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Microtubules are cytoskeletal filaments characterized by dynamic
instability at their tips and a dynamic lattice that undergoes continuous
tubulinloss and incorporation. Tau, aneuronal microtubule-associated
protein, is wellknown for its role in stabilizing microtubule tips and
promoting microtubule bundling. Here we demonstrate that tau also
modulates microtubule lattice dynamics. Although tau lacks enzymatic
activity, it significantly accelerates tubulin exchange within the lattice,
particularly at topological defect sites. Our findings indicate that tau
enhances lattice anisotropy by stabilizing longitudinal tubulin-tubulin
interactions while destabilizing lateral ones, thereby enhancing the
mobility and annihilation of lattice defects. These results challenge the
traditional view of tau as merely a passive stabilizer, revealing its active role
in dynamically remodelling the microtubule lattice structure.

Microtubules are an essential filamentous component of the cytoskel-
eton. They exhibit unique dynamic and mechanical properties owing
totheir hollow structure, their highly ordered arrangement of tubulin
dimer subunits and their dissipative growth dynamics. Traditionally,
research has focused on the dynamic behaviour of microtubule tips,
whose intrinsic instability facilitates rapid growth and shrinkage'. By
contrast, the microtubule shaft (often termed ‘lattice’) was long con-
sidered a static structure and, thus, received less attention in studies
on the dynamic regulation of microtubules.

Recent discoveries have challenged this view, revealing that the
microtubule lattice is far from static. Tubulin dimers continuously
incorporateinto and dissociate from the lattice, rendering it dynamic?.
Importantly, this dynamicity endows microtubules with the capacity
for self-repair and resilience against mechanical stresses typical in cel-
lular environments, such as bending’ and friction at crossing points*>.
The dynamic turnover within the lattice in the absence of mechanical
forces has been attributed to topological defect sites®®, which act as

focal points for tubulin exchange due to the missing inter-subunit
bonds of the surrounding tubulin dimers?’. Although lattice dynamics
canoccurindependently of other cellular factorsand are, thus, intrinsic
to microtubules, they can be modulated by microtubule-associated
proteins (MAPs) such as CLIP-170 (ref. 5), CLASP™, molecular motors"
and severing enzymes™.

Tau, awell-studied neuronal MAP, predominantly decorates axonal
microtubules™ " and is known for its role in microtubule nucleation,
bundling and stabilization against depolymerization' 2. Although
tau’sinfluence on microtubule tip dynamics and microtubule bundling
has been extensively studied, its impact on lattice dynamics has not
been addressed so far. Tau binds along the length of microtubules,
where each tau molecule interacts with multiple tubulin dimers*. This
suggests that it could substantially affect the stability of the lattice.

In this study, we explore the role of tau in microtubule lattice
dynamics. Through a combination of in vitro reconstitution experi-
ments and kinetic Monte Carlo modelling, supported by molecular
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dynamics (MD) simulations, we discover that tau, although it gener-
ally stabilizes microtubules, surprisingly accelerates the exchange of
tubulinin the microtubule lattice. This exchange occurs predominantly
atlattice defect sites, which often delineate distinct lattice configura-
tions. Our results suggest that tau stabilizes longitudinal but desta-
bilizes lateral tubulin dimer-dimer contacts. Through this change in
anisotropy, tau effectively promotes the repair of lattice defects by
increasing their longitudinal mobility, leading to their mutual anneal-
ing or removal fromthelattice. Thus, tau does not only act as a passive
microtubule stabilizer but also facilitates the active elimination of
lattice defects.

Tau enhances tubulinincorporationinto the
microtubule lattice

We first investigated the influence of tau on tubulin incorporation
into the microtubule lattice. We grew dynamic microtubules from
guanosine-5’-[(a,3)-methyleno]triphosphate (GMPCPP)-stabilized,
surface-attached microtubule seeds using green-labelled GTP-tubulin
(Fig.1a, stepI). Toinhibit further microtubule tip dynamics, we capped
the microtubules with slowly hydrolysable GMPCPP-tubulin (step II).
We thenincubated the microtubules with red-labelled GTP-tubulinin
the presence of 0 nM, 0.5 nM or 20 nM of human 2N4R tau for 15 min
(stepll). Tau covered the non-stabilized microtubule lattice sparsely
and homogeneously, exhibiting rapid diffusive motion and dynamic
binding and unbinding on the timescale of a few seconds, as previously
described” (Fig. 1b and Extended Data Fig. 1). The low concentration
of tau in our experiments leads to the rapid diffusion of tau along the
microtubules (diffusion coefficient of ~0.2 um? s and short residence
time of -3.7 s; Extended Data Fig.1). We chose arelatively low free tubu-
lin concentration of 8 pM to limit the microtubule tip growth during the
incorporation step. To visualize the incorporated tubulin, we imaged
the microtubules after washing out the free tubulin to reduce the back-
ground fluorescence (step IV).

When 20 nM of tau was present during the tubulinincorporation
step, we noted extended tubulin incorporation stretches along the
microtubules, with median lengths of 1.2 um compared with 0.7 pm
in the absence of tau (Fig. 1c,d (top left), Extended Data Fig. 2 and
Methods). Furthermore, the median distance between individual
incorporations decreased from 12.4 pum when no tau was present
to 6.6 pm in the presence of 20 nM of tau, implying an increased
spatial frequency of incorporation events (Fig. 1d, top right). These
observations reveal a fourfold increase in tubulin incorporation in

the presence of 20 nM of tau compared with the control without tau
(Fig.1d, bottom).

Previously, we found that in the absence of other proteins, lat-
tice dynamics constitute a continuous process®. To assess whether
tau-stimulated tubulinincorporation also exhibits time dependence,
we extended the incubation time with red-labelled GTP-tubulin, sup-
plemented with either O nM or 20 nM of tau, from 15 min to 30 min.
Our observations revealed markedly longer tubulin incorporation
stretches, occasionally spanning the majority of the microtubulelength
(Fig. 1e,f, left). Although we also noted a higher spatial frequency of
tubulinincorporationin the absence of tau after 30 min, the presence
of20 nM oftau did not lead to afurther increase in the spatial frequency
ofincorporationstretches (Fig. 1f, middle). This suggests either alimi-
tationinthe number of available tubulinincorporationsites (reaching
saturation more rapidly in the presence of tau) or an underestimation of
these events (due to extensive, overlapping incorporationstretches).
Nevertheless, the trend of tau inducing a significant overall increase
intubulinincorporation remains consistent, withapproximately 30%
of the microtubule lattice showing tubulin incorporationin the pres-
ence of 20 nM of tau after 30 min (Fig. 1f, top right). Taken together, tau
notably enhances tubulin incorporation into the microtubule lattice
during aninteraction time of up to 30 min.

Tau stimulates tubulin exchange at defect sites

The lattice of a microtubule is never fully homogeneous; it inher-
ently contains a variety of conformational changes’, resulting in the
emergence of topological defects that mark, for example, protofila-
ment transitions and seam dislocations®*®, These defects weaken the
microtubulelattice by disrupting local tubulininteractions and—as we
previously showed—probably drive lattice dynamics®’. Toinvestigate
if tau enhances tubulin incorporation specifically at defect sites, we
conducted tubulinincorporation experiments in the presence of tau
(incubation time of 15 min) and subsequently imaged the microtu-
bules in tubulin-free buffer until fracture (Fig. 2a). Our observations
reveal that although incorporation stretches covered only about 20%
ofthelattice, around 40% of fracture events occurred at these stretches
(Fig.2b). To exclude a possible influence of the fluorescent label used
for visualizing the microtubules or the interface between different
fluorescent labels on the fracture behaviour, we repeated the experi-
ment using unlabelled microtubules imaged by interference reflec-
tion microscopy, which yielded quantitatively comparable results
(Fig.2cand Extended DataFig. 3). Moreover, we frequently observed the

Fig.1| Tau enhances tubulin incorporation into the microtubule lattice.

a, Experimental setup to assess tubulin incorporation into the microtubule
lattice in the presence of tau. First, dynamic microtubules were grown from
GMPCPP-stabilized, surface-attached seeds in the presence of green-labelled
GTP-tubulin (stepI). Then, the microtubules were capped with GMPCPP-tubulin
to prevent further microtubule tip dynamics (step II). The microtubules were
thenincubated with O nM, 0.5 nM, or 20 nM of unlabelled tau (black-white
circles) and red-labelled GTP-tubulin for 15 min or 30 min (step III). The solution
was replaced with abuffer supplemented with Taxol (step IV) to remove excessive
background fluorescence, reveal tubulinincorporation sites (yellow star) and
keep microtubules stable for imaging. b, 20 nM of GFP-labelled tau (shownin
magenta) homogeneously coats the microtubule lattice (seed and elongation
labelled with 30% and 10% Atto-565, respectively; shown in green) before
capping, with the exception of the GMPCPP-stabilized seed. Scale bar, 3 pm.

