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ABSTRACT:

Liquid-liquid phase separation has recently been recognized as a new principle by which
membrane-less intracellular compartments are formed.}® These cellular bodies are
composed of non-stoichiometric assemblies of thousands of different protein and nucleic
acids which segregate themselves from the surrounding cytoplasm to form complex-
coacervates. Intrinsically disordered multivalent proteins with low complexity domains
have been found to be the drivers of phase separation.>*! The intrinsically disordered
regions (IDRs) act as highly dynamic linkers and promote “fuzzy” interactions between the
repetitive interaction domains in a variety of combinations.!> However, the molecular
origin of liquid-liquid phase separation remains unknown. Here, we demonstrate the change
in the conformational landscape and the associated chain dynamics of an intrinsically
disordered protein, tau k18, in the protein-rich de-mixed phase, utilizing an array of
biophysical tools. Using an intramolecular proximity readout, we show that tau k18
undergoes conformational expansion which enables it to form intermolecular cross-talks
between the polypeptide chains upon phase separation. We also demonstrate that these
phase-separated proteinaceous droplets are not water excluded and the polypeptide chains
experience significant chain solvation with the help of Stern-Volmer quenching
experiments. Using time-resolved fluorescence anisotropy measurements we reveal that the
polypeptide chain dynamics increases inside the protein droplets indicating rapid
conformational fluctuations which enable weak, transient intermolecular interactions
between the “sticky” domains of the polypeptide chains. Such polypeptide chain
fluctuations are of crucial importance as they help in maintaining the liquid-like nature of
the condensates. In summary, our results, together with conformational expansion and
extensive conformational dynamics during phase separation facilitate transient

intermolecular interaction, thus promoting liquid-liquid phase separation.



1. INTRODUCTION:

A novel class of proteins known as the intrinsically disordered proteins (IDPs) despite
being biologically active, defies the traditional sequence-structure-function
relationship. Unlike globular protein, IDPs lack a single three-dimensional structure
and have a shallow free-energy surface.'® They are intrinsically disordered, that is they
have an inherent tendency to remain in a disordered state. This is mainly due to their
preference for disorder-promoting amino acids like Ala, Arg, Gly, Gln, Ser, Glu, Lys,
Pro which provide them with low mean hydrophobicity and high net charge, that in turn
deter them from having compactness in their structures.!* Being conformationally
plastic, they can bind to multiple binding partners and thus exhibit multi-functionality.'*
Recently IDPs have drawn the attention of various scientists due to their implications
in various debilitating diseases. Since they are disordered in their native state, they are
prone to misfolding which forms the basis of various neurodegenerative diseases like
Parkinson’s'®, Alzheimer’s'®, Huntington’s'®, Amyotrophic lateral sclerosis (ALS)'/,
Frontotemporal dementia (FTD), etc.

Many disordered proteins involved in neurodegeneration have a propensity to undergo
phase separation to highly condensed liquid droplets. Phase separation as the name
suggests is the separation of a homogeneous solution of macromolecules into two
coexisting liquid phases, one rich in macromolecules and the other depleted in these
molecules.’®?! Phase separation has recently been thought of as a phenomenon by
which cells organize thousands of different proteins and nucleic acids into several
compartments which are membrane-less.}® These membrane-less organelles are
enriched in proteins and RNA.Z They segregate from the rest of the cytoplasm due to
increase in concentration or change in the surrounding environment (e.g., Temperature,
pH, etc.) and form protein-rich viscous droplets that have liquid-like properties.? These
droplets are spherical in nature which helps them to reduce the surface tension.? They
drip and flow on application of stress and also fuse when the droplets come in contact
with each other.? Intrinsically disordered proteins with low complexity domains have
been found to be the predominant drivers of phase separation.®! Disordered
multivalent proteins with blocks of alternating positive and negative charges enable the
polypeptide chains to undergo electrostatic and short-range interactions like cation-r,
n-n stacking, dipole-dipole interactions, etc.?? Proteins undergoing phase separation
have also been considered as biological associative polymers, characterized by
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multivalent interaction domains, called the “stickers”, which are interspersed by
dynamic linkers or “spacers”.®?* Intrinsically disordered regions (IDRs) serve as the
spacers, that help to promote weak, non-covalent, transient interactions between the
sticky domains and thus help in determining the material property of the phase
separated droplets.®?*

