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A hydrodynamic instability drives protein droplet
formation on microtubules to nucleate branches
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Liquid-liquid phase separation'? occurs not only in bulk liquid,
but also on surfaces. In physiology, the nature and function of
condensates on cellular structures remain unexplored. Here
we study how the condensed protein TPX2 behaves on micro-
tubules to initiate branching microtubule nucleation®-, which
is critical for spindle assembly in eukaryotic cells®'°. Using
fluorescence, electron and atomic force microscopies and
hydrodynamic theory, we show that TPX2 on a microtubule
reorganizes according to the Rayleigh-Plateau instability,
like dew droplets patterning a spider web""'2, After uniformly
coating microtubules, TPX2 forms regularly spaced droplets,
from which branches nucleate. Droplet spacing increases with
greater TPX2 concentration. A stochastic model shows that
droplets make branching nucleation more efficient by confin-
ing the space along the microtubule where multiple necessary
factors colocalize to nucleate a branch.

Branching microtubule nucleation plays a major role in spin-
dle assembly and chromosome segregation in dividing eukaryotic
cells, where it is required to generate microtubules in the spindle
for kinetochore fibre tension, spindle bipolarity and cytokinesis®°.
Its malfunction has been linked to a worse prognosis in cancer'>'.
The nucleation of a new microtubule from the side of a preexisting
microtubule requires TPX2, the augmin complex and the y-tubulin
ring complex (y-TuRC)’. The first component to bind to the preex-
isting microtubule is TPX2*, which forms a liquid-like condensate
on the microtubule that recruits tubulin and increases branching
nucleation efficiency®. Other proteins also form condensed phases
when associated with microtubules, such as tau'>' and BuGZ".
Yet, how these proteins behave on the microtubule surface and how
this behaviour translates to biological function remain unexplored.
Here, we investigate the dynamics of condensed TPX2 on the micro-
tubule. We find that the hydrodynamic Rayleigh-Plateau instability
causes TPX2 to form regularly spaced droplets along the microtu-
bule. Then, microtubule branches nucleate from these droplets.

We first studied the dynamics of TPX2 binding to microtubules
in vitro using total internal reflection fluorescence (TIRF) micros-
copy (Fig. la,b and TIRF microscopy sample preparation and
imaging). Green fluorescent protein GFP-TPX2 at a concentration
of 1uM formed an initially uniform coating along microtubules
within seconds. This coating then broke up into a periodic pattern
of droplets over tens of seconds with size 0.5+0.1 pm and spacing
0.6+0.2pum (mean +s.d., N=35 microtubules) along the microtu-
bules (Supplementary Video 1 and Extended Data Fig. 1). Similar
patterns of condensed protein have also been previously observed

on single microtubules for TPX2° and microtubule bundles for tau',
BuGZ" and LEM2". We next performed the same experiment at
a lower, physiological concentration of TPX2, 0.1pM (refs. >').
We observed a uniform coating but no visible droplet formation
(Extended Data Fig. 2a). In contrast, at higher resolution, electron
microscopy (Electron microscopy sample preparation and imaging)
revealed that regularly spaced droplets do form at 0.1 uM, with size
0.29+0.03 pm and spacing 0.46 +0.11 pm (mean +s.d., N=2 micro-
tubules) (Fig. 1c). This indicates that these droplets can exist below
the diffraction limit of visible light. We then reconstituted branching
microtubule nucleation in vitro using purified proteins® (Methods)
and observed that branches originate from TPX2 droplets colocal-
ized with augmin and y-TuRC (Fig. 1d and Supplementary Video
2). 75+18% of TPX2 droplets nucleated branches (mean+s.d.,
N=7 microtubules, Supplementary Table 1). Droplet formation
always happened before the nucleation of a branch, and no branches
nucleated from areas that did not have droplets. Finally, in meiotic
cytosol (Supplementary Methods), microtubules also nucleate from
a TPX2-coated microtubule to form a branched network (Extended
Data Fig. 2b and Supplementary Video 3). These results suggest
that droplet formation from condensed TPX2 may be important for
branching microtubule nucleation.

We wished to study the dynamics of droplet formation of TPX2
alone at higher spatial resolution than available by fluorescence
microscopy and with temporal resolution not accessible by elec-
tron microscopy. Therefore, we turned to atomic force microscopy
(AFM) to measure the topography of the initial coating and subse-
quent beading up of TPX2 on microtubules (AFM sample prepara-
tion and imaging). By scanning the AFM tip over the sample every
4 min, with a resolution of ~8 nm in the sample plane and ~1 nm in
height, we measured the height of a bare microtubule on a mica sur-
face to be 25 +2nm (mean +s.d.) (Fig. 2a —5min and Fig. 2b black
line), consistent with the known diameter of 25 nm (ref. >'). We then
added TPX2 at a concentration of 0.2 pM. After addition of TPX2,
the height signal uniformly increased to 41 +3nm (mean#+s.d.) as
the condensed protein coated the microtubule (Fig. 2a 0min and
Fig. 2b blue line). The film of TPX2 then proceeded to bead up into
a periodic pattern of droplets along the microtubule with spacing
250+35nm (mean+s.e.m.) (Fig. 2a 60min, Fig. 2b red line and
Supplementary Video 4). The white carets in the 60 min topography
in Fig. 2a mark the droplets. The longer timescale to form droplets
and the different spacings between droplets in AFM experiments
compared with fluorescence and electron microscopy experiments
is due to the different biochemical conditions and components
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Fig. 1| TPX2 uniformly coats microtubules and then forms periodically spaced droplets that can nucleate branches. a, Initial films and subsequent
droplets of TPX2 on microtubules visualized using TIRF microscopy (Supplementary Video 1). GFP-TPX2 at 1TuM was spiked onto a passivated glass
surface coated with Alexa568-labelled microtubules. Scale bars, Tum. b, Large field of view of a TIRF experiment after droplets have formed along
microtubules. GFP-TPX2 concentration is TpM. Microtubules with a droplet pattern are marked with a number. Scale bars, 5pm. ¢, TPX2 droplets on
microtubules imaged using electron microscopy. GFP-TPX2 at 0.1 pM was incubated with microtubules bound to a carbon grid. Scale bars, 100 nm.