¢, Example images of microtubules (green) showing incorporation stretches (red,
stars) after 15 minin the presence of 0 nM, 0.5 nM and 20 nM of tau. Graphs on
theright show the fluorescence profile plots of the red channel. Scale bars, 5 pum.
d, Top left: lengths of tubulin incorporation stretches increase in the presence of
tau. Thicklines represent the medians. P=0.033, P<0.0001and P < 0.0001 for

0 nMyversus 0.5nM, 0.5 nM versus 20 nM and O nM versus 20 nM, respectively.
Topright: distances between incorporation stretches decrease in the presence of
tau. Thicklines represent the medians. P < 0.0001, P= 0.0023 and P < 0.0001 for
0 nMversus 0.5nM, 0.5 nM versus 20 nM and O nM versus 20 nM, respectively.

Middle: table showing the median values and interquartile ranges (IQRs) of the
incorporation lengths L;,. and distances between the incorporation stretches
D,,.. ndenotes the number of analysed incorporation stretches. Bottom: tubulin
incorporation is observed along 4.86% of the microtubule lattice at 0 nM of tau,
11.38% at 0.5 nM of tau and 19.14% at 20 nM of tau. Statistics: two-sided Mann-
Whitney test. e, Example images of microtubules (green) showing incorporation
stretches (red, stars) after 30 min in the presence of 0 nM and 20 nM of tau.
Graphs onthe right show the fluorescence profile plots of the red channel. Scale
bars, 5 um.f, Left: incorporation lengths after 15 min versus 30 min of incubation
with red tubulin, for 0 nM and 20 nM of tau. Black lines represent the medians.
P<0.0001,P<0.0001and P=0.0001for 0 nM-15 min versus 0 nM-30 min,

20 nM-15 min versus 20 nM-30 min and O nM-30 min versus 20 nM-30 min,
respectively. Middle: distances between incorporation stretches after 15 min
versus 30 min of incubation with red tubulin, for 0 nM and 20 nM of tau. Black
lines represent the medians. P=0.0015, 0.0672 and P= 0.0128 for 0 nM-15 min
versus 0 nM-30 min, 20 nM-15 min versus 20 nM-30 min and O nM-30 min
versus 20 nM-30 min, respectively. Top right: tubulin incorporation was
observed along 18.13% of the microtubule lattice for O nM of tau and 30.59%

for 20 nM of tau. For each condition, >2,200 um of the microtubule length was
analysed from N =3 independent experiments. Bottom right: table showing

the median values and IQRs of the data presented in the graphs. n denotes

the number of analysed incorporation stretches. Statistics: two-sided Mann-
Whitney test.
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disappearance of incorporation stretches before microtubule fracture
(Fig.2d). This suggests that tau-enhanced tubulinincorporationindeed
occurs preferentially at pre-existing lattice defect sites.

We then asked if tubulin incorporation goes along with tubulin
exchangein the microtubulelattice, thatis, if tubulin from the solution
replaces pre-existing tubulin in the original lattice or if tubulin from
solution is just ‘added’ to the pre-existing lattice. When plotting the
fluorescence intensities along individual microtubules, the original
(green) lattice signal often appeared to slightly decrease at stretches of
newlyincorporated (red) tubulin, bothin the presence and absence of
tau (Fig. 2e). A thorough quantification of this effect, whichis adirect
readout of lateral tubulin loss (Methods), showed a reduction in the
lattice fluorescence intensity by approximately 7%-15% (correspond-
ing to a tubulin loss across one to two protofilaments), with a more
pronounced reduction after 30 min than after 15 min (Fig. 2f). We then
estimated the amount of incorporated tubulin by normalizing the
fluorescence intensity of the red-labelled incorporation stretches to
the fluorescenceintensity of red-labelled microtubule tips growninthe
presence of GTP (Fig. 2g; for 30-minincubation time with red tubulin,
see Methods), which typically corresponded to intensities expected
from one to two protofilaments, occasionally reaching up to four. In
particular, the amount of incorporated tubulin per length of microtu-
bule was lower in the presence of tau. Overall, our findings imply that
(1) the incorporated tubulin does indeed replace tubulin from the
originallattice; (2) only asmall portion of the lattice is exchanged; and
(3) thatalthough the longitudinal extent of incorporation (incorpora-
tion length) increases in the presence of tau (Fig. 1), the lateral extent
of incorporation decreasesin the presence of tau (Fig. 2g).

Tau slows down microtubule fracture

The overall enhanced longitudinal incorporation of tubulin in the
presence of tau (Fig. 1) may either be ascribed to an elevated effective
tubulin on-rate at the lattice (as demonstrated for the MAP CLASP™)
or toincreased tubulin loss from the lattice followed by the subse-
quent incorporation of new tubulin (that is, self-repair, a phenom-
enon observed, for example, for molecular motors” ™ and severing
enzymes™). To distinguish between these two possibilities, we exam-
ined microtubule fracture as a result of tubulin loss. We grew capped
microtubules (Fig. 3a, stepslandIl) and thenimaged themin the pres-
ence of 0 nMor 20 nM of tau, but without free tubulin (steps llland V).
Figure 3b shows an exampleimage sequence of amicrotubule fracture

event. We found that tau significantly slowed down microtubule frac-
ture compared with the control without tau (Fig. 3c), implying that tau
does not cause increased tubulin loss.

Tauincreases lattice anisotropy

The slowdown of microtubule fracturein the presence of tau indicates
anincreased lattice stability compared with the control case. However,
wheninspecting the longitudinal damage extension before fracture,
we found that tau considerably increased the size of damage compared
with the case without tau (Fig. 4a,b). Such enhanced growth of longi-
tudinal damage size in the presence of tau can only be reconciled with
anincreased survival time when lateral fracture propagation across
protofilaments is, at the same time, slowed down relative to longi-
tudinal propagation. This reasoning prompts the following thought
experiment: if the microtubule lattice was isotropic, damage would
spread laterally and longitudinally at the same speed (Fig. 4c, left).
Assuming that fracture occurs when all protofilaments are damaged
atany given positionalongthe microtubule, the expected damage size
atfracture would be about13 dimersinall directions. By contrast,inan
anisotropiclattice, where longitudinal inter-dimer bonds are stronger
than lateral ones, the damage would spread faster in the longitudinal
direction compared with the lateral direction, leading to anincreased
longitudinal damage size at fracture (Fig. 4c, right). We, therefore,
propose that the damage geometry, thatis, the observed longitudinal
damage size, is a direct readout of lattice anisotropy. In our experi-
ments, the observed longitudinal damage sizes, both in the absence
and presence of tau, are well above 1 um (Fig. 4b; substantially longer
than the length of 13 tubulin dimers with a size of 8 nm each), indicat-
ing an anisotropic microtubule lattice with stronger longitudinal than
lateralbonds. The longer extensions of the damage sizes observedinthe
presence of tau compared with the case without tau (Fig. 4a,b) indicate
that tau strengthens the longitudinal bonds even further.