Though intense scientific research has been carried out on liquid-liquid phase
separation of various proteins and nucleic acids, the molecular mechanism of phase
separation remains elusive. Here, in our work, with the help of sensitive optical probes,
we directly observe the conformational expansion, solvation, and fluctuations during
the course of phase separation. We chose to work with the K18 fragment of the tau
protein, an IDP, whose misfolding is a precursor to the infamous neurological disease,
Alzheimer’s.?>28 Tau is primarily found in the central nervous system, and its principal
function is to bind to the microtubules and promote their assembly.?® There are six
isoforms of tau found in the human brain which arise due to the alternative splicing of
the pre-mRNA. In the longest isoform, both the N-terminus, also called the ‘projection
domain’ and the C-terminus are negatively charged.?® The central domain, known as
the ‘microtubule binding domain’ is predominantly positively charged and mainly
comprises four imperfect repeats called R1, R2, R3, R4 (Figure 1).28 For this work, we
chose to work with the K18 fragment which consists of these four imperfect repeats,
because they form the core of the microtubule binding domain and can modulate the
ability of tau to undergo aggregation and form neurofibrillary tangles in Alzheimer’s
disease.?® It has been shown that both full-length tau as well as tau k18 undergoes phase
separation.?>% Phase separation of tau has functional as well as pathological role. Tau
droplets play a functional role by promoting the formation of microtubule assembly.3
It has been found that tau phase separates into liquid-like droplets under cellular
crowding conditions and as soon as the droplets are formed, tubulin gets incorporated
inside the droplets which facilitate the formation of microtubules.®! Tau droplets also
play a pathological role by acting as the initial step towards aggregation.®® Upon
hyperphosphorylation or in presence of FTD mutations, these dynamic and reversible
tau droplets can serve as micro-reactors that can further seed irreversible, pathogenic

aggregation.°



2. EXPERIMENTAL METHODS:

2.1 Materials

The chemicals used for preparing buffer solutions, such as, sodium phosphate monobasic
dihydrate, Tris (2-carboxyethyl) phosphine hydrochloride (TCEP), MES (2-(N-
Morpholino)ethanesulfonic acid hydrate, EDTA (Ethylenediaminetetraacetic acid),
Magnesium chloride hexahydrate, DTT (DL-Dithiothreitol) were obtained from Sigma
Aldrich (St. Louis, MO). All the fluorescent probes, namely, fluorescein-5-maleimide, N-
(1-pyrene) maleimide, Acrylodan (6-Acryloyl-2-Dimethylaminonaphthalene), AlexaFluor
488 C5-maleimide, and AlexaFluor 594 C5-maleimide were purchased from Molecular
Probes, Invitrogen. The free fluorescein dye was purchased from Fluka Analytical. SP
Sepharose resin used for protein purification and PD-10 columns were purchased from GE
Healthcare Life Sciences (USA). The protein concentrators and filters were procured from
Merck Millipore. A Metrohm 827 lab pH meter was used to adjust the final pH (+ 0.01) of

all the buffer solutions prepared in Milli-Q water and filtered before use.

2.2 Protein Expression and Purification:

Tau k18 was expressed using recombinant DNA technology in Escherichia coli
BL21(DE3) and purified using the procedure as mentioned previously with slight
modification.®? Briefly stating, using a lysis buffer of pH 8 (50 mM Tris, 150 mM NaCl,
10 mM EDTA), the cells were lysed by boiling it for half an hour at 100°C. The lysate was
then centrifuged at 11,500 rpm at 4°C for 30 mins, following which the supernatant was
treated with 136 pL/mL of 10% streptomycin sulfate and 228 uL/mL of glacial acetic acid
for the precipitation of DNA. Next, it was further centrifuged at 11,500 rpm at 4°C for 30
mins. The supernatant collected was then mixed with saturated ammonium sulfate and kept
for 2-3 hrs for salting out of the protein. The protein pellet obtained upon centrifugation
was washed with 100 mM ammonium acetate and 100% ethanol and kept for drying at
37°C overnight. After 12-13 hrs, the dried pellet was dissolved in native buffer (20 mM
MES, 1 mM EDTA, 2mM DTT and 1 mM MgCl) of pH: 6.8 and purified using SP
Sepharose column with the help of FPLC (Fast Protein Liquid Chromatography). The
fractions collected were further dialyzed overnight using the native buffer (20 mM MES,
I mM EDTA, 2mM DTT and 1 mM MgClz) of pH 6.8, following which it was stored at
-80°C. The purity of the protein was analyzed by SDS-PAGE.
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Figure 1. (a) Different regions of full-length human tau protein, highlighting the four repeat
domains which constitute the core of tau K18. The two native cysteines in tau K18 are
represented by yellow bars. (b) The sequence of tau K18 showing the distribution of

charged amino acids.

