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Materials and Methods

Protein purification

Codon-optimized constructs of wild-type Tau (2N4R isoform) and designed variants used in this study
were synthesized and cloned into a pET His6 N10 TEV LIC vector by GenScript. SynTag-Tau protein
was expressed and purified under denaturing conditions from the E. coli BL21 strain (New England
Biolabs). Initially, E. coli cells were grown to ODeoo of 0.6-0.8 and subsequently induced with 0.1 mM
IPTG at 37 °C for 2 hours. After pelleting, the cells were resuspended in a lysis buffer composed of 50
mM phosphate buffer (pH 6.4), 1 M KCI, 10 mM imidazole, 2 mM DTT, 6 M urea, and a protease inhibitor
cocktail (Thermo Fisher Scientific). The resuspended lysate solution was subject to ultrasonication
followed by ultracentrifugation at 37,500xg for 30 mins at 30 °C. The extracted supernatant from the
previous step was introduced to a packed Ni-NTA column at 4 °C (5 ml volume; Thermo Fisher Scientific)
prewashed with the lysis buffer. After several washing steps, the proteins were eluted from the column
using an elution buffer composed of 50 mM phosphate buffer (pH 6.4), 2 M KCI, 100 mM imidazole, 2
mM DTT, and 3 M urea. The elutes were pooled and introduced to a pre-equilibrated Zeba™ spin
desalting column (Thermo Fisher Scientific) following the manufacturer’s instructions to get rid of residual
imidazole and for storage in a buffer composed of 50 mM phosphate buffer (pH 6.4), 2 M NaCl, 2 mM
DTT, and 3 M urea. This step was repeated twice to ensure efficient desalting. The resulting protein stock
was tested for nucleic acid contamination, and the protein concentration was estimated by NanoDrop
1C™ spectrophotometer.

In the case of wild-type (WT) Tau (2N4R isoform) with 6xHis tag, the protein was expressed and purified
under native conditions from the E. coli BL21 strain (New England Biolabs). Initially, E. coli cells were
grown to ODego of 0.6-0.8 and subsequently induced with 0.1 mM IPTG at 37 °C for 2.5 hours. After
pelleting, the cells were resuspended in a lysis buffer composed of 50 mM MES (pH 6.0), 300 mM NacCl,
10 mM imidazole, 2 mM DTT, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF, Sigma Aldrich),
and a protease inhibitor cocktail (Thermo Fisher Scientific). The resuspended lysate solution was subject
to ultrasonication followed by ultracentrifugation at 37,500xg for 30 mins at 4 °C. The extracted
supernatant was then incubated with Ni-NTA resin (pre-equilibrated with the lysis buffer) overnight at 4
°C (5 ml volume; Thermo Fisher Scientific). The protein was eluted from the Ni-column after several wash
steps using an elution buffer composed of 50 mM MES (pH 6.0), 300 mM NaCl, 250 mM imidazole, 2
mM DTT, 1 mM EDTA, and 0.3 mM PMSF. Protein fractions containing 6xHis-tagged Tau protein were
incubated with TurboTEV protease (Eton Bioscience) overnight at 4°C. The proteolysis reaction volume
was loaded onto another Ni-column to remove the free 6xHis tag, non-cleaved protein, and TEV protease.
The supernatant containing unbound Tau protein was diluted in a buffer containing 50 mM MES, pH 6.0,
and 2 mM DTT and then loaded onto a Capto HiRes S 5/50 cation exchange column (Cytiva) for ion-
exchange chromatography. Tau protein was eluted from the column by a step gradient of 0 to 1 M NaCl.
Purified protein in storage buffer containing 50 mM MES, pH 6.0, 500 mM NaCl, and 2 mM DTT was
tested for nucleic acid contamination, and the protein concentration was estimated by NanoDrop 1C™
spectrophotometer.

Finally, SDS-PAGE analysis was conducted to test the quality of all the purified proteins prior to flash-
freezing the protein aliquots and storage at -80 °C. Site-specific fluorescence labeling of proteins was
accomplished following the manufacturer’s instructions. For the sequence details of WT and Tau variants
used in this study, refer to Supplementary Table 1.