Indeed, arecent high-resolution cryo-electron microscopy study
revealed that tau’s microtubule-binding domains bind along individual
protofilaments, each bridging an intra- and an inter-dimer contact,
potentially strengthening longitudinal tubulin interactions®. To test
this, we performed coarse-grained (CG) molecular dynamics (MD) sim-
ulations of atau microtubule-binding domain on three longitudinally
connected alpha-/beta-tubulin monomers and used umbrella sam-
pling (US) to compute the free-energy profile along the dissociation
of alongitudinal dimer-dimer contact (Fig. 4d). Here the free-energy

Fig.2 | Tau stimulates tubulin exchange at defects. a, Experimental setup

to visualize microtubule fracture after tubulin incorporation. Microtubules
were grown with green-labelled tubulin (step I) and capped (step II) before
incubation with 20 nM of tau and red-labelled tubulin (step IlI). Then, the
solution was replaced with a buffer without Taxol (step IV) and immediately
imaged for 50 min (step V). b, Left: example images showing a microtubule
that developed a kink (arrow) at an incorporation stretch (red, star) before
fracture at this site. Scale bar, 3 pm. Right: microtubule fracture occurred
more frequently at tubulin incorporation sites thanis to be expected based on
incorporation lengths compared with the total microtubule length. Here 26
microtubules were analysed in three independent experiments. For additional
datawith unlabelled microtubules, see Extended Data Fig. 3. ¢, Left: example
images showing a label-free microtubule (imaged with interference reflection
microscopy) developing a kink (white arrow) at anincorporation stretch (red,
star, imaged with wide-field fluorescence microscopy) in the absence of free
tubulin before fracture. Scale bar, 3 pm. The corresponding image sequence
isshown in Extended Data Fig. 3. Right: microtubule fracture occurred more
frequently at tubulin incorporation sites than is to be expected based on
incorporation lengths compared with the total microtubule length. Here 25
microtubules were analysed in five independent experiments. d, Example
images showing that the incorporation stretch (top and bottom panels; red,
star) disintegrated before the microtubule developed a kink (top panel,
green, arrow) and disassembled. Scale bar, 3 pm. e, Example images of tubulin
incorporation after 30 min (red, stars) into the microtubule lattice (green),

averaged over at least five consecutive time points, with fluorescence profile
plotsinthe absence (left) and presence (right) of 20 nM of tau. Scale bars, 3 pm.
f, Estimation of the amount of lateral tubulin loss from the lattice. Top: lattice
fluorescence atincorporation stretches is normalized to the fluorescence

of the lattice next to the incorporation stretches (Methods). Bottom:
normalized lattice fluorescence in the absence and presence of 20 nM of tau
after 15-and 30-min incorporation time. For a lattice with 13 protofilaments, a
normalized fluorescence of 0.85 corresponds to a lateral tubulin loss over two
protofilaments. Black lines represent the medians. P=0.0076 and P= 0.0082
for 0 nM-15 min versus O nM-30 min and 20 nM-15 min versus 20 nM-30 min,
respectively. Three different experiments were analysed per condition. The
table shows the median intensities and IQRs. n denotes the number of analysed
incorporation stretches. Statistics: two-sided unpaired ¢-tests. g, Estimation
of the amount of lateral tubulin incorporation into the lattice. Top: example
image of anincorporation stretch (star) and the microtubule tip consisting of
red-labelled tubulin. The fluorescence of incorporated tubulin at incorporation
stretches is normalized to the fluorescence of the tip (Methods). Scale

bar, 3 pm. Bottom: normalized incorporation fluorescence in the absence

and presence of 20 nM of tau. For a13-protofilament lattice, a normalized
fluorescence intensity of 0.15 corresponds to lateral tubulin incorporation
over two protofilaments. Black lines represent the medians. Three different
experiments were analysed per condition. P = 0.0012 (two-sided Mann-
Whitney test). The table shows the median intensities and IQRs. n denotes the
number of analysed incorporation stretches.
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Fig. 3| Tau stabilizes microtubules against fracture. a, Experimental setup

to quantify microtubule fracture in the absence of free tubulin. Microtubules
were grown with GTP-tubulin (step I) and capped with GMPCPP-tubulin
(stepII). Then, they were incubated with or without 20 nM of tau in the absence
of free tubulin (step Il) and immediately imaged for 50 min (step IV). b, Image
sequence showing a microtubule developing a damaged region, which is visible
due toreduced green fluorescence (arrow) resulting from the loss of tubulin

from the lattice. The microtubule eventually broke along the softened region
and disassembled. Scale bar, 3 pm. ¢, Survival curves showing that microtubule
survivalincreasesin the presence of tau. For 0 nM of tau, 83 microtubules were
analysed in five independent experiments. For 20 nM of tau, 65 microtubules
were analysed in four independent experiments. The differences in survival are
statistically significant (P < 0.0001), based on alog-rank (Mantel-Cox) test.

minimum at a distance of approximately 4 nm corresponds roughly to
the known equilibrium state’**°, As shown by the difference between
thedarkandlightblue curvesinFig.4d, thebinding free energy islower
inthe presence of tauthaninits absence. Although the approximations
underlying our CG simulations do not permit a precise quantification
of the difference in binding free energies with and without tau, they
strongly suggest that tau stabilizes longitudinal dimer-dimer contacts,
probably affecting lattice anisotropy.

To experimentally investigate the effect of tau on lattice anisot-
ropy, we utilized tubulinincorporation as areadout for the preceding
tubulinloss. Weincubated capped green microtubulesinatubulin-free
buffer for a short duration (5 min) in the presence or absence of
tau (Fig. 4e). Subsequently, we introduced red tubulin to allow for
self-repair of the lattice sites that experienced tubulin loss. Compared
with the microtubule fracture experiments reported above, where
the damage size was recorded at the time of complete breakage for
each microtubule, here we assessed the microtubule damage at the
same time for all microtubules (in the absence and presence of tau).
We indeed observed longer tubulin incorporation stretches (Fig. 4g)
spanning fewer protofilaments (Fig. 4h) when tau was present in the
tubulin-free buffer. Taken together, these results indicate that tau
increases lattice anisotropy.

Numerical modelling confirms multiple effects of
tau on the microtubule lattice

Thus far, we have experimentally established that tau (1) increases tubu-
linexchange at the lattice defects; (2) overall slows down microtubule
fracture; and (3) increases the lattice anisotropy, suggesting that tau
has multiple effects onthe microtubule lattice. We, therefore, aimed to
determine the most parsimonious explanation for these experimental

observations. To that end, we developed a semiquantitative kinetic
Monte Carlo model for the microtubule lattice*?**°* that captures
therelevant time-and length scales with aminimum set of parameters
(Fig. 5a; the model descriptionin the Supplementary Information pro-
vides further details and model parameters). Most importantly, we
model the dynamics of monomer vacancies thatlead to seam disloca-
tions, which are the most frequent defects in vitro and which may lead
to the creation of additional A-lattice contacts (multi-seam structures®).
Onthe basis of the available structural information®, we introduce two
distinct types of monomer vacancy, denoted as V, and V, (Fig. 5a). For
V,-type defects, an existing A-lattice seam undergoes a lateral shift by
one protofilament. By contrast, V,-type defects generate two additional
A-lattice seams within a B-lattice, extending either towards the plus
or minus end of the microtubule, denoted as V,, and V,_, respectively.
Neighbouring dimers interact via bond energies (AG, <0 and AG,< 0
for longitudinal and lateral contacts, respectively) and are defined
by the lattice anisotropy A = AG,/AG, and the total binding energy
AG,,=2(AG, + AG,). The seam and seam dislocations are character-
ized by the following properties. (1) Since A-lattice contacts lead toan
increased lateral opening between the protofilaments* and microtu-
bules exhibiting ectopic A-lattice seams depolymerize atanaccelerated
rate®, we assign a weak destabilization AGs > O to the lateral A-lattice
contacts compared with B-lattice contacts. (2) Seam dislocations
induce asharpshiftinthelattice structure on the scale of afew tubulin
dimers. Insolid mechanics, itis well established that defects distort the
lattice structure of highly ordered materials and are associated with
anon-local stress field for various systems ranging from metals® to
colloidal crystals®. Therefore, we assign aweak destabilization AG, > 0
tothe dimersaround the seam dislocations that we limit to the nearest
neighbours for simplicity and which we refer to as the ‘defect energy’.
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Since the dynamics of tau (for the dwell time and diffusion con-
stant, see Extended Data Fig. 1 and Supplementary Information) is
much faster thanthelattice dynamics, the presence of tau on the micro-
tubulelatticeis modelled by effectively modulating the binding energy
(AG,,) and lattice anisotropy (A) compared with the bare lattice. The
lateral destabilization of A-lattice contacts compared with B-lattice
contacts AGs (point (1) above) and the defect energy AG, (point (2)
above) are unaffected by tau. To determine the lattice parameters rel-
evant to our experiments, we used numerical simulations (Fig. 5Sb-e)
toreplicate the observed fracture behaviour. We found that although
stabilizing longitudinal dimer contacts (AG,) increases the damage size
at fracture (Fig. 5¢), achieving agreement with our experimental data
and avoiding anexponential increase in fracture time (Fig. 5d) requires
asimultaneous decrease in the stability of lateral contacts. Ultimately,
our model (Fig. 5e) reproduces the experimentally observed increase
infracture time (Fig. 3¢) and longitudinal damage spreading (Fig. 4b)
inthe presence of tauby incorporating anincreasein lattice anisotropy
Afrom1.5to2.1and aslight net stabilization of the lattice (—0.2 kT for
AG,,. =36 kT).Next, we used the two estimated lattice parameter sets
(AG,,. and A) to investigate tubulin incorporation at defect sites with
our model. V, defects are longitudinally symmetric with respect to
the presence of A-lattice contacts (Fig. 5f, top). As continued tubulin
loss and incorporation occur, they move mainly diffusively along a
protofilament (Extended Data Fig. 4). By contrast, V, defects exhibit
amainly ballistic motion due to their longitudinal asymmetry (Fig. 5f
(bottom) and Extended DataFig.4). Thus, V, defects generally produce
longer tubulinincorporation stretchesthanV, defects (kymographsin
Fig.5g,h (left)). Inour model, inthe presence of tau, the incorporation
stretchesatV,andV, defectsitesarelonger thanin the absence of tau,
whichisadirect consequence of the increased lattice anisotropy that
favours the loss of dimers adjacent to the defect in the longitudinal
direction (Fig. 4c). Note that the accelerated defect dynamics in the
presence of tau leads to asmall advective bias towards the microtubule
plus end. This effect results from the different mechanisms of GTP
hydrolysis of the tubulin 3-subunit at the microtubule plus and minus
ends and manifests itself most importantly for V, defects. It is also
responsible for a small difference in the propagation speed between
V,.andV,_defects, leading to slightly different incorporation lengths
attheend of the observation time (Fig. 5h, left).

