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SUMMARY

Non-centrosomal microtubule bundles play important roles in cellular organization and function.
Although many diverse proteins are known that can bundle microtubules, biochemical mechanisms
by which cells could locally control the nucleation and formation of microtubule bundles are
understudied. Here, we demonstrate that the concentration of tubulin into a condensed, liquid-like
compartment composed of the unstructured neuronal protein tau is sufficient to nucleate
microtubule bundles. We show that, under conditions of macro-molecular crowding, tau forms
liquid-like drops. Tubulin partitions into these drops, efficiently increasing tubulin concentration
and driving the nucleation of microtubules. These growing microtubules form bundles, which
deform the drops while remaining enclosed by diffusible tau molecules exhibiting a liquid-like
behavior. Our data suggest that condensed compartments of microtubule bundling proteins could
promote the local formation of microtubule bundles in neurons by acting as non-centrosomal
microtubule nucleation centers and that liquid-like tau encapsulation could provide both stability
and plasticity to long axonal microtubule bundles.
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INTRODUCTION

In order to organize their microtubule arrays, neurons must solve a number of challenges.
First, they must drive the nucleation of microtubules in a centrosome-independent manner.
Second, they must organize microtubules into bundles, which can be millimeters long.
Although there is considerable knowledge about how neurons use microtubule bundles for
microtubule-based transport, we have less knowledge about how microtubule bundles form
(Baas et al., 2005; Chen et al., 2017; Sanchez and Feldman, 2017; Tanaka and Kirschner,
1991). More generally, we have little information on how cells locally nucleate microtubules
in a centrosome-independent manner (Matamoros and Baas, 2016; Sanchez-Huertas et al.,
2016).

The local formation of microtubule asters has been well studied and is controlled by
nucleation of microtubules at centrosomes. Here, it is thought that concentration of proteins
at centrosomes can drive local nucleation of microtubule asters. Indeed, recent work
suggests that tubulin concentration at centrosomes could be a key mechanism driving aster
nucleation (Woodruff et al., 2017). However, the local nucleation of microtubule bundles is
less studied, and we know little about the cell biology of this problem. What sorts of
biochemical mechanisms could drive local nucleation and formation of microtubule
bundles? Neurons are rich in unstructured microtubule-associated proteins (MAPS). An
important component of the microtubule cytoskeleton in neurons is the protein tau. Tau, also
known as MAPT (MAP tau), is found aggregated in a number of neurodegenerative
disorders, including Alzheimer’s disease, and has been genetically linked to some of these
diseases (Arendt et al., 2016). In healthy brains, tau localizes to the axons of neurons, while
other MAPs localize to dendrites (Aronov et al., 2001; Matus, 1988). In vitro, it can
stimulate the growth rate of microtubules (Drechsel et al., 1992; Kadavath et al., 2015), as
well as diffuse along and bundle microtubules (Chen et al., 1992; Chung et al., 2016;
Hinrichs et al., 2012; Rosenberg et al., 2008).

Tau consists of up to four tubulin binding domains surrounded by intrinsically disordered
regions (Figure 1A) (Mukrasch et al., 2009). Research suggests that many intrinsically
disordered proteins can form liquid-like drops by demixing from buffer (Brangwynne et al.,
2009; Elbaum-Garfinkle et al., 2015; Pak et al., 2016; Patel et al., 2015). Once these drops
are formed, other client proteins can partition into the drops, where they are concentrated,
with the degree of concentration depending on the partition coefficient. This concentration
of client proteins provides a potential mechanism to increase the rates of reactions (Banjade
and Rosen, 2014; Jiang et al., 2015; Li et al., 2012; Su et al., 2016).

