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Abstract

The phase equilibria of intrinsically disordered proteins are exquisitely sensitive to

changes in solution conditions and this can be used to investigate the driving forces of

phase separation in vitro as well as the biological roles of phase transitions in live cells.

Here we investigate how using D2O as co-solvent in an aqueous buffer changes the

phase equilibrium of a fragment of the activation domain of the androgen receptor, a

transcription factor that plays a role in the development of the male phenotype and is a

therapeutic target for castration resistant prostate cancer. We show how replacing even

small fractions of H2O with D2O increases the propensity of this fragment to undergo

liquid-liquid phase separation, likely reflecting a stabilization of the hydrophobic

interactions that drive condensation. Our results indicate that it is necessary to take this

effect into consideration when studying phase separation phenomena with biophysical

methods that require using D2O as a co-solvent. In addition they suggest that additions

of D2O may be used to enhance phase separation phenomena in cells, facilitating their

observation.

Keywords: Liquid-liquid phase separation, LCST, D2O, NMR, Intrinsically disordered

protein, Transcription factor, Androgen receptor.
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Introduction

The formation of biomolecular condensates by liquid-liquid phase separation (LLPS) of

intrinsically disordered (ID) proteins is driven by attractive interactions between protein

molecules that offset the substantial entropic cost of de-mixing1. As a consequence any

change in solution conditions that affects the strength of such interactions can shift the

phase equilibrium i.e. the protein concentration in each liquid phase and, therefore, their

relative volume fractions. For example, increases in ionic strength disfavour de-mixing

of electrostatic-driven condensates whereas increases in ionic strength will favour the

formation of hydrophobic-driven condensates due to the salting out effect. Similarly

biomolecular condensation by LLPS can be abolished by high temperature (upper

critical solution temperature regime, UCST) when the interactions are

enthalpically-driven, as is the case for electrostatic interactions. Instead it can be

enhanced by temperature (lower critical solution temperature regime, LCST) when the

interactions are entropically driven, as is the case for hydrophobic interactions2.

It is now well established that phase separation processes are responsible for the

formation of cellular organelles that are not surrounded by a membrane, known as

membrane-less organelles. It is also likely that highly cooperative but not

well-understood phenomena such as chromatin compaction3 or transcriptional

activation4 also involve phase separation processes. As a consequence of this there is

substantial interest in investigating the structural properties of ID proteins in the interior

of condensates, rather than in aqueous solution, because the physico-chemical

properties of these two environments can be quite different5. Specific issues that merit

attention include, among others, investigating whether condensation can induce
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structure in otherwise ID proteins6,7 and whether the strength of inter-molecular

interactions - including interactions with drug-like molecules - is altered in

condensates8–10. Answering these questions is important to better understand the roles

that condensation plays in the regulation of biological functions and how it can

contribute to the onset of disease - for example due to the presence of mutations - as

well as to assess whether it will be possible to direct small molecules to therapeutic

targets in biomolecular condensates10.

Biophysical techniques such as nuclear magnetic resonance (NMR) and electron

paramagnetic resonance (EPR) spectroscopies are in a good position to contribute to

these studies because they have the potential to provide residue-specific structural and

dynamical information that is otherwise difficult to obtain. Some pioneering studies in

which these techniques have been used have already appeared in the literature11–13 and

it is likely that their number will increase as the amount of biologically and biomedically

relevant proteins found to form condensates increases. Given that condensation is quite

sensitive to solution conditions it is important to determine whether the sample

preparation requirements of specific biophysical techniques can influence the results of

experiments. Here we report an analysis of how using D2O as co-solvent influences the

phase equilibrium of a biomedically relevant fragment of the activation domain of a

transcription factor, the androgen receptor (AR), that undergoes LCST LLPS; D2O is

often used as co-solvent in biomolecular NMR to correct for fluctuations in field strength

as well as in specific EPR applications.