d, Branched microtubules nucleating from TPX2 droplets formed along the initial mother microtubule, assembled in vitro as in ref. ?° (Supplementary Video
2). Recombinant GFP-augmin and y-TuRC purified from X. laevis meiotic cytosol were included. Arrows indicate branched microtubules. Scale bars, 5pm
(top) and Tpm (bottom). Only the soluble Cy5-tubulin channel (magenta) was imaged over time to enable a higher frame rate. The GFP-TPX2 and
GFP-augmin channel (cyan) and the A568 template microtubule channel (red) were only imaged at the start at 60s.

494 NATURE PHYSICS | VOL 17 | APRIL 2021 | 493-498 | www.nature.com/naturephysics


http://www.nature.com/naturephysics

NATURE PHYSICS LETTERS

used in each experimental method (Supplementary Table 2). The
emergent periodicity of the condensate is evident in the power spec-
trum of the raw height profile along the microtubule averaged over
many samples (Fig. 2c). Power spectra rely on the Fourier transform
to identify the frequency components of a signal buried in noise
(Extended Data Fig. 3 and AFM data analysis). Peaks in a power
spectrum indicate the presence of a periodic pattern amidst noise;
a monotonic power spectrum is expected for data that lack period-
icity. The power spectrum (Fig. 2c) shows no characteristic length
scale before and immediately after coating with TPX2, whereas a
peak with wavelength 260+20nm (mean=+s.d.) has emerged by
60 min. Thus, the topography of condensed TPX2 on microtubules
exhibits systematic emergent periodicity.

Fluids that coat a solid fibre are known to form droplets via the
Rayleigh-Plateau instability''. Surface tension causes the film to be
unstable due to the curvature of the filament surface, and the surface
area is minimized by forming periodically spaced droplets along the
fibre'>*-*. Following Goren?, but working directly at low Reynolds
number as is appropriate for our experimental system, we solved
a linear stability problem for the growth rate o of the droplet pat-
tern as a function of the wave number k=2n/4, where 1 is the pat-
tern wavelength (Fig. 3a, Extended Data Fig. 4 and Supplementary
Theory). We find that for a given ratio of the microtubule radius to
the outer film radius, r;/r,, there is a wavelength 4., that grows with
the highest growth rate o,,, (Fig. 3b). This wavelength will grow
exponentially faster than all other wavelengths, leading to a periodic
interface with wavelength A,.... Thus, we identify the thicker regions
of the AFM height profiles as droplets formed by this instability.

We tested the ability of this theory to explain droplet formation on
microtubules by measuring film thicknesses and subsequent droplet
spacings at different bulk concentrations of TPX2 (Extended Data
Fig. 5). The radius of the microtubule is fixed at r,= 25 nm. However,
the thickness of the initial TPX2 film depends on its bulk concen-
tration in solution and the density of microtubules (Extended Data
Fig. 6 and Supplementary Theory). Capitalizing on this experimen-
tal fact, we changed the initial film thickness from Ah=13+2nm at
0.1pM TPX2 to h=22+1nm at 0.8 uM TPX2 (mean=+s.d.) for a
fixed microtubule density. The lower concentrations are physiologi-
cal in healthy cells>”. The higher concentrations may reflect over-
expression in cancer tumour cells, in which TPX2 often has higher
genetic copy number” and transcript and protein expression'**,
and can be a negative prognostic indicator'*. TPX2 formed regu-
larly spaced droplets along microtubules with consistently larger
spacings A, as its bulk concentration increased, following theory
(Fig. 3¢, Extended Data Fig. 7 and Supplementary Table 3).

Our data exhibit spread for two reasons. First, the dispersion
relation we calculate (Fig. 3b) has a broad peak, which means that
wavelengths near the maximum growth rate 4,,,, will grow nearly as
fast (Fig. 3¢, shaded area). Therefore, the discrepancy between the
orange curve in Fig. 3¢ and the measured 4,,, is a natural conse-
quence of the hydrodynamic theory. Second, low-force (25-40 pN),
nanometre-scale AFM in fluid is highly susceptible to thermal
noise. This is apparent in the raw height profiles (Extended Data
Fig. 3a) and power spectra (Extended Data Fig. 3b) of the microtu-
bule shown in Fig. 2a,b, as well as the power spectra of individual
microtubules across the other TPX2 concentrations (Extended Data
Fig. 5, right-hand column).

The theory is purely geometric and has no free parameters. The
predicted wavelength does not depend on the material properties
of the TPX2 condensate such as viscosity or surface tension, which
only set the timescale for pattern formation. We note that the higher
microtubule density used in AFM experiments (Figs. 2 and 3c)
leads to thinner condensed films than in the electron microscopy
and reconstitution experiments (Fig. 1) and hence smaller droplet
sizes, even at similar TPX2 concentrations (Supplementary Table 2
and Supplementary Theory). In addition, we measured the growth
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Fig. 2 | AFM measurements reveal condensed TPX2 dynamics on
microtubules. a, Time-lapse AFM height topographies of TPX2 uniformly
coating and then forming regularly spaced droplets on a microtubule.
GFP-TPX2 at 0.2 uM was spiked onto microtubules adhered to a mica
surface during data acquisition. This is the entire measured span of the
microtubule in the top left of Supplementary Video 4. The topography
was smoothed using a 40 nm x 40 nm median filter. White carets mark
droplets. Scale bar, 100 nm. b, Height profiles centred on the microtubule
long axis before coating, just after coating and when droplets have formed
on the microtubule surface. Height profiles were smoothed using a
moving-average window of 40 nm. The raw height profiles and their power
spectra are shown in Extended Data Fig. 3. ¢, Averaged power spectra
calculated from the raw height profiles across many microtubules for
uncoated (N=22 microtubules), uniformly coated (N =23 microtubules)
and droplet-patterned microtubules (N=17 microtubules). A peak is seen
only in the data for droplet-patterned microtubules, corresponding to a
droplet spacing of 260 +20 nm (mean +s.d.). Shaded regions are 95%
bootstrap confidence intervals.
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Fig. 3 | Hydrodynamic theory predicts TPX2 droplet formation on a
microtubule surface. a, Schematic of the Rayleigh-Plateau instability. TPX2
initially coats the microtubule uniformly with h=r,—r. This film breaks