Finally, we have simulated the incorporation of free tubulin into
microtubules with randomly placed defects. The first peak in the his-
togram of incorporation lengths (Fig. 5h, top right) in the presence
of tau at around 0.5 pm can be attributed to V, defects, whereas the

second peak at around 1.5 pm stems mostly from faster-moving V,
defects. This bimodal distribution is also present in the experimental
data (Fig. 5h, right bottom). These results indicate that tau accelerates
lattice dynamics for both V, and V, defects, leading to longer tubulin
incorporation stretches than in the control without tau within the
studied observation times.

Taken together, our simple model can explain the multiple effects
of tau observed in our experiments when assuming that tau leads to
weak stabilization (-0.2 kT) of the perfect microtubule lattice, whereas
it considerably enhances the lattice anisotropy from A=1.5 in the
absence of tau to A =2.1in the presence of tau. Moreover, our model
recapitulates that the effects of tau on microtubule stability depend
on free tubulin levels: it slows down fracture in the absence of free
tubulin, yet promotes defect mobility along protofilaments in the
presence of free tubulin.

Does tau promote the elimination of defects from
the microtubule lattice?

The above-described enhanced defect mobility in the presence of
tau is predicted to increase the probability for defects to meet and
anneal in a given time interval (Fig. 6a, top). In addition, ballistically
moving V, defects may propagate until they reach the end of the
non-stabilized microtubule, leaving behind a repaired trace (Fig. 6a,
bottom). To test this prediction experimentally, we incubated green
capped microtubules with unlabelled tubulinin the presence of 0 nM
or20 nM oftau for 30 min to allow defects to anneal or move to the end
ofthe non-stabilized lattice (Fig. 6b, steps I-1l). We then incubated the
microtubules withred-labelled tubulin in the absence of tau for 15 min
(step IV) before washout (step V). Although we found no significant
difference in the lengths of incorporation sites, the tau-incubated
microtubules showed a significant decrease in the spatial frequency
ofincorporations (Fig. 6¢). Since the chance for defects to travel to the
end ofthe non-stabilized lattice is higher the shorter amicrotubuleis,
we separated our results according to the lengths of the non-stabilized
microtubule parts. Indeed, we found a pronounced effect for lengths
upto10 uminthe presence of tau, where the median distance between
incorporation sites increased more than twofold from 20.3 pmin the
control (without tau) to 51.1 um (Fig. 6d). Our results, thus, support
the model’s prediction that tau enhances defect mobility. To further
strengthen our conclusions and confirm that defect motion underlies
tubulinincorporation, we performed two-colour tubulinincorporation
cyclesinaseparate experiment (Fig. 6e). We incubated far red-labelled
capped microtubules (steps I and II) first with green-labelled tubulin

Fig. 4| Tauincreases lattice anisotropy. a, Example image sequence of a
microtubule fracture event showing the longitudinal spreading of the damaged
region (region of reduced fluorescence, white arrows) in the presence of tau.
Scale bar, 3 pm. b, Lengths of the damaged lattice regions before fracture are
increased in the presence of tau. Five and four different experiments were
analysed for 0 nM and 20 nM of tau, respectively. The table shows the medians
and IQRs of the lengths of the damaged lattice regions. n denotes the number
ofanalysed microtubules. ¢, Left: in anisotropic lattice, the damaged region
propagates longitudinally and laterally at the same rate. Right: in an anisotropic
lattice with stronger longitudinal than lateral bonds, tubulin loss along the
longitudinal direction is favoured. d, Tau stabilizes longitudinal dimer-dimer
contacts. Free-energy profiles for tubulin dissociation in the presence (dark blue
curve) and absence (light blue curve) of tau as a function of the centre-of-mass
distance between adjacent monomers. In the presence of tau, the binding affinity
along the longitudinal dissociation of tubulin dimer and monomer is stronger
thanin the absence of tau. The shaded areas represent the standard error of the
mean. The inset shows the structure of tau (magenta) interacting with three
tubulin monomers (green, top view) with a single monomer depicted in both
associated and dissociated states from the microtubule-tau complex.

e, Experimental setup to confirm that tau reduces tubulin loss in the absence

of free tubulin. Microtubules were grown with green-labelled tubulin (step I)

and capped (step I1). They were then incubated with or without 20 nM of tau in
the absence of free tubulin for 5 min (step I11), followed by a15-min incubation
step withred-labelled tubulinin the absence of tau (step 1V). Microtubules

were imaged after the washout of free tubulin (step V). f, Example images and
fluorescence profile plots showing tubulinincorporation (red, stars) into
microtubules (green) after a 5-minincubation step in the absence of free tubulin
(without or with 20 nM of tau). Scale bars, 5 pum. g, Tubulin incorporation sites
are longer (top left; P < 0.0001) but equally spaced (top right, P= 0.4729) in

the presence of 20 nM of tau compared with the control, leading to an overall
increase in the microtubule length fraction with tubulinincorporation (bottom).
Black lines represent the medians. More than 1,700 pm of microtubule length
was analysed in three independent experiments per condition. The table
(middle) shows the medians and IQRs from the graphs; n denotes the number of
analysed incorporation stretches. Statistics: two-sided Mann-Whitney tests.

h, Estimation of the amount of incorporated tubulinin an incorporation stretch.
The normalized fluorescence of incorporated tubulin, as explained in Fig. 2g,

is shown here. Three different experiments were analysed for both O nM and

20 nM of tau. Black lines represent the medians. P= 0.0012 (Mann-Whitney
test). The table shows the medians and IQRs; n denotes the number of analysed
incorporation stretches.
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observedincorporationstretchesintofour groups: adjacent (greenand  and Extended Data Fig. 5). If our model is correct, most incorpora-
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Fig. 5|Kinetic Monte Carlo model. a, Kinetic Monte Carlo model of a
microtubule, depicting the 13-protofilament, three-start helix structure

and monomer vacancies (V;, V,,and V,_), where V,, and V,_denote the seam
orientation towards the plus and minus ends, respectively. Kinetic transitions
(attachment, detachment and hydrolysis) and energetic contributions (binding
energies AG,, AG,, total AG,,.and anisotropy A, seam destabilization AGs and
defect destabilization AG,) govern the dimer detachment kinetics viaKramer’s
theory. b, Simulated kymographs of the fracture of end-stabilized 10-um-long
microtubulesin the absence of free tubulin in the absence (top) and presence of
tau (bottom). The positions of V,and V,, defects are marked by > and 1 arrows,
respectively. Scale bars, 2 um (vertical); 1 min (horizontal). The colour code
indicates the number of intact protofilaments (PF). Parameters are AGs = 0.5 kT,
AG,,,=-36 kT,A=1.5(absence of tau) and AG,,, = -36.2 kT, A = 2.1 (presence of
tau), asindicated in Supplementary Table 2. ¢,d, Simulated longitudinal damage
size atfracture (c) and time to fracture (d) depending on the lattice anisotropy
Aby increasing the longitudinal binding energy AG, at constant lateral binding
energy AG, and for a constant total binding energy AG,,, = —36 kT (A increases by
longitudinal stabilization and lateral destabilization). The dashed lines indicate
the order of magnitude of the longitudinal damage sizes and fracture times
measured in the experiments. The total lattice energy in cis AG,,, = =36 kT for
A=1.5.The symbols correspond to the medians, and the error barsindicate the
IQR.n=1,000 for each symbol. e, Left: simulated survival curves of end-stabilized
microtubules in the absence of free tubulin as well asin the presence (dark

blue) and absence (light blue) of tau. The curves show the survival of n=1,000
microtubules of 10-pm length with randomly placed defects (frequency,