2.3 Fluorescence labeling of tau K18 with N-(1-pyrene) maleimide

The two native cysteine residues in tau k18 were covalently labeled under a denatured and
reduced condition with a fluorescent probe, N-(1-pyrene) maleimide, utilizing its thiol
reactivity. Initially, tau k18 was incubated in 6 M GdmCI (50 mM phosphate, 1 mM TCEP)
buffer of pH 7 and kept overnight at 4°C to ensure its complete denaturation. The denatured
tau k18 was then mixed with a freshly prepared stock of 50 mM pyrene-maleimide solution
(in DMSO) in the ratio 1:10:30 (tau k18: TCEP: dye) and the labeling reaction was
conducted under constant stirring of 1500 rpm at 37°C for 4hrs. After every 10 mins, 5 uL
of 50 mM pyrene-maleimide was added to the reaction mixture to facilitate the higher

probability of reaction. At the end of the reaction, tau k18 was eluted with 50 mM sodium



phosphate (0.5 mM TCEP) buffer of pH 8.8 using PD-10 column to remove the unreacted
dye. The initial fractions of the eluted protein were pooled together, and the concentration
of the labeled protein was calculated using a molar extinction coefficient of 40,000 M cm-
Lat 340 nm. The labeled protein was used in doping concentration (1%) for the experiments,
to ensure that the observed excimer fluorescence was due to intramolecular interaction as

opposed to intermolecular interaction.

2.4. Fluorescence labeling of tau K18 with other thiol-active fluorescent dyes

Taking advantage of the two native cysteines, tau k18 was reacted with thiol-reactive
environment-sensitive probes, namely, fluorescein-5-maleimide (F-5-M) (0.5 equivalents),
IAEDANS (1 equivalent), Acrylodan (2 equivalents), respectively in the native buffer (20
mM MES, 2mM DTT, 1 mM MgCI2, 1 mM EDTA, pH 6.8) and the reaction mixture was
stirred at room temperature at a speed of 6 rpm. After 3 hrs, the labeled protein was eluted
using a PD-10 column with 50 mM sodium phosphate (0.5 mM TCEP) buffer of pH 8.8.
The labeling efficiency was estimated by measuring the absorption of the labeled protein
at the respective emission wavelengths of the fluorescent probes. For all the experiments,
labeled protein was mixed with unlabeled protein, and the total protein concentration was

made up to 100 pM.
2.5 Liquid Droplet Formation

For all measurements, tau K18 droplets were formed upon incubation of 100 uM tau k18
with 0.5 mM TCEP in 50 mM sodium phosphate buffer of pH 8.8 at 37°C.?° Experiments
were also carried with 100 uM tau k18 at pH 7.4 that resulted in droplet formation as well.
Tau K18 did not form any droplets below 4°C owing to its low critical solution transition
behavior.?® Liquid droplet formation was ensured by performing confocal microscopy in

all the experiments.

2.6 Turbidity assay

Turbidity measurements were performed by recording optical density of 150 pL protein
solutions (prepared in 50 mM sodium phosphate, 0.5 mM TCEP buffer of pH: 8.8) in 96-
well optical bottom NUNC plate using Thermo Scientific Multiskan Go plate-reader
instrument at 350 nm. All the data were recorded in triplets.



2.7 Confocal Microscopy

Labeled tau K18 was mixed with unlabeled fractions to make up the total concentration up
to 100 uM. The protein solution was aliquoted into three sets for observing under the
confocal microscope at different time points. About 5-6 pL of each aliquot was taken and
placed over a clean glass slide (Fisher Scientific 3” x 1” x 1 mm) and then the drop of
protein solution was mounted by a circular cover slip. At the two edges of the cover slip,
nail paint was applied in order to seal it and prevent the evaporation of the solution. Images
of the phase separated protein droplets were acquired using the Olympus FLUOVIEW
confocal laser scanning microscope (Model no. FVV10i) and a 60x oil-immersion objective
(Numerical aperture: 1.35). The excitation sources used for visualizing the pyrene-1-
maleimide, fluorescein-5-maleimide/AlexaFluor 488 C5-maleimide, and the AlexaFluor
594 C5-maleimide labeled droplets were the 405 nm (17.1 mW), 473 nm (11.9 mW), and
559 nm (15 mW) laser diodes, respectively, and the corresponding emission wavelengths
were 461, 520, and 618 nm, respectively. The images were then imported and analyzed in
the ImageJ software. (NIH, Bethesda, MD, USA).