up into droplets with spacing ..., due to capillary forces on a timescale
r.u/y, where u is the condensate viscosity and y is the surface tension.

b, Dispersion relation showing the growth rate versus wave number for
different r,/r,. The most unstable mode (black circles and line) grows

most quickly and corresponds to the observed droplet spacing A,..,,.

¢, Theoretical prediction for 4., (solid orange line). Overlaid are AFM
measurements of the average film thickness and droplet spacing for each
TPX2 concentration. The average droplet spacing corresponds to the peak
of the averaged power spectra at a given concentration (Extended Data

Fig. 7 and Supplementary Table 3). There are no fit parameters. The shaded
area encompasses the wavelengths that grow within 10% of the maximum
growth rate for each h. In order of increasing concentration, N=25, 17, 23
and 21 microtubules. Error bars are s.d. for h and bootstrapped s.d. for A,.
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rate of 4, to be exponential at early times, as expected for a lin-
ear instability (Extended Data Fig. 8). At later times, the periodicity
has already been selected as the droplet pattern has set in.
Thus, the spectral amplitude versus time stops changing. We also
see that the time to form droplets is orders of magnitude longer
than the time to grow the initial film. The film grows more quickly
because the timescale for its growth is set by fast diffusion of protein
in the bulk, whereas the timescale for droplet formation is limited
by the slow capillary velocity y/u of the condensate (Supplementary
Theory). As a control, kinesin-1, a motor protein that does not
exist as a condensed phase in any known physiological context and
whose binding site on the microtubule is structurally known®”*,
did not exhibit hydrodynamic behaviour on the microtubule as
measured by AFM (Extended Data Fig. 7).

How might TPX2 droplets facilitate branching microtubule
nucleation? Noting that the process requires the coordinated action
in time and space of at least two additional factors, augmin and
y-TuRC, we first imaged the localization of y-TuRC on microtubules
in the presence of TPX2 and augmin using electron microscopy. We
found that the ratio of y-TuRC on microtubules to y-TuRC on the
grid surface was 0.05 +0.05 without TPX2 and augmin (mean +s.d.,
N=3 microtubules, Extended Data Fig. 9 and Supplementary Table
4). With TPX2 and augmin, this ratio was 0.48 +0.04 (mean +s.d.,
N=4 microtubules, Supplementary Table 5), confirming that
TPX2 and augmin preferentially localize y-TuRC to microtubules.
We observed that multiple y-TuRCs cluster inside TPX2 drop-
lets spaced 0.25+0.09 pm (mean +s.d., N=4 microtubules) apart
along microtubules (Fig. 4a), consistent with a recent report®. The
ratio between the number of y-TuRCs inside TPX2 droplets to the
number on bare regions of the same microtubules was 4.8 +2.0
(mean=+s.d., N=3 microtubules). Although this is an underesti-
mate, given the difficulty of counting y-TuRCs in TPX2 droplets,
these results demonstrate that y-TuRC preferentially localizes to
TPX2 droplets along microtubules. The first step in branching is
the binding of TPX2 to the microtubule, which then localizes the
other factors®. As such, we hypothesized that regularly spaced TPX2
droplets lead to more efficient colocalization of factors than a uni-
form coating (Fig. 4b). For a uniform coating, multiple factors must
search a greater length along the microtubule before finding each
other to nucleate a new branch. With regularly spaced droplets, the
explored distance is shorter, which reduces the search time. We per-
formed kinetic Monte Carlo simulations® for two factors binding
to (with rate k,,) and unbinding from (with rate k) a microtubule
of length [ with a uniform TPX2 coating and a periodic pattern of
TPX2 droplets (Supplementary Theory). These results show that the
time 7 to colocalize on the microtubule, and hence for nucleation
of a new branch, is smaller for droplets than for a uniform layer
(Fig. 4c and Extended Data Fig. 10). As a negative control
for this model, we used AFM to measure the topography of a
carboxy-terminal fragment of TPX2 on microtubules. This frag-
ment is known to be less efficient at nucleating branches in cytosol®.
Consistent with our model, it did not form droplets on microtu-
bules (Extended Data Fig. 7). Thus, synergistic with TPX2’s abil-
ity to recruit tubulin® and its high concentration as a condensate
(Supplementary Theory), its organization into droplets partitions
the microtubule so that multiple factors can more easily find each
other. Taken together, TPX2’s phase behaviour enhances reaction
kinetics via droplet patterning, condensate concentration and tubu-
lin recruitment.