0.15 pm™; Supplementary Information). Right: simulated longitudinal damage
size at complete microtubule fracture (that is, when damage laterally spans 13

protofilaments). Dark (light) blue denotes the simulations with (without) tau.
Horizontal lines and boxes indicate the medians and IQRs. Whiskers extend to
the most distant point whose value lies within 1.5 times the IQR. Points lying
outside the whiskers are drawn individually. f, Schematic of defect motion

via dimer detachment and attachment. Propagation of V, and V,, defects is
indicated by the horizontal grey arrows. g, Simulated kymographs of dimer
attachment (incorporation) dynamics into end-stabilized microtubules. The
positions of V,, V,, and V,_defects are marked by >, 1 and \ arrows, respectively.
Scale bars, 2 um (vertical), 1 min (horizontal). The colour code indicates the
number of exchanged protofilaments. Parameters are the same asindicated in
b, with AG, =1.25 kT (Supplementary Table 2). To compare the simulated results
withexperiments, the longitudinal positions of the incorporated dimers were
convoluted with a point spread function (Supplementary Information). h, Length
and frequency of incorporation stretches. Left: incorporation length depending
onthedefecttype (V,, V,,and V, ) in the presence of tau (dark blue) compared
with the control in the absence of tau (light blue) after 15 min. The sample
sizeisn =100 for each defect type and condition. Horizontal lines and boxes
indicate the medians and IQRs. Whiskers extend to the most distant point whose
value lies within 1.5 times the IQR. Points lying outside the whiskers are drawn
individually. Top right: simulated distribution of incorporation lengths (>300 nm
to match the experimental limit of detecting incorporations; Supplementary
Information) after 15 minin the presence (dark blue) and absence (light blue)
oftau for n=1,000 microtubules of 10 um length with randomly placed defects
(frequency, 0.15 um™’; Supplementary Information), showing a bimodal
distribution in the presence of tau. Bottom right: experimental distribution of
incorporation lengths. The data correspond to those shown in Fig. 1d.

amoving defect, or only green stretches, suggesting that the defect
annealed withanother or reached the end of the non-stabilized micro-
tubule segment within the first 15 min. Strikingly, 50% of the observed
incorporations show adjacent green and red stretches, whereas 25%
contained only green from the first cycle (Fig. 6g). An additional 14%
showed overlapping stretches. In 11% of cases, we observed only red
stretches, which may reflect diffusively moving defects that erased
the green stretches fromthe first cycle. These results strongly support
the idea that tau-driven defect mobility promotes the elimination of
defects from the microtubule lattice.

Figure 6h illustrates our current understanding of tau-induced
modificationsinthe microtubulelattice and its consequences on tubu-
linturnover. Our experimental findings reveal that tau enhances lattice

anisotropy and provides aslight stabilization against microtubule frac-
ture. MD and kinetic Monte Carlo simulations strongly indicate that this
increased anisotropy results from the strengthening of longitudinal
and concurrent weakening of lateral inter-dimer contacts, leading to
only a modest overall stabilization of the intact lattice. In particular,
this change in anisotropy accelerates the longitudinal movement of
topological lattice defects, thereby increasing tubulin turnover.

The proposed modifications in tubulin bond energies by tau
align withthe previous descriptions of tau slowing down microtubule
depolymerization?’ and may also account for the previously observed
increase in microtubule stiffness in the presence of tau®*°,

Interestingly, arecentstudy reported thattauincreases the number
of lattice defects when present during microtubule polymerization®.

Fig. 6 | Tauincreases defect mobility. a, Example representation of the
elimination of two V, lattice defects via annealing (top) and a V,, defect via
motion up to the microtubule extremity (bottom). b, Experimental setup to
visualize tubulin incorporation after an initial 30-min tubulin incorporation step
inthe presence or absence of tau. Microtubules were grown with green-labelled
tubulin (step I) and capped (step II) before incubation with unlabelled tubulin
inthe presence or absence of 20 nM of tau for 30 min (step I1I). This initial
incorporation step was followed by an additional 15-min incorporation step in
the presence of red-labelled tubulin and in the absence of tau (step IV) before
washout and imaging (step V). ¢, Incorporation lengths (top left, P= 0.2715)

and distances between incorporation stretches (top right, P= 0.0015). Black
lines represent the median. Orange lines represent the median values from
Fig.1d (incorporation length and distance between incorporations for 0 nM of
tau) as reference. The resulting tubulin incorporation lengths are comparable
between the samples, but the control sample shows slightly more frequent
tubulinincorporations (>3,000 um of microtubule length was analysed from
three independent experiments per condition). Bottom: table showing the
median values and IQRs from the graphs. n denotes the number of analysed
incorporation stretches. Statistics: two-sided Mann-Whitney tests. d, Top:
distances between tubulinincorporation stretches from the graph on the left
were binned according to the microtubule length, showing a marked increase for
short (0-10 pm) microtubules in the presence of tau. Black lines represent the
median. The orange line represents the median from Fig. 1d (distance between
incorporation stretches for O nM of tau) as reference. P=0.3664 and P < 0.0001
for 0 nM and 0-10 pm versus O nM and >10 pum, and 20 nM and 0-10 pm versus

20 nM and >10 pm, respectively (two-sided Mann-Whitney tests). Bottom: table
showing the median values and IQRs from the graph. n denotes the number of
analysed incorporation stretches. e, Experimental setup to visualize tubulin
incorporation in two consecutive cycles. Microtubules were grown with far
red-labelled tubulin (step I) and capped (step II) before incubation with green-
labelled tubulinin the presence of 20 nM of tau for 15 min (step IlI). This first
incorporation cycle was followed by a second 15-min incorporation cycle in
the presence of red-labelled tubulin and 20 nM of tau (step IV) before washout
and imaging (step V).f, Classification of tubulin incorporation in four different
groups: adjacent, primary (first cycle only), secondary (second cycle only) and
overlapping (overlaying stretches). Scale bars, 5 pm. For further examples of
dual-colour tubulinincorporation, see Extended Data Fig. 5. g, Quantification
of 468 incorporation stretches from three samples. h, Conceptual model of
the multiple effects of tau on microtubule lattice dynamics. On the basis of

our experimental results and numerical simulations, we propose a model in
which tauincreases the anisotropy of tubulin bond energiesin the lattice by
strengthening longitudinal bonds and weakening lateral bonds. Overall, tau has
astabilizing effect on the intact lattice, which is consistent with the previously
observed reduction in the microtubule depolymerization speed. At the lattice
defects, tau increases the exchange of tubulin dimers; the above-mentioned
changes in tubulin bond strengths are sufficient to explain this effect. In this
way, tau accelerates the mobility of defects, driving them to the microtubule
end or to mutual annihilation and, thus, contributing to healing lattice defects.
MT, microtubule.
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Although the origin of this effect is not yet clear, it suggests that tau
plays different roles during microtubule polymerization and after
microtubule growth. During polymerization, tau may stabilize alter-
native lattice configurations, whereas after microtubule growth, our
observationsindicate that tau accelerates the mobility of lattice defects
and ultimately facilitates their removal. Once the lattice defects are
removed, tau functions as a genuine microtubule stabilizer. Thus,
tau acts as a versatile caretaker of the microtubule lattice, capable of
promoting dynamic repair processes and maintaining lattice stability.

