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Abstract

Tubulin posttranslational modifications have been predicted to
control cytoskeletal functions by coordinating the molecular inter-
actions between microtubules and their associating proteins. A
prominent tubulin modification in neurons is polyglutamylation,
the deregulation of which causes neurodegeneration. Yet, the
underlying molecular mechanisms have remained elusive. Here,
using in-vitro reconstitution, we determine how polyglutamylation
generated by the two predominant neuronal polyglutamylases,
TTLL1 and TTLL7, specifically modulates the activities of three
major microtubule interactors: the microtubule-associated protein
Tau, the microtubule-severing enzyme katanin and the molecular
motor kinesin-1. We demonstrate that the unique modification
patterns generated by TTLL1 and TTLL7 differentially impact those
three effector proteins, thus allowing for their selective regulation.
Given that our experiments were performed with brain tubulin
from mouse models in which physiological levels and patterns of
polyglutamylation were altered by the genetic knockout of the
main modifying enzymes, our quantitative measurements provide
direct mechanistic insight into how polyglutamylation could selec-
tively control microtubule interactions in neurons.
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Introduction

Spatio-temporal control of cytoskeletal functions is one of the keys to
understand how morphologically complex and functionally spe-
cialised cells maintain homeostasis over long periods of time, adapt-
ing to changing physiological conditions and potential pathogenic

insults. The recent discovery that perturbation of a tubulin posttrans-
lational modification (PTM), polyglutamylation, causes neurodegen-
eration (Magiera et al, 2018; Shashi et al, 2018) has provided direct
evidence for this hypothesis. Polyglutamylation adds secondary
peptide chains of glutamate to its target proteins. In the brain, the
most prominent substrates of polyglutamylation are - and p-tubulin
(Eddé et al, 1990; Alexander et al, 1991; Riidiger et al, 1992;
Audebert et al, 1993). The possibility to generate glutamate chains of
different lengths on both subunits of the tubulin dimer inspired the
“tubulin code” hypothesis, which suggests that specific PTM patterns
“encode” specific functions into microtubules (Verhey & Gaer-
tig, 2007; Janke, 2014; Janke & Magiera, 2020; Roll-Mecak, 2020).
The discovery of the tubulin tyrosine ligase-like (TTLL) enzymes that
catalyse polyglutamylation revealed that different enzymes modify
either a- or f-tubulin, and also generate glutamate chains of different
lengths (Janke et al, 2005; van Dijk et al, 2007; Bodakuntla
et al, 2021). This demonstrated that a selective control of micro-
tubule functions by different polyglutamylation patterns, which are
generated and controlled by the choice of specific enzymes is theoret-
ically possible. To what extent this is the case under physiological
conditions, and which are the mechanisms that read specific polyglu-
tamylation patterns has so far barely been explored.

A direct way to test the impact of polyglutamylation on micro-
tubule functions is in vitro interaction assays between microtubules
and interacting or associated proteins. Such assays have, however,
been limited by the restricted availability of tubulin with controlled
PTMs. The role of polyglutamylation in controlling spastin-mediated
microtubule severing has been characterised with tubulin purified
from cell lines in which different TTLL enzymes were overexpressed
(Lacroix et al, 2010), or with tubulin modified in vitro with purified
TTLL7 (Valenstein & Roll-Mecak, 2016). Only very recently, using a
similar approach another severing enzyme - katanin — was shown
to be also controlled by tubulin polyglutamylation (Szczesna
et al, 2022). The impact of microtubule polyglutamylation on molec-
ular motors was first probed using recombinant yeast-human tubu-
lin hybrids on which glutamate chains were coupled chemically
(Sirajuddin et al, 2014). While these studies demonstrated that dif-
ferent patterns of tubulin polyglutamylation can have selective roles
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in controlling microtubule severing or motor protein motility, those
experimental approaches have in common the use of artificially bol-
stered tubulin polyglutamylation, thus generating modification
levels and patterns that might not be found under physiological con-
ditions. Finally, a more recent study reported higher kinesin-3 land-
ing rates on brain microtubules compared with microtubules from
HeLa cells (Lessard et al, 2019). HeLa tubulin, however, differs from
brain tubulin in many PTMs as well as in tubulin isotype composi-
tion, which made it difficult to attribute these findings to a unique
tubulin PTM.

Here we determine how physiological levels of polyglutamyla-
tion affect microtubule interactions that occur in cells using tubu-
lin purified from the native tissue. Following the discovery that
TTLL1 and TTLL7 are the main polyglutamylases responsible for
the polyglutamylation observed in neuronal tissue (Janke
et al, 2005; Ikegami et al, 2006), and that they differ in their speci-
ficity towards a- and p-tubulin (Bodakuntla et al, 2021), we puri-
fied tubulin from mouse brains lacking either TTLL1, TTLL?7, or
both enzymes. This allowed us to determine the selective impact
of polyglutamylation catalysed by these two enzymes on the beha-
viour of three types of neuronal microtubule interactors through
in vitro reconstitution assays: the structural MAP Tau (Wang &
Mandelkow, 2016), the microtubule-severing enzyme Kkatanin
(McNally & Roll-Mecak, 2018), and the molecular motor kinesin-1,
which is involved in the axonal transport of several cargoes that
have recently been shown to be sensitive to polyglutamylation
levels in neurons (Magiera et al, 2018; Gilmore-Hall et al, 2019;
Bodakuntla et al, 2020b, 2021). To determine the specificity of
polyglutamylation as a regulator of interactions taking place on the
microtubule surface, we further tested the impact of tubulin acety-
lation. Acetylation is a tubulin PTM occurring in the microtubule
lumen (Eshun-Wilson et al, 2019), and might, thus, not affect the
association of proteins at the outer microtubule wall. For this, we
purified acetylation-free tubulin from the brains of mice in which
the a-tubulin N-acetyltransferase 1 (ATAT1) was genetically
knocked out (Kalebic et al, 2013). We demonstrate that the distinct
polyglutamylation patterns generated by TTLL1 and TTLL7 at
physiological levels specifically influence the binding and activity
of those microtubule interactors, thus providing a mechanistic
rationale for the tubulin code hypothesis under physiologically rel-
evant conditions.

Results

Purification and characterisation of tubulin with controlled
posttranslational modifications from murine brains

Tubulin for in vitro reconstitution experiments is classically purified
by repeated cycles of polymerisation and depolymerisation, and co-
purified microtubule-associated proteins (MAPs) are removed by
chromatography (Vallee, 1986). In a refined version of this widely
used method, microtubules are polymerised in high-molarity buffer
that prevents the association of MAPs (Castoldi & Popov, 2003). We
have recently demonstrated that this protocol, which was designed
for the purification of large quantities of tubulin from kilograms of
bovine or porcine brains, can be downscaled to a single mouse brain
that merely weights 400 mg (Souphron et al, 2019). Combined with
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the availability of mouse models lacking a variety of tubulin-
modifying enzymes, this novel purification protocol opens the possi-
bility of systematically studying the role of tubulin PTMs in vitro
using native brain tubulin.

Following the recent discovery that two major glutamylases in
the brain, TTLL1 and TTLL?7, catalyse distinct subtypes of polyglu-
tamylation (Fig 1A), which differentially affect cellular and physio-
logical functions of this PTM (Bodakuntla et al, 2021), we aimed at
determining the molecular mechanisms that are controlled by these
two enzymes in physiological conditions. We also included another
tubulin PTM, acetylation (L’Hernault & Rosenbaum, 1985), which
takes place at the N-terminally located lysine (K) 40 residue of a-
tubulin and has recently been shown to protect microtubules from
mechanical ageing (Portran et al, 2017).