It is important to think about our model in a cellular context.
During cell division, TPX2 is released as a gradient in the vicinity of
chromosomes™. The typical TPX2 concentration in Xenopus laevis
is 90nM (ref. '°) and the typical gradient length is ~10 pm (ref. *°).
This gives ~2x10° TPX2 molecules that are available to condense
on microtubules near chromosomes, assuming a spherical volume.
We estimate the concentration of TPX2 in the condensed phase to
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Fig. 4 | A stochastic model predicts that TPX2 droplets enhance the
efficiency of branching microtubule nucleation. a, Electron microscopy
images show ring-shaped y-TuRCs (black arrows) localizing to regularly
spaced TPX2 droplets along the microtubule in the presence of augmin.
Scale bars, 100 nm. b, Schematic of branching factors binding to a
microtubule coated with a uniform TPX2 layer versus periodic TPX2
droplets. ¢, Monte Carlo simulations show that droplets colocalize two
necessary factors faster than a uniform coating. Here, k,.//k.=10. These
results are not sensitive to this parameter choice (Extended Data Fig. 10).
Each datapoint is the average of 107 independent simulations.

be 10* pm~ using our AFM experiments (Supplementary Methods).
There are then ~80 TPX2 molecules needed to form a 10nm con-
densed film on a typical 7-pm-long, 25-nm-diameter microtubule™.
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Therefore, TPX2 can coat ~3x10° microtubules during cell
division. Given that the density of microtubules in the metaphase
spindle is ~2 pm~ within 10 pm of chromosomes®, ~8 X 10*> micro-
tubules lie in the vicinity of chromosomes. Thus, TPX2 can coat
~40% of the metaphase microtubule mass near chromosomes at this
film thickness. We hypothesize that the Rayleigh-Plateau instability
is most relevant during early spindle assembly to accelerate the gen-
eration of microtubules, as TPX2 is responsible for creating most of
the spindle microtubules via branching nucleation®, in particular
during early stages of spindle assembly®.

As the study of liquid-like protein condensates has intensified'?,
the physical phenomenology has been dominated by optical obser-
vations of droplets in solution or on microtubules. Here, we quan-
titatively demonstrate the emergence of non-trivial hydrodynamic
features such as films and spatiotemporal periodic instabilities that
arise when a condensate interacts with a filament. In future work, it
will be interesting to explore how multiple proteins, such as TPX2
and BuGZ", condense on the microtubule, as multiprotein con-
densates in solution have been reported*. We suspect that interfa-
cial physics could manifest itself in other ways when condensates
interact with cellular filaments, such as via elastocapillary effects*
that could produce forces between cytoskeletal filaments or other
semi-flexible macromolecules such as RNA and DNA™*.
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Methods

Protein expression and purification. Recombinant GFP-TPX2 was purified as
previously described**. Full-length TPX2 or C-terminal TPX2 (amino acids 377 to
716) tagged on the amino terminus with Strep-6xHis—-GFP-TEV was cloned into
the pST50 expression vector. TPX2 was expressed in Escherichia coli (strain Rosetta
2) for 7h at 25°C and the cells lysed using an EmulsiFlex (Avestin) in lysis buffer

(50 mM Tris-HCl at pH 8.0, 150 mM imidazole, 750 mM NaCl, 2.5mM phenylmethyl
sulfonyl fluoride (PMSF), 6 mM B-mercaptoethanol (BME), one cOmplete
EDTA-free protease inhibitor tablet (Sigma) and 1,000 U DNase I (Sigma)). Then,
the protein was affinity purified using Ni-NTA (nitrilotriacetic acid) beads in
binding buffer (50 mM Tris-HCl at pH 8.0, 750 mM NaCl, 15mM imidazole, 2.5 mM
PMSE 6 mM BME). Next, the protein was eluted with 200 mM imidazole, and the
protein was pooled and diluted fourfold to a final NaCl concentration of 200 mM.
Afterwards, nucleotides were removed from the eluted protein with a HiTrap heparin
HP column (GE Healthcare). Protein was bound to the column in 250 mM NaCl
and then isocratic elution was carried out in 750 mM NaCl. Solutions were prepared
in heparin buffer (50 mM Tris-HCl at pH 8.0, 2.5 mM PMSE, 6 mM BME). Finally,
peak fractions were pooled and loaded onto a Superdex 200 pg 16/600 gel filtration
column. Gel filtration was performed in CSF-XB buffer (10 mM K-HEPES at pH7.7,
100mM KCl, 1 mM MgCl,, 5mM EGTA) with 10% (w/v) sucrose. TPX2 was flash
frozen in liquid nitrogen and stored at —80°C until use. This TPX2 was used for all
fluorescence, electron and atomic force microscopy experiments.

Recombinant GFP-tagged augmin holocomplex was purified as previously
described”””. Briefly, Sf9 cells were coinfected with several baculoviruses, each
carrying a subunit of the augmin complex, at multiplicity of infection values of
1-3. Cells were collected and lysed 72 h after infection. Augmin subunit HAUS6
had an N-terminal ZZ-tag, subunit HAUS2 had a C-terminal GFP-6XHis and the
other six subunits were untagged. The complex was affinity purified using IgG-
Sepharose (GE Healthcare) and eluted via cleavage with 100-200 pg of glutathione
S-transferase (GST)-HRV3C protease. The HRV3C protease was subsequently
removed using a GSTrap 5ml column (GE Healthcare). The sample was further
purified and concentrated using Ni-NTA agarose beads. The protein complex was
dialysed overnight into CSF-XB with 10% (w/v) sucrose. Augmin was flash frozen
in liquid nitrogen and stored at —80 °C until use.