Preparation of protein condensate samples

After thawing an aliquot of purified Tau protein sample at room temperature, desalting using an
equilibrated Zeba™ spin desalting column (Thermo Fisher Scientific) was conducted, following the
manufacturer’s instructions, using a buffer composed of 10 mM HEPES (pH 7.5), 200 mM NaCl, 0.1 mM
EDTA, and 2 mM DTT. This step was repeated twice to ensure efficient desalting. The resulting protein
was concentrated, and its concentration was measured using a NanoDrop 1C™ spectrophotometer. The
final sample for experiments was then prepared by diluting the concentrated protein solution in the same
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buffer without NaCl. Next, PEG8000 (Sigma Aldrich) was added at a desired concentration (specified in
the main text) to trigger phase separation. Whenever applicable, small molecules were introduced into
the sample buffer during the protein dilution step. Small molecules, including L-arginine, D-arginine, L-
arginine ethyl ester, L-lysine, L-proline, L-aspartic acid, L-glutamic acid, adenosine triphosphate, a-
dansyl-L-arginine, dansyl chloride, and trimethylamine N-oxide, were procured from Sigma Aldrich; urea
and guanidinium hydrochloride were procured from Thermo Fisher Scientific. Much of the small molecule
stocks were prepared with water, except for a-dansyl chloride and a-dansyl-L-arginine, which were
dissolved in water spiked with DMSO; the final concentration of DMSO in condensate samples is less
than 1%. Multivalent polymers such as penta-lysine, deca-lysine, and deca-arginine, were procured from
GenScript, whereas spermine and spermidine were procured from Sigma Aldrich. The stocks of these
multivalent polymers were prepared and introduced into the sample buffer, similar to the small molecules.
In Thioflavin T (ThT; Thermo Fisher Scientific) based experiments, ThT at a final concentration of 50 yM
was introduced during the buffer dilution step. Pipetting was carried out subsequently to ensure sufficient
mixing of all components in the sample to form protein condensates. The final sample was sandwiched
between a tween 20-coated coverslip and a glass slide separated by three layers of double-sided tape.
The remaining void was filled with mineral oil to seal the sample chamber to prevent evaporation.
Fluorescence imaging was performed either using a Q2 laser scanning confocal microscope (ISS Inc.,
63x objective) or a Lumicks (63x objective) C-trap confocal microscope, or a Zeiss LSM710 (63x%
objective) confocal microscope.

The preparation of wild-type Tau condensates was carried out similarly to that of SynTag-Tau and related
variants, with the exception of including 6.25 mM heparin (Santa Cruz Biotechnology) in the sample buffer
(unless specified otherwise) prior to induction of phase separation by the addition of PEG8000. The
sample was then placed inside an incubator set at 37 °C. These conditions were shown previously to
enhance the physical aging of Tau condensates’.

Fluorescence recovery after photobleaching (FRAP)

Protein condensate samples prepared in a tween 20-coated sample chamber were kept on a confocal
microscope stage (Lumicks C-trap) and imaged with a 63% objective. Imaging steps of Atto488-labeled
SynTag-Tau were accomplished using the respective excitation laser line. Selection of the region of
interest (ROI) for reference, bleaching, and continuous imaging for monitoring fluorescence recovery was
done using the Bluelake software (Lumicks, https://lumicks.github.io/bluelake-api/2.4.0/index.html). The
bleaching ROI dimensions were kept consistent for all condensate samples. Each condensate sample
was bleached for 5 frames at maximum laser power to achieve optimal bleach depth, with a dwell time
of 150 ms per pixel. Recovery of fluorescence was recorded for 300 seconds after the bleaching steps.
The images from the FRAP experiments were analyzed using Fiji? (version 1.54f) to quantify the
fluorescence recovery as a function of time. The intensities were normalized and corrected as described
previously®. Succinctly, the normalization accounts for a correction for background intensity after the
bleaching step as well as the photo-fading that follows, using the following expression, wherein I, ect (t)
is the intensity of the bleached ROI at time t corrected for photofading and I.,,,..:(0) is the value of
intensity before the start of the bleach step (reference ROI used for quantifying the bleaching depth):

Icorrect(t)—min (Icorrect) (1 )
Icorrect(0)—min (Icorrect)

Inormalized (t) =

In total, 4 to 5 fluorescence recovery traces representative of three independent measurements were
gathered and averaged.

Second-harmonic generation (SHG) imaging

SHG measurements were made using a Nd:YAG microchip laser generating nanosecond pulses with a
repetition rate of approximately 1 MHz at 1064 nm (Leukos Opera HP, Leukos). A 100x, 0.85 NA objective
(LCPLN100XIR, Olympus) focused the beam to the sample plane, and the transmission SHG signal was
collected with a 20x, 0.4 NA objective (M-20X, MKS Newport). The signal was measured with a
spectrometer (IsoPlane 160, Teledyne Princeton Instruments) and a back-illuminated, deep-depletion
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CCD (Blaze 1340 x 400 HS, Teledyne Princeton Instruments). The CCD integration time per pixel was
1000 ms. Samples were stage-scanned with a pixel spacing of 0.3 um per pixel.

Optical tweezer-mediated coalescence assay

Optical trap-induced fusion of protein condensates was accomplished using a Lumicks C-trap optical
tweezer system equipped with a dual trap and a laser scanning confocal fluorescence microscope using
a protocol described previously* °. For a typical condensate fusion experiment, two condensates were
trapped using a 1064 nm laser with the minimum power setting (~ 100 yW) to minimize laser-induced
heating effects. The trapping of condensates relies on the refractive index mismatch between the
condensate dense phase and the surrounding dilute phase. After trapping, Trap 2 was kept fixed, and
Trap 1 was moved towards Trap 2 at a constant velocity of 100 nm/s. The trap is set to maintain this
velocity until the fusion process concludes, allowing the final droplet to relax to a spherical or equilibrium
shape.