Here, we demonstrate that under conditions of molecular crowding, tau forms liquid-like
drops. Tubulin partitions into these drops, where it nucleates and drives the formation of
microtubule bundles. These bundles deform the drops and remain enclosed by diffusible tau
molecules, exhibiting a liquid-like behavior. We suggest that tau drops can drive the
formation of microtubule bundles in neurons by acting as non-centrosomal microtubule
nucleation centers and that a liquid-like encapsulation by tau could provide both stability
and plasticity to long axonal microtubule bundles.
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Many cytoskeleton regulatory proteins contain multiple binding sites for their polymer
subunits and are, on average, highly disordered (Guharoy et al., 2013). Because both
characteristics, multivalency and high intrinsic disorder, have been shown to be important
traits for the formation of non-membrane-bound compartments (for review, see Banani et al.,
2017), we wondered whether phase separation of cytoskeleton regulatory proteins could play
a role in local control of cytoskeleton polymerization. As a starting point to address this
question, we used the microtubule- associated protein tau. Tau is one of the first
characterized intrinsically disordered proteins and contains up to four binding sites for
tubulin (Figure 1A) (Mukrasch et al., 2009).

To investigate whether tau can form drops, we first expressed the protein in insect cells and
purified it by affinity chromatography (Figure S1). A solution of tau is diffuse and forms no
obvious structures. When we added a molecular crowder (10% dextran), tau phase-separated
to form drops (Figure 1B). We confirmed the liquid-like nature of these drops by showing
they (1) rapidly fused and relaxed into bigger drops (Figure 1C; Movie S1); (2) rapidly
recovered their fluorescence after photo-bleaching, indicating that the protein in the drops is
highly diffusible (Figure 1D; Movie S2); (3) wetted onto glass surfaces (Figure 1E; Movie
S3); and (4) underwent fission (Figure 1E; Movie S3).

To further characterize the formation of tau drops and the possible contribution of molecular
crowding, we investigated drop formation in different crowding agents and conditions. Tau
drops were observed using dextran, PEG (polyethylene glycol), or Ficoll as the molecular
crowder (Figure S2A). Drops were sensitive to the size and amount of the crowder, being
enhanced by an increase in size or amount of the crowding agent (Figures S2B and S2C).
Tau drops were also sensitive to the concentration of salt, being enhanced at low
concentrations of salt and inhibited at high concentrations of salt (Figure S2D). The
sensitivity to the ionic strength suggest that electrostatic interactions are important for the
formation of tau drops and that drop formation could result from a complex coacervation
effect, as suggested (Zhang et al., 2017).

To look at the interaction of tubulin with tau drops, we added tubulin (alpha/beta dimers) in
the absence of guanosine triphosphate (GTP). Under these conditions, tubulin partitioned
into drops (Figure 2A). The amount of tubulin partitioning into drops increased with
increasing tubulin concentration (Figure S3A) such that the concentration inside the drop
was consistently more than 10-fold higher than the concentration outside the drop (Figure
2B). As an example, when tubulin was added at an overall concentration of 1 UM, the
concentration in the drop was higher than 20 pM (Figure S3B). The amount of tubulin
partitioning into tau drops was similar when using HEPES buffer (pH 7.4) (Figures S3C and
S3D). Tubulin stimulated the formation of tau drops, suggesting a positive feedback
mechanism between tubulin partitioning and tau drop formation (Figures S4A and S4B).
Because drop formation seems to be driven by electrostatic interaction and tau-tubulin
interaction is also mediated by charge, we wondered whether RNA could also enhance the
formation of tau drops (Saha et al., 2016). We found that under physiological conditions,
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both tubulin and RNA facilitated the formation of tau drops in a similar way (Figures S4C
and S4D) (Zhang et al., 2017).

To assess the potential role of tau drops as nucleators for the growth of microtubules, we
repeated our experiment in the presence of GTP by adding 5 pM tubulin, together with 1
mM GTP, to preformed tau drops. The concentration of tubulin added was four times lower
than the concentration needed for spontaneous nucleation of microtubules in vitro
(Wieczorek et al., 2015). Within a few minutes of the addition of tubulin-GTP, tau drops
deformed into rod-like shapes as microtubule bundles grew inside the drops (Figure 2C;
Movies S4 and S5). Drop deformation was in most cases bidirectional (see Figure 2D for a
typical example). At longer times, dense networks of tau-encapsulated microtubule bundles
formed, and no individual drops remained (Figure 2E). Bundle formation in drops occurred
under conditions in which the tubulin concentration in solution was as low as 0.75 uM
(Figure 2F), more than an order of magnitude below the critical concentration for
microtubule spontaneous nucleation in the absence of tau drops (Drechsel et al., 1992; Voter
and Erickson, 1984; Wieczorek et al., 2015). In the absence of tau, regardless of the
presence of crowding agents, 1-5 uM tubulin did not support microtubule nucleation or
polymerization (Figure S5A) (Wieczorek et al., 2013, 2015).