y-TuRC was purified from X. laevis meiotic cytoplasm as done previously™.
First, 5-10 ml of cytoplasm was prepared from X. laevis eggs using standard
procedures™” and diluted 10-fold in CSF-XB with 10% sucrose (w/v), 10 pg each of
leupeptin, pepstatin and chymostatin, I mM GTP and 1 mM dithiothreitol (DTT).
The larger particles in the cytosol were removed by low-speed centrifugation
at 3,000 ¢ for 10 min at 4°C. The supernatant was diluted twofold with buffer
and passed through 1.2 pm, 0.8 pm and 0.22 pm pore size filters. y-TuRC was
precipitated by adding a solution of 6.5% (w/v) polyethylene glycol (PEG) 8,000
to the filtrate on ice for 30 min. After centrifuging at 17,000 ¢ for 20 min at 4°C,
the pellet was resuspended in 15 ml of CSF-XB with 10% sucrose (w/v), 10 pg
each of leupeptin, pepstatin and chymostatin, 1 mM GTP, I mM DTT and 0.05%
(v/v) NP-40 detergent. The resuspension was centrifuged at 136,000 g for 7 min at
4°C. Then, protein A Sepharose beads (GE Healthcare) were used to preclear the
supernatant for 20 min at 4 °C. The beads were removed via centrifugation. Then
2-4ml of y-tubulin antibody (Sigma) at 1 mgml~' was added and the mixture was
rotated for 2h at 4°C. After this, 1 ml of washed protein A Sepharose beads was
incubated with the sample on a rotator for 2h at 4°C. The beads were collected
by spinning and then transferred to a column with CSF-XB with 10% sucrose
(w/v), 10 pg each of leupeptin, pepstatin and chymostatin, 1 mM GTP, 1mM DTT
and 0.05% (v/v) NP-40 detergent. The beads were washed with CSF-XB with
10% sucrose (w/v), 10 pug each of leupeptin, pepstatin and chymostatin, 1 mM
GTP, 1mM DTT and 150 mM additional KCl, then with CSF-XB with 1 mM
ATP, and finally with CSF-XB to remove the ATP. For biotinylation of y-TuRC,
done to visualize the reconstitution using fluorescence microscopy, 25 pM of
N-hydroxysuccinimide (NHS)-PEG4-biotin (Thermo Scientific) was incubated
with the beads in CSF-XB for 1h at 4°C, and unreacted reagent was washed away
with CSF-XB before elution. To elute y-TuRC from the beads, 2 ml of a y-tubulin
peptide (amino acids 412-451) at 0.5 mgml~" in CSF-XB was added to the column
and incubated overnight. The eluted sample was collected from the column the
following day. y-TuRC was then concentrated using a 100 kDa centrifuge filter
(Amicon). This concentrated sample was loaded onto a 10-50% (w/w) continuous
sucrose gradient in CSF-XB buffer with 10 ug each of leupeptin, pepstatin and
chymostatin, 1 mM GTP and 1 mM DTT. The gradient was centrifuged for 3h at
4°C at 200,000 ¢ in a TLS55 rotor (Beckman). Fractions of the sucrose gradient
were collected manually from the top of the gradient. The fractions with the
highest y-tubulin signal as determined by western blot were combined and
concentrated as above using a 100kDa centrifuge filter. Purified y-TuRC was used
within two days without freezing and kept on ice.

The kinesin-1 fragment K560-GFP was purified as previously described™.
Amino acids 1-560 of human conventional kinesin tagged on the C terminus with
GFP and 6xHis were cloned into pET17B vector*. K560-GFP was expressed in
E. coli for 4h at 37°C and the cells lysed as above using lysis buffer (50 mM NaPO,
at pH 8.0, 250 mM NaCl, 1 mM MgCl,, 20 mM imidazole, 10 mM BME, 0.5 mM
PMSE, 0.5mM ATP, one cOmplete EDTA-free protease inhibitor tablet, 1,000 U
DNase I). Then, K560-GFP was affinity purified using a HisTrap HP column
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(GE Healthcare) using binding buffer (50 mM NaPO, at pH 8.0, 250 mM NacCl,
1 mM MgCl,, 20 mM imidazole, 10mM BME, 0.5mM PMSE, 0.5mM ATP) and
eluted using binding buffer at 500 mM imidazole. Peak fractions were pooled and
dialysed overnight at 4 °C into CSF-XB bulffer.

Bovine brain tubulin was labelled with Cy5 or Alexa568 NHS ester
(GE Healthcare) or biotin~-PEG4-NHS (Thermo Scientific) using methods
previously described*’.

Protein concentrations were determined by SDS-PAGE and then Coomassie
staining of a concentration series of the protein of interest alongside a BSA
standard, or using Bradford dye (Bio-Rad).

Polymerization of GMPCPP-stabilized microtubules. For TIRF microscopy
experiments, double-cycled guanosine-5'-[(a,p)-methyleno]triphosphate
(GMPCPP)-stabilized microtubules were prepared’'. Bovine tubulin at 20 pM was
polymerized in BRB80 (80 mM K-PIPES at pH 6.8, 1 mM EGTA, 1 mM MgCl,),
with 10mM GMPCPP (Jena Bioscience), 2 mM Alexa568-labelled tubulin and

2 mM biotin-labelled tubulin, at 37 °C for 30 min. Microtubules were pelleted via
centrifugation at 126,000 g for 8 min, and depolymerized by resuspending and
incubating in ice-cold BRB8O totalling 80% of the original volume for 20 min.
GMPCPP was then added to 10mM, and microtubules were again polymerized
and pelleted as in the first cycle. Microtubules were flash frozen in liquid nitrogen
and quickly thawed before use. Microtubules were used at a final 1,000-fold to
2,000-fold dilution for TIRF experiments.

For electron and atomic force microscopy, bovine tubulin at 20 pM was
incubated in BRB80 with 10 mM GMPCPP (Jena Bioscience) on ice for 5min and
then centrifuged at 90,000 r.p.m. in a TLA100 rotor (Beckman) at 4°C for 15min.
The supernatant was then incubated at 37 °C for 30 to 60 min to polymerize the
microtubules. Finally, the reaction mixture was diluted fivefold and microtubules
were pelleted via centrifugation as above at 27 °C for 5min. The supernatant
was discarded and microtubules resuspended in the original volume of BRB80.
Microtubules were made fresh for each imaging day and diluted 500-fold for
electron microscopy and 10-fold for AFM.

