adjusting the excluded volume parameter until FTS agrees with a subset of the experimental data (points). 

The solid line shows a linear fit to the data which is used to obtain the temperature dependent excluded 

volume for subsequent simulations.  (C) FTS coexistence points (filled green squares) obtained by using a 

temperature dependent Bjerrum length (Fig 6A) and excluded volume (Fig 6B). Experiments performed 

at 20 mM NaCl are shown in red for comparison. Upon introducing excess salt ions in FTS with a fixed 
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concentration of [NaCl] = 120 mM, the binodal shifts upwards (open green squares). For comparison 

experiments performed at 120 mM NaCl are shown in blue. 	    
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FIGURE 7 

 

FIG. 7 Tuning experimental conditions to catch tau-RNA complex coacervates in presence 

of living cells. Bright field images and superimposing fluorescence images of tau-RNA CC 

coculturing with H4 cells, with 10 µM tau (left), 100 µM tau (middle) and 10 µM tau with 10% 

v.v. PEG (right). Samples at 37 °C (first row) and 18 °C (second row) were images with 
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representative images showing the co-presence of living cells and tau-RNA CCs. Tau187 (Top) 

and tau114 (Bottom) was used showing tau114 with higher propensity at CC formation. Alexa 

Fluor 488 was used to prepare fluorescent labeled tau. 3 µg/mL polyU RNA per 1 µM tau was 

used to prepared samples. Scale bar is 20 µm. 
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