2.8 Fluorescence quenching experiments with fluorescein-5-maleimide labeled tau
k18:

Tau k18 was covalently labeled with fluorescein-5-maleimide (F5M) at the two cysteine
residue positions, and solvent accessibility studies were performed in the presence of the
water-soluble quencher potassium iodide (KI). 200 nM of the labeled protein was mixed
with 99.8 uM unlabeled fractions and the mean fluorescence lifetime of the labeled protein
was measured in the presence of increasing concentration of Kl using Fluorocube (Horiba
Jobin Yvon, NJ). The time-resolved fluorescence decays were also recorded
simultaneously using TCSPC (Fluorocube, Horiba Jobin Yvon, NJ). The ratio of lifetime
of F5M in the absence and presence of quencher was plotted against the quencher

concentrations, and the bimolecular quenching constant was determined from the following

equation:
%0 =1+ K,[0] 1)
kq = Ks /7o ()



where, Ty and t are the fluorescence lifetimes of F5M in the absence and presence of the
quencher Kl, K, is the Stern-Volmer quenching constant, [@Q] indicates the quencher

concentration and k, is the bimolecular quenching constant.

2.9. Steady-state fluorescence measurements:

All steady-state measurements were performed on a Fluoromax-4 (Horiba Jobin Yvon, NJ)
spectrofluorimeter, using either 10 mm x 2 mm or 10 mm x 1 mm quartz cuvettes. F-5-M
labeled and pyrene labeled samples were excited at 485 nm and 340 nm respectively. The
steady-state fluorescence anisotropy (rss) data were also recorded at the respective emission
maxima on the same instrument. The expression for the steady-state anisotropy is given by
the following equation:

_ h-GL (3)

S$ T 4261,

Where [ and I, represent the recorded fluorescence intensities when the emission polarizer
is oriented parallel and perpendicular to the excitation polarizer, respectively, and the

measured intensities were corrected using the corresponding G-factor values.
2.10. Time-resolved fluorescence measurements:

Picosecond time-resolved fluorescence measurements were carried out using the
Fluorocube; Horiba Jobin—Yvon, N. time-correlated single photon counting (TCSPC)
setup. The laser wavelength of 485 nm was used to excite the samples. The instrument
response function was obtained using an aqueous solution of 2% ludox and was found to
be ~ 270 ps. For fluorescence lifetime measurements, the fluorescence intensity decays
were recorded at the magic angle (54.7°) with 8 nm bandpass at the emission maxima. All
the experiments were done at room temperature. The acquired intensity decays [I(t)] were

fitted to bi-exponential decay kinetics.
I(t) = Io [ exp (- =) + @y exp (— )] (4)

Where, 1o is the time-zero intensity, an and a» are the associated contributions of the

lifetime components, t1 and 2.

The amplitude-weighted average mean fluorescence lifetimes were estimated using the

following relationship:



2 2
aTi+a,T
< T S = 11 242 (5)
a1T1+aLTo
The time-resolved fluorescence data were analyzed by a decay analysis program that was

provided by Prof. N. Periasamy (Retd. TIFR Mumbai).
2.11. Formation of tau droplets in the presence of salt:

100 uM of tau K18 solution was prepared in the presence of 50, 100, 500 and 1000 uM of
sodium chloride (NaCl) in 50 mM sodium phosphate, 0.5 mM TCEP buffer of pH: 8.8.
Turbidity measurements of each solution (~150 pL) were carried out in Thermo Scientific
Multiskan Go plate-reader instrument at 350 nm. Steady-state fluorescence depolarization

measurements were performed using IAEDANS labeled tau K18.



3. Results and Discussion:
3.1 Conformational transition of tau K18 during phase separation:

Tau K18 has been found to phase separate in a variety of experimental conditions, including
a wide range of pH (4.8-8.8), temperature (25°C-42°C), and protein concentrations (10 pM-
100uM).2° At high concentration of the protein and low temperature (below 15°C), tau K18
does not form droplets. Droplet formation reaches a maximum with increasing temperature
and then there is a drop with further increase in temperature, indicating that it undergoes
lower critical solution transition (LCST). The amino acid sequence of proteins has been
shown to have a strong influence on the phase separation behavior of the protein.
Polypeptide chain enriched in arginine, such as FUS, is associated with UCST (upper
critical solution transition) behavior or in other words, it phase separates below a certain
critical temperature.?® However, the high content of lysine in the amino acid sequence leads
to LCST behavior. The repeat region of tau is enriched in lysine and thus confirms its
association with LCST.?® As a prelude, we first wanted to establish that tau K18 forms
liquid-like droplets in our experimental conditions. When tau K18 was incubated at 37°C
under reducing condition (0.5 mM TCEP) at pH: 8.8, it formed mesoscopic spherical
droplets after ~72 hr, which fused to form larger droplets when they come in contact with

each other (Figure 2).