Reconstitution of microtubule branching nucleation in vitro. Branching
microtubule nucleation was reconstituted in vitro using purified proteins as was
done recently”. Briefly, microtubules were attached to a flow chamber made with
PEG-passivated and biotinylated glass coverslips. A mixture of TPX2 (0.05uM),
augmin (0.05pM) and y-TuRC was incubated on ice for 5min and then passed into
the chamber. Proteins were allowed to bind microtubules and excess protein was
passed out. Then, BRB80 with 30 mM KCI, 1 mM GTP, 5mM BME, 0.075% (w/v)
methylcellulose (4,000 cP), 1% (w/v) glucose, 0.02% (v/v) Brij-35, 250 nM glucose
oxidase, 64 nM catalase, 1 mgml~" BSA, 19 uM unlabelled bovine tubulin and 1 pM
Cy5-labelled bovine tubulin was passed into the chamber to initiate the nucleation
and growth of branched microtubules via TIRF microscopy.

TIRF microscopy sample preparation and imaging. Coverslip-bottomed

culture well plates (Grace Bio-Labs) were functionalized with anti-biotin antibody
(Abcam) at 0.1 mgml~! concentration at room temperature for 10 min. Excess
antibody was washed out by serially diluting in buffer (CSF-XB at 50-60 mM KCl
or BRB80) three times, and then the coverslip blocked with k-casein at 1 mgml=".
Excess k-casein was washed out by serially diluting in buffer as above. Then,
microtubules were allowed to settle and bind the coverslip surface for 10 min at
room temperature and unbound microtubules were removed via serial dilution as
above. TPX2 was then pipetted into the wells during image acquisition, to visualize
TPX2 coating and forming droplets on microtubules.

TIRF microscopy was done using a Nikon Ti-E microscope with a 100X
magnification, 1.49 numerical aperture objective. An Andor Zyla scientific
complementary metal-oxide-semiconductor camera was used for acquisition.
Images were acquired using NIS-Elements software (Nikon). For imaging of the
reconstitution of branching microtubule nucleation, the objective was heated to
33°C using an objective heater (Bioptechs).

TIRF data analysis. Droplet sizes and spacings used to create Extended Data Fig.
la were calculated manually using Fiji (Image])*. To calculate the average power
spectrum in Extended Data Fig. 1b, line scans of droplet-patterned microtubules in
the raw TIRF images were taken in Fiji and Fourier transformed in MATLAB. The
power spectrum is given by the formula

1 2

L
P =P = [ 1@ o

where I is the intensity, z is the position along the microtubule, L is the length of
the microtubule and fis a spatial frequency. This is analogous to equation (2) used
for the AFM data and described in AFM data analysis. These power spectra were
then averaged. The frequency at which the average power spectrum is maximal
corresponds to the average observed droplet spacing, as is also the case for the
AFM data (AFM data analysis).

(1)

Electron microscopy sample preparation and imaging. For experiments with
TPX2 alone, microtubules were incubated for 5 min at room temperature on
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plasma-treated carbon grids (Electron Microscopy Sciences). Excess microtubules
were wicked away, and then TPX2 diluted in BRB80 was pipetted onto the grids.
TPX2 was incubated with microtubules on the grids for 1h to let droplets form,
and kept in a humidity chamber to prevent evaporation.

For experiments to see colocalization of y-TuRC with TPX2 droplets,
microtubules were first incubated with a mixture of 50nM TPX2, 50nM augmin and
y-TuRC. The sample was diluted 10-fold with BRB80 and 5 pL of the diluted sample
was immediately applied to plasma-treated carbon grids. Then, for both experiments,
all liquid was wicked away and samples were stained by blotting the grids three times
with 2% uranyl acetate, after which the grids were left to dry. Images were collected
with a CM100 transmission electron microscope (Philips) operated at 80 keV with
64,000 magnification and recorded using an ORCA camera.

AFM sample preparation and imaging. Microtubules were bound to mica discs
using divalent cations, as previously described*. Mica discs were mounted on
metal discs using double-sided sticky tape (supplies all from Ted Pella). A fresh
mica layer was exposed by peeling off the previous layer using tape, and 1 M MgCl,
was pipetted onto the mica disc and incubated at room temperature for 10 min.
MgCl, was blown off using nitrogen gas and microtubules were immediately
deposited onto the mica disc and allowed to bind for 10 min. Unbound
microtubules were washed off using BRB80. The mica disc was mounted on the
AFM stage using a magnet.

AFM was carried out using a Bruker BioScope Resolve operated in peak-force
fluid tapping mode using PEAKFORCE-HIRS-F-A or B probes (Bruker), with
peak force set to 25-40 pN. These probes have a nominal tip radius of 1 nm and
a stiffness of 0.35N'm~ or 0.12N m™', respectively. A 1 Hz scan rate per pixel row
was used to sample a 2 pm X 2 pm area every ~4.25 min. Resulting topographies
were 256 X 256 pixels, yielding a lateral pixel size of about 8 nm. After uncoated
microtubules were imaged, TPX2 or kinesin-1 was gently pipetted into the fluid
meniscus above the mica disc and below the AFM scan head so that protein could
bind microtubules while the AFM was scanning the sample. Care was taken to
insure that the volume of the meniscus varied minimally between experiments;
note that the volume of the meniscus will affect the bulk TPX2 concentration. The
AFM continued scanning the sample for 40 to 180 min as TPX2 droplets formed.
We waited a similar amount of time to probe kinesin-bound microtubules. For
most experiments, once TPX2 droplets had formed, after about 40 min, we moved
the stage to a different area of the sample to collect more data from microtubules
that were not probed as the droplets formed. This confirms that the act of poking
TPX2-coated microtubules repetitively with the AFM probe does not generate
the patterns. For these microtubules, for which the initial film thickness was not
measured, the film thickness used for Fig. 3¢ was the average of all film thicknesses
measured in that sample, which was always within ~1-2 nm. For the highest TPX2
concentration range tested, 0.8 +0.4uM, larger topographies (4 pm X 4 pm, sampled
512%512 at a 0.5Hz scan rate per pixel row so that the speed of the AFM probe
was the same across the sample as in the smaller images) were taken once the
patterns formed to enable sampling of larger distances between droplets.

