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CLASPs stabilize the pre-catastrophe intermediate
state between microtubule growth and shrinkage

Elizabeth J. Lawrence!®, Saptarshi Chatterjee’®, and Marija Zanic**®

Cytoplasmic linker-associated proteins (CLASPs) regulate microtubules in fundamental cellular processes. CLASPs stabilize
dynamic microtubules by suppressing microtubule catastrophe and promoting rescue, the switch-like transitions between
growth and shrinkage. How CLASPs specifically modulate microtubule transitions is not understood. Here, we investigate the
effects of CLASPs on the pre-catastrophe intermediate state of microtubule dynamics, employing distinct microtubule
substrates to mimic the intermediate state. Surprisingly, we find that CLASP1 promotes the depolymerization of stabilized
microtubules in the presence of GTP, but not in the absence of nucleotide. This activity is also observed for CLASP2 family
members and a minimal TOG2-domain construct. Conversely, we find that CLASP1 stabilizes unstable microtubules upon
tubulin dilution in the presence of GTP. Strikingly, our results reveal that CLASP1 drives microtubule substrates with vastly
different inherent stabilities into the same slowly depolymerizing state in a nucleotide-dependent manner. We interpret this
state as the pre-catastrophe intermediate state. Therefore, we conclude that CLASPs suppress microtubule catastrophe by
stabilizing the intermediate state between growth and shrinkage.

Introduction
Microtubules are dynamic cytoskeletal polymers essential for
many fundamental cellular processes. Individual microtubules
undergo dynamic instability, switching between phases of
growth and shrinkage through transitions known as catastrophe
and rescue (Mitchison and Kirschner, 1984). To facilitate their
roles in diverse cellular processes, microtubules are regulated by
a large number of microtubule-associated proteins (MAPs). Cy-
toplasmic linker-associated proteins (CLASPs) are a highly con-
served family of MAPs that stabilize microtubules in many
cellular contexts including cell division, cell migration, and
neuronal development (Lawrence et al., 2020; Akhmanova et al.,
2001). Human CLASPs stabilize microtubules by autonomously
suppressing microtubule catastrophe and promoting microtu-
bule rescue without changing the rates of microtubule growth
or shrinkage (Aher et al., 2018; Lawrence and Zanic, 2019;
Lawrence et al., 2018). However, the molecular mechanisms
underlying CLASP’s activity remain largely unknown.
CLASPs belong to a larger group of proteins that use tubulin-
binding tumor overexpression gene (TOG) domains to modulate
microtubule dynamics (Al-Bassam and Chang, 2011; Slep, 2009;
Farmer and Zanic, 2021). Humans possess two CLASP paralogs:
CLASP1 and CLASP2, with multiple TOG domains contained
within all major isoforms (CLASPIa, CLASP2a, and CLASP2y).

While CLASPs contain multiple TOG domains, the isolated TOG2
domain from both yeast and mammalian homologues is suffi-
cient for the microtubule regulatory activity of the full-length
protein (Aher et al., 2018; Majumdar et al., 2018; Funk et al.,
2014). Previous work established that a minimal construct
containing a single TOG2 domain of human CLASP2a re-
capitulates the anti-catastrophe and rescue activity of full-length
human CLASP2a on dynamically growing microtubules (Aher
et al., 2018). Interestingly, this TOG domain was reported to
adopt a uniquely curved architecture, not compatible with
binding to known tubulin dimer conformations (Lawrence et al.,
2020; Leano et al., 2013; Leano and Slep, 2019; Maki et al., 2015).
This unique TOG2 architecture may thus underlie CLASPs
ability to specifically regulate the transitions between micro-
tubule growth and shrinkage.

Interestingly, an early model of microtubule dynamic insta-
bility proposed the existence of a metastable intermediate state
between the microtubule growth and shrinkage phases (Tran
et al., 1997; Janosi et al., 2002). This model is supported by ob-
servations that growing microtubules exhibit a brief delay prior
to the onset of catastrophe upon the removal of tubulin in so-
lution (Walker et al., 1991; Duellberg et al., 2016; Voter et al.,
1991; Strothman et al., 2019). Furthermore, recent high-temporal

1Department of Cell and Developmental Biology, Vanderbilt University, Nashville, TN, USA; 2Department of Chemical and Biomolecular Engineering, Vanderbilt University,
Nashville, TN, USA; 3Department of Biochemistry, Vanderbilt University, Nashville, TN, USA.

Correspondence to Elizabeth J. Lawrence: beth.lawrence@vanderbilt.edu; Marija Zanic: marija.zanic@vanderbilt.edu.