Our results show that the influence of even small amounts of D2O is substantial,

changing the cloud point of the ID protein by more than 10 °C under solution conditions
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typical for solution NMR experiments, and that this is likely due to a strengthening of

hydrophobic interactions responsible for LCST LLPS. These findings emphasize the

need to take this factor into consideration in designing, analyzing and interpreting

biophysical experiments where D2O is used as co-solvent and suggest that D2O may be

used as an enhancer of LCST LLPS in vitro, as well as, potentially, in cells, to

investigate biomolecular condensation phenomena.

Results

Tau-5*, an AR activation domain fragment, undergoes liquid-liquid phase separation in

vitro

To study the effect of solutions conditions on the phase equilibrium of a protein forming

biomolecular condensates we used a fragment of the AR activation domain (AD) known

as transactivation unit 5 (Tau-5*)14, that is amenable to biophysical characterization by

NMR spectroscopy14,15. AR is a nuclear hormone receptor responsible for the

development of the male phenotype upon stimulation by androgens. It is composed of

globular hormone and DNA binding domains (LBD and DBD, respectively) (Fig. 1A) and

a large ID activation domain (AD, residues 1 to 558). Tau-5* is a sub-domain of the AD

that is part of activation function 1 (AF-1*) and is considered a therapeutic target for

castration resistant prostate cancer, an advanced stage of prostate cancer that is

currently incurable16,17. Prior to stimulation by androgens, AR forms a diffuse cytosolic

complex with Hsp70 that binds to an N-terminal motif (23FQNLF27) in the AD. Androgen

binding to the LBD causes an allosteric conformational change in this domain that leads

to the formation of a surface patch in the LBD known as activation function 2 (AF-2).
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AF-2 has affinity for the 23FQNLF27 motif - of the same AR molecule or a different one -

and competes out Hsp70, leading to activation18. In addition to causing the break-up of

the complex with Hsp70, activation is also associated with nuclear translocation, partly

due to the androgen-induced inhibition of a nuclear export signal harbored by the LBD19,

and rapid AR multimerization, that can be either cytosolic or nuclear depending on

protein levels as well as on the rate of translocation20–22.

As part of a recent investigation of how cancer-associated mutations in the E3 ubiquitin

ligase speckle-type POZ protein (SPOP) affect its ability to co-phase separate with its

substrates, including AR, we recently showed that the AR AD is sufficient to undergo

LLPS in vitro23. To determine whether the Tau-5* fragment is also sufficient to undergo

LLPS and to compare its LLPS propensity to the full domain, we expressed both

constructs as recombinant proteins in E. coli and incubated them in vitro in a wide range

of concentrations and ionic strengths. We observed that Tau-5* indeed undergoes

LLPS, as shown in Fig. 1B, forming droplets capable of fusing (Fig. S1). We found

however that at equivalent concentrations - in mass per volume units - the AD,

composed of 558 residues, has a higher propensity to undergo LLPS than Tau-5*, that

contains only 119 residues. At 2.4 mg.mL-1, for example, the AD readily forms

condensates whereas Tau-5* hardly does. This observation is in agreement with

multivalency being a key driver for LLPS24 and with the results of molecular simulation

of LLPS using coarse grained models25, that showed how the size of ID proteins

influences their propensity to phase separate. In summary, therefore, Tau-5* represents

a useful system to investigate how solution conditions affect the phase separation

properties of a small TF AD fragment; in addition the fact that this small domain is
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amenable to solution NMR spectroscopy makes it possible to use this technique to

investigate the potential causes of such effects.

Figure 1. (A) Domain organization of AR with an indication of the position of Zn atoms (grey) in the DBD

(red), of dihydrotestosterone (DHT, blue) in the LBD (green), of the binding motif (magenta) of Hsp70 in

the AD (black) and defining activation function 1 (AF-1*), the N-terminal motif 23FQNLF27 and transcription

activation unit 5 (Tau-5*), the region of sequence studied in this work. (B) Differential interference contrast

(DIC) microscopy images of AD and Tau-5* in the absence and presence of 500 mM NaCl at 25 oC. The

scale bar represents 20 µm.