AFM data analysis. Raw AFM topographies were processed using Gwyddion data
visualization and analysis software** to remove horizontal scarring and linear and
polynomial background, and to align rows along the scan axis. Topographical line
scans along bare, uncoated microtubules and along microtubules within one frame
(~4min) of the initial TPX2 coating were drawn to determine the film thickness.
Successive topographies of the same area were registered in Fiji (Image])* using
the StackReg and TurboReg packages®. To systematically measure the spacing
between TPX2 droplets, power spectra of line scans along TPX2-droplet-coated
microtubules were calculated using MATLAB. Power spectra use the Fourier
transform to decompose a line scan into a spectrum of the strength of all spatial
frequencies in the original line scan. Analogously to equation (1), power spectra
were calculated by squaring the absolute value of the normalized finite Fourier
transform h(f) of the height profiles h(z):

2
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L is the length of the height profile. For each microtubule, multiple (at least three)
spectra were collected, and then an average spectrum for each TPX2 concentration
was determined via bootstrapping over the distribution of individual spectra.

The inverse of the frequency at which the peak power in the average spectrum
occurs corresponds to the spacing between TPX2 droplets: 1=1/f, as is also the
case for the fluorescence data (TIRF data analysis). Due to the noise in the AFM
data, the sizes of the droplets were not measured, as they were manually measured
for electron microscopy and TIRF microscopy data. Furthermore, the noise in the
AFM data also meant that the peaks in individual spectra were not reliable, which
is why we averaged the individual spectra. Microtubules that broke apart or were
too short to sample low spatial frequencies, and sections of microtubules
that curved or were under crisscrossing microtubules, were excluded from
analysis. Some line scans were high-pass filtered via a large smoothing window
(~300-400 nm) when they still exhibited local linear or polynomial background.
Line scans were never low-pass filtered to determine spectra. To verify that the
growth rate of the droplets was exponential in time, as predicted by theory, the
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power of the frequency corresponding to the droplet spacing was measured from
when TPX2 initially coated the microtubule to after the droplets had formed, for
many microtubules. The power was then plotted over time.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. All other data that support the
plots within this paper and other findings of this study are available from the
corresponding author upon reasonable request.

Code availability
Algorithms and simulation codes are described in Methods and Supplementary
Information.
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Extended Data Fig. 1| Statistics of droplet patterned microtubules imaged with TIRF microscopy. a, Histogram of droplet sizes and spacings for TIRF
experiments at 1 uM GFP-TPX2. N=35 microtubules were analyzed with a mean size of 0.5+ 0.Tum and spacing 0.6 + 0.2um (mean + standard deviation).
b, Average power spectrum of GFP-TPX2 fluorescence intensities of droplet patterns for TIRF experiments at 1 M GFP-TPX2 (N =35 microtubules). The
peak indicates the emergence of a periodic pattern with wavelength Ay.x = 0.6 £ 0.1um (mean + standard deviation), in agreement with the histogram
analysis. Shaded regions are 95% bootstrap confidence intervals. For calculation details, see Methods.

NATURE PHYSICS | www.nature.com/naturephysics


http://www.nature.com/naturephysics

LETTERS NATURE PHYSICS

, MT
0.1 uM TPX2
20s 400 s 400 s
=
1 uM TPX2

i p -

EB1, MT Merge

b

Extended Data Fig. 2 | TPX2 on the microtubule can appear uniform when imaged via optical microscopy. a, TIRF microscopy time lapses showing that
a 0.1 uM TPX2 coating does not break up into visible droplets like the 1 uM TPX2 coating does. b, Branching microtuble nucleation visualized by TIRF
microscopy in X. laevis meiotic cytosol at 0.1 uM TPX2, indicating that branching can occur from diffraction limited droplets.
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Extended Data Fig. 3 | Raw and smoothed AFM height profiles, and power spectra of raw height profiles. a, Raw height profiles of the topographies
in Fig. 2a. The smoothed profile from Fig. 2b is shown again for reference. b, Power spectra of the raw height profiles in (a). The red curve shows the

mean =+ standard error of the mean over nine topographies of the microtubule after the droplet pattern had formed. The frequency f at which the peak in
the red curve occurs gives the droplet spacing measured for this microtubule, according to A=1/f.
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Extended Data Fig. 4 | Schematic of the Rayleigh-Plateau instability. The viscosity of the condensed film is 4, y is the surface tension of the interface,
and p,, is the far field pressure provided by the solvent. The microtubule has radius r. Initially, the interface is flat at &(z,t = 0) = r,, but this scenario is
unstable against the capillary pressure y/r,, so &(z, t) will evolve to a lower energy state. The unit normal n and unit tangent t track the geometry of the
interface during its evolution.
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Extended Data Fig. 5 | AFM height profiles and power spectra at additional TPX2 concentrations. For 0.1uM, the power spectrum is averaged over