Tubulin was purified by cycles of polymerisation and depoly-
merisation from single brains of wild-type, Atatl /= T,
Ttll7~/~ and Ttil17/~Ttll7~/~ mice (Fig 1B), with an alternation of
low- and high-molarity buffers (Fig 1C and Appendix Fig S1). Two
micrograms of purified tubulin were run on SDS-PAGE gels that
allow for the separation of a- and p-tubulin (Lacroix & Janke, 2011;
Souphron et al, 2019) and stained with Coomassie brilliant blue.
Apart from the two protein bands for «- and p-tubulin, no other pro-
tein was detected in any of the purified tubulin samples (Figs 1D
and EV1A). The presence of tubulin PTMs on the purified brain
tubulin was characterised by a panel of PTM-specific antibodies
(Fig 1E) for three independently purified sets of tubulin (Fig EV1).
Levels of a-tubulin detected by 12G10 were similar in all samples,
while K40 acetylation, detected with 6-11B-1 (Piperno &
Fuller, 1985), was entirely absent from tubulin purified from Atatl -/
~ brains. The polyE antibody, which recognises glutamate chains
longer than three glutamate residues (Rogowski et al, 2010; Fig 1A)
solely detects a-tubulin, which confirmed our previous observations
in brain extracts (Bodakuntla et al, 2021). This indicates that p-
tubulin is hardly modified with long glutamate chains, and shows
that the polyE antibody allows for a selective detection of a-tubulin
polyglutamylation. Purified Ttl1™/~ tubulin entirely lacks the polyE
signal, indicating strongly decreased a-tubulin polyglutamylation
while p-tubulin polyglutamylation detected with p-monoE is
unchanged. p-monoE detects a single glutamate modification at the
GE*F motif (Fig 1A), which is unique in f-tubulins, thus making this
antibody a specific probe to detect B-tubulin polyglutamylation
(Bodakuntla et al, 2021). Tubulin from mice lacking TTLL? (Ttll7~/
7) entirely lost f-monoE reactivity, while a-tubulin polyglutamyla-
tion (polyE) remained at wild-type levels. Finally, tubulin purified
from Ttll1~/~Ttll7~/~ double-knockout mice lacks both, a- and B-
tubulin polyglutamylation.

To confirm that the lack of ATAT1 or TTLL enzymes does not
affect another set of tubulin PTMs that take place on the C-termini
of a-tubulin (Fig 1A), we tested the levels of both detyrosinated and
A2-tubulin (Paturle-Lafanechere et al, 1994), and found that these
are similar in all tubulin samples (Figs 1E and EV1B). Strikingly, we
found an increase of acetylation on tubulin from Tti1~/~Ttll7~/~
double-knockout mice, which might be related to a physiological
compensation to the very low levels of polyglutamylation on tubulin
from these mice. This intriguing observation will give rise to further
investigation of the cross-talk of tubulin PTMs. In our study, how-
ever, it has no impact on the interpretation of our data as will be
discussed below.

© 2023 The Authors
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Figure 1. Purification of brain tubulin
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A Schematic representation of the tubulin PTMs acetylation and polyglutamylation, both highly enriched on brain tubulin. The acetylation of a-tubulin at lysine-40
(K40) is catalysed by ATAT1 and is detected by the 6-11B-1 antibody (Appendix Table S2). Polyglutamylation takes place within the C-terminal tubulin tails of both
a- and B-tubulin and is catalysed by TTLL1 and TTLL7, respectively. Glutamate chains of longer than three residues, predominantly found on a-tubulin, are specifically
detected by polyE antibody, while a p-tubulin-specific monoglutamylation at amino acid residue 435 (B2-tubulin) is detected by p-monoE antibody (Bodakuntla

et al, 2021; Appendix Table S2).

B Overview of the PTM patterns of tubulin purified from knockout mouse models used in this study (Bodakuntla et al, 2021).

C Schematic overview of the tubulin purification pipeline from mouse brains using three cycles of temperature-induced polymerisation-depolymerisation, including a
polymerisation step in high molarity buffer to remove microtubule-associated proteins.

D SDS-PAGE analysis of purified tubulin from brains of all mouse models used in the current study, stained with Coomassie brilliant blue. Alpha- and p-tubulin are
separated using a specific SDS-PAGE protocol (Souphron et al, 2019).

E Immunoblot analysis of all purified tubulin variants. The molecular weight in (D) and (E) is indicated in kDa.

© 2023 The Authors
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Combining recently developed mouse models (Kalebic
et al, 2013; Bodakuntla et al, 2021) with an adapted purification pro-
tocol (Souphron et al, 2019) allowed us to assemble a set of purified
brain tubulins with well-defined alterations in tubulin acetylation
and polyglutamylation (Fig 1B). Importantly, wild-type levels of
these PTMs are physiologically relevant, and in the tubulin samples
from knockout mice, only the PTMs catalysed by the inactivated
enzymes are selectively affected. This then allowed us to directly
test the impact of individual PTMs, or PTM patterns, on the function
of three representative neuronal microtubule-interacting proteins
using in vitro reconstitution assays.

Tubulin polyglutamylation increases the affinity of Tau
for microtubules

Tau is among the most intensely studied MAPs as its dysfunction is
one of the central hallmarks of Alzheimer’s disease and other neu-
rodegenerative disorders, commonly known as tauopathies (Wang
& Mandelkow, 2016; Goedert et al, 2017; Chang et al, 2021). Given
that Tau is a prominent neuronal MAP, it is likely that it is sensitive
to some of the tubulin PTMs that are present on neuronal micro-
tubules. To directly measure the dynamics of Tau-microtubule
interactions on microtubules carrying different tubulin PTM pat-
terns, we purified the largest splice isoform (Tau(2N4R)) of human
Tau (Goedert et al, 1991), C-terminally tagged with a monomeric
enhanced green fluorescent protein (Tau-meGFP). Tau can co-exist
on the microtubule surface in two distinct forms, as non-
cooperative, diffusing molecules, or as a cooperatively formed
envelope shielding the microtubule surface from interactions with
other proteins (Siahaan et al, 2019). To initially quantify the affinity
of the diffusible Tau species for the microtubule surface, we poly-
merised microtubules from our panel of tubulin variants (Fig 1) in
the presence of GMPCCP, which prevents the formation of Tau
envelopes (Siahaan et al, 2019, 2022). We deposited these micro-
tubules in a flow-chamber under the microscope and visualised
them with interference reflection microscopy (IRM; Mahamdeh
et al, 2018). To distinguish two different microtubule species in the
same flow-chamber, we deposited the first type of microtubules

Mariya Genoua et al

(e.g. wild type), took a snapshot by IRM, and subsequently attached
the second type of microtubules followed by another IRM snapshot.
In the next step, 70 nM Tau-meGFP was added into the chamber,
and its association with the microtubules was imaged via total inter-
nal reflection fluorescence (TIRF) microscopy at 488 nm for 5 min
(Fig 2A and B, and Movie EV1), to allow Tau binding to reach a
chemical equilibrium (Fig EV2B and C). Experiments were per-
formed by pairs of two different microtubule variants per assay
(Fig EV2A) and repeated for three independently purified batches of
tubulins of each PTM variant. Intensities of meGFP along micro-
tubules were measured to determine the binding affinity of Tau-
meGFP to different microtubule PTM variants.

Quantification of normalised microtubule-associated meGFP
intensities 5 min after the addition of Tau-meGFP in three indepen-
dent experiments revealed that Tau bound stronger to wild-type
microtubules, while partial or complete loss of polyglutamylation
consistently led to a reduction of Tau-meGFP signal along micro-
tubules. Both microtubules lacking polyglutamylation on either a-
tubulin (Ttll1™/7) or p-tubulin (Ttil7~/~) showed a reduction of
about 25%, while absence of polyglutamylation on both tubulin
subunits (Ttl17/~Ttll7~/7) led to a decrease of about 50%. By con-
trast, the absence of acetylation on Atatl™~ microtubules did not
impact Tau-microtubule interactions (Fig 2C). These results were
highly consistent between three sets of experiments (Fig 2D) per-
formed with three independently purified sets of brain tubulin
(Fig 1), thus demonstrating the reproducibility of our tubulin purifi-
cations.