Broadband coherent anti-Stokes Raman (BCARS) hyperspectral imaging

For structural analysis of SynTag-Tau conformers within condensates or fibrils, we used an in-house
built, broadband coherent anti-Stokes Raman scattering microscope. For excitation, a Nd:YAG microchip
laser generates nanosecond pulses with a repetition rate of approximately 1 MHz at 1064 nm and a
broadband supercontinuum that ranges from 1100 — 2400 nm (Leukos Opera HP, Leukos). The beams
were focused on the sample plane via a 100%, 0.85 NA objective (LCPLN100XIR, Olympus). In a
transmission configuration, the signal was collected with a 20x, 0.4 NA objective (M-20X, MKS Newport).
The signal was measured with a spectrometer (IsoPlane 160, Teledyne Princeton Instruments) and a
back-illuminated, deep-depletion CCD (Blaze 1340 x 400 HS, Teledyne Princeton Instruments). Curve-
fitting measurements were performed by scanning the sample with a pixel spacing of 0.4 ym. The
integration time per pixel was 80-150 ms to maximize the signal without saturating the CCD.

Broadband coherent anti-Stokes Raman (BCARS) data processing

As reported in previous studies, raw BCARS spectra were transformed into Raman-like spectra for
quantitative analysis using a modified Kramers-Kronig transform for phase retrieval® 7. Then, a second-
order Savisky-Golay with a 151-point (approximately A492 cm™") smoothing window was applied to the
phase-retrieved spectra to produce the Raman-like spectra.

An average spectrum for phase-separated condensates was extracted using a 3x3 pixel mean
(condensate center). Fibril average spectra were calculated as the mean spectra within a drawn region
of interest around the fibril. The average Raman-like spectra were subsequently normalized by the max
spectral intensity® arising from the CH3 vibration located at 2933.4 cm™. BCARS post-processing is
performed in Igor Pro 8.4 (WaveMetrics). For consistency, center wavelength dependencies of the
spectrometer calibration required a spectral shift of less than or equal to 10 cm™ before amide | curve-
fitting. A Gaussian peak was fit to the CH3 peak to identify the center of the CH3 peak. Seven spectral
points were linearly interpolated between each measured wavenumber, and the entire spectra shifted by
the difference between the CH3 center and 2933.4 cm™.

Amide | decomposition was performed with Igor Pro MultiPeak Fitting 2 functionality, which employs an
iterative Levenberg-Marquardt algorithm. The parameters of the Lorentzian peaks for curve-fitting are
found in Supplementary Table 2. Briefly, we used six peaks® ' 1! within the amide | band (1550 — 1725
cm™): 1644 cm™ for a-helices, 1660 cm™ for random coils, 1673 cm™' for B-sheets, a minor peak for B-
turns at 1691 cm™, and two minor peaks for tyrosine ring modes at 1600 cm™ and 1612 cm™™.

Tubulin partitioning and microtubule assembly functional assay

Tubulin and HiLyte647-labeled tubulin were purchased from Cytoskeleton. Partitioning experiments,
using HiLyte647-labeled tubulin, were conducted on condensate samples composed of SynTag-Tau
protein at 24 uM concentration with a PEG 8000 concentration of 10% with the following buffer
composition: 10 mM HEPES (pH 7.4), 50 mM NacCl, 0.1 mM EDTA, and 2 mM DTT. The HiLyte647-
labeled tubulin was introduced to SynTag-Tau condensates after being allowed to incubate within a
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microfuge tube for a defined period (as indicated in the text). The concentration of HiLyte647-labeled
tubulin is specified in the text. The microtubule polymerization assay was carried out based on methods
described previously'> 3. For a schematic of the assay, refer to Fig. 2a. Briefly, SynTag-Tau protein
solution was buffer-exchanged to general tubulin buffer (Cytoskeleton) consisting of 80 mM PIPES (pH
6.9), 2 mM MgClz, and 0.5 mM EGTA, supplemented with 2 mM DTT. The addition of PEG8000 to the
buffer-exchanged sample at a final concentration of 5% induced the formation of protein condensates.
These condensates are allowed to incubate within a microfuge tube for a defined period, as mentioned
in the text, before the addition of tubulin and GTP at final concentrations of 5 uM and 1 mM, respectively.
500 nM HiLyte647-labeled tubulin was doped along with unlabeled tubulin for MT polymerization assays.
Finally, the sample was prepared for fluorescence microscopy as described in the ‘Preparation of protein
condensate samples’ method section, with imaging conducted after the sample incubation period of 30
minutes.

Image analysis to estimate microtubule surface coverage

The analysis of microtubule surface coverage was performed using a custom-made Python-based image
analysis program. Initially, raw images were loaded into the analysis program and subjected to median
filtering to suppress noise, followed by Richardson-Lucy deconvolution to enhance the resolution and
clarity. To further accentuate these structures, gray-scale dilation and erosion were applied alongside
contrast stretching and Gabor filtering, which specifically highlighted the microtubular objects in the
image. Following enhancement, the brightest objects, predominantly condensates, were isolated through
an intensity threshold. These objects were then removed using binary morphological operations
combined with region labeling, where the eccentricity of each region was calculated to differentiate
spherical condensates from microtubule structures. After excluding the primary condensates, the
processed images were subjected to another round of thresholding to selectively identify microtubules.
This selection was refined by assessing the eccentricity of dimmer blobs, which were likely overlooked in
the initial removal step. Such blobs were excluded to avoid falsely conflating condensates with the
microtubule structures. Final mask refinement involved additional binary morphological operations to fine-
tune the segmentation. The resulting microtubule mask was then measured quantitatively. The final mask
was measured, and data, including an overlay image and a data frame of measurements, such as
microtubular coverage, were exported for further analysis.