To investigate whether the observed formation of microtubule bundles could be exclusively
explained by a concentration effect, we analyzed microtubule polymerization using the
concentrations of tubulin and tau estimated to be reached inside the drops but in the absence
of drops (i.e., ~ 175 uM of tubulin and 50 uM of tau in the absence of crowding agents).
Mimicking tubulin and tau concentrations in the drops in a homogeneous environment
generated many short microtubules surrounded by soluble tau but did not produce long
bundled structures (rows 2 and 3 in Figure S5B). Likewise, no bundle formation was
observed when mixing high concentrations of tubulin with 10% of the crowding agent.
These data suggest that the bundles observed are due not solely to a concentration effect but
rather to a combination of both concentration and confinement in the drops.

To further explore the nature of the tau-encapsulated microtubule bundles, we looked at the
relative dynamics of tubulin and tau by photo-bleaching. When we photo-bleached the
microtubule bundles, little recovery of the tubulin fluorescence was observed (Figure 3A;
Movie S7). This supports the idea that the microtubules within the tau drops formed stable
bundles. When we photo-bleached tau, it rapidly recovered (Figure 3A; Movie S7),
demonstrating that tau molecules encapsulating the microtubules were freely diffusible. Tau
thus exhibits a liquid-like behavior, which is underscored by the observation that tau-
encapsulated microtubule bundles fused into larger assemblies (Figure 3B; Movie S8) and
that tau drops without encapsulated microtubule bundles were able to fuse with pre-existing
tau-encapsulated microtubule bundles (Figure 3C).

We next wondered what would happen when tubulin and GTP-loaded tau drops interacted
with pre-existing microtubules. When we added tubulin and GTP-loaded tau drops to
preassembled, stabilized microtubules, the drops bound to and directed the growth of new
microtubules alongside the pre-existing microtubules (Figure 3D; Movie S9). These
observations indicate that tau mediates attractive microtubule-microtubule interactions and
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that tau drops alone or on top of pre-existing microtubules, efficiently polymerize
microtubule bundles.

To examine the role of tau drops in stabilizing and bundling microtubules, we looked for
conditions that would interfere with the interaction of tau and tubulin. For this purpose, we
used heparin, a negatively charged polymer, which has been shown to interfere with the tau-
tubulin interaction (Goedert et al., 1996). When we added heparin to tau-encapsulated
microtubule bundles, tau lost its interaction with the microtubule bundles, reforming
spherical drops (Figures 4A and 4B; Movie S10). At the same time, the naked microtubules
unbundled (Figures 4A and 4B; Movie S10) and depolymerized (Figure S6). Presumably,
tau drops facilitate the stabilization of microtubule bundles, by keeping the tubulin
concentration in the surrounding compartment above the critical concentration and/or by
stabilizing the microtubule lattice by its multiple binding sites.

DISCUSSION

Altogether, our experimental results show that tau can form liquid-like drops. Tubulin
partitions into the drops, raising its local concentration above the critical concentration for
nucleation of microtubules. These nucleated microtubules form bundles and, while growing,
collectively deform the tau drops into rod-like shapes of a tau-encapsulated, microtubule-
bundled structure (see the model in Figure 4C). Tau’s multiple binding sites for tubulin,
binding with low affinity at the interface between tubulin hetero-dimers, together with its
conformational flexibility and its capability to interact with itself, are likely contributing to
the liquid-like behavior of the tau encapsulation, the nucleation of new microtubules, and the
formation of microtubule bundles (Igaev et al., 2014; Janning et al., 2014; Kadavath et al.,
2015; Li et al., 2015; Li and Rhoades, 2017; Melo et al., 2016).

We found that the high concentrations alone of tau and tubulin reached in the drops are not
sufficient to generate microtubule bundles in a homogeneous environment, suggesting that
the environment of the drop is important for the observed phenomena. We can only
speculate what aspect of the drops does drive the bundling, but constrained diffusion of the
nucleated microtubules inside the drop may play a crucial role.