NMR reveals the oligomerization interface of Tau-5*

To determine whether Tau-5* has propensity to transiently oligomerize prior to

undergoing LLPS - and identify the residues involved in stabilizing the putative

oligomers as well as the nature of the associated non-covalent interactions - we used
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solution NMR under ionic strength and temperature conditions where Tau-5* does not

undergo LLPS (Figs. S2 and S3). We carried out 1H,15N-BEST-TROSY experiments at

concentrations ranging from 25 to 600 µM and observed that the resonances

corresponding to a substantial number of residues experienced small but measurable

1HN and 15N chemical shift perturbations as well as decreases in intensity (Fig. 2A),

equivalent to those observed for other phase separating ID proteins under conditions

where no phase separation is observed26. An analysis of the position-dependence of

such concentration-dependent changes indicates that they occur in the same residues

and with equivalent amplitudes, with the exception of residues flanking the Pro-rich

motif at its N-terminus, centered around position 370 (Fig. 2B-D). Indeed this region of

sequence shows clear chemical shift changes, as shown in the inset corresponding to

L369 in Fig. 2A, but hardly decrease in intensity.

With the goal of better understanding the causes of these effects we investigated which

amino acid property best correlated with the behavior observed by NMR. We compared

the chemical shift perturbations and intensity decreases with three relevant properties of

this sequence: hydrophobicity, residue-specific helical propensity, and the position of

residues with aromatic side chains27 (Tyr, Phe, His, Trp) (Fig. 2C, D). To quantify

hydrophobicity we used the average area buried upon folding28 (AABUF) and for the

analysis of the main chain (1HN, 15N, 13Cα, 13Cβ, 13C’) chemical shifts in terms of helical

propensity we used the algorithm δ2D29 (Fig. 2C, E). We observed that the residues

experiencing chemical shift and intensity changes are in the vicinity of aromatic residues

with, again as an exception, residues centered at position 370, that flanks a Pro-rich

region. In addition, we observed that the size of the spectral changes was largest for the
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region of sequence with highest (ca 50%) helical propensity, centered at position 400.

The importance of secondary structure becomes apparent by comparing the size of the

changes observed in the region of sequence that we termed R2 with that of changes in

regions R1 and R314: although the number of aromatic residues is similar in all regions

the changes are much larger in R2, that has higher helical propensity and where helical

conformations place these aromatics in one face of the helix (Fig. 2G).

The concentration-dependence of the chemical shifts indicates that monomeric Tau-5*

is in intermediate to fast exchange with oligomeric species present at low population (as

shown by DLS measurements, Fig. S3) in which the residues highlighted by the NMR

experiments have a chemical shift that is markedly different than the one they have in

monomeric Tau-5*. These differences can be due either to changes in chemical

environment upon establishment of inter-molecular interactions i.e. direct, to

conformational changes upon oligomerization i.e. indirect, or to a combination of both

effects. Although it is likely that the residues undergoing chemical shift changes

correspond to those involved in transient oligomerization it is important to consider the

complexity of the relationship between protein chemical shifts and protein conformation

in the interpretation of these results30. In particular the observation that the residues

experiencing the largest chemical shift changes are aromatic or in the vicinity of

aromatic residues does not necessarily mean that such residues are involved in the

establishment of inter-molecular interactions such as π-π or cation-π interactions: it is

possible that they are simply particularly good reporters of transient oligomerization due

to intra- or inter-molecular ring current effects, that can cause large chemical shifts

changes, especially for 1H nuclei.
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To obtain a more accurate understanding of direct vs indirect effects we measured the

changes in 13Cα chemical shift with concentration by using HNCA experiments (Fig.

S4A). Indeed 13Cα shifts are more strongly correlated with protein conformation and,

specifically, with secondary structure than both 1HN and main chain 15N chemical shifts30.