Our results demonstrate that the levels and patterns of polyglu-
tamylation present in wild-type brain tubulin enhance the affinity of
Tau for microtubules, while acetylation of K40 has no impact. The
effect of polyglutamylation on the binding affinity of Tau was similar
for each tubulin subunit, which was surprising given that a-tubulin
from the brain is polyglutamylated, that is, carrying more posttrans-
lationally added glutamate residues than f-tubulin, which carries
only short glutamate chains (Fig 1A). This demonstrates that the
presence of this PTM, but less so the number of incorporated gluta-
mate residues controls the affinity of Tau to the microtubule surface.
Consequently, the impact of polyglutamylation of a- and p-tubulin in

Figure 2. Polyglutamylation controls the affinity of Tau protein to microtubules.

A Schematic representation of the TIRF microscopy assay setup. Label-free GMPCPP-stabilised microtubules, polymerised from wild-type and knockout-mouse brain
tubulin, are attached to a glass coverslip chamber sequentially and imaged in IRM mode. Their identity is retained by their positions on the coverslip (Steps 1 and 2).
Next, 70 nM purified Tau-meGFP is added to the chamber and its microtubule binding recorded in TIRF microscopy mode (Step 3). The fluorescence intensity of Tau-
meGFP on each microtubule in the chamber is measured in the subsequent affinity analysis (Step 4).

B Representative IRM and TIRF microscopy images showing microtubule positions and Tau-meGFP intensities for different PTM variants (grey: wild type; blue: Tt
yellow: Ttll7~'=; green: Ttll1~/~Ttll7~'~; pink: Atat1~""). In the last column, false-coloured TIRF images highlight differences in Tau-meGFP intensities on different types

of microtubules (Movie EV1). Scale bars 5 pm.

C Quantification of the integrated intensity of Tau-meGFP on GMPCPP microtubules in three independent sets of experiments performed with independently purified
tubulin samples. Single assays (Fig EV2A) of one experiment were combined after normalisation to the wild-type microtubule values (A.U., arbitrary units). Each data
point represents the normalised fluorescence intensity value of one microtubule. Mean values and standard deviation are shown for each scatter plot. Student’s t-

test; P-values displayed.

D Summary quantification of the three independent experiments shown in (C). Each point is a normalised mean of the triplicates, and error bars represent standard

deviation. Student’s t-test; P-values displayed.

E Saturation curve of increasing concentration Tau-mCherry binding to GMPCPP wild-type and Ttll1~/~Ttll7~"~ microtubules. Each data point is shown as mean =+ stan-
dard deviation of the raw integrated intensity values (AU. x 10% of three experiments with independently purified tubulin samples (Fig EV2D). Dissociation constants
Ky and R? coefficient from non-linear fits of each microtubule type are indicated below the plot.

F  Tau-envelope formation on Taxol-stabilised wild-type and Ttll7~/~Ttll7~/~ microtubules (grey and green arrowheads, respectively) 5 and 120 s after the addition of
40 nM Tau-mCherry to the TIRF microscopy flow-chamber (Movie EV2). Scale bars 5 pm.

G Analysis of percentage total microtubule length in the flow-chamber covered by Tau envelopes. Pooled data points from three experiments (each data point repre-
sents tau coverage of microtubules within one field of view) with medians and interquartile ranges represented. Mann-Whitney test, P-values displayed.
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the affinity of Tau to microtubules is additive. This is consistent with
recent structural data showing that Tau binds to microtubules along
their protofilaments, thereby attaching its microtubule-binding
domains to both a- and B-tubulin (Kellogg et al, 2018).

To determine whether microtubule polyglutamylation can con-
trol Tau-microtubule interactions at a range of concentrations, we
measured the binding of up to 5 pM Tau-mCherry to wild-type and
Ttll1™/~Ttll7~~ microtubules. Fitting these intensities with a one-
site-specific binding model (GraphPad Prism 9) yielded dissociation
constants of 0.48 + 0.1 uM (mean + SD, N = 3 experiments with
tubulin from independent purifications) for wild-type, that is, glu-
tamylated microtubules, and 0.71 + 0.2 pM (mean + SD, N = 3) for
Ttll1~/~Ttll7~/~, that is, non-glutamylated microtubules (Figs 2E
and EV2D). Moreover, while the binding of Tau-mCherry to micro-
tubules saturated at about 2.5 uM for both PTM types, we persis-
tently observed a higher fluorescent intensity of Tau on wild-type
compared with Ttll1~/~Ttll7~/~ microtubules even at the maximum
concentration of 5 pM, where a large part of Tau molecules remains
unbound in the buffer surrounding the microtubules in the flow-
chamber. This indicates that an excess of Tau cannot fully compen-
sate for the loss of microtubule polyglutamylation and that not only
the affinity but also the degree of Tau occupancy on the micro-
tubules is determined by the presence of this PTM. In general, this
result implies that Tau-microtubule interactions in neurons can be
regulated by polyglutamylation in a wide range of intracellular Tau
concentrations.

Finally, to determine whether the effects of polyglutamylation
that we found to affect Tau-microtubule binding can also impact col-
lective molecular processes, we determined how this PTM impacts
the formation of cohesive Tau envelopes, a process in which Tau
molecules condense into low-dynamic patches that envelop micro-
tubule surfaces (Siahaan et al, 2019; Tan et al, 2019). The formation
of these cohesive envelopes is dependent on the nucleotide-bound
state of the tubulin, as they were shown to specifically enrich on the
compacted GDP-tubulin lattice. Consequently, these envelopes
assemble on Taxol-, but not GMPCPP-stabilised microtubules (Sia-
haan et al, 2022).

We first compared the diffusive, non-cohesive binding of Tau to
Taxol-stabilised microtubules made from all PTM variants previ-
ously analysed with GMPCPP-stabilised microtubules (Fig 2). To
minimise the formation of envelopes that conceal the diffuse bind-
ing mode, we used lower concentration of Tau-meGFP (18 nM) in
these experiments. Quantification of the microtubule-associated
meGFP signal revealed an about 25% decrease of Tau-binding to
Ttll1™/~ or Ttll7~/~ microtubules, as well as an almost 50% reduc-
tion of Tau-binding to Ttll1~/~Ttll7~/~ microtubules, while Atatl1™/~
had no impact on Tau binding (Fig EV2E). This demonstrated that
diffusive, non-cohesive binding of Tau is similarly affected by tubu-
lin polyglutamylation on Taxol- and GMPCPP-stabilised micro-
tubules (Fig 2B and C).

Following previous reports (Siahaan et al, 2019; Tan et al, 2019),
we next increased the Tau concentration to 40 nM on Taxol-
stabilised microtubules, which readily led to the formation of envel-
opes on both wild-type and Ttl1~/~Ttll7~/~ microtubules (Fig 2F
and G, and Movie EV2). As demonstrated before (Siahaan
et al, 2019; Tan et al, 2019), Tau envelopes are dynamic and grow
along the microtubules. To avoid a potential saturation of this pro-
cess in our assays, we analysed only the active phase of Tau
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envelope formation, that is, 5 and 120 s after the addition of Tau-
mCherry. To determine whether polyglutamylation affects the effi-
ciency of Tau-envelope assembly, we quantified the relative micro-
tubule length covered by Tau envelopes. At the two chosen time
points, we observed a clear tendency for Tau envelopes to form
preferentially on polyglutamylated (wild-type) microtubules com-
pared with non-glutamylated (Tt/[1~/~Tt7~/~) microtubules (Fig 2F
and G, and Movie EV2). This indicates that despite the important
role of cohesive Tau-Tau interactions in the formation of Tau envel-
opes, the regulation of Tau-microtubule interactions by polyglu-
tamylation also plays an important role in promoting the formation
of those cohesive assemblies.