() (b)

Figure 2. (a) An image of pyrene-labeled tau K18 droplets (b) An image of droplets

showing fusion event.

Tau K18 exists as an ensemble of conformers with a preference to collapse in a structure

in the presence of water, which is predicted by the PONDR plot (Figure 3).%
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Figure 3. PONDR plot predicting disorder in the tau K18 sequence generated using
(http://www.pondr.com/) and plotted using OriginPro 8.5.1 software.

So, after confirming that tau K18 forms liquid-like droplets at our experimental conditions,
we asked the following question, does tau K18 undergoes a conformational change upon
phase separation? To answer the question, we took advantage of the two native cysteines
present in the repeat region of tau K18 and covalently labeled them with an intramolecular

proximity probe, pyrene-maleimide.

The fluorescence emission spectrum of pyrene is characterized by 5 major vibrionic bands
which are collectively known as the monomer bands. An interesting feature of pyrene
fluorescence emission is that when two pyrene moieties are ~10 A away from each other,
then they form excited state dimer or excimer which gives rise to a long wavelength
emission band.®® Pyrene has an exceptionally long lifetime and thus permits the
formation of such an excimer complex. Monomer bands are generated due to the return of
an excited state monomer to its ground state. However, the excited state monomer can
interact with a ground state monomer and form an excimer, or a ground state monomer can
also interact with another ground state monomer to generate a dimer which upon excitation
gives rise to an excimer and thus gives an excimer band.®® This unique feature of pyrene

fluorescence we chose pyrene maleimide as a probe for our experiments.

We labeled tau K18 with pyrene-maleimide and mixed 1 uM of the labeled protein with 99
MM of unlabeled tau K18. The protein solution was incubated at 37°C, and the fluorescence

characteristics of pyrene-labeled tau K18 was observed over time. At the monomer state, a

10


http://www.pondr.com/

long wavelength excimer band was observed indicating that the two pyrene moieties are in
close proximity with each other (Figure 4a). This observation was also in good agreement
with the PONDR plot of tau K18 discussed above. Upon phase separation (after ~48 hrs),
the excimer band intensity dropped pointing toward the possibility that the pyrene moieties
might be moving away from each other, or in other words, the polypeptide chain adopts an

extended conformation (Figure 4a).
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Figure 4. (a) Emission spectra of pyrene-labeled tau K18 at 37°C. (b) Emission spectra of
pyrene-labeled tau K18 at 4°C. (c) Excimer-to-monomer ratio of emission spectra of
pyrene-labeled tau K18 at 37°C and 4°C. (d) Schematic representation of the unraveling of
the polypeptide chain upon phase separation. (Image courtesy: Dr. Anupa Majumdar, a
National Post-Doctoral Fellow in our lab)

In order to confirm that the decrease in excimer fluorescence intensity is due to phase
separation, we performed control experiments at 4°C. Since tau K18 has been known to
undergo LCST, so 4°C was chosen as the temperature for performing control experiment,
at which no droplets will be formed.?® Upon incubation at 4°C, no significant drop in
excimer fluorescence intensity was observed with time, which confirmed our previous
observation that tau K18 undergoes a change in its conformation, from a collapsed
polypeptide chain to an extended coil (Figure 4b). The polypeptide chains can act as its
own good solvent inside the droplets which enable the unraveling of the chains to form a
multitude of intermolecular cross-talks between the polypeptide chains favoring phase
separation. This structural interpretation led us to some important questions: (a) does the
droplet interior recruit water? (b) Is there any change in the conformational dynamics of

the polypeptide chains within the droplets?
3.2 Solvent accessibility of tau K18 inside the droplets:

We wanted to probe the solvent environment inside the phase separated droplets. In order
to do that, we labeled tau K18 with fluorescein-5-maleimide and mixed 200 nM of the
labeled protein with 99.8 UM of unlabeled fractions. Solvent accessibility studies were

performed by doing Stern-Volmer quenching experiments of fluorescein-labeled tau K18
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in the presence of a water-soluble quencher, potassium iodide (K1).*¢ The fluorescence
lifetimes of fluorescein-labeled protein and free fluorescein were obtained both in the
absence of the quencher as well as in the presence of increasing amount of the quencher.
The fluorescence lifetime data collected was plotted against the increasing concentrations
of KI, and the plot revealed that free fluorescein had the steepest slope, following which
were the slopes of the curves of phase separated tau K18 and monomer tau K18 in the order

of decreasing steepness (Figure 5).
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Figure 5. (a) An image of fluorescein-labeled tau K18 droplets. (b) Stern-Volmer plots of
free fluorescein, monomeric tau K18 (0 hr) and tau K18 droplets (72 hrs) by plotting mean

fluorescence lifetime in the absence and presence of KI.

The Stern-Volmer quenching constant and the bimolecular rate constant were also derived
for free fluorescein, monomer and phase separated protein from the lifetime measurements

which are stated in the table below (Table 1).
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Table 1. Values of the recovered Stern—Volmer constants (Ksy) obtained from fitting the
plots shown in Figure 4 using equation (1) and the calculated bimolecular quenching

constants (kq) obtained using equation (2).

Sample 70 (NS) Ksv (M) kg (M1s1)

Free Fluorescein 3.94 +0.01 8.39+0.18 (2.1 £0.04) x 10°
Tau K18 Monomer | 4.01 £0.03 4.24 + 0.04 (1.1+0.01) x 10°
Tau K18 Droplet 3.91+0.01 6.99 £ 0.10 (1.8 +0.03) x 10°

The results revealed that free fluorescein exhibits the highest degree of water accessibility
as indicated by a steeper slope. Tau K18 in the monomer state exhibits less accessibility to
water due to its compact conformation. However, in the droplet state solvent accessibility
is higher which suggests that these protein-rich droplets are not water excluded. Moreover,
we also recorded fluorescence emission spectra of acrylodan labeled tau K18. Acrylodan
being an environment sensitive dye gives information regarding the local environment of
the dye. It was observed that upon phase separation, there is a red-shift in the emission

maximum of acrylodan labeled tau K18 (Figure 6).
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Figure 6. Fluorescence emission spectra of acrylodan labeled tau K18 showing a red-shift

as a function of increased droplet formation.

These results indicate that there is significant chain solvation inside the droplets. The

mesoscopic spherical droplets formed upon phase separation recruit a considerable amount
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of water inside them raising the possibility that the droplet interior might resemble a semi-
dilute regime. The solvent environment inside the droplets is dictated by the coexistence of
several protein chains and water molecules which renders the droplet interior more
analogous to a polar organic solvent. Such a solvent environment is more favorable for the
expansion or unraveling of the polypeptide chains within the droplets. These extended
polypeptide chains may undergo transient intermolecular interactions and thus, we next

looked at the dynamics of the polypeptide chains inside the droplets.
3.3 Phase separation is associated with decrease in anisotropy:

We wanted to know whether tau K18 undergoes any change in conformational dynamics
upon phase separation. In order to do that, we labeled tau K18 with fluorescein-5-
maleimide and mixed 200 nM of the labeled protein with 99.8 uM of unlabeled tau K18 to
study fluorescence depolarization kinetics of fluorescein-labeled tau K18. We first
performed steady-state anisotropy measurements of fluorescein-labeled tau K18.
Fluorescence anisotropy is related to the rotational flexibility of a molecule. A small dye
molecule tumbles faster and thus exhibits a low anisotropy, whereas when the dye molecule
is attached to a large macromolecule, it experiences restricted motion, thereby exhibits
higher anisotropy.333¢ Interestingly, we observed that the steady-state anisotropy values of
fluorescein-labeled tau K18 upon phase separation was much lower compared to the
monomeric state of tau K18 (Figure 7).
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Figure 7. (a) Schematic representation of fluorescein-labeled tau K18. (b) Steady-state
fluorescence anisotropy of fluorescein-labeled tau K18 as a function of time during droplet

formation.
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Since anisotropy is also affected by the degree of turbidity of the solution, we performed
similar experiments with diluted solutions as well. The steady-state anisotropy values of
the dilute solutions remained unaltered, indicating that the decrease in anisotropy values

was due to increased mobility of the polypeptide chains (Figure 8).
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Figure 8. Steady-state fluorescence anisotropy of fluorescein-labeled tau K18 recorded as

a function of serial dilution of the droplets formed after 72 h.