Frequency-domain fluorescence lifetime imaging (FD-FLIM)

FD-FLIM measurements of protein condensate samples were collected using a Q2 laser scanning
confocal microscope (ISS Inc.) equipped with FastFLIM™ modules™. For calibration prior to FLIM
measurements, Rhodamine110 dye diluted in water, with a fluorescence lifetime of 4.0 ns, was used.
Fitting of the phase delay and modulation ratio of the acquired FD-FLIM data of a given condensate
sample at digital modulation frequencies ranging from 20 to 100 MHz was used to estimate the
fluorescence lifetime distribution. Subsequently, this was used to map the distribution of fluorescence
lifetimes in the condensate images. Generation of the corresponding fluorescence lifetime histograms of
condensate samples at different imaging time points, as well as thresholding, was carried out using the
ISS VistaVision software. Gaussian fitting of the fluorescence lifetime histograms was accomplished
using GraphPad Prism 10.

Image analysis for estimating partition coefficient

Condensate samples used for partition coefficient analysis were imaged either using a Lumicks C-trap
confocal microscope (63x) or a Zeiss LSM710 confocal microscope (63x). The concentration of labeled
proteins/molecules, as well as the settings used for the respective excitation laser lines, was kept
consistent across samples. Fluorescence images collected for partition coefficient image analysis were
analyzed using Fiji? to segment individual condensates and estimate the mean intensity of each
condensate (dense phase), referred to as lsense. TO estimate the background mean fluorescence intensity
(dilute phase) referred to as lgiue, three regions away from the condensates were selected at random.
The partition coefficient (k) is finally estimated by dividing the dense phase mean intensity and the dilute
phase mean intensity, k= lgense/ ldilute-
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Video particle tracking (VPT) based nanorheology

VPT-based nanorheology measurements were conducted on wild-type Tau condensates following the
protocol outlined in a previous report. In brief, we utilized 200 nanometer-sized carboxylate-modified
polystyrene beads (yellow-green fluorescent tracers; FluoSpheres™, Invitrogen) introduced into the
sample buffer (0.0005 % solids) prior to induction of Tau phase separation, along with heparin to trigger
Tau condensate aging. The remainder of the sample preparation was carried out as prescribed in the
‘Preparation of protein condensate samples’ method section. The protein concentration used for these
measurements is higher relative to the typical concentration used for other experiments, as reported in
the main text, to allow for the formation of larger condensate volumes, which is favorable for tracking a
higher number of fluorescent tracers for nanorheology measurements. To determine the mean-squared
displacements of the tracers, the Trackmate'® plugin of Fiji was used.

The acquired trajectories were subjected to correction for potential drift by subtracting from the center of
mass (COM) trajectory, which was estimated using particle velocity as shown below:

[uny

Xcom(k) = Xo +

J

N Vi (2)

k N
= =1

7

0 i

Here, k represents the frame number at which X o is calculated, j represents the individual frame, and
N; represents the number of particles of frame j. X, represents the center of the mass vector of the first
frame. Subsequently, after the correction of the trajectories for drifting, the mean squared displacement
(MSD) is estimated as follows:

MSD(2) = (R(t + 1) — R(®))o (3)

Here, T represents the lag time and R represents the position vector of the particle. Utilizing various lag
times 7, the MSD was estimated based on the trajectories of the particles, with the use of in-house made
Python scripts, which are publicly available on GitHub (github.com/BanerjeeLab-repertoire/Decoupling-
Phase-Separation-and-Fibrillization-Preserves-Condensate-Biochemical-Activity). Next, the ensemble
averaged MSD was estimated using measurements from approximately 20-100 individual probe
particles. Fitting of the MSD* 7 was accomplished using:

MSD(t) = 4DT* + N (4)

Here, D represents the diffusion coefficient of the particles and a represents the diffusivity exponent,
which signifies the nature of the particle diffusion (normal or sub-diffusive) inside the condensates.

With each sample, about 20 to 200 trajectories were acquired from a range of 3 to 5 condensates across
three independently prepared samples. In order to deduce the condensate aging dynamics in the
presence or absence of small molecules (L-Arg), VPT nanorheology was conducted at various time points
during physical aging.

Estimation of dynamical moduli from nanorheology measurements

The viscoelastic properties of Tau condensates were estimated from the MSD measurements, utilizing
in-house developed Python scripts (github.com/BanerjeelLab-repertoire/Decoupling-Phase-Separation-
and-Fibrillization-Preserves-Condensate-Biochemical-Activity). The protocol followed to estimate the
dynamical moduli from MSDs is described in a previous report'®. In brief, the compliance j(t) was
calculated from the MSDs < Ar2(7) > estimated from VPT nanorheology measurements described in the
previous section using the following equation:

wa

j®) =—— < Ar?(r) > (5)

3
ngkp
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Here, a represents the probe particle radius, n; = 2 represents the dimension of the probe particle
trajectories based on which the MSDs were estimated, kg represents the Boltzmann constant, and T
represents the absolute temperature at which VPT nanorheology experiments were done.