Polyglutamylation increases the microtubule severing rate
of katanin

An enzymatic process known to be controlled by tubulin polyglu-
tamylation is microtubule severing. In vitro evidence has so far been
obtained for the microtubule-severing enzyme spastin by two exper-
imental approaches. Tubulin in cultured HeLa cells was glutamy-
lated with TTLL4 or TTLL6. Both types of polyglutamylation
increased the severing rate of spastin; however, TTLL6-mediated
generation of long glutamate chains had a much stronger effect than
TTLL4, which generates only short chains (Lacroix et al, 2010). A
second study used purified TTLL? to generate a spectrum of tubulin
polyglutamylation variants in vitro. They demonstrated that initial
increase in the number of incorporated glutamates (< 8E) increased
spastin-mediated severing, whereas further incorporation of gluta-
mate into tubulin had an inverse effect (Valenstein & Roll-
Mecak, 2016). Very recently, a similar approach has been used to
assess the impact of polyglutamylation on katanin-mediated micro-
tubule severing (Szczesna et al, 2022). However, all experiments so
far had used tubulin on which polyglutamylation had been added
by overexpressed or recombinant enzymes; thus, the impact of
physiological sites and levels of polyglutamylation on microtubule
severing had remained unknown.

We, thus, used our panel of brain tubulin variants (Fig 1) in com-
bination with the microtubule-severing enzyme katanin (McNally &
Vale, 1993) to determine whether physiological levels of tubulin
polyglutamylation can affect microtubule severing. In our assays,
we always compared two different PTM variants of Taxol-stabilised
microtubules side-by-side in the presence of 100 nM katanin. We
purified a complex of the murine p60 subunit together with the trun-
cated (amino acids 481-658) p80 subunit, which was C-terminally
tagged with two Strepll and one EGFP tag (Jiang et al, 2017; Rez-
abkova et al, 2017). After immobilising microtubules on the cover-
slip, the p60/p80 katanin complex was flushed into the chamber
and the microtubules were recorded in IRM for 3 min (Fig 3A and B,
and Movie EV3). To determine the severing rate, we analysed the
change in the overall length of each microtubule throughout the
experiment, which provided decay curves from which we deter-
mined the time required to lose 50% of the original overall micro-
tubule length (Fig 3C). In each assay, we measured half-life for
multiple microtubules and determined their medians (Figs 3D and
EV3). In our assays, the severing efficiencies of katanin could differ
substantially between different sets of experiments (Fig EV3), most
likely due to varying overall numbers of microtubules present in the
reaction chambers. To allow statistical analyses between different
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sets of experiments, we cross-normalised the measured half-life val-
ues obtained from microtubules of the same PTM subtype, with
wild-type values set to 1 (Fig EV3).

Comparing the normalised half-life values revealed that
the strong reduction of polyglutamylation on «- and p-tubulin

The EMBO Journal

(Ttll1=/~Ttll7~/7) decreased the severing activity of katanin on
those microtubules more than twofold (Fig 3E). We further
observed that the loss of either a- (TtllI™/~) or p-tubulin polyglu-
tamylation (Ttil7~/7) alone led to an about 1.5-fold decrease in
severing activity. The lack of acetylation (Atat1™/7), by contrast,

A Workflow of the microtubule severing experiments
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Figure 3. Polyglutamylation controls the microtubule-severing activity of katanin.

A

Schematic representation of the katanin severing assay. Label-free Taxol-stabilised microtubules, polymerised from wild-type and knockout-mouse brain tubulin, are
attached to a glass coverslip sequentially and imaged in IRM mode. Their identity is retained by their positions at the coverslip (Steps 1 and 2). Next, 100 nM purified
p60/p80 katanin complex is added to the chamber (Step 3). The change in the microtubule length over time is recorded in IRM and quantified in subsequent analyses
(Step 4).

Representative IRM still images at different time points from time-lapse following the addition of 100 nM p60/p80 katanin complex on microtubules (Movie EV3).
Arrowheads indicate microtubules of a certain type (colour-coded, as labels on the left). Scale bars 5 pm.

Decay curves of normalised microtubule length plotted against time upon incubation with katanin (A.U., arbitrary units) for single microtubules highlighted by arrow
heads with yellow borders in (B).

Half-life times (seconds) of all microtubules from the assays of which representative images are displayed in (B) and representative decay curves are shown in (C).
Each data point represents the half-life of a single microtubule. Medians with interquartile ranges are shown. Mann-Whitney test, P-values displayed.

Analysis of normalised microtubule half-lifetimes from 14 independent experiments (Fig EV3). Each data point represents half-life of a single microtubule. Medians

Mariya Genoua et al

with interquartile ranges shown, Mann-Whitney test and P-values displayed.

did not affect the severing rate of katanin (Fig 3E), thus demon-
strating that both o- and p-tubulin polyglutamylation, but not
acetylation, control katanin-mediated severing.

A recent structural study has shown that katanin grips the C-
terminal tails of tubulin via electrostatic interactions. Using syn-
thetic peptides, it further showed that the presence of greater num-
bers of glutamate residues in the amino acid sequence of the tails
increases katanin activity, which suggested that polyglutamylation
could activate katanin-mediated severing (Zehr et al, 2020). Our
work now demonstrates that posttranslational polyglutamylation of
tubulin does stimulate katanin activity. Importantly, we show that
physiological levels of polyglutamylation found on neuronal tubulin
are sufficient to activate katanin. Our observation that polyglutamy-
lation of both a- and p-tubulin can activate katanin-mediated sever-
ing, suggesting that both enzymes involved in tubulin
polyglutamylation in the brain, TTLL1 and TTLLZ, are able to con-
trol microtubule mass and architecture, two physiological roles of
microtubule severing (Kuo & Howard, 2021).

p-Tubulin polyglutamylation specifically decreases the
run-length of Kif5B

The motility of molecular motors may be controlled by subunit-
specific polyglutamylation of tubulin, as previously suggested by
experiments with semi-synthetic chimeric yeast tubulin (Sirajuddin
et al, 2014). Moreover, we have recently shown that pathologically
increased polyglutamylation in neurons negatively affects the mobil-
ity of several neuronal cargoes (Magiera et al, 2018; Bodakuntla
et al, 2020b), while the inverse effect was observed in neurons from
Ttll1™/~ mice that display decreased polyglutamylation levels (Boda-
kuntla et al, 2021). Although cargo transport is a complex process

Figure 4. Selective impact of polyglutamylation patterns on kinesin-1 motility.

involving multiple molecular players, these observations strongly
suggested that molecular motors can sense the polyglutamylation of
the microtubule tracks. We, thus, aimed to determine whether
polyglutamylation levels and patterns of brain tubulin directly
impact the motility paraments of the kinesin-1 motor KifSB.

To measure the motility of KifSB on our set of tubulin variants
(Fig 1), we attached two microtubule variants side-by-side in the
imaging chamber, after which we added 0.2 nM of human Kif5B (1-
905), C-terminally labelled with EGFP followed by a 6xHis-tag (Kif5B-
EGFP). This truncated version is constitutively active, as it lacks the
C-terminal domain responsible for kinesin autoinhibition (Verhey
et al, 1998; Coy et al, 1999), which allows for measuring single-
molecule motility. Single kinesin motors (KifSB-EGFP) moving along
microtubules (Fig 4A and B, and Movie EV4) were analysed using the
high-precision tracking software FIESTA (Ruhnow et al, 2011) to
obtain the instantaneous frame-to-frame velocities, average veloci-
ties, run lengths and interaction times (Appendix Fig S2).

While the average velocities (Fig 4C) and landing rates
(Fig EV4A) of KifSB-EGFP molecules were almost identical on wild-
type, Ttll1™/~, TtI7~/~, or Ttl1~/~Ttll7~/~ microtubules of similar
median lengths (Fig EV4B), the interaction time (Fig 4D), and the
run length (Fig 4E) of the motors were significantly increased on
microtubules without polyglutamylation (Ttl1™/~Ttll7~/7). The
qualitative similarities of the run lengths and interaction times show
that the motors spent most of their time on microtubules in the
motile state, with only few pauses. Strikingly, both parameters
appear to be specifically controlled by the polyglutamylation of f-
tubulin, as lack of TTLL?7 (Ttli7™’~), but not of TTLLL (Ttli1™'")
alone resulted in increased interaction time and run length to a simi-
lar extent as seen for entirely non-polyglutamylated (TtllI~/~
Ttll7~/~) microtubules (Fig 4D and E).