Next, we conducted a control experiment at 4°C in order to confirm that the decrease in
anisotropy values was indeed due to droplet formation. Tau K18 does not undergo phase
separation at low temperature due to its LCST behavior, and thus 4°C was chosen as the
temperature for performing the control experiment. It was observed that the steady-state

anisotropy values remained constant even after 48 hrs of incubation at 4°C (Figure 9).
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Figure 9. No decrease in the fluorescence anisotropy of fluorescein-labeled tau K18 was

observed after incubating at 4 °C that does not result in droplet formation.
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We also performed similar experiments with another fluorophore named iaedans. We
labeled tau K18 with iaedans and conducted steady-state anisotropy experiments in the
monomeric, and the phase separated state (Figure 10). The data revealed a similar decrease

in anisotropy values as was observed in the case of fluorescein-labeled tau K18.
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Figure 10. (a) Steady-state fluorescence anisotropy of IAEDANS-labeled tau K18 as a
function of time during droplet formation. (b) Schematic representation of IAEDANS
labeled tau K18.

These results suggest that the decrease in anisotropy values is due to the formation of phase-
separated droplets and the polypeptide chains experience a high degree of flexibility inside
the droplets. Next, in order to further confirm the association of phase separation with

decrease in anisotropy, we performed similar experiments in presence of salts.

3.4 Effect of ionic strength on phase separation behavior:

Phase separation of many proteins, enriched in charged residues has been found to depend
on the ionic strength of the surrounding environment.®® Tau K18 is rich in positively
charged lysine residues, and thus we wanted to observe how changes in the ionic strength
affect its phase separation behavior. In order to do that, we observed the variation in
turbidity and steady-state anisotropy values with increasing concentrations of sodium
chloride. Turbidity values collected at 350 nm were similar for all solutions containing
different concentrations of sodium chloride. However, after 72 hrs, the turbidity of the

solutions containing 0, 50 and 100 mM sodium chloride increased and that of the solutions
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containing 500 and 1000 mM sodium chloride remained almost unaltered (Figure 11). This
result revealed that phase separation behavior of tau K18 was not affected by the increasing
salt concentration up to 500 mM sodium chloride, or in other words, high salt
concentrations are required to shield the electrostatic interactions among the polypeptide

chains for tau K18 phase separation.

() (b)

>
£ 05 8004 MO
£, I g Wz
ohe B 72h ';2 0.031
= 0.3 o
> © 0.021
E 0.2 o
20 g 001
- (@]
=)
0.0- i 0.00-
0 50 100 500 1000 0 50 100 500 1000
Conc. of NaCl (mM) Conc. of NaCl (mM)

Figure 11. (a) Changes in turbidity in the monomer and droplet state of tau K18 with
increasing concentrations of NaCl, measured at 350 nm. (b) Changes in the steady-state
anisotropy in the monomer and droplet state of tau K18 with increasing concentrations of
NaCl.

Similar observations were made in case of fluorescence depolarization experiments as well.
The steady-state anisotropy values were decreased considerably compared to the initial
anisotropy values in case of solutions containing 0, 50 and 100 mM of sodium chloride but
remained almost same in the solutions containing higher salt concentrations, which further
confirmed our previous conclusion that phase separation of tau K18 is associated with the

decrease in anisotropy values.
3.5. Enhanced conformational dynamics of the polypeptide chains within the droplets:

Steady-state anisotropy gives average information of the immediate microenvironment of
the dye and does not differentiate the conformational dynamics of the protein or different
motions in the protein that contribute towards depolarization of fluorescence. However,

ultra-sensitive picosecond time-resolved anisotropy can discern the different molecular
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events that are responsible for fluorescence depolarization.***® The fluorescence
depolarization kinetics is described by a bi-exponential decay function, consisting of ¢z,
which corresponds to the local mobility of the fluorophore attached to a polypeptide chain
and ¢g;,,, Which corresponds to the global motion of the protein.®**® When any dye is
attached to a bio macromolecule, there are two possible modes of motion that contribute
towards depolarization in case of proteins, the local motion associated with the tumbling
of the dye along its axis and global motion due to the overall tumbling of the protein. Our
previous studies have shown that ¢g,,, represents the overall tumbling of the protein in
case of compact globules depending on its hydrodynamic volume, but in case of IDPs it
corresponds to a size-independent characteristic timescale (~1.3 ns) that arises due to
segmental torsional mobility of the Ramachandran ® —¥ dihedral angles of the expanded
polypeptide chains (Figure 12).333¢
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Figure 12. (a) Schematic representation of the local motion of a dye molecule and the
global tumbling of the protein. (b) Schematic representation of the global motion of a
compact globule and the torsional mobility of the polypeptide backbone. (Image courtesy:

Dr. Anupa Majumdar and Dr. Samrat Mukhopadhyay)
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We performed time-resolved anisotropy measurements of fluorescein-labeled tau K18
using procedure as mentioned previously®® (Figure 13). Upon fitting the decay curves to
bi-exponential decay function, we recovered the parameters @y, and @4, corresponding
to fluorescein labeled tau K18 both in the monomer and droplet state. The values of the
recovered parameters have been listed below (Table 2).
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Figure 13. (a) Time-resolved fluorescence anisotropy decays. The black lines are the fits
using bi-exponential decay kinetics of depolarization. (b) Changes in rotational correlation
times along with the standard deviation for three independent measurements. (All time-
resolved anisotropy experiments were performed and the data were analyzed by Dr. Anupa

Majumdar, a national postdoctoral fellow in our lab.)

Table 2. The typical parameters recovered from fitting of the fluorescence anisotropy

decay profiles shown in Figure 13(a).

Sample l'o Diast (nS) Bfast ®Dsjow (nS) BSIOW

Tau K18

monomer | 0.32+0.002 | 0.46+0.01 | 0.52+0.004 | 3.18+0.04 | 0.48+0.004
©h)

Tau K18

Droplets | 0.34+0.008 | 0.25+0.01 | 0.72 £ 0.005 1.16 £ 0.01 0.28 £ 0.005
(48 h)

Tau K18

Droplets | 0.34+0.03 | 0.24+0.01 | 0.87£0.003 | 1.13+0.02 | 0.13 % 0.007
(72 h)
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It was observed that the value of was ~3 ns in the monomeric state of tau K18 and ~1.1 ns
in the droplet state which pointed toward much faster depolarization kinetics in the droplet
state. This decrease in the value of slow rotational correlation time suggests that upon phase
separation, the extended polypeptide chains undergo rapid dihedral rotations on a timescale
close to the backbone torsional relaxation expected for expanded chains in good solvents.
Thus, the expanded polypeptide chains undergo rapid conformational fluctuations inside
the phase separated droplets which in turn help them to maintain the liquid-like

characteristics of the droplets.
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4. Conclusion and Future Direction:

A lot of research has been carried out recently in determining the link between the amino
acid sequence of a protein and its phase separation behavior, but the molecular mechanism
underlying liquid-liquid phase separation remains poorly understood.!%! Here, using a
wide range of biophysical and optical tools we were able to capture some interesting
molecular events during the course of phase separation of an intrinsically disordered protein
named tau. We worked with the repeat region of tau because it has the ability to modulate
the propensity of tau to aggregate. Using an intramolecular proximity readout, we were
able to show the unraveling of the polypeptide chain upon phase separation of tau K18
which is essential for forming intermolecular crosslinks between the polypeptide chains
through a multitude of non-covalent interactions. The solvent accessibility studies revealed
that water is present inside the phase separated droplets which helps in the solvation of the
polar and charged residues present in the polypeptide chain. Presence of a significant
amount of water inside the droplets has led us to characterize them as semi-dilute. The
chain solvation aids in the rapid fluctuation of the chains and thereby helps in maintaining
the fluidity of the liquid-like droplets. The repeat regions of tau K18 is enriched in PGGG
domains which might also act as linkers between the sticky domains and favor enhanced
chain fluctuations.®® Ultra-sensitive picosecond time-resolved fluorescence depolarization
experiments directly showed the rapid large-scale fluctuations of the expanded polypeptide
chains. The rapid conformational fluctuations can temporally control the making and the
breaking of intermolecular, noncovalent interactions between the “stickers” of the
polypeptide chains on a characteristic timescale which can further enable reformation of
the new contacts with other polypeptide chains inside the droplets. The making and the
breaking of the contacts can be crucial for maintaining the liquid-like property of the
droplets. The unraveling of the chain, solvation of the polar and charged residues in the
polypeptide chain along with rapid chain fluctuations promote a variety of intermolecular
transient non-covalent interactions that are crucial for tau K18 to undergo phase separation.
This work can further be extended in identifying regions of the polypeptide chain involved
in liquid-liquid phase separation of tau K18. One can also try to understand in greater depth
how exactly the chain dynamics favor the phase separation and also try to quantify the

timescales of the transient intermolecular interactions.
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