The complex shear modulus can be estimated using a Fourier transform, which relates the complex shear
modulus and the compliance via a convolution integral, as shown below:

Jy 6 -vde =1 (6)

G"(w) = (7)

le(w)
Following the methodology proposed by Evans, R. et al.’®, the complex shear modulus was estimated.
Using discrete experimental data points (t;, j;) of the estimated compliance from Eq. (5), the frequency-
space shear modulus G*(w) is estimated following the equation below:

iw . (1 _ e—iwtl)(]l _](0)) e—ith
G O T " ®
']k 1 —L(u k-1 — p—iwty
3 (k) e

The MSD data that were measured using nanorheology were oversampled using a cubic spline for
estimation. The remainder of the parameters required in Eq. (8) for estimating the shear modulus can be
acquired as follows. j(0) is acquired through extrapolation of the experimental data for compliance t = 0
using a linear fit of the initial four data points and n using a linear fit of the final ten data points following
the relation, n = 1/j(t).

Coverslip treatment for microscopy

The experiments of this study used tween20-coated coverslips. The coverslip cleaning procedure prior
to surface coating involves treatment with 2% Hellmanex solution for 2 hours, followed by rinsing with
MilliQ water six times. Subsequently, coverslips were treated with 20% tween 20 solution (v/v) for 30
minutes. Further, these coverslips were rinsed with MilliQ six times and dried with compressed air. Lastly,
the coverslips were dried in an oven set to 40 °C with overnight incubation. The coverslips were later
stored at room temperature for use in experiments.

Software

Fiji? (version 1.54f) was used for processing and analyzing microscopy images. A custom Python script
was used for plotting VPT nanorheology data and estimation of dynamical moduli. The scripts are
available on GitHub (github.com/BanerjeeLab-repertoire/Decoupling-Phase-Separation-and-
Fibrillization-Preserves-Condensate-Biochemical-Activity). For all other plots, GraphPad Prism 10 was
used. Marvin Sketch (Chemaxon) was used to visualize chemical structures. Adobe lllustrator (2024) was
used for preparing figures and schematics. Igor Pro 8.4 was used for BCARS data processing. Bluelake
(v1.6.11) was used for collecting fluorescence images as well as for performing FRAP and optical
tweezer-induced condensate fusion measurements with the Lumicks C-Trap microscope. ZEN (SP5
2012 Black) was used for acquiring fluorescence images with the LSM 710 laser scanning confocal
microscope. Vistavision was used for acquiring fluorescence images as well as FLIM measurements with
the ISS Q2 laser scanning confocal microscope. ChimeraX?® was used for visualizing AlphaFold3?'
predicted structures of Tau protein variants.
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Supplementary Figures

Q)

2 hr 24 hr

2 hr 24 hr

..

Supplementary Figure 1. (a) Wild-type Tau forms phase-separated condensates that do not age to form
mesoscale fibrils under quiescent cofactor-free conditions. (b) Tau condensates show an absence of
Thioflavin T (ThT) staining as a function of time, indicative of a lack of emergent fibrillar structures under
similar conditions as (a). The composition of the samples is 25 uM Tau in buffer containing 10 mM HEPES
(pH 7.5), 50 mM NaCl, 0.1 mM EDTA, and 2 mM DTT with 7.5% PEG 8000. Wherever applicable, the
concentration of Atto488-labeled Tau is 250 nM, and the concentration of ThT is 50 uM. Each experiment
was independently repeated three times.

A488-Tau

op

ThT
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383  Supplementary Figure 2. PLAAC score?? of SynTag-Tau shows that the amino-terminal tag (sequence:
384 MKSSHHHHHHGSSNSSSNNNNNNNNNNLGIEENLYFQSNI) is prionogenic (highlighted in red), with
385 the highest weighting contributed by the N-rich sequence block, which is colored in dark blue within the
386  sequence map.
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410  Supplementary Figure 3. Alphafold3?' predicted structure of (a) SynTag-Tau (also shown in Fig. 1c)
411  and (b) wild-type (untagged) Tau protein visualized using ChimeraX?°. The green arrow in (a) points to
412  the green-color highlighted protein segment corresponding to the SynTag comprised of 40 amino acids.
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301 GSTENLKHQPGGGKVQIINKKLDLSNVQSKCGSKDNIKHVPGGGSVQIVYKPVDLSKVTSKCGSLGNIHHKPGGGQVEVKSEKLDFKDRVQSKIGSLDNI
401 THVPGGGNKKIETHKLTFRENAKAKTDHGAEIVYKSPVVSGDTSPRHLSNVSSTGSIDMVDSPQLATLADEVSASLAKQGL

2 hr 5d

Supplementary Figure 4. (top) Sequence perturbations that reduce the PLAAC score? of the
prionogenic tag in SynTag-Tau without changing its overall amino acid composition prevent the physical
aging of condensates into mesoscale fibrillar solids (bottom). Also, see Supplementary Table 1 for the
complete sequence details of the shuffled SynTag-Tau variant used here. The composition of the sample
is 12 uM shuffled SynTag-Tau in buffer containing 10 mM HEPES (pH 7.4), 50 mM NacCl, 0.1 mM EDTA,
and 2 mM DTT along with 7.5% PEG 8000 crowder. The concentration of Atto488-labeled shuffled
SynTag-Tau is 250 nM. This experiment was independently repeated three times.
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2 hr 5d