A Schematic representation of the single-molecule kinesin-1 motility assay. Taxol-stabilised microtubules of two different types are subsequently attached in the
flow-chamber (Steps 1, 2), 0.2 nM Kif5b-EGFP are added, the motility of single kinesin motors recorded in TIRF microscopy (Step 3) and subsequently analysed (Step

4.

B Kymographs showing single Kif5B-EGFP motor molecules moving on one single microtubule of known PTM state (Movie EV4). Horizontal scale bars 2 pm; vertical

scale bars 5s.

C Scatter plots showing the average velocities (um/s) exhibited by single Kif5sb-EGFP molecules on the different microtubule types (each data point represents one
KifSb-EGFP molecule). Data pooled from 29 independent experiments (Appendix Fig S2). Medians with interquartile ranges shown, Mann-Whitney test and

p-values displayed.

D, E Survival probability (Kaplan—Meier plots, taking varying microtubule lengths into account; see Materials and Methods) of the interaction time (D) and run length
(E) of Kif5Sb-EGFP molecules on different microtubule types. Data in (C—E) were pooled from individual experiments (Appendix Fig S2) without normalisation. The
50% probability values are shown in the plots. Statistical analysis displayed in the tables below: hazard ratios with 95% confidence intervals pairing all data from

different microtubule types (*pairs differing with significance level P < 0.05).
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A Workflow of the Kif5B-motility measurements
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Our findings demonstrate that polyglutamylation of p-tubulin,
catalysed by TTLL?7 under physiological conditions in neurons, can
act as a specific regulator of KifSB motility. Initial mass-
spectrometry analyses had shown that the two major f-tubulin iso-
types - p2b and 3, are modified with 2-4 and 1-6 glutamates,
respectively (Alexander et al, 1991; Ridiger et al, 1992), which
amounts to an average of three glutamates per p-tubulin in the
brain. That a modification with three glutamates on p-tubulin can
impact kinesin motility had previously been suggested from experi-
ments with the genetically engineered chimera of yeast tubulin.
Chemical coupling of three-glutamates branch-chains to chimeric p-
tubulin, and a 10-glutamate branch chain to a-tubulin decreased the
processivity of KifSB by almost 50% compared with non-
glutamylated control microtubules (Sirajuddin et al, 2014). While
these experiments did not allow us to distinguish the impact of a-
and B-tubulin polyglutamylation, they provided a first indication
that polyglutamylation can impact the velocity of Kif5B at the
single-molecule level.

Mechanistically, the selective effect of p-tubulin polyglutamyla-
tion on kinesin concurs with the fact that kinesin motor domains
directly bind to the p-tubulin subunits of the tubulin dimer (Hoenger
et al, 2000; Uchimura et al, 2006), and in particular, the kinesin-1
binding site lies across the interface between f- and o-tubulin,
where the C-terminal tail of f-tubulin is positioned (Gigant
et al, 2013). Moreover, it had been demonstrated previously that
loss of the negatively charged C-terminal tubulin tails increases the
binding of kinesin heads to tubulin (Skiniotis et al, 2004), which
could explain why the further accumulation of negative charge on
those tails by polyglutamylation decreases kinesin—microtubule
interactions. The polyglutamylation of p-tubulin by TTLL7 could,
thus, be a specific regulatory mechanism of kinesin motility which
acts independently of other functions controlled by TTLL1-mediated
polyglutamylation.

Discussion

Our work demonstrates that tubulin polyglutamylation modulates
the function of three different types of microtubule-interacting pro-
teins: Tau as a neuron-specific “structural” MAP; katanin, a
microtubule-severing enzyme, and a molecular motor from the
kinesin-1 family. All three proteins show a specific sensitivity to
polyglutamylation patterns, which are generated at the C-terminal
tails of tubulin that are located at the microtubule surface and, thus,
accessible to interacting proteins. By contrast, we and others (Wal-
ter et al, 2012; Kaul et al, 2014) found that Tau, katanin and
kinesin-1 are insensitive to tubulin acetylation, a tubulin PTM loca-
lised at the luminal microtubule face, which likely precludes direct
contact with those proteins. This observation also excludes that the
increase of tubulin acetylation in the absence of polyglutamylation,
which we have observed, contributes to the data obtained on those
microtubules.

The observation that different patterns of polyglutamylation had
unique and specific impacts on the behaviour of the three proteins
provided direct in vitro evidence for the tubulin code hypothesis,
which predicts that specific PTM patterns can selectively control
microtubule-based functions. Importantly, we demonstrated that
these effects can be observed at physiologically relevant levels of
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PTMs, given that the tubulin used in our assays was purified from
the brain tissue of mice, thus representing average wild-type levels
of all tubulin PTMs, or selectively lacking a PTM or PTM subtype
catalysed by the enzyme that is knocked out in the mouse models.
Such experiments could only be performed now, as the required
mouse models with specific polyglutamylation patterns in the brain
have just recently become available (Bodakuntla et al, 2021).

A technical aspect that was essential to the success of our
approach was the reproducibility of measurements performed with
independently purified batches of tubulin. In the past, in vitro exper-
iments with microtubules were classically performed with single,
large batches of brain tubulin to assure reproducibility throughout
entire studies. This, however, is impossible if the role of tubulin
PTMs should be tested, as different, independent purifications of
tubulin need to be compared. Here we demonstrated that multiple
batches of tubulin purified from different mouse brains (Souphron
et al, 2019; Bodakuntla et al, 2020a) give reproducible results in our
in vitro reconstitution experiments, which enabled us to compare
different PTM subtypes with biological replicates of tubulin of each
type.

Our in vitro measurements revealed that multiple microtubule-
interacting proteins are regulated by polyglutamylation, thus raising
the question about the functional relevance of this PTM in cells.
One of the striking observations was that the kinesin-1 motor Kif5B
in single-molecule settings was solely impacted by polyglutamyla-
tion generated on f-tubulin by TTLLZ, but not by TTLL1-mediated
a-tubulin polyglutamylation. This was surprising as it had previ-
ously been shown that axonal transport in neurons, a process
driven by kinesin-1 motors was not affected by the loss of TTLL7-,
but rather by TTLLI-mediated polyglutamylation (Bodakuntla
et al, 2021). The most likely explanation for this discrepancy is that
axonal cargoes are transported by multiple motor proteins. There-
fore, the effect we observed with single kinesin-1 motors — alter-
ation of interaction time and run length — would be overridden
when multiple motor molecules bound to a cargo collectively par-
ticipate to its motility in cells. But why then did TTLL1-mediated
polyglutamylation, which in the single-molecule experiments had
no effect on KifSB motility, systematically affect the transport of
several cargoes in neurons (Bodakuntla et al, 2021)? Two possible
answers could be provided based on our current findings that
microtubule polyglutamylation impacts their interactions with Tau,
the propensity of Tau to form envelopes, and the activation of
katanin-mediated severing. On one hand, the formation of more, or
more stable Tau envelopes on glutamylated microtubules could
hinder cargo transport by blocking the advancement of the molecu-
lar motors (Siahaan et al, 2019; Tan et al, 2019). Alternatively, the
activation of katanin or other severing enzymes by microtubule
polyglutamylation (Lacroix et al, 2010; Valenstein & Roll-
Mecak, 2016) could lead to a remodelling of the microtubule
cytoskeleton in cells, to generate, for instance, more fragmented
microtubule tracks. This could cause cargoes to change tracks more
frequently, and lead to more frequent halts. Whether one of those,
or other, yet unknown mechanisms controlled by tubulin polyglu-
tamylation affect the transport of cargoes in living cells is an excit-
ing question to be addressed next.