Our finding that tau, despite being a passive microtubule binder
lacking enzymatic activity, facilitates the removal of lattice defects by
accelerating tubulin turnover at the defect sites adds to the growing
diversity of MAP-mediated interactions with the dynamic microtubule
lattice’. In contrast to molecular motors, which can actively damage
the lattice ™, or severing enzymes such as spastin and katanin that
amplify such damage', tau promotes defect resolution. Other MAPs
alsorespond tolattice discontinuities: CLIP-170 (ref. 5) and CLASP", for
example, track microtubule plus endsbut canalso localize to damage
sites—probably through the recognition of the transient presence of
GTP-tubulinat these sites—and contribute to microtubule stability by
promoting rescue and enhancing self-repair. The ability of tau to modu-
late lattice integrity by increasing defect mobility highlights a distinct,
non-enzymatic mode of microtubule regulation. This mechanism may
contribute to tau’s physiological role in neurons, helping to preserve
long-lived, defect-free microtubules that serve as durable tracks for
intracellular transport.
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Methods

Molecular cloning, expression and purification of tau

The gene coding for Tau2N4R was amplified by polymerase chain
reaction using the primers flanked with the restriction sites Notl and
Ascl at the 5 (AATAATAACATGCGGCCGCAA TGGCTGAGCCCCGCC)
and 3’ (AATAATAACATGGCGCGCCCAAACCCTGCTTGGCCAG) ends,
respectively. The resulting product was inserted in the FlexiBac*
vector backbone with either C-terminal monoGFP followed by 3C
protease cleavage site and 6xHistidine tag or without the fluores-
cent monoGFP tag. The construct sequences were then confirmed
by digestion and sequencing. Plasmid vectors with the tau2n4r gene
wasthen co-transfected with areplication-defective bacmid DNA into
Sf9 cells. Homologous recombination between flanking sequences
in both piece of DNA introduces the gene of interest into the viral
genome and rescues viral replication and subsequent amplification
inSf9insect cells. For protein expression, SF9 cells were infected with
recombinant passage 2 viruses with aratio of 1:100 (v/v) and harvested
72 h post-infection by centrifugation at 500g for 10 min. The harvested
cells were resuspended in the lysis buffer (25 mM of HEPES, 150 mM
of KCI, 5% glycerol, 0.1% Tween 20 (v/v), 20 mM of imidazole, 1 mM
of TCEP and 1x protease inhibitor cocktail (cocktail Il Merck calbio-
chem, 535140)). Cells were then lysed using Emulsiflex-C5 (Avestin).
All further steps were then performed at 4 °C or under ice. The lysate
was then spun at 186,000g for 45 min. The supernatant was filtered
through a 0.45-pum syringe filter and passed through a 1-ml His-trap
column (29051021, Cytiva) pre-equilibrated with ten-column volume
of equilibration buffer (50 mM of HEPES, 300 mM of KCl, 5% glycerol,
0.2% Tween 20 (v/v), 20 mM of imidazole, 1 mM of TCEP, pH 7.2). The
protein was then eluted by passing the elution buffer (equilibration
buffer supplemented with 200 mM of imidazole). The 6xHistidine
tag wasthenremoved by incubating the eluted fractions with PreScis-
sion protease (3C HRV protease, 1:100, 1 ug of enzyme per 100 pg of
protein, overnight at 4 °C). Protease-treated protein fractions were
then concentrated using Amicon spin filters (molecular weight cut-off,
30 kDa) with buffer exchanged to equilibration buffer. The protein of
interest was further purified by size exclusion chromatography using
Superdex 200 Increase (28990944, Cytiva) column with an AKTA Pure
chromatography system (GE Healthcare) in a storage buffer (25 mM of
HEPES, 150 mM of KCI, 5% glycerol, 0.1% Tween 20 (v/v),1 mM of TCEP,
pH7.2). Collected peak fractions were concentrated using Amicon Ultra
30K (Millipore), aliquoted and then snap-frozenin liquid nitrogen and
stored at —80 °C.Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis was used to determine the purity of isolated proteins and for
protein concentration estimation by running serial dilutions of BSA
(1mg ml™) alongside appropriate dilutions of the proteins ona4%-12%
BisTris sodium dodecyl sulfate-polyacrylamide gel electrophoresis
precast gelin MOPS buffer (Life Technologies), stained with Coomassie
for 60 minand destained in distilled water. Stained gels wereimagedin
animagingstation (c300, Azure Biosystems). The integrated intensity
of the protein bands of interest was quantified using the ‘Gels’ tool in
Fiji*’. Linear fitting of the integrated intensity versus concentration of
BSA provided acalibration curve, which was then used to estimate the
concentration of desired proteins.

Tubulin purification and labelling

Tubulin was purified from fresh bovine brain by three cycles of
temperature-dependent assembly and disassembly in Brinkley Buffer
80 (BRB8O buffer; BRB buffer: 80 mM of PIPES, pH 6.8, 1 mM of EGTA
and1 mM of MgCl, plus1 mM of GTP). MAP-free neurotubulin was puri-
fied by using low- and high-salt buffer (high-molarity PIPES buffer) in
1MofPIPES, pH 6.9, supplemented with KOH, 10 mM of MgCl,,20 mM
of EGTA and subsequent cation-exchange chromatography (EMD SO,
650 M, Merck) in 50 mM of PIPES, pH 6.8, supplemented with 1 mM of
MgCl,and 1 mM of EGTA. Purified tubulin was obtained after, in total,
three cycles of polymerization and depolymerization. Fluorescent

tubulin (ATTO-488- and ATTO-565-labelled tubulin) and biotinylated
tubulin were prepared as previously described*: microtubules from
neurotubulin were polymerized at 37 °C for 30 min and layered onto
cushions of 0.1-M NaHEPES, pH 8.6, 1-mM MgCl,, 1-mM EGTA and 60%
v/vglycerol, and sedimented by high centrifugation at 37 °C. Then, the
microtubules were resuspendedin 0.1 M of NaHEPES, pH 8.6,1 mM of
MgCl,, 1 mM of EGTA and 40% v/v glycerol, and labelled by adding 1/10
volume of 100-mM NHS-ATTO (ATTO Tec) or NHS-LC-LC-biotin (EZ-link,
Thermo) for10 min at 37 °C. The labelling reaction was stopped using
two volumes of 2x BRB80, containing 100 mM of potassium glutamate
and 40% v/v glycerol, and then the microtubules were sedimented onto
cushions of BRB80 supplemented with 60% glycerol. Microtubules
were resuspended in BRB80, and anadditional cycle of polymerization
and depolymerization was performed before use.

Cover-glass treatment

The micropatterning technique was adapted from ref. 44. Cover
glasses were cleaned by successive chemical treatments: 30 min in
acetone, 15 min in ethanol (96%), rinsing in ultrapure water, 2 h in
Hellmanex I11 (2% in water, Hellmanex) and rinsing in ultrapure water.
Cover glasses were air dried and incubated for 3 days in a solution of
tri-ethoxysilane-PEG (30 kDa, Creative PEGWorks) or a 1:10 mix of
tri-ethoxy-silane-PEG-biotin and tri-ethoxy-silane-PEG at 1mg mlin
96% ethanol and 0.1% HCI, with gentle agitation at room temperature.
Cover glasses were then successively washed in ethanol and ultrapure
water, air dried and stored at 4 °C.

Microtubule growth, capping and tubulin incorporation
Microtubule seeds were prepared at 10-puM tubulin concentration (30%
ATTO-488-labelled or ATTO-565-labelled tubulinand 70% biotinylated
tubulin) in BRB80 supplemented with 0.5 mM of GMPcPP at 37 °C for
1h.Theseeds wereincubated with 50 uM of paclitaxel (Merck) at room
temperature for 30 min and then sedimented at156,000gat 25 °C and
resuspended in BRB8O supplemented with 0.5 mM of GMPcPP and
50 pM of paclitaxel. Seeds were stored in liquid nitrogen and quickly
warmed to 37 °C before use.

Aflow-cell chamber with an approximate volume of 40 plwith an
entry and exit site was constructed with double-sided adhesive tape
with aglass coverslip functionalized and passivated with SiPEG (top) or
SiPEG and SiPEG-Biotin (9:1, bottom). The flow chamber was perfused
for 30 s with neutravidin (50 pg ml™ in 1x BRB8O; Fisher Scientific),
passivated for 30 s with PLL-g-PEG (P11 20 K-G35-PEG2K, Jenkam Tech-
nology) at 0.1 mg ml™in10 mM of NaHEPES (pH 7.4) and washed again
with 1x BRB80. Microtubule seeds were flushed into the chamber at a
high flow rate to ensure the parallel orientation of seeds to the flow
direction. Non-attached seeds were washed out immediately using
BRB8O0 supplemented with1 mg ml™ of casein.