Supplementary Figure 5. Truncating the prionogenic tag sequence in SynTag-Tau to the N-rich
segment, which corresponds to the major weighting in the PLAAC score (Supplementary Fig. 2), is
insufficient to accelerate the condensate-to-fibril transition. Refer to Supplementary Table 1 for
sequence details of the truncated SynTag-Tau variant used here. The composition of the sample is 12
MM truncated SynTag-Tau in buffer containing 10 mM HEPES (pH 7.4), 50 mM NaCl, 0.1 mM EDTA, and
2 mM DTT along with 7.5% PEG 8000 crowder. The concentration of Atto488-labeled truncated SynTag-
Tau is 250 nM. This experiment was independently repeated three times.
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Supplementary Figure 6. (a) Effect of modulation of ionic strength through NaCl titration in sample buffer
on SynTag-Tau condensate formation and transition to fibrils (d: days). The concentration of SynTag-
Tau used here is 12 yM with a fixed PEG8000 crowder concentration of 7.5%, and the concentration of
NaCl is specified in the figure. (b) Effect of modulation of molecular crowding through PEG8000 titration
in sample buffer on SynTag-Tau condensate formation and transition to fibrils. The concentration of
SynTag-Tau used here is 12 yM with a fixed NaCl concentration of 50 mM, and the concentration of
PEGB8000 crowder is specified in the figure. Please note that the representative ‘7.5% PEG 8000’ data
reported here is the same as that shown in the representative ‘560 mM NaCl’ data in panel (a). The buffer
composition in all samples is 10 mM HEPES (pH 7.4), 0.1 mM EDTA, and 2 mM DTT containing NaCl
and PEG8000 as indicated. Wherever applicable, the concentration of Atto488-labeled SynTag-Tau is
250 nM. Each experiment was independently repeated at least three times.
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Supplementary Figure 7. Partitioning of tubulin (HiLyte647-labeled) in nascent (1 hour since sample
preparation) versus aged (4 hours since sample preparation) SynTag-Tau condensates. The
concentration of SynTag-Tau protein used is 24 yM with a 10% PEGS8000 in a buffer containing 10 mM
HEPES (pH 7.4), 50 mM NaCl, 0.1 mM EDTA, and 2 mM DTT along with the specified concentration of
HiLyte647-labeled tubulin. Tubulin was added at specific time points after condensate preparation as
noted in the figure. The concentration of Atto488-labeled SynTag-Tau is 250 nM. Each experiment was
independently repeated three times.
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Supplementary Figure 8. SynTag-Tau condensates imaged at various time points after sample
preparation prior to the addition of tubulin and GTP in MT polymerization assays. The composition of the
sample is 12 yM SynTag-Tau in a buffer containing 80 mM PIPES (pH 6.9), 2 mM MgCl., 0.5 mM EGTA,
and 2 mM DTT with 5% PEG 8000. The concentration of Atto 488 labeled SynTag-Tau is 250 nM. This
experiment was independently repeated three times.
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Supplementary Figure 9. (a) Lack of visible microtubules (MTs) in the absence of SynTag-Tau
condensates. The sample was imaged using HiLyte647-labeled tubulin. It contains 5 uM tubulin and 1
mM GTP in a buffer containing 80 mM PIPES (pH 6.9), 2 mM MgCl, 0.5 mM EGTA, and 2 mM DTT with
5% PEG 8000. (b) SynTag-Tau condensates, as visualized using Atto488-labeled SynTag-Tau, in the
absence of tubulin and GTP (1 hour since sample preparation) in a buffer containing 80 mM PIPES (pH
6.9), 2 mM MgCl,, 0.5 mM EGTA, and 2 mM DTT with 5% PEG 8000. Wherever applicable, the
concentrations of Atto488-labeled SynTag-Tau and HiLyte647-labeled tubulin are 250 nM and 500 nM,
respectively. Each experiment was independently repeated three times.
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Supplementary Figure 10. (left) A fluorescence image of HiLyte647-labeled microtubule (MT) structures
formed in the presence of SynTag-Tau condensates. (right) Image analysis allows selective
segmentation of filamentous microtubules while ignoring spherical puncta, yielding an estimation of MT
surface coverage area. Details of the image analysis protocol are described in the methods section. The
composition of the sample on the left panel is 12 yM SynTag-Tau, 5 yM tubulin, and 1 mM GTP in a
buffer containing 80 mM PIPES (pH 6.9), 2 mM MgClz, 0.5 mM EGTA, and 2 mM DTT with 5% PEG
8000. The concentration of HiLyte647-labeled tubulin is 500 nM.
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Supplementary Figure 11. (a) Representative fluorescence images of microtubule (MT) formation in the
presence of SynTag-Tau condensates. These condensates were prepared at variable concentrations of
PEGB8000 (w/v), as indicated. (b) Reports the corresponding microtubule surface coverage plot as a