Our work illustrates that analysing how individual proteins sense
changes in tubulin PTMs paves the way to a mechanistic under-
standing of complex intracellular processes, and must, thus, precede
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and accompany studies in cells to avoid their misinterpretation. For
example, overexpression of the deacetylase HDAC6 and katanin in
fibroblasts and neurons had initially suggested that microtubule
acetylation increases the rate of katanin-mediated severing (Sudo &
Baas, 2010), which we could not confirm in our in vitro experi-
ments. Similarly, pharmacological inhibition of HDAC6 led to
increased microtubule acetylation and changes in kinesin-1 beha-
viour in these cells. This suggested that tubulin acetylation controls
kinesin-1 transport in cells (Reed et al, 2006), which however was
not confirmed in vitro (Walter et al, 2012; Kaul et al, 2014). Discrep-
ancies between cell-based and in vitro observations can have many
reasons. Apart from multiple PTM-sensitive mechanisms being
affected simultaneously in cells, another possibility is that manipu-
lation of PTMs in cells through acute overexpression, or chemical
inhibition of tubulin-modifying enzymes could have additional side-
effects that might affect the behaviour of microtubule interactors
inside the cells.

Having shown that three key microtubule interactors are regu-
lated by the same PTM—polyglutamylation—raises the question of
the specificity by which this PTM regulates microtubule functions in
cells. By showing that Kif5B was only sensitive to p-tubulin polyglu-
tamylation, while both Tau and katanin were sensitive to polyglu-
tamylation of «- and p-tubulin, we demonstrated that different
polyglutamylation enzymes can independently control different
microtubule interactors. Our current work, thus, provides the first
snapshot of a complex regulatory network that might, by tightly reg-
ulating PTM levels of microtubules in a locally and temporally con-
trolled manner choreograph the multiple cellular functions that
depend on the microtubule cytoskeleton. Our data underpin that the
impact of microtubule polyglutamylation on microtubule-based pro-
cesses is rather gradual, as none of them was abolished in the
absence of this PTM, but only altered. This confirms and broadens
the observation of previous studies, which showed that polyglu-
tamylation acts as a graded controller of spastin, and very recently
of Kkatanin-mediated microtubule severing (Valenstein & Roll-
Mecak, 2016; Szczesna et al, 2022). While such gradual regulatory
mechanisms, in contrast to PTM switches that for instance control
cell cycle progression (Nurse, 2002; Santos & Ferrell, 2008;
Skotheim et al, 2008), might have small effects on cells we observe
in culture dishes, they are likely to be essential for the maintenance
of homeostasis and cellular functions throughout the life of an
organism. That this could indeed be the case is illustrated by recent
findings showing that deregulated tubulin PTMs can cause neurode-
generation (Magiera et al, 2018; Shashi et al, 2018), vision disorders
(Kastner et al, 2015; Branham et al, 2016), male infertility (Vogel
et al, 2010; Giordano et al, 2019; Gadadhar et al, 2021), ciliopathies
(Lee et al, 2012) and cancer (Rocha et al, 2014).

Materials and Methods

Mouse breeding

Animal care and use for this study were performed in accordance
with the recommendations of the European Community (2010/63/
UE) for the care and use of laboratory animals. Experimental proce-

dures were specifically approved by the ethics committee of the
Institut Curie CEEA-IC #118 (authorisation no. 04395.03 given by
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National Authority) in compliance with the international guidelines.
Adult males and females (2-8 months) were used in this study.

Mouse lines

Ttll1™/~: C57BL/6NTac-Ttl[]'™eEVCOMMWEl 106011 mice were gen-
erated at PHENOMIN-ICS (Institut Clinique de la Souris, Illkirch,
France; www.ics-mci.fr) with an ES-cell clone obtained from the
International Mouse Phenotyping Consortium (IMPC) (www.
mousephenotype.org/data/alleles/MGI:2443047 /tm1a(EUCOMM) Wtsi),
and bred first to flp-, then to cre-recombinase-expressing animals
(Lallemand et al, 1998) to create the Ttll1™/~ line as described
before (Bodakuntla et al, 2021).

Ttll7~/~: The Ttll7"™1° conditional mutant mouse line was estab-
lished at PHENOMIN-ICS (Institut Clinique de la Souris, Illkirch,
France; www.ics-mci.fr) as conditional (Lox-P) line, and then bred
to cre-recombinase-expressing animals (Lallemand et al, 1998) to
create the Ttll7~/~ line as described before (Bodakuntla et al, 2021).

Ttll1~/~/Ttli7~/~: The line was created by crossing TtllI™/* to
Ttil7~/* mice.

Atat1™~: These mice were described before (Kalebic et al, 2013).

Mouse genotyping

Genotyping of animals was performed as previously described
(Magiera et al, 2018). The PCR primers, the amplification program
and the expected PCR product size for mouse each line are pre-
sented in Appendix Table S1.

Tubulin purification from murine brains

Tubulin was purified from mouse brains via cycles of temperature-
dependent microtubule polymerisation and depolymerisation as
described in detail in Souphron et al (2019) and Bodakuntla
et al (2020a). Briefly, brains were extracted from the skulls of mice
immediately after sacrificing the animals. For 1 g of brain tissue,
2 ml of ice-cold lysis buffer consisting of BRB80 (80 mM K-PIPES
pH 6.8, 1 mM K-EGTA, 1 mM MgCl,, 1 mM p-mercaptoethanol,
1 mM PMSF, and 1x protease inhibitor cocktail composed of
20 pg/ml leupeptin, 20 pg/ml aprotinin and 20 pg/ml 4-(2-
aminoethyl)-benzenesulfonyl fluoride; Sigma-Aldrich) were added,
and brains were homogenised using an Ultra-Turrax® blender.
Lysates were cleared by centrifugation at 50,000 rpm in TLA-55
fixed-angle rotor (~112,000 x g; Beckman Coulter) for 30 min at
4°C, from now on referred to as “cold centrifugation”. This first
supernatant (later referred to as “SN1”) was adjusted to 1 mM
GTP and 1/3 volume pre-warmed 100% glycerol, which after care-
ful mixing was incubated for 20 min at 30°C for microtubule poly-
merisation. Polymerised microtubules were pelleted for 30 min at
112,000 x g, 30°C, referred to as “warm centrifugation”. The pellet
was resuspended in BRB80 (1/10 of the initial SN1-volume), and
microtubules were disassembled by incubation on ice for 20 min,
and occasionally pipetting up-and-down to accelerate their depoly-
merisation.

Solubilised tubulin was cleared via cold centrifugation and the
supernatant SN3 was adjusted to final concentrations of 1 mM GTP
and 0.5 M PIPES, and complemented with 1/3 volume pre-heated
100% glycerol. After careful mixing and incubation for 20 min at
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30°C the resulting microtubules were pelleted via warm centrifuga-
tion. Microtubules polymerised at high molarity do not contain asso-
ciated proteins. The pellet was resuspended in 1 x BRB80 (1/40 of
the initial SN1-volume), depolymerised on ice for 20 min, and
cleared via cold centrifugation. The resulting SN5 was adjusted to
1 mM GTP, supplemented with 1/3 volume of pre-heated 100%
glycerol, and incubated for 20 min at 30°C. Microtubules were pel-
leted by warm centrifugation and resuspended in ice-cold BRB80 (1/
40 of the initial SN1-volume). After 15 min on ice, the soluble tubu-
lin was cleared by a final cold centrifugation. The tubulin yield was
estimated with a NanoDrop ND-1000 spectrophotometer (Thermo
Scientific; absorbance at 280 nm; MW = 110 kDa; € = 115,000 M’l/
cm™'). Samples were adjusted to 4 mg/ml, aliquoted, snap-frozen in
liquid N, and stored at —80°C. Samples for SDS-PAGE were col-
lected and analysed for each purification cycle step.