We observed that 13Cα chemical shift changes can indeed be measured but are very

small, lower than 0.1 ppm, even with a 16-fold concentration ratio, indicating that the

change of secondary structure upon oligomer formation is very minor (Fig. S4A). Finally

the correlation that we observe between 1HN and 15N chemical shift changes and

decreases in intensity suggests the latter are due to exchange broadening processes

associated with transient oligomerization, although it would be necessary to carry out

more detailed NMR measurements to determine this unequivocally. Regardless of the

interpretation of the NMR results in terms of inter-molecular interactions the linear

dependence of chemical shift perturbations with concentration indicates that the

oligomerization equilibrium of Tau-5* is shifted to the monomer, i.e. that the population

of oligomers is low, in agreement with the results obtained by DLS (Fig. S3) and that

Tau-5* molecules populate the oligomeric state only transiently (Fig. 2F). We conclude,

therefore, that Tau-5* has a clear, albeit weak, propensity to oligomerize, that the

oligomers are, like those involved in TDP-43 LLPS26, stabilized by interactions between

residues in a partially folded helix (Fig. 2G), that the secondary structure in the

oligomers is likely similar to that of the monomers and that the inter-molecular

interactions could include π-π or cation-π interactions (Fig. 2H).
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Figure 2. NMR analysis of Tau-5* at different concentrations. (A) Overlay of 1H,15N-BEST-TROSY spectra

of Tau-5* at increasing concentrations. The resonances corresponding to residues Q358, L369, A398,

Q403, C404, G407, F437 and T438 are shown separately to highlight their concentration-dependence.

(B) Indication of the R1, R2, R3 regions and secondary structure14. (C) Combined 1HN and 15N chemical

shift perturbations (CSP) caused by increases in Tau-5* concentration, relative to the value measured at

25 µM, as a function of residue number, with an indication of the hydrophobicity of the sequence, in terms

of AABUF28. The dashed line indicates the experimental error (0.006 ppm). (D) Ratio of normalized NMR
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intensities (In100-600µM/In25µM) obtained from the 1H,15N-BEST-TROSY spectra shown in panel A. (E) Helical

propensity of Tau-5* at 25 µM as obtained from an analysis of NMR chemical shifts (1HN, 15N, 13Cα, 13Cβ,

13C’) by using the algorithm δ2D29. The horizontal dashed line indicates the uncertainty of the algorithm (5

%). (F) CSP and ratio of normalized intensities for residues Q358, L369, A398, Q403, C404, G407, F437

and T438. (G) Helix projection of R2 (391-414). Two motifs with distinct helical propensity are connected

by an essentially disordered stretch of sequence, indicated by a dashed line. Black stroke paint indicates

residues with CSP above 0.01 ppm value in panel A. (H) Schematic representation of intermolecular

interactions between two Tau-5* molecules. The color code used for each protein concentration is

displayed in panel A and is the same for all panels of the figure. Vertical grey lines in panels C-E indicate

the position of aromatic residues in the sequence.

As shown in Fig. 1B ionic strength has a strong impact on the propensity of both Tau-5*

and the AD to condensate. To investigate whether the oligomerization process

characterized by NMR is, at least in part, responsible for condensation, we investigated

the effect of increases in salt concentration (additions of 100, 200 and 300 mM NaCl) on

the NMR spectrum of 400 µM Tau-5*. We observed that, at constant Tau-5*

concentration, increasing NaCl concentration causes changes in 1HN and 15N chemical

shifts as well as decreases in signal intensity (Figs. 3A, B and S5). The changes in

chemical shift (Fig. 3A, bottom) were difficult to interpret: although in R3, for example,

they are similar to those caused by increases in Tau-5* concentration (Fig. 3A, top),

suggesting a shift in the oligomerization equilibrium, this is not the case for regions R1

and R2. For R2 they appear to correlate with AABUF whereas in R1 the opposite holds.

These apparent discrepancies are likely due to a convolution of the various effects that

changes in ionic strength can have on main chain resonances, that include changes in

side chain conformation, changes in secondary structure caused by electrostatic

interactions between side chains, changes in oligomerization propensity, etc. Indeed,
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the fact that R3, where chemical shift changes suggest a shift in oligomerization

equilibrium, contains a relatively low number of charged side chains (2 for R3 vs 3 for

R2 and 5 for R1) is in agreement with this possibility (Fig. 3C). The analysis of the

changes in 13Cα chemical shifts was also challenging: although the changes in R3

indicate a small enhancement of helical propensity the results in the rest of the

sequence seem to be affected by other changes that cannot be easily attributed to shifts

in the oligomerization equilibrium (Fig. S4B).