We do not know whether similar mechanisms operate in vivo. Tau is known to localize to
microtubule bundles in vivo, suggesting a role in organizing microtubule bundles. Although
the mouse knockout of tau shows little phenotype, the double-knockout Tau/MAP1b has
severe phenotypes (Takei et al., 2000; Tortosa et al., 2016) and the deletion of tau results in
upregulation of another MAP, MAP2, suggesting a compensatory mechanism (Ma et al.,
2014). A manuscript under review looking at the expression of GFP-tau constructs in
neurons suggests that they also form higher-order assemblies in vivo (S.W., B.
Eftekharzadeh, K. Tepper, K.M. Zoltowska, R.E. Bennett, A.M. Molliex, S. Dujardin, D.
MacKenzie, C. Commins, Z. Fan, P.R. Laskowski, A.H.-V., D. Muller, J.P. Taylor, A.A.H.,
E. Mandelkow, B.T.H., unpublished data). Our experiments require molecular crowders to
drive the formation of tau drops at physiological salt concentrations. Presumably, this is
substituting for a tau drop nucleating factor that exists in vivo. Our results suggest that
tubulin itself—and maybe RNA—is part of the nucleation mechanism. The formation of tau
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drops has been reported to occur in the absence of molecular crowders using RNA as
nucleator under conditions of low salt and low pH; a tau-tRNA association in vivo was also
observed in this study (Zhang et al., 2017).

We hypothesize that in polarizing neurons, tau mRNA could be locally stabilized, producing
tau protein at one side of the cell (Aronov et al., 2001; Dickson et al., 2013; Malmqyvist et
al., 2014). Polarity-mediated phosphorylation could be an alternative mechanism to regulate
the local formation of tau drops in the future axon (Herzmann et al., 2017; Zempel and
Mandelkow, 2014). Tau drops will recruit tubulin and polymerize microtubule bundles alone
or on top of pre-existing microtubules, enabling the formation of axonal microtubule
bundles. A feedback loop mechanism mediated by tubulin or an enhancement of tau drops
by RNA (Malmaqvist et al., 2014; Zhang et al., 2017) would be also plausible. More work on
the formation of microtubule bundles in axons will be required to distinguish among these
possibilities.

Although our work has focused on tau, our experiments suggest that phase separation of
cytoskeleton regulatory proteins in general could be an efficient way of locally controlling
cytoskeleton polymerization and bundling. Other closely related MAPs (MAP2 and MAP4)
display a charge distribution similar to that of tau, suggesting a possibly conserved
mechanism (Figure S7A). A brush model has been proposed for both tau and neurofilaments
(Kornreich et al., 2015; Mukhopadhyay et al., 2004). Although the charge distribution of
different intermediate filaments is different from that of tau, most have a conserved,
positively charged region in its head domain (Figure S7C). This part of the protein has been
shown to be essential for its bundling capability (reviewed in Herrmann and Aebi, 2004).

Work on other unstructured proteins such as FUS has suggested that a liquid-solid phase
transition is involved in the onset of protein aggregation in the motor neuron disease
amyotrophic lateral sclerosis (ALS) (Patel et al., 2015). Tau can also form liquid-like drops,
suggesting that such liquid-solid phase transitions could be involved in the onset of
Alzheimer’s disease (S.W., B. Eftekharzadeh, K. Tepper, K.M. Zoltowska, R.E. Bennett,
A.M. Molliex, S. Dujardin, D. MacKenzie, C. Commins, Z. Fan, P.R. Laskowski, A.H.-V.,
D. Muller, J.P. Taylor, A.A.H., E. Mandelkow, B.T.H., unpublished data). We have
developed an easy in vitro system to check for this transition and the relation between tau
function in microtubules and its aggregation state. We hope that competition experiments
with tau mutations implicated in neurodegenerative diseases will help us understanding
better the cause of these diseases in the future.