Immunoblot analyses

Samples of the purified tubulin were mixed with Laemmli buffer
(90 mM DTT, 2% SDS, 80 mM tris-HCl pH 6.8, 10% glycerol, Bro-
mophenol blue) and denatured for 5 min at 95°C. Tubulin (60-
80 ng per sample) was run on 10% SDS-PAGE gels that allow the
separation of a- and p-tubulin (Magiera & Janke, 2013), and trans-
ferred onto a nitrocellulose membrane using Bio-Rad Trans-Blot®
Turbo system according to manufacturer’s protocol. Membranes
were blocked in 5% fat-free milk in PBS containing 0.1% Tween-20
(PBST) for 1 h at room temperature. Primary antibodies were
diluted in 5% milk in PBST and incubated with the blocked mem-
branes overnight at 4°C. On the next day, the membrane was
washed three times for 5 min with PBST and incubated with HRP-
conjugated secondary antibodies diluted in PBST for 1 h at room
temperature. After three washes in PBST, membranes were incu-
bated with Clarity™ Western ECL Substrate (Bio-Rad), and the
chemiluminescence signal was revealed using the Vilber Fusion FX
imaging system. A list of all antibodies and dilutions is shown in
Appendix Table S2.

Production of recombinant proteins

The longest human isoform of Tau with four microtubule-binding
repeats (hTau441, 2N4R), fused with C-terminal meGFP or
mCherry, 3C (PreScission) protease cleavage site and 6 x His-tag,
and human Kif5SB-EGFP (amino acids 1-905), containing a C-
terminal fluorescent-tag followed by a 3C protease cleavage site and
a 6 x His-tag (Henrichs et al, 2020), were expressed and purified
from Sf9 cells (Expression systems, Davis, CA, USA) using the open-
source FlexiBAC baculovirus vector system for protein expression
(Lemaitre et al, 2019). Cells were pelleted by centrifugation at
300 x g for 10 min at 4°C, snap-frozen in liquid N,.

For purification, cells were resuspended in 1:1 ratio of lysis
buffer (25 mM HEPES pH 7.4, 150 mM KCI, 1 mM DTT, 20 mM
imidazole, 31.25 U Benzonase), and homogenised by repeated
pipetting. The lysate was cleared for 1 h at 35,000 rpm
(95,800 x g) in 45 Ti fixed-angle rotor (Beckman Coulter) at 4°C.
The supernatant was incubated with pre-equilibrated HisPUR Ni-
NTA agarose resin (Thermo Fisher Scientific) for 2 h in a tightly
closed gravity-flow column (BioRad) at 4°C. Subsequently, the
resin was washed once with low-salt buffer (25 mM HEPES pH
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7.4, 150 mM KCl, 1 mM DTT, 20 mM imidazole), once with
high-salt wash buffer (25 mM HEPES pH 7.4, 700 mM KCl,
1 mM DTT, 20 mM imidazole), and once again with low-salt
wash buffer. The protein was eluted from the resin after cleavage
of the 6 x His-tag with 3C HRV protease in low-salt wash buffer
at 4°C for 3.5 h. The eluted protein was further purified via size-
exclusion chromatography on Superdex® 200 10/300 GL column
using AKTA Pure chromatography system (GE Healthcare) with
gel filtration buffer (25 mM HEPES pH 7.4, 150 mM KCI, 1 mM
DTT, 0.1 mM ATP, 1 mM EDTA). The collected peak fractions
were analysed via SDS-PAGE, pooled and the protein was con-
centrated with Amicon Ultra-15 Centrifugal Filter tubes (Milli-
pore). The final concentration was measured with NanoDrop ND-
1000 spectrophotometer (absorbance at 280 nm, MW and ¢ calcu-
lated according to the amino acid composition). Purified proteins
were aliquoted, snap-frozen in liquid N,, and stored at —80°C.

A complex of the katanin of subunits P60 and P80 (amino acids
1-481), C-terminally tagged with two sequential Strepll tags and
one EGFP tag, was expressed in HEK293 cells and purified as
described previously (Jiang et al, 2017). Cells were harvested 36 h
after transfection (500 x g for 5 min, 4°C), resuspended in 50 mM
HEPES, 300 mM NaCl, 2 mM MgCl,, 1 mM EGTA, 0.5% Triton X-
100, pH 7.4 supplemented with protease inhibitors cocktail
(cOmplete™, EDTA-free, Roche, Basel, Switzerland), and lysed by
sonication. Insoluble material was removed by centrifugation for
15 min at 9,000 x g, 4°C, and the supernatant was centrifuged
again for 30 min at 30,000 x g, 4°C. The high-speed supernatant
was then incubated with 2 ml StrepTactin XT beads for 45 min at
4°C. Beads were subsequently washed with 50 ml of 50 mM
HEPES, 150 mM NaCl, 2 mM MgCl,, 1 mM EGTA, 0.05% Triton
X-100 and 10% glycerol. Finally, katanin was eluted with 50 mM
HEPES, 150 mM NaCl, 1 mM EGTA, 2 mM MgCl,, 0.01% Triton
X-100 and 50 mM biotin. Purified protein was snap-frozen and
stored at —80°C.

Preparation of microscopy chambers

Microscopy chambers were prepared from two sandwiched silanised
glass coverslips (18 and 24 mm, Marienfield High Precision)
attached through parafilm strips (heated for 15-20 s at 60°C and
gently pressed together) to form ~2.5 mm wide parallel flow chan-
nels. Prior to the chamber assembly, the coverslips were extensively
cleaned in “piranha” solution (consisting of one part 30% hydrogen
peroxide and 2.5 parts 95-97% sulfuric acid) and silanised with
200 pl dichlorodimethylsilane mixed in 350 ml trichloroethylene. To
immobilise the microtubules at the glass surface, the flow channels
of the microscopy chambers were incubated for 5 min with 30 pg/
ml monoclonal anti-p-tubulin (TUBB) antibody (Sigma-Aldrich
T7816; Roach et al, 1998) at room temperature. The glass surface
was subsequently blocked with 1% Pluronic-F127 in PBS for at least
30 min before use.

Preparation of stabilised microtubules
For Tau binding experiments, microtubules were polymerised in the
presence of the slowly hydrolysable GTP-analogue GMPCPP

(Guanosine-5'-[ (a,f)-methyleno]triphosphate; Jena Bioscience NU-
405). Tubulin from murine brains was mixed with 1.25 mM

© 2023 The Authors

ASUDOIT suOWWo)) dANEa1) dqearjdde oY) £q pauIdA0S 1B SI[INIE V() 98N JO SI[NI 10§ AIRIQIT AUIUQ AJIA UO (SUONIPUOD-PUB-SULIDY/WOY" KA[Im’ AIRIqI[aUI[U0//:sdNYy) SUONIPUOD) PUE SWISL, dY1 938 *[£Z0T/10/€1] U0 Areiqr] auruQ Aa[1p “ounD mnsuy £q 1012112202 [quwe/zszs 1 01/10p/310 ssardoquia mmay//:sdny woty papeojumo ‘0 “SL0Z09t |



Mariya Genoua et al

GMPCPP and 1.25 mM MgCl, to final concentrations of 4 pM in
BRB80, and incubated for 3-5 h at 37°C. The polymerised micro-
tubules were pelleted by centrifugation at 18,000 x g for 30 min.
The supernatant was discarded, and pellets were resuspended in
100 pl of warm (37°C) BRB80.

For Tau-envelope formation, kinesin stepping assays and micro-
tubule severing, Taxol-stabilised microtubules were prepared in
BRB80 following a previously described protocol (Nitzsche
et al, 2010; Braun et al, 2011). We added 1.25 pl of the polymerisa-
tion mixture (25% DMSO, 20 mM MgCl,, 5 mM GTP in BRB80) to
5 pl of 4 mg/ml porcine tubulin. Microtubules were polymerised for
30 min at 37°C. Following centrifugation for 30 min at 18,000 x g
and room temperature, the microtubule pellets were resuspended in
100 pl BRB80 containing 10 pM Taxol (Paclitaxel; Sigma-Aldrich
T7191).

GMPCPP- and Taxol-stabilised microtubules were stored at room
temperature and used for several days.

Immobilisation of microtubules in assay chambers

Stabilised microtubules were diluted in BRB80 and injected into a
microscopy chamber. Dilutions were determined ad hoc for each
experiment to obtain an optimal microtubule density. Importantly,
all microscopy assays were performed in assay chambers containing
two PTM types of microtubules concomitantly. These two different
microtubule types were injected sequentially; each sample was incu-
bated for 30-60 s, after which unbound microtubules were washed
away with BRB80. The identity of the first set of microtubules was
documented at several positions on the coverslip via IRM using
50:50 UVFS plate beamsplitter (ThorLabs BSW29R) and the
position-saving function of the NIS-Elements imaging software
(Nikon). The same procedure was repeated with the second type of
microtubules, and images are taken for the previously saved posi-
tions (Fig 2A and B).