Seeds were elongated withamix containing 11 pM of tubulin (5% to
20%labelled, green fluorescent) in 0.7x BRB80 and 0.38x MAP buffer
(500 mM of phosphate buffer, 1M of KCI, 10 mM of DTT, pH 7.9) sup-
plemented with 1 mM of GTP, an oxygen scavenger cocktail (22 mM
of DTT, 1.2 mg ml™ of glucose, 8 pg ml™ of catalase and 40 pg mi™ of
glucose oxidase), 1 mg ml™ of casein and 0.033% (w/v) methyl cellulose
(1,500 cP, Sigma) at 37 °C. GMPcPP caps were grown by substitut-
ing in the afore-mentioned buffer GTP with 0.5 mM of GMPcPP (Jena
Bioscience) and using 3 pM of tubulin (100% fluorescently labelled)
at 37 °C. Capping extends the microtubule lifetime and allows for
the examination of lattice turnover over a period of several minutes
despite the dynamicinstability in vitro. Forincorporation experiments,
the same buffer as for seed elongation was used, supplemented with
8 uM of tubulin (100% fluorescently labelled) along with 0 nM, 0.5 nM
or 20 nM of 2N4R-GFP tau or unlabelled 2N4R tau diluted in 1x BRB8O.
Microtubules were incubated in this buffer for 15 min or 30 minat 37 °C
before replacing it with a washing buffer (with the same buffer as that
for seed elongation with 50 uM of paclitaxel and without free tubulin)
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for imaging. For fracture experiments, a buffer containing the same
supplements but without Taxol and free tubulin was used. For tubulin
incorporationalong with fracture experiments, the firstincorporation
was performed as mentioned above bothinthe presence and absence
of tau and subsequently imaged microtubules in tubulin-free buffer
until fracture, as discussed earlier. In Extended Data Fig. 3, unlabelled
tubulin was used for microtubule elongation and the microtubules
were imaged by combining interference reflection microscopy with
epifluorescence microscopy. For the tubulin incorporation experi-
ments after a5-min washout phase (Fig. 4e-h), only those microtubules
that were aligned with the flow direction were analysed to minimize
flow-induced damage of the microtubules already weakened by the
preceding tubulin loss. Particular care was taken that the flow was
applied as gently as possible to further reduce potential flow-induced
damage. Visual inspection of the sample before and after flow was used
to confirm that the microtubules had not fractured.

Imaging and image analysis

Microtubules were visualized using a point scanning confocal
microscope (ZEISS LSM 900) with Airyscan 2 and Axiocam 705 cam-
era. The microscope stage was maintained at 37 °C through a cage
incubator (PECON). Time-lapse images were recorded using ZenBlue
software (v.3.2).

Microtubule fracture experiments were performed and visualized
on an objective-based orbital total internal reflection fluorescence
microscope (Nikon Eclipse Ti2, modified by ViSitron Systems) and an
electron-multiplying charge-coupled device camera (Andor iXon Life)
at minimal laser intensity. The microscope stage was maintained at
37 °C using a warm stage controller (OkoLabs). Time-lapse recording
was performed using VisiView software (v. 6.0).

To visualize incorporation, images were typically taken every
0.5 s, and five images were overlaid and averaged. Line scans of
thered fluorescence intensity along the microtubule (Fig. 1c) were
used toidentify the stretches of incorporated tubulin. Stretches of
tubulinincorporation were identified as corresponding to zones of
fluorescent intensities that were at least 2.5 times above the back-
ground. Incorporation lengths were measured using the full-width
at half-maximum of the intensity profiles; only incorporation
stretches of atleast 300-nm length were taken into account, based
ontheresolutionlimit of the microscope. For fracture experiments,
images were taken every 5s. Videos were processed to improve the
signal-to-noise and signal-to-background ratios (smooth and sub-
tract background functions of Image] (v.1.54j)). Lengths of damaged
regions were determined by line scans along the microtubules in
the frame just before fracture; regions corresponding to a drop of
at least 50% of the fluorescence intensity of the intact lattice were
considered damaged.

Quantification of the number of incorporated dimers in
incorporation stretches

To estimate the loss of lattice fluorescence atincorporation stretches
(normalized lattice fluorescence; Fig. 2f, bottom), we averaged the
green fluorescence signal over the length of anincorporation stretch
anddivided it by the averaged lattice fluorescence outside of the incor-
poration stretch on the same microtubule (Fig. 2f, top). We performed
this analysis for ten frames per incorporation stretch and averaged
the values. To estimate the lateral extent of tubulin incorporation
(normalized incorporation fluorescence; Fig.2g (bottom) and Fig. 4h),
we took the images from our incorporation experiments in which we
occasionally observed microtubule growth beyond the cap with100%
red-labelled tubulin and used it as the reference stretch (Fig. 2g, top).
Wethen divided the averaged red fluorescence intensity per length of
anincorporationstretch by thereference intensity per length measured
atthe cap. We performed this analysis for ten frames perincorporation
stretch and averaged the values.

Single-molecule photobleaching experiments and analysis

Tau proteins were diluted in cold 1x BRB8O to a concentration of a
few tenths of a micromole and centrifuged to remove aggregates
(10 min/4 °C/215,000gin Type 70 Tirotor (Beckman)). Before use, tau
proteins were further serial diluted to a final concentration of 50 pM.
In the flow chamber, 50 pl of the diluted 2N4R-GFP tau was perfused
for 5 min at room temperature. The chamber was then washed three
times with 100 pl of 1x BRB8O to remove unbound proteins and then
sealed with Valap. Images were recorded in the continuous streaming
mode for 2 min with 300-ms exposure time and high laser power to
photobleach theisolated molecules.

For analysis, a region of interest with uniform illumination was
selected, and the stack was cropped. The fluorescence intensity fluctua-
tions over time of each fluorescent tau molecule were obtained using
the Stowers Institute ImageJ plug-in (Extended Data Fig.1).

Single-molecule total internal reflection fluorescence
microscopy

Anobjective-based orbital totalinternal reflection fluorescence micro-
scope with single-fluorophore sensitivity was used for the detection
of fluorescently labelled microtubules and tau molecules. Seeds were
elongated with a mix containing 11 uM of tubulin (20% labelled with
ATTO-565) in 0.7x BRB80 and 0.38x MAP Buffer (500 mM of phosphate
buffer, 1M of KCI, 10 mM of DTT, pH 7.9) supplemented with 1 mM of
GTP, an oxygen scavenger cocktail (22 mM of DTT, 1.2 mg ml™ of glu-
cose, 8 ug ml™ of catalase and 40 pg ml™ of glucose oxidase),1 mg ml™
of caseinand 0.033% (w/v) methyl cellulose (1,500 cP, Sigma) at 37 °C.
GMPcPP caps were grown by substituting in the aforementioned buffer
GTPwith 0.5 mM of GMPcPP (Jena Bioscience) and using 3 pM of tubu-
lin (100% labelled with ATTO-565) at 37 °C. The assay buffer was sup-
plemented with a total of 20-nM 2N4R tau of which 50 pM was labelled
with GFP and free tubulin along with the same oxygen scavenger system
as mentioned above to minimize the bleaching of fluorophores. Addi-
tionally, atime-lapse video for 100 frames was recorded using the same
laser power and same exposure obtained during the single-molecule
photobleaching experiment. For kymograph reconstruction,each sam-
ple video of the motion of tau along the microtubules was converted
to successive stacks and eventually to a three-dimensional array of
greyscale data. This data array was then converted into abinary array
using anintensity threshold. Theislandsin this space-time configura-
tionwereidentified by the Hoshen-Kopelman cluster detection algo-
rithm. To eliminate background noise, small islands were identified
and removed by applying aminimum-island-size threshold. Each of the
remainingislands represented akymograph. The duration of diffusion
and the scanned distance by tau along the microtubule for each kymo-
graph were obtained by measuring the extent of the corresponding
island along the time and space coordinates. The diffusion coefficient
foreach kymographwas calculated using the corresponding duration
andscanned distance. The probability distributions of the duration of
diffusion and the diffusion coefficient were found to be well fitted by
anexponential and a Gaussian function, respectively. To calculate the
mean fraction of tau-covered microtubule lattice, we assumed that
each bound tau molecule connects five tubulin dimers.