The changes in signal intensity induced by increases in the NaCl concentration at

constant Tau-5* concentration were by contrast easier to interpret. As shown in Fig. 3B

(bottom) decreases in signal intensity upon increase in NaCl concentration are

essentially the same, both in terms of the residues involved and in terms of their

amplitude, than upon changes of Tau-5* concentration at constant ionic strength (top).

This clearly indicates that increases in ionic strength enhance Tau-5* oligomerization,

which is in agreement with the hypothesis that such interactions contribute to Tau-5*

condensation at the appropriate solution conditions. We conclude, therefore, that NMR

experiments can be used to detect shifts in the oligomerization equilibrium of Tau-5* as

a consequence of changes in solution conditions and that this technique reveals that the

oligomerization interface is likely rich in aromatic residues involved in hydrophobic and,

potentially, cation-π and π-π interactions.
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Figure 3. Comparison of Tau-5* CSP and normalized intensities between different protein concentrations

and ionic strengths as a function of residue number. (A) CSP upon increasing protein concentration from

25 to 600 µM (top), and upon increasing the ionic strength (reference 0 mM NaCl) at a given Tau-5*

concentration (400 µM) (bottom). Dashed lines represent experimental errors. (B) Ratio of normalized

intensities of Tau-5* at 600 and 25 µM (In600µM/In25µM) (top), and at different ionic strengths (reference 0 mM

NaCl) at 400 µM Tau-5* (bottom). (C) Distribution of charged residues in the Tau-5* sequence. Positively

and negatively charged residues are labeled in blue and red, respectively.
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Condensation is enhanced by strengthening hydrophobic interactions

Given the results of our NMR experiments, that revealed a hydrophobic oligomerization

interface in Tau-5* and an associated enhancement of oligomerization upon increases

in ionic strength, we hypothesized that Tau-5* would condensate under the LCST

regime. To confirm this we studied the light scattering properties of a 200 µM Tau-5*

sample with 400 mM NaCl by measuring the apparent absorbance in a cuvette

spectrophotometer as a function of temperature with a heating rate of 1°C⋅s-1. We

observed, in agreement with our hypothesis, that condensation only occurred upon

heating, with a cloud point of 37 °C (Fig. 4A, black curve). However, upon preparation of

an NMR sample under conditions that should, according to this result, not lead to

condensation we observed, surprisingly, that addition of D2O caused a clear increase of

turbidity, suggesting that this co-solvent may alter the phase equilibrium of Tau-5* (data

not shown). To quantify this effect we carried out additional cloud point measurements

and observed that even small additions of D2O caused a marked decrease in the cloud

point (Fig. 4B) corresponding to an increase of condensation propensity. The shift was

approximately linear, of ca 0.5 °C for each percentage point in D2O, meaning that

additions of 5 to 10% D2O, as is customary in solution NMR, can lead to cloud point

shifts in the order of up to 5 °C, suggesting a substantial alteration of the phase

equilibrium.

Cloud point measurements such as those reported in Fig. 4A are very useful to readily

detect apparent changes in phase diagrams but do not represent equilibrium

measurements. It is conceivable that additions of co-solvents or other perturbations,

such as mutations, could change the cloud point not by changing the phase equilibrium
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but, rather, by changing the rate at which the condensates build-up. Therefore, to

complement the results presented in Fig. 4A we carried out equilibrium experiments, at

a constant temperature of 25 ºC, where we analyzed by differential interference contrast

(DIC) optical microscopy a solution of 200 µM Tau-5* with 400 mM NaCl. In aqueous

buffer we observed a single phase but at D2O percentages of ca 30% and above we

observed the formation of Tau-5* droplets, with a size that increased with D2O

percentage (Fig. 4C). This indicates that the volume fraction of condensate increases as

D2O is added, indicating that the shift in phase equilibrium - in terms of volume fractions

- indeed occurs. Finally we measured the saturation concentration for LLPS, i.e. the

concentration of Tau-5* in the supernatant after separation of the two liquid phases by

centrifugation, obtaining that it decreases with the fraction of H2O replaced by D2O (Fig.