Our work supports the idea that the local concentration of tubulin, driven by phase
separation of regulatory factors, could be a general mechanism driving the formation of
microtubule arrays. Concentration of tubulin has been proposed to be a mechanism driving
nucleation of microtubules in C. elegans centrosomes (Woodruff et al., 2017). In Xenopus
extracts, the protein BuGZ has been shown to form liquid-like drops into which tubulin can
partition and polymerize microtubules, suggesting a mechanism for spindle formation (Jiang
et al., 2015). A similar mechanism for promoting local actin polymerization by its
recruitment into phase-separated compartments was also observed (Banjade and Rosen,
2014; Lietal., 2012; Su et al., 2016). These experiments, together with our findings, suggest
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that the concentration of cytoskeletal monomers into liquid-like drops of cytoskeletal
regulatory proteins could be a general mechanism for the formation of local nucleation
centers for cytoskeletal filaments. The types of arrays that arise from this concentration
mechanism, whether bundles or asters, would depend on the type of MAPS present in the
drops.

EXPERIMENTAL PROCEDURES

Constructs Used and Protein Purification

A human tau isoform with 4 putative binding sites for tubulin (htau441, also named 2N4R)
was used for all experiments. Recombinant htau441-6xhis, htau441-EGFP-6xhis, and
htau441-mCherry-6xhis were purified from insect cells using a his tag. The tag was cleaved
at the end of the purification. For more info, see Supplemental Experimental Procedures.
Porcine tubulin was used throughout the study. Tubulin was purified as previously described
(Gell et al., 2011).

Drop Formation

Microtubule

25 pM of tau-EGFP was used for drop formation in this study, if not otherwise mentioned.
To form the drops, 36 to 50 uM tau-EGFP in 25 mM HEPES and 150 mM KCI (pH 7.4)
with freshly added DTT (1 mM) was mixed with 20% dextran (Dextran T500, Cat. No.
40030, Pharmacosmos) 1:1 to a final concentration of 18 to 25 uM tau-EGFP and 10%
dextran. 18 pM of tau-EGFP was the lowest concentration at which we observed drop
formation at 10% dextran without another nucleation factor. T500 dextran was used as the
molecular crowder throughout this study, if not otherwise mentioned. Different sizes of
PEG, ranging from 600 to 35,000 Da (Sigma), were also used at the concentration indicated
in each figure. Drops were also formed with 10% Ficoll-400 (Sigma) where indicated. In all
experiments with tubulin, 13 BRB80 (80 mM PIPES, 1 mM EGTA, 1 mM MgCl, [pH 6.9])
was used to dilute the protein and the dextran, if not otherwise mentioned. For further assays
of drops’ liquid-like behavior, see Supplemental Experimental Procedures.

Bundle Formation

Porcine tubulin dimers (unlabeled or rhodamine labeled) were added to tau drops at a 5 pM
concentration, together with 1 mM GTP, if not otherwise mentioned. Tau drops were formed
with 25 uM tau-EGFP and 10% dextran in 13 BRB80 with 1 mM DTT. Drop deformation
and microtubule bundle polymerization equally occurred in 25 mM HEPES and 150 mM
KCI (pH 7.4) when tubulin and GTP were added. All experiments were carried out at room
temperature.

Heparin Treatment

Heparin sodium salt from porcine intestinal mucosa (Cat. No. H3393, Sigma) was added to
tau-encapsulated microtubule bundles at a final concentration of 200 ug/mL.
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Quantification and Statistical Analysis

Images were analyzed using Fiji (Schindelin et al., 2012). For the experiments calculating
tubulin and tau enrichment in tau drops and tau drop nucleation by tubulin or RNA, image z
stacks (50 images per stack) were segmented using an intensity threshold. The threshold was
calculated using the following formula: T = Iy + A * SD. The A parameter was set to a value
of 11 for all images based on empirical results for best drop segmentation in a z stack. A
segmentation mask was generated using the tau intensity signal, and the mask was applied
for both tau and tubulin measurements. The average intensities for each protein and the ratio
of the average intensity inside to the average intensity outside the drops was calculated. For
the nucleation experiments, the normalized sum intensity of all drops in the z stack was
used. The camera background was subtracted for each channel in all measurements. All data
are expressed as the mean + SD. The mean and SD of 16 z stacks with 50 images each stack
was calculated for all measurements. 50 images were analyzed for each z stack. All
experiments were repeated 3 times, and the average and SD of the 3 biological replicas is
calculated where stated. The script used for the analysis of the drops can be found in Data
S1.