function of PEG8000 concentration. The center line represents the median. The individual data points
from replicate experiments are shown. The composition of the sample is 12 yM SynTag-Tau, 5 uM
tubulin, and 1 mM GTP in a buffer containing 80 mM PIPES (pH 6.9), 2 mM MgCl, 0.5 mM EGTA, and
2 mM DTT, along with the indicated concentrations of PEG8000. The concentrations of Atto488-labeled
SynTag-Tau and HiLyte647-labeled tubulin are 250 nM and 500 nM, respectively. The sample age in
these experiments is 1 hour. Each measurement was independently repeated three times.
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Supplementary Figure 12. Effect of multivalent cationic molecules on SynTag-Tau condensate
formation and transition to amyloid fibrils. Fluorescence images of these samples were acquired using
Atto488-labeled SynTag-Tau. Abbreviations shown in the figure refer to K5 as penta-lysine, K10 as deca-
lysine, and R10 as deca-arginine. The composition of the sample is 12 yM SynTag-Tau in buffer
containing 10 mM HEPES (pH 7.4), 50 mM NaCl, 0.1 mM EDTA, and 2 mM DTT along with 7.5%
PEGB8000 crowder as well as the indicated multivalent molecule at 325 ug/ml (approximately equivalent
to 2 mM L-Arg concentration). The concentration of Atto488-labeled SynTag-Tau is 250 nM. Each
experiment was independently repeated three times.
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Supplementary Figure 13. Wild-type Tau condensate samples with heparin show an increased
Thioflavin T (ThT) fluorescence signal upon aging, which is diminished in the presence of 2 mM L-Arg
(L-Arg). UT: untreated condition. The time points are indicated in the figure (hr- hours; d- days). The
center line represents the median, and the whiskers represent min to max. Statistical significance was
determined by performing an unpaired two-sided Student’s t-test with Welch’s correction (**** means
p<0.0001) between the ThT fluorescence intensities of UT and L-Arg-treated condensates at different
time points. The composition of the sample is 25 yM Tau in buffer containing 10 mM HEPES (pH 7.5),
50 mM NaCl, 0.1 mM EDTA, and 2 mM DTT with 7.5% PEG 8000 and 6.25 uyM heparin. Each experiment
was independently repeated three times.
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Supplementary Figure 14. (a) Mean squared displacements (MSDs) of probe particles inside aged Tau
condensates with or without small molecule treatment (2 mM L-Arg). Dynamical moduli of Tau
condensates in the absence (b) or presence (c) of 2 mM L-Arg. These measurements were conducted 4
hours after sample preparation. The dashed line in (b) and (c) represents the crossover frequency. The
composition of the samples used here is 40 uM Tau in buffer containing 10 mM HEPES (pH 7.4), 50 mM
NaCl, 0.1 mM EDTA, and 2 mM DTT along with 7.5% PEG 8000 crowder, and 6.25 uM heparin. Wherever
applicable, the L-Arg concentration used in these experiments is 2 mM. Each of these experiments was
independently repeated three times.
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Supplementary Figure 15. (a) Optical tweezer-mediated fusion of SynTag-Tau condensates treated
with L-Arg at the specified concentrations as indicated. These experiments were conducted 30 minutes
after condensate sample preparation. (b) FRAP measurements of 2 mM L-Arg-treated SynTag-Tau
condensates, with 250 nM Atto488-labeled SynTag-Tau, at various points of aging (since sample
preparation). Intensity error bars were plotted based on the standard error of the mean (S.E.M.) at each
timepoint recorded and represented as the shaded regions. The composition of the samples is 12 uM
SynTag-Tau in buffer containing 10 mM HEPES (pH 7.4), 50 mM NaCl, 0.1 mM EDTA, and 2 mM DTT
along with 7.5% PEG 8000 crowder. The measurements reported in (a) were repeated independently
two times, and those in (b) were repeated independently three times.
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Supplementary Figure 16. Microtubule polymerization assay shows that SynTag-Tau condensates
treated with 2 mM L-Arg remain active in catalyzing microtubule assembly as compared to untreated
condensates after 16 hours of aging. The corresponding quantification is shown in Fig. 6b. The
composition of samples used here is: 12 yM SynTag-Tau protein in buffer containing 80 mM PIPES (pH
6.9), 2 mM MgCl, 0.5 mM EGTA, and 2 mM DTT along with 5% PEG8000. The concentration of tubulin
is 5 uM, and the concentration of GTP is 1 mM. The concentrations of Atto488 labeled SynTag-Tau and
HiLyte647 labeled tubulin are 250 nM and 500 nM, respectively. Each of these experiments was
independently repeated three times.
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768  Supplementary Tables
769