Statistical methods

All statistical analyses were performed using GraphPad Prism 9.5. The
confocal-microscopy-observed microtubuleincorporation patternswere
examined by concatenating all microtubulesinrandomorder and deter-
miningthe centre-to-centre distance between two adjacentincorporation
locations. To test the significance between incorporation lengths and
distances betweenincorporationdistributions obtained for the various
conditionsaswell asfor the lengths of the damaged regions and number
of incorporated protofilaments, we used the Mann-Whitney (two-tailed)
testasanon-parametricalternativetoat-test, given that the distributions
are non-Gaussian. To analyse the differences in the normalized lattice
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fluorescence, we used an unpaired t-test, given that the distributions
appear Gaussian and with similar variances. Microtubule lifetime was
quantified by manually counting the microtubule number ateach frame
withinseveralfields of view, for 50 min. We used the Mantel-Cox log-rank
test to assess differences in microtubule survival curves.

CG MD simulations

To estimate the free energy associated with tubulindissociationin the
presence and absence of tau, we performed CG MD simulations. The
atomistic starting structure of tau, spanning three tubulinmonomers
(1apB-tubulin hetero-dimer, 1 3-tubulin monomer), was obtained from
the Protein Data Bank (PDB ID: 6CVN?*). The atomistic structure was
converted toa CG representation using the Martinize script** and mod-
elled with the Martini-3 force field*®. The structure of the monomers
was preserved using an elastic network between the backbone beads
(force constant, 700 k] mol™ nm™). The CG tau-tubulin complex was
placedinasimulation box with dimensions of 20 nm x 20 nm x 20 nm,
such that the microtubule would be oriented along the z axis. The box
was solvated with 62,508 standard Martini water beads and neutral-
ized by adding 50 Na* ions. The system was energy minimized using
the steepest-descent algorithm. During equilibration, Lennard-Jones
and Coulomb interactions were treated with a cut-off of 1.1 nm. The
temperature was maintained at 310 K using velocity rescaling®’ with
acoupling constant of 0.1 ps, whereas the pressure was maintained at
1bar usinganisotropic Berendsen barostat*® witha coupling constant
of 6 ps. Bonds were constrained using the LINCS algorithm*. Equili-
bration was performed for 20 ns withthe GROMACS 2021.1simulation
package’®, with position restraints applied only on tau.

The final structure from the equilibration was used to generate
starting configurations for US simulations. The reaction coordinate was
defined as the centre-of-mass distance between adjacent monomers. A
monomer was pulled away by 3 nmover 200 ns using an umbrella poten-
tial, where pullforces were applied only along the zdirection. A pull rate
of 1.5x107° nm ps™ and a force constant 0f 100,000 k) mol™ nm™ were
applied. During pullingand US simulations, we applied position-restraint
potentials to avoid rotations of the overall monomer and to avoid the
drifting of monomersinthex-yplane, because suchmotions could lead
tosampling problems. Accordingly, except for the interface residues of
theadjacent tubulinmonomers thatwere fully flexible (residues130-133,
163,199, 241-265, 321-337 and 345-355 of monomer 2 and residues
70-78,95-102,175-183,206-224 and 393-413 of monomer 3), position
restraints were appliedinthexandydirections onthe backbone beads of
allotherresidues withaforce constant of 500 k] mol™ nm™= Norestraints
were applied tothe tauresiduesinteracting with the pulled monomer 3,
whereastherest of the tauresidues had backbone positionrestraints with
aforce constant of 500 k] mol™ nm™, thereby restraining the interfaces
of tau with monomers 1and 2. All other simulation parameters were
identical with those used during equilibration.

Fromthe pulling simulations, 170 structures were extracted for US
simulations. The US windows were spaced at 0.015 nm with aforce con-
stant 0of 10,000 kJ mol™ nm™2up to adistance of approximately 1.05 nm
betweenthe adjacent monomers. At larger distances, the spacing was
set to 0.02 nm with a force constant of 5,000 k) mol™ nm™. Each US
window was simulated for 100 ns using GROMACS 2021.1 (ref. 51) with
atime step of 20 fs. The potential of the mean force was calculated
after skipping the first 40 ns of each window for equilibration with the
weighted histogram analysis method implementation gmx wham of
GROMACS 2021.1 (refs. 51,52). Statistical errors were estimated using
50 rounds of bootstrapping of complete histograms. The potential of
mean force for the system without tau followed the same protocol,
except that tau was removed from the equilibrated structure.

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

Data availability

Alldataneeded to evaluate the conclusionsinthe paper are presentin
the Article andits Supplementary Information. The data that support
the plots within this paper and other findings of this study are avail-
ableviaZenodo at https://doi.org/10.5281/zenod0.13950636 (ref. 53).

Code availability
Code used to produce the simulations in the paper is available via
Zenodo at https://doi.org/10.5281/zenod0.13950636 (ref. 53).
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Extended Data Fig. 1| Diffusive motion and dynamic binding/unbinding

of single tau molecules on the microtubule lattice. a. Example images for
single-molecule photobleaching. 50 pM surface-attached Tau-GFP were exposed
for 300 ms. The fluorescence intensity profiles correspond to the highlighted.
areas. One-step bleaching indicates the presence of monomeric tau. Scale

bars: 5 pm. b. Example image of a microtubule (Atto-565-labeled) with 20 nM
unlabeled tau and 50 pM GFP-labeled tau. The mean fraction of tau-covered
microtubule lattice is 0.191+0.008. Scale bar: 3 pm. c. Left: Sequential frames of
ataumolecule (GFP-labeled, shown in magenta) moving along a microtubule
(Atto-565-labeled, shown in green). The time intervals are indicated. Center:

The corresponding kymograph of the movement of tau shown in the left panel.
Right: The reconstructed kymograph. d. Probability distribution of the duration
of diffusion of tau along microtubules. The mean duration of diffusion is 3.7+0.7
s. Theline represents an exponential tail fit. e. Probability distribution of the
diffusion coefficient of tau along microtubules. The mean diffusion coefficient

is 0.21+0.03 um?/s. The line represents a Gaussian fit. Given tau’s rapid dynamics
(short dwell time (d) and fast diffusion (e)) compared to the slow time scale of
lattice turnover, we can model its effect on the lattice using an effective approach
(detailsin the model descriptionin the SI).

Nature Physics


http://www.nature.com/naturephysics

Article https://doi.org/10.1038/s41567-025-03003-7

0 nM tau

0.5 nM tau

20 nM tau

Extended Data Fig. 2| Example images of tubulin incorporation. Example images of tubulin incorporation (red) along the microtubule lattice (green) at 15 min for O
nM, 0.5nM and 20 nM tau (related to Fig. 1). Incorporation spots are marked with a star. Scale bars: 1 pm.
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L

07:46 16:52 18:11

interference reflection microscopy (left) / epifluorescence (right) images of
microtubule fracture in the absence of free tubulin after a15 min incorporation
step with Atto-488-labeled tubulin (showninred, the star marks the
incorporation stretch) in the presence of 20 nM tau. Scale bar: 3 pm.

24:04

min:s 01:38
Extended Data Fig. 3| Microtubule fracture events investigated on unlabeled
microtubules. Label-free microtubules were used for fracture experiments to
exclude apossible influence of the fluorescent label or the interface between
red/green labels on the fracture behavior. The image sequence shows
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Extended Data Fig. 4 | Simulation of tubulinincorporation at defects. Example
trajectories (left panels) for V,, V,,, V,_defects (as indicated in the left top corner
of each plot) inthe absence (ctrl, light blue color) and in the presence of tau (tau,
dark blue color). The right panel shows the maximum and minimum positions
where free tubulin was incorporated. The position of the defect at time zero is at
zero. Horizontal lines and boxes indicate the medians and IQRs. Whiskers extend
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to the most distant point whose value lies within 1.5 times of the IQR. Points
lying outside the whiskers are drawn individually. n =100 for each defect type
and condition. An asymmetry of maximum and minimum positions w.r.t. zero
indicates that the defect motion has a ballistic component. Parameters are AGg
=0.5kT,and AG,,,=-36 kT,A=1.5 (control) and AG,,,=-36.2 kT, A=2.1 (tau) with
AG,=1.25kT and asindicated in Supplementary Table 2 in the SI.
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Extended Data Fig. 5| Tubulinincorporationis caused by defect mobility. Example images of microtubules (far-red labeled, shown in grey) showing two-color
tubulinincorporation stretches (corresponding to Fig. 6e-g). Scale bars: 5 pm.
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