FRAP Analysis

The FRAP Calculator macro generated by Robert Bagnell was used to analyze the bleached
regions (https://www.med.unc.edu/microscopy/resources/imagej-plugins-and-macros/frap-
calculator-macro). The plugin corrects the data for photo-bleaching due to the imaging
process. Values were normalized to the intensity before photo-bleaching.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Tau Phase Separatesinto Liquid-like Drops
(A) Prediction of the degree of disorder along tau protein (htau441 isoform). PONDR-FIT

(P-FIT) and VL3 algorithms are shown in blue and orange, respectively. A given region is
considered disordered when the disorder probability is above 0.5. Low complexity domain
(LCD)1 and LCD2 (pale blue rectangles) highlight regions of the protein with potential low
complexity. Tau protein domains are shown below: NT-PD, N-terminal projection domain;
PRD, proline-rich domain; TB1-TB4, tubulin binding repeats 1 to 4; CT-PD, C-terminal
projection domain.

(B) Tau forms drops in vitro in the presence of 10% of crowding agent (dextran, T500).
Bright-field and fluorescence microscopy images of tau-EGFP drops. See also Figure S2.
Tau drops were formed with 25 pM tau-EGFP, 25 mM HEPES, 150 mM KCI, 1 mM DTT,
and 10% dextran (pH 7.4) for all experiments in this figure. Recombinant tau was purified
from insect cells. See SDS gel of purified proteins in Figure S1.

(C) Fusion of tau droplets using dual-trap optical tweezers. Top panel: time course of the
fusion event (bright-field image) aligned to the laser signal (lower plot) recorded during
fusion relaxation. See also Movie S1. The combined signal of the two traps is shown in the
graph. Data were fit with two exponentials (magenta line). The T constant (gray rectangle)
for 26 fusion events of the fast, initial relaxation was plotted against the characteristic length
of the droplet using the geometric radius (left inlet graph) to extract the ratio of dynamic
viscosity to surface tension (slope). Data were fit with a robust linear fit (magenta line in
inlet). Note the representation of 2 outliners by arrows, with their position indicated.
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(D) Internal rearrangement of tau drops. Time course of fluorescence recovery after photo-
bleaching (FRAP) after internal photo-bleaching of tau drops. LUT, Fiji 16 colors. See also
Movie S2. Bottom panel: plot of the recovery in the photo-bleached area. Values shown are
the mean + SD, n = 17. Time 0 indicates the time for the photo-bleaching. Values were
normalized to the first time point before photo-bleaching.

(E) Tau drop deformation by shear flow. Snapshots of Movie S3. Shear flow was applied
from the top left to the bottom right of the image.
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Figure 2. Tau Drops Concentrate Tubulin and Polymerize Tau-Encapsulated Microtubule
Bundles

(A) Concentration of tubulin into tau drops. Merged and single-channel fluorescence
microscopy images of tau drops (green) with incorporated tubulin dimers (red) 5min after
mixing. An overall concentration of 5 uM rhodamine-labeled tubulin was added to tau drops.
Tau drops were formed with 25 pM tau-EGFP in 13 BRB80 (pH 6.9) with 1 mM DTT and
10% dextran in all experiments with tubulin, if not otherwise mentioned.

(B) Tubulin partition coefficient quantified by the ratio of the mean intensity inside the drops
to the mean intensity in the surrounding bulk media at different concentrations of overall
tubulin (no GTP added). Values shown are the mean + SD; n = 16 image stacks, 50 images
per stack, mean of all drops in the stack. The concentration of tubulin in tau drops was above
10-fold in all concentrations of tubulin tested. See also Figure S3.

(C) Tau drop deformation by internal microtubule bundle polymerization. 5 uM rhodamine-
tubulin were added to tau drops, together with 1 mM GTP. Immediately after the addition of
tubulin, the drops deformed. See also Movie S4. All experiments in this paper were
performed at room temperature (RT).