S6).

Figure 4. Effect of using D2O as co-solvent on the cloud point of Tau-5*. (A) Apparent absorbance at 340

nm of a solution of 200 µM Tau-5* at 400 mM NaCl as a function of temperature at increasing

percentages of D2O. (B) Cloud points obtained from panel A. (C) DIC images at 25 oC at increasing mole

fractions of D2O. Scale bar represents 20 μm.
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The surprisingly large effect that D2O addition has on the phase equilibrium of Tau-5*

calls for an investigation of its causes. The NMR experiments reported in Figs. 2 and 3

proved useful to attribute the increase in condensation propensity to a likely

strengthening of hydrophobic interactions between residues in the oligomerization

interface, that is rich in hydrophobic and aromatic residues. We thus used the same

approach to investigate the effect of increasing the percentage of D2O on the main

chemical shifts of Tau-5* at constant concentration (400 µM) and in the absence of NaCl

(Figs. 5 and S4C). We found that at 20% D2O the chemical shift changes were small,

almost not significant, but that at 30% D2O they became quite large, especially in

residues which experienced largest chemical shift changes upon increases in Tau-5*

concentration (Figs. 5 and S7). At 50% D2O we found that the changes in chemical shift

were widespread but still stronger in residues that are part of the oligomerization

interface. This result indicates that D2O shifts the oligomerization equilibrium similarly as

an increase in Tau-5* concentration, that is that D2O strengthens the interactions that

govern the oligomerization equilibrium, thus explaining the striking effect that this

co-solvent has on the LLPS equilibrium of Tau-5*.
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Figure 5. Comparison of Tau-5* CSP induced upon increases in protein concentration (top) and D2O

percentage (bottom). CSP upon increasing Tau-5* concentration from 25 to 600 µM (top), and upon

increasing D2O percentage (reference 10 % D2O) of 400 µM Tau-5* (bottom). Dashed lines represent

experimental errors.

Discussion

Our results indicate that even modest molar fractions of D2O in a buffer solution can

have a substantial effect on the phase diagram of a protein undergoing LCST LLPS. We

attribute this to a strengthening of hydrophobic interactions, a phenomenon that had

already been observed both in protein folding31 and aggregation studies32,33, that is

mainly due to a strengthening of solvent-solvent interactions upon deuteration. The sign

of the effect i.e. that LCST LLPS is enhanced by heavy water is therefore not a

particularly surprising result but the amplitude of the effect, instead, is: we note that the

majority of above mentioned studies examined the consequences of replacing H2O with

D2O, obtaining measurable but small changes, whereas here we show changes in cloud

point as large as 25 ºC upon replacement of 50% H2O with D2O, that represents a very

profound alteration of the phase diagram of an ID protein.

It will be interesting to study to what extent this phenomenon is general or whether it is a

peculiarity of the construct studied here. It will be important to determine, for example,

whether the phase diagram of proteins that form condensates stabilized by interactions

other than hydrophobic, undergoing UCST LLPS, show a similar behavior. Similarly it

will be necessary to determine how this effect scales with protein size and with specific

sequence features such as presence and patterning of aromatic and charged residues,
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secondary structure propensity and, in essence, any of the sequence features that

influence phase separation propensity1. Finally, in analogy with protein folding studies, it

will also be interesting to investigate how the use of co-solvents other than D2O, that

modify the strength of inter-molecular interactions or the structural properties of ID

proteins, alter their phase separation properties34.