TIRF microscopy

Experiments were performed on inverted widefield microscope
Nikon Eclipse Ti2 (Nikon, Tokyo, Japan) equipped with a motorised
XY-stage, a perfect focus system, Nikon Apo TIRF 60x Oil, NA 1.49
objective, and a Prime BSI Scientific CMOS (sCMOS) camera (Tele-
dyne Photometrics, Tucson, AZ, USA), or with a Nikon Ti-E
equipped with a piezo Z-stage, a motorised XY-stage, a Perfect
Focus System, an automatised H-TIRF module, a 100x oil immer-
sion TIRFM objective and an sCMOS Hamamatsu ORCA 4.0 V2
(Hamamatsu Photonics) camera, respectively. All experiments were
carried out at stable room temperature and were repeated at least
three times on different days, unless otherwise stated.

Tau-binding: assay, image analyses and statistics

Seventy nanomolar Tau-meGFP in Tau-assay buffer (50 mM Hepes/
KOH pH 7.3, 75 mM KCl, 10 mM DTT, 1 mM ATP, 20 pg/ml casein,
20 mM glucose, 220 pg/ml glucose oxidase, 20 pg/ml catalase) was
injected into the imaging chamber containing two sets of immobilised
microtubules, as video acquisition was started prior to the injection.
Tau binding was recorded in TIRF mode at a rate of 0.5 fps for 5 min
for one of the saved coverslip positions, after which single images were
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taken for all other positions. To determine the dissociation constant
(K4) of Tau to wild-type and Ttil1~/~Ttll7~/~ microtubules, the follow-
ing range of Tau-mCherry concentrations was assayed as described
above: 78, 156, 313, 625 nM; 1.25, 2.5 and 5 pM.

The binding affinity of Tau to microtubules was analysed with
Fiji (ImageJ) software (Schindelin et al, 2012). To determine the flu-
orescence intensity of Tau-meGFP or -mCherry bound to a given
microtubule, a segmented line of 5 px (0.55 pm) width is drawn
over parts or the entire microtubule. From this line, the area (A)
and the raw integrated density (RID) of the fluorescent signal was
determined. To determine the background, the line width was
expanded to 12 px (1.32 pm) so that it covers parts of the surface
surrounding the microtubule and the same measurements were
repeated. To obtain the background value (B) the following calcula-
tion was applied:

o RIDbackground —RIDnjcrotubule

Abackground 7Amicrmubule

To subtract the background signal (B), the following correction cal-
culation was used:

D= RIDnicrotubule —B X Amicrotubule
- )

Amicmtubule

where D is the corrected integrated fluorescence signal density of
Tau on the microtubule.

In Fig 2C the value D for each wild-type and mutant microtubule
was normalised to the mean wild-type D in the same channel of the
microscopy chamber. Each experiment was performed with wild-
type and one differentially modified type of microtubules. For repre-
sentation purposes, one normalised wild-type data set was shown in
the scatter plot for each experiment. At least 100 microtubules were
measured for each condition in each biological replicate. Statistical
analysis was performed using either unpaired t-test or Mann-Whit-
ney test in Prism 9 software (GraphPad), error bars represent mean
with standard deviation (SD) and median with interquartile range,
respectively.

To calculate the dissociation constants (Kg) of Tau, the experi-
mental data were fitted with a built-in model for one-site specific
binding using Prism 9 software (GraphPad) based on the following
formula:

_ Dax x [Tau]

K4 + [Tau] ’
where D is the corrected integrated fluorescence signal density of
Tau on the microtubule (calculated as described above), Dy.x is
the estimated maximum value of D and [Tau] is the concentration
of Tau. Fig 2E shows the fitting of the mean D values from three
independent experiments, as well as the calculated K4 with SD. At
least 40 microtubules were measured for each condition in each
individual experiment.

Tau envelope assembly was recorded for 5 min and analysed at
time points 5 and 120 s. The total length of the envelopes on all
microtubules in the field of view was divided by the total length of
those microtubules and expressed as a percentage in Fig 2G. The
data are pooled from 17 assays, where tubulin from three indepen-
dent purifications was used.
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Katanin microtubule-severing: assay, image analyses
and statistics

One hundred nanomolar purified katanin-eGFP in severing buffer
(20 mM Hepes/KOH, pH 7.2, 75 mM KCI, 10 mM Paclitaxel,
0.5 mg/ml casein, 10 mM DTT, 3 mM ATP, 0.1% Tween-20, 20 mM
glucose, 110 pg/ml glucose oxidase, 20 pg/ml catalase) were
injected into the imaging chamber. Fluorescent images were taken
in TIRF mode at a rate of 0.5 fps for 5 min at all previously saved
coverslip positions, image acquisition was started before injection.

Image analysis for estimating the microtubule disassembly was
performed in Fiji (Schindelin et al, 2012). The integrated micro-
tubule mass of each microtubule in each movie frame was deter-
mined by integrating the IRM intensity profile over time. This
signal was background-subtracted by subtracting the integrated
IRM intensity profile of an equally sized region directly adjacent
to the microtubule in each frame over time. The resulting signal
was normalised to “1” at time 0, which is defined as the moment
when katanin was added. Characteristic severing times were
defined as the time it takes for the microtubule integrated inten-
sity, reflecting the microtubule mass, to decrease to half of its ini-
tial value. For direct comparison in identical conditions, in each
experiment, two types of microtubules were imaged simultane-
ously in one channel and one set of microtubules was taken as a
reference. The mean value of the wild-type severing rate was set
to “1,” and values of other microtubule variants were normalised
to the wild-type value. If no wild-type microtubules were included
in an assay, we adjusted the values to the median values of one
of the microtubule types obtained with the wild-type micro-
tubules. Statistical analysis was performed using Mann-Whitney t¢-
test in Prism 9 software (GraphPad), bars represent the median
with an interquartile range.

Kinesin-stepping: assay, image analyses and statistics

For KifSB stepping assays, 0.2 nM KifSB-EGFP in kinesin motility
buffer (BRB80, 10 pM Paclitaxel, 10 mM dithiothreitol, 20 mM D-
glucose, 0.5 mg/ml casein, 1 mM Mg-ATP, 220 pg/ml glucose oxi-
dase and 20 pg/ml catalase) were injected into the flow cell. Fluo-
rescent images of single molecules were acquired at five frames per
second for at least 1 min. Detailed acquisition information is indi-
cated in the figure legends.

Motility parameters such as the interaction times, run length and
velocities of KifSB were determined by individually tracking the
movement of single KifSB-EGFP molecules with the tracking soft-
ware FIESTA (Ruhnow et al, 2011). The run length and interaction
time were expressed as survival probability, determined by the
Kaplan-Meier estimator in MATLAB (The MathWorks, Natick, MA,
USA) and statistically compared as hazard ratios in JMP (Cary, NC,
USA) as described previously (Henrichs et al, 2020). Kaplan—-Meier
analysis is a non-parametric statistical test to estimate the survival
function from lifetime data taking into account “censored events”
that terminate due to causes unrelated to the kinesin walking mech-
anism (Ruhnow et al, 2017). Those events are processive runs pre-
maturely terminated when KifSB-EGFP reaches microtubule ends, or
move in- or out of the field of view. Including these events is impor-
tant, as otherwise the analysis would be biased against long-
distance runs of kinesin molecules.
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Using Kaplan-Meier analyses, thus, minimises the impact of pos-
sible variations in microtubule lengths (Ruhnow et al, 2017). Given
that, in addition, we used microtubule sets of similar length distri-
butions for our analyses (Fig EV4B) we can confidently exclude an
influence of the microtubule lengths on the observed KifSB-EGFP
run lengths and interaction times.

Data availability
This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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