770 Supplementary Table 1: List of proteins and corresponding sequences used in the study.
771

S.no | Protein Sequence

1 Tau SNIMAEPRQEFEVMEDHAGTYGLGDRKDQGGYTMHQDQEGDTDA

GLKESPLQTPTEDGSEEPGSETSDAKSTPTAEDVTAPLVDEGAPGK
QAAAQPHTEIPEGTTAEEAGIGDTPSLEDEAAGHVTQARMVSKSKD
GTGSDDKKAKGADGKTKIATPRGAAPPGQKGQANATRIPAKTPPAP
KTPPSSGEPPKSGDRSGYSSPGSPGTPGSRSRTPSLPTPPTREPK

KVAVVRTPPKSPSSAKSRLQTAPVPMPDLKNVKSKIGSTENLKHQP

GGGKVQIINKKLDLSNVQSKCGSKDNIKHVPGGGSVQIVYKPVDLSK
VTSKCGSLGNIHHKPGGGQVEVKSEKLDFKDRVQSKIGSLDNITHV

PGGGNKKIETHKLTFRENAKAKTDHGAEIVYKSPVVSGDTSPRHLS

NVSSTGSIDMVDSPQLATLADEVSASLAKQGL

2 SynTag-Tau MKSSHHHHHHGSSNSSSNNNNNNNNNNLGIEENLYFQSNIMAEPR
QEFEVMEDHAGTYGLGDRKDQGGYTMHQDQEGDTDAGLKESPLQ
TPTEDGSEEPGSETSDAKSTPTAEDVTAPLVDEGAPGKQAAAQPH

TEIPEGTTAEEAGIGDTPSLEDEAAGHVTQARMVSKSKDGTGSDDK
KAKGADGKTKIATPRGAAPPGQKGQANATRIPAKTPPAPKTPPSSG
EPPKSGDRSGYSSPGSPGTPGSRSRTPSLPTPPTREPKKVAVVRT

PPKSPSSAKSRLQTAPVPMPDLKNVKSKIGSTENLKHQPGGGKVQII
NKKLDLSNVQSKCGSKDNIKHVPGGGSVQIVYKPVDLSKVTSKCGS
LGNIHHKPGGGQVEVKSEKLDFKDRVQSKIGSLDNITHVPGGGNKKI
ETHKLTFRENAKAKTDHGAEIVYKSPVVSGDTSPRHLSNVSSTGSID
MVDSPQLATLADEVSASLAKQGL

3 Shuffled MKSSHHHHHHENLYFQSGSSNSSSNNNNNNNNNNLGIENIMAEPR
SynTag-Tau QEFEVMEDHAGTYGLGDRKDQGGYTMHQDQEGDTDAGLKESPLQ
TPTEDGSEEPGSETSDAKSTPTAEDVTAPLVDEGAPGKQAAAQPH

TEIPEGTTAEEAGIGDTPSLEDEAAGHVTQARMVSKSKDGTGSDDK
KAKGADGKTKIATPRGAAPPGQKGQANATRIPAKTPPAPKTPPSSG
EPPKSGDRSGYSSPGSPGTPGSRSRTPSLPTPPTREPKKVAVVRT

PPKSPSSAKSRLQTAPVPMPDLKNVKSKIGSTENLKHQPGGGKVQII
NKKLDLSNVQSKCGSKDNIKHVPGGGSVQIVYKPVDLSKVTSKCGS
LGNIHHKPGGGQVEVKSEKLDFKDRVQSKIGSLDNITHVPGGGNKKI
ETHKLTFRENAKAKTDHGAEIVYKSPVVSGDTSPRHLSNVSSTGSID
MVDSPQLATLADEVSASLAKQGL

4 Truncated SGSSNSSSNNNNNNNNNNLGIENIMAEPRQEFEVMEDHAGTYGLG
SynTag-Tau DRKDQGGYTMHQDQEGDTDAGLKESPLQTPTEDGSEEPGSETSD

AKSTPTAEDVTAPLVDEGAPGKQAAAQPHTEIPEGTTAEEAGIGDTP
SLEDEAAGHVTQARMVSKSKDGTGSDDKKAKGADGKTKIATPRGA
APPGQKGQANATRIPAKTPPAPKTPPSSGEPPKSGDRSGYSSPGS

PGTPGSRSRTPSLPTPPTREPKKVAVVRTPPKSPSSAKSRLQTAPV
PMPDLKNVKSKIGSTENLKHQPGGGKVQIINKKLDLSNVQSKCGSK

DNIKHVPGGGSVQIVYKPVDLSKVTSKCGSLGNIHHKPGGGQVEVK
SEKLDFKDRVQSKIGSLDNITHVPGGGNKKIETHKLTFRENAKAKTD

HGAEIVYKSPVVSGDTSPRHLSNVSSTGSIDMVDSPQLATLADEVS

ASLAKQGL

772

773  *TEV protease cleavage of the His-tag leaves a few amino acids at the N-terminus of the protein, which
774 s italicized.

775

776  *Synthetic prion-like tag sequence is underlined.

777

778
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779  Supplementary Table 2: Tabulated amide | Lorentzian curve-fitting parameters with peak assignments

780 for BCARS data processing.
781
Peak Number Assighment Fit Parameters Seed Value
0 Tyrosine Ring Mode Xo 1600 £ 5
FWHM 30
Area 1.0
1 Tyrosine Ring Mode Xo 16125
FWHM 30
Area 1.0
2 a-helix Xo 1644 + 2
FWHM 24
Area 1.0
3 Random Coil Xo 1660 + 2
FWHM 24
Area 1.0
4 B-sheet Xo 1673+ 2
FWHM 24
Area 1.0
5 B-turn Xo 1691 +5
FWHM 20
Area 1.0
782
783 *FWHM is fixed to seed value, and area seed values are constrained to a zero minimum.
784
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Supplementary Video Legend

Supplementary Video 1. The time-dependent transition of SynTag-Tau condensates to fibrils as
visualized by Atto488-labeled SynTag-Tau. The concentration of SynTag-Tau used is 24 yM with 10%
PEG 8000. The buffer composition is 10 mM HEPES (pH 7.4), 50 mM NacCl, 0.1 mM EDTA, and 2 mM
DTT. The concentration of Atto488 labeled SynTag-Tau is 250 nM.
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