N =5 topographies after the droplet pattern had formed. For 0.6 uM, N=3. For 0.8 uM, N=4; the uncoated height profile for this specific microtubule is
unavailable because the sample moved after TPX2 addition. Height profiles were smoothed using a moving-average window of 40nm. All power spectra
after droplet formation show mean + standard error of the mean.
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Extended Data Fig. 6 | Growth of the condensed film. a, Schematic of the model for growth of the condensed protein film. Microtubules of radius r; are
spaced periodically by a distance 2R, where R = 1/\/7% where | is the typical microtubule length and n is the number density of microtubules. Soluble
protein phase separates from solution and nucleates a spatially uniform condensed film on the microtubule surface, whose interfacial position we denote
by r = &(t). b, Final film thickness h versus initial concentration ¢, as measured by atomic force microscopy (blue) and as predicted by equation (19) (black)
and using 1/cg (Rz/ri2 — 1) as a least-squares fit parameter. ¢, Evolution of the interfacial position of the film &/r, over time T for S = r;/r, € [0.5,0.7], which
is our experimentally observed range of S. Solid lines are the exact solution and dashed lines are the asymptotic formula (34b).
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Extended Data Fig. 7 | Average power spectra from AFM data for all concentrations of TPX2 and for uncoated, initially TPX2-coated,
C-terminal-TPX2-bound, and kinesin-1-bound microtubules. Peaks indicate characteristic wavelengths that correspond to a typical droplet spacing
(Supplementary Table 3) (N=25, 17, 23, and 21 microtubules, respectively, for increasing TPX2 concentration). Also included are average power spectra
for uncoated microtubules (N=29 microtubules), microtubules initially coated uniformly with TPX2 (N =25 microtubules), kinesin-bound microtubules
(N=19 microtubules), and C-terminal-TPX2-bound microtubules (N=4 microtubules)—none of which show any characteristic spatial features. For
kinesin-bound microtubules, h=2.9 + 2.0nm, consistent with what one would expect for the kinesin construct used?”?®, For C-terminal-TPX2-bound
microtubules, h=3.7 +1.8nm. Heights are mean + standard deviation. Shaded regions represents 95% bootstrap confidence intervals.
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Extended Data Fig. 8 | The growth of the instability for early times is exponential. The average spectral amplitude at the most unstable frequency grows
exponentially for early times (black line, N=21 microtubules). Spectral amplitude = v/spectral power. Individual measurements are black dots. Shaded
region represents 95% bootstrap confidence intervals. At later times, the spectral amplitude levels off due to nonlinear forces as the pattern sets in. For
the exponential fit (red), omax = 0.03min~", with R2=0.95.
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Extended Data Fig. 9 | y-TuRC localization on bare microtubules. Typical electron microscopy experiment with just y-TuRC and microtubules. Clearly, the
localization of y-TuRC to the microtubule without TPX2 and augmin is negligible (Supplementary Table 4). Scale bar is 100 nm.
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Extended Data Fig. 10 | Parametric study of Monte Carlo simulations. a, Time 7 to colocalize two distinct factors, and hence form a branch, as a function
of N and s for a uniform and periodic protein coating. For a given s, the periodic coating is uniformly more efficient at colocalizing well-mixed factors. Each
data point is the average of 107 independent simulations. b, Typical histogram of 107 independent simulations for F=2, N=50, and s=10.
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Sample size Individual microtubules were counted.
Data exclusions  None.

Replication Multiple independent samples were prepared and measured. Multiple methods of data acquisition were used (atomic force, fluorescence,
and electron microscopies). All attempts at replication were successful.

Randomization  Not applicable.

Blinding Not applicable.
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Antibodies

Antibodies used anti-Biotin (Abcam, ab1227, polyclonal), anti-gamma-tubulin (Sigma, T6557-.2ML, clone GTU88), anti-TPX2 (GenScript, custom
raised in rabbits against recombinant TPX2, polyclonal), anti-rabbit-IgG (Sigma, 15006, polyclonal).

Validation For immunodepletion from Xenopus laevis meiotic cytosol, TPX2 and rabbit IgG antibodies were confirmed to be specific via
western blot and silver staining. For purifying g-TuRC, purity of final product was determined by electron microscopy. For biotin
antibody, biotinylated microtubules were visualized to be attached to the antibody-coated coverslip via fluorescence microscopy.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Species: Xenopus laevis, sex: female, age: mature.

Wild animals None.

Field-collected samples None.

Ethics oversight All'animals were cared for according to the approved Institutional Animal Care and Use Committee (IACUC) protocol 1941-16 of

Princeton University.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

810 12990120




	A hydrodynamic instability drives protein droplet formation on microtubules to nucleate branches

	Online content

	Fig. 1 TPX2 uniformly coats microtubules and then forms periodically spaced droplets that can nucleate branches.
	Fig. 2 AFM measurements reveal condensed TPX2 dynamics on microtubules.
	Fig. 3 Hydrodynamic theory predicts TPX2 droplet formation on a microtubule surface.
	Fig. 4 A stochastic model predicts that TPX2 droplets enhance the efficiency of branching microtubule nucleation.
	Extended Data Fig. 1 Statistics of droplet patterned microtubules imaged with TIRF microscopy.
	Extended Data Fig. 2 TPX2 on the microtubule can appear uniform when imaged via optical microscopy.
	Extended Data Fig. 3 Raw and smoothed AFM height profiles, and power spectra of raw height profiles.
	Extended Data Fig. 4 Schematic of the Rayleigh-Plateau instability.
	Extended Data Fig. 5 AFM height profiles and power spectra at additional TPX2 concentrations.
	Extended Data Fig. 6 Growth of the condensed film.
	Extended Data Fig. 7 Average power spectra from AFM data for all concentrations of TPX2 and for uncoated, initially TPX2-coated, C-terminal-TPX2-bound, and kinesin-1-bound microtubules.
	Extended Data Fig. 8 The growth of the instability for early times is exponential.
	Extended Data Fig. 9 γ-TuRC localization on bare microtubules.
	Extended Data Fig. 10 Parametric study of Monte Carlo simulations.