1,6-hexanediol is often used both in vitro but especially in live cells to investigate phase

separation phenomena. This compound is thought to destabilize biomolecular

condensates formed by hydrophobic interactions and, as a consequence, the loss of

puncti and of specific biological activities upon 1,6-hexanediol addition is often put

forward as evidence of LLPS-mediated phenomena4,35. It is however possible that

addition of this alcohol can cause different effects, ranging from alterations of

membrane structure to changes in the stability of the structures of globular proteins.

Indeed, it has been recently shown that percentages of 1,6-hexanediol commonly used

to disrupt LLPS impact enzymatic activity, for example, inactivating kinases and

phosphatases36. It is therefore necessary to develop new probes to selectively change

the stability of condensates: since moderate (up to 70%) mole fractions of D2O can be

tolerated by live cells37, for example in studies of the rate protein synthesis in

physiology38, analysis of how additions of this co-solvent influence apparent phase

separation phenomena in cells may represent a useful tool in this field.

Material and methods

Protein expression and purification
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The DNA sequences coding for human AR AD (polyQ58-78 and plyG449-472 tracts) residues 1 to 558

(AD) and 330 to 448 (Tau-5*) were cloned into Gateway pDEST17 vectors (Invitrogen) with N-terminal

His6-tag, TEV and 3C cleavage sites, respectively. Transformed E. coli Rosetta cells were grown at 37 oC

in LB medium for the production of non isotopically labeled proteins. For single (15N) or double (15N,13C)

isotopic labeling cells were grown in M9 minimal medium containing 15NH4Cl or 15NH4Cl and 13C-glucose,

respectively.

Protein expression was induced at OD (600 nm) = 0.7 with 1 mM IPTG and cells were cultured at 25 °C

overnight. Cells were harvested by centrifugation at 4,500 r.p.m. for 15 mins and resuspended in a

phosphate buffered saline (PBS), containing 0.05 % NaN3. Cells were disrupted twice by sonication for 6

mins at 38% intensity with a pulse 5 sec on and 5 sec off. Supernatants were discarded by centrifugation

at 20,000 r.p.m. for 45 mins and the pellets were washed twice with a wash buffer (PBS, 1 % Triton, 500

mM NaCl, 1 mM DTT, pH 7.8). Insoluble inclusion bodies were collected by centrifugation at 20,000 r.p.m

for 45 mins and solubilized in a binding buffer (20 mM Tris, 500 mM NaCl, 5 mM imidazole, 8 M urea,

0.05 NaN3, 1 mM DTT, pH 7.8) at RT overnight.

Solubilized inclusion bodies were centrifuged at 20,000 r.p.m. for 45 mins and the supernatant filtered and

applied to a 5 mL HisTrap HP column (GE healthcare) at RT. Samples were eluted from the column using

a gradient of 500 mM imidazole in the binding buffer. Samples were then dialysed twice in a dialysis

buffer (50 mM Tris, 1 mM DTT, 0.5 mM EDTA, pH 8.0). His6-tag of AD and Tau-5* were cleaved by TEV

and 3C proteases, respectively, which were added in the second step of the dialysis. 8 M urea was added

in the cleaved samples and samples were filtered. The proteins obtained by proteolytic cleavage were

separated from the tags by reverse Ni2+ affinity.

The proteins were concentrated using 3,000 MWCO 15 mL Amicon centrifugal filters, filtered using sterile

0.22 μm filters and stored at -80 °C in the binding buffer.

Sample preparation

Immediately before each measurement, frozen protein solutions were thawed on ice and a buffer

exchange step was employed using a Superdex 200 column (GE healthcare) at 4 °C, equilibrated in a
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buffer containing 20 mM NaP, pH 7.4, 1 mM TCEP, 0.05 % NaN3. The protein-containing fractions were

concentrated using a 3,000 MWCO 4 mL Amicon centrifugal filter by centrifugation at 4,000 r.p.m. at 4 °C.

The concentrated proteins were centrifuged for 20 mins at 15,000 r.p.m. at 4 ºC, and the supernatant was

used for sample preparation. The concentrations were determined by measuring UV absorbance at 280

nm, using extinctions coefficients of 55405 and 21555 M-1cm-1 for AD and Tau-5*, respectively.