(D) Detail from the previous panel of a single drop deformation upon addition of tubulin and
GTP. Drops deformed bidirectionally due to the polymerization of internal nucleated
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microtubule bundles. Drops redistributed their volume along the growing microtubule
bundles. See also Movie S5.

(E) Tau and tubulin co-localization in tau-encapsulated bundles formed from the deforming
drops. Single-channel and merged maximum projection images are shown. The
concentrations and conditions used are the same as in previous panels.

(F) Nucleation of tau-encapsulated bundles at low overall tubulin concentrations, 15 min
after addition of tubulin. 0.75 pM of overall tubulin is sufficient to deform some drops by the
internally nucleated microtubule bundles. Stitching of 16 maximum projection images is
shown in each panel. Rhodamine-labeled tubulin was added at the indicated concentration to
preformed tau drops.
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Figure 3. Tau in Tau-Encapsulated Microtubule Bundles Displays Liquid-like Properties
(A) Internal rearrangement of tubulin and tau in tau-encapsulated microtubule bundles. Left

panel: time course of the recovery of the fluorescent signal after photo-bleaching for both
tubulin (left row) and tau (right row) in bundles formed from tau drops. The recovery of 3
photo-bleached rectangular regions (dashed lines) is shown for each case. LUT, Fiji 16
colors. See also Movie S7. Right panel: quantification of the recovery for both tau (green)
and tubulin (red) in bundles. Values shown are the mean + SD; n = 14 (tau) and 19 (tubulin).
Bundles were formed from tau drops with the protein concentrations and buffer conditions
mentioned in previous figure.

(B) Tau-encapsulated microtubule bundle fusion. Time-course snapshots of the fusion of
three bundles. See also Movie S8. Maximum projection fluorescence microscopy images of
tau-EGFP are shown. Bundles were formed as mentioned earlier.

(C) Fusion of tau-mCherry drops to preformed tau-EGFP bundles. Bundles were formed
from tau-EGFP drops as before but adding 5 uM of unlabeled tubulin, together with 1 mM
GTP. Tau-mCherry drops were formed with 25 uM of tau-mCherry in same buffer
conditions and added 1:2 to the bundles.

(D) Guided growth of microtubules polymerizing in drops along pre-existing microtubules.
See also Movie S9. Tau drops were formed as in previous panels. 5 uM of Cy5-tubulin,
together with 1 mM of GTP, were added to tau drops. Cy5-tubulin and GTP-loaded tau
drops were flushed into a flow chamber containing immobilized and stable rhodamine-
labeled microtubules. Microtubules growing in drops (cyan, Cy5-tubulin) grow in the
direction of the adjacent pre-existing microtubule (magenta). Microtubules were double-
stabilized using Taxol and GMP-CPP.
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Figure 4. Tau Encapsulation Maintains Microtubule Bundles
(A) Heparin addition to tau-encapsulated bundles. Upper panels: time course of tau

detachment from microtubule bundles, its reshaping back into drops, and the simultaneous
debundling of microtubules upon addition of heparin. Tau-EGFP is shown in green, and
rhodamine-tubulin is shown in red. See also Movie S10. Lower panel: detail of the
microtubule debundling. 200 pg/mL of heparin were added to bundles formed with 5 pM
rhodamine-tubulin and 1 mM GTP (protein concentration and buffer conditions as in
previous figures). Maximum projection images are shown.

Cell Rep. Author manuscript; available in PMC 2018 February 28.

Page 17



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hernandez-Vega et al.

Page 18

(B) Approximately 1 hr after heparin addition, tau is reshaped into both free and
microtubule-attached drops. Conditions used are as in the previous panel.

(C) Proposed model for tau drop nucleation of microtubule bundles. (1) Tau’s intrinsically
disordered properties enable its phase separation in a crowded environment. (2) Tubulin
dimers get concentrated inside tau drops, allowing microtubule nucleation inside tau drops.
(3) Microtubule bundles grow within drops, deform it into a rod-like shape, and remain
surrounded by liquid-like diffusible tau. Tau’s simultaneous binding to multiple tubulin
dimers by its four putative tubulin binding repeats, together with its intrinsically disordered
arms, may be important for tubulin concentration and microtubule bundle nucleation and
stabilization in drops.
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