All samples for experiments were prepared on ice. The indicated percentages of D2O in the samples was

achieved by adding a fully deuterated equivalent buffer, containing 20 mM NaP, pH 7.4, 1 mM TCEP, 0.05

% NaN3, and NaCl was added from a 5 M aqueous solution. The pH of both stocks was adjusted to 7.4

and filtered using sterile 0.22 μm filters before being used for samples preparation. For samples with

different D2O percentages, no additional pH correction was applied (all samples pH 7.4), considering that

no correction is needed for the p(H,D) measurement when comparing it to pHH for any D2O content, if 4 <

p(H,D) < 839. Additionally, we carried out turbidity experiments to confirm that changes in pH by 0.2 (from

pH 7.4 to 7.6) units do not influence LLPS of Tau-5* (Fig. S8).

NMR samples additionally contained 10 μM DSS and 10 % D2O (unless otherwise stated). A higher

percentage of D2O than 10 % for NMR samples was achieved by adding a fully deuterated equivalent

buffer. After mixing the components, the pH was checked again before the NMR measurements.

DLS samples were additionally centrifuged for 5 mins at 15,000 r.p.m. at 4 ºC and the resulting

supernatant was used for the measurement.

Differential interference contrast (DIC) microscopy

All samples were prepared as described in the section of Sample preparation. For each condition, 1.2 μL

of sample was deposited in a sealed chamber comprising a slide and a coverslip sandwiching double

sided tape (3M 300 LSE high-temperature double-sided tape of 0.17 mm thickness). The used coverslips

were previously coated with PEG-silane following a published protocol40. The DIC images were taken

using an automated inverted Olympus IX81 microscope with a 60x/1.42 oil Plan APo N objective using

the Xcellence rt 1.2 software.

Turbidity assay
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Turbidity assays were performed on a Cary 100 UV-Vis spectrophotometer equipped with a multicell

thermoelectric temperature controller using 1 cm path length cells. Samples were heated at a rate of 1

°C.min-1 in the range 10 to 60 °C and apparent absorbance at 340 nm was monitored as a function of

temperature. Cloud points (Tc) of LLPS were determined as the maximum of the derivative of the plot of

Abs (340 nm) versus T. Uncertainties of Tc were determined from comparison of 3 identical experiments.

NMR

NMR spectra were recorded at 278 K on a 800 MHz Bruker Avance NEO spectrometer equipped with a

TCI cryoprobe. Combined 1HN and 15N chemical shift perturbations were obtained from

1H,15N-BEST-TROSY experiments and calculated using the following equation:

𝐶𝑆𝑃 = (δ𝐻
2
− δ𝐻

1
)2 + (

δ𝑁
2
−δ𝑁

1

5 )
2

13Cα, 13Cβ and 13C’ chemical shifts were obtained from the BEST-TROSY version of 3D HNCA, HNCO

and HNcoCACB experiments acquired with NUS.

Data processing was carried out with qMDD41 for non-uniform sampled data and NMRPipe42 for all

uniformly collected experiments.

Data analysis was performed with CcpNMR analysis43. All spectra were referenced directly using DSS for

the 1H dimension. 13C and 15N frequencies were referenced indirectly. Uncertainties of CSP and Δ13Cα

were determined from comparison of 3 identical experiments.

Measurement of Csat

After Tau-5* condensation, samples were incubated for 5 mins at 25 oC followed by centrifugation at 2,000

r.p.m. for 2 mins at 25 oC. The concentration of Tau-5* in the supernatant, Csat, was determined by UV

spectroscopy. Uncertainties of Csat were determined from comparison of 3 identical experiments.
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Dynamic light scattering (DLS)

The DLS measurements were taken with a Zetasizer Nano-S instrument (Malvern) equipped with a

He-Ne of 633 nm wavelength laser. Three measurements were performed for each sample, each of the

measurements consisting of 10 runs of 10 s each. The experiments were carried out at 5 °C.
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