© 2023 Lawrence et al. This article is distributed under the terms of an Attribution-Noncommercial-Share Alike-No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms/). After six months it is available under a Creative Commons License (Attribution-Noncommercial-Share Alike 4.0
International license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

Rockefeller University Press
J. Cell Biol. 2023 Vol. 222 No. 7 202107027

W) Check for updates

https://doi.org/10.1083/jcb.202107027

1of15


https://orcid.org/0000-0001-9543-8678
https://orcid.org/0000-0002-3334-1691
https://orcid.org/0000-0002-5127-5819
mailto:beth.lawrence@vanderbilt.edu
mailto:marija.zanic@vanderbilt.edu
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1083/jcb.202107027
http://crossmark.crossref.org/dialog/?doi=10.1083/jcb.202107027&domain=pdf

resolution measurements of dynamic microtubule growth found
that microtubules exhibit a distinct slowdown in growth prior to
catastrophe (Maurer et al., 2014; Mahserejian et al., 2022; Farmer
et al., 2021). Importantly, in the presence of CLASP, microtubules
can withstand large growth fluctuations, and return to a robust
growth phase following transient growth slowdowns, thus
avoiding catastrophe (Lawrence et al., 2018; Mahserejian et al.,
2022). Furthermore, CLASPs promote microtubule pausing in
cells and in vitro, and stabilize microtubule ends at anchor
points such as kinetochores, focal adhesions, and the cell cortex
(Mahserejian et al., 2022; Li et al., 2012; Sousa et al., 2007; Aher
etal., 2018; Lawrence et al., 2020). Therefore, we hypothesize that
CLASPs stabilize microtubules in the pre-catastrophe state, an
intermediate state between microtubule growth and shrinkage.
Here, we investigate the effects of CLASPs on distinct microtubule
substrates to unravel the molecular mechanisms by which CLASPs
regulate microtubule catastrophe and rescue.

Results

CLASP1 promotes the depolymerization of stabilized
microtubules in a nucleotide-dependent manner

To determine the effect of CLASP on distinct microtubule end
conformations, we first investigated CLASP1’s activity on
stabilized microtubules in the absence of tubulin. Another
prominent TOG-domain protein, microtubule polymerase
XMAP215, uses its TOG domains to induce the depolymerization
of microtubules in the absence of tubulin by promoting a weakly
bound state of tubulin at the microtubule end (Brouhard et al.,
2008). Stabilization of a weakly bound tubulin dimer explains
both XMAP215’s potent microtubule polymerase activity in the
presence and depolymerase activity in the absence of soluble
tubulin, establishing XMAP215’s mechanism of microtubule
regulation. To investigate whether CLASP], like XMAP215, has
the ability to depolymerize stabilized microtubules, we used an
established in vitro assay, combining TIRF microscopy with
purified protein components (Fig. 1 A; Gell et al., 2010). Briefly,
stable microtubules were polymerized with GMPCPP (guano-
sine-5"-[(a,)-methyleno]triphosphate), a slowly hydrolyzable
GTP analog, and adhered to coverslips. Microtubule depoly-
merization was monitored over 15 min under different reaction
conditions. In the buffer control condition, in the absence of any
MAPs, microtubules depolymerized very slowly over the course
of the experiment, as expected (Fig. 1 B left, Fig. 1 D; 0.29 + 0.04
nm/s; SE, N = 90). As a positive control, we purified recombi-
nant chTOG (Fig. S1), the human homolog of XMAP215, and
tested its depolymerase activity. Indeed, we observed microtu-
bule depolymerization with 200 nM chTOG (Fig. 1 B middle;
2.64 + 0.02 nm/s; SE, N = 50, P < 0.001 compared to the buffer
control). Thus, like XMAP215, human chTOG induces microtu-
bule depolymerization in the absence of soluble tubulin. In
contrast, when stabilized microtubules were incubated with 200
nM purified recombinant CLASP1 (Fig. S1), we did not observe
significant microtubule depolymerization (Fig. 1 B right; 0.248 +
0.008 nm/s; SE, N = 79; P > 0.05 compared to the buffer control).
Thus, unlike XMAP215/chTOG, CLASP1 does not promote mi-
crotubule depolymerization under these conditions.
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Figure 1. CLASP1 promotes the depolymerization of GMPCPP-stabilized
microtubules in a GTP-dependent manner. (A) Schematic of the microtu-
bule depolymerization assay. (B) Representative kymographs of GMPCPP-stabilized
microtubules incubated with storage buffer, 200 nM chTOG, or 200 nM CLASPL.
(C) Representative kymographs of GMPCPP-stabilized microtubules incubated with
storage buffer, 200 nM chTOG, or 200 nM CLASP1 in the presence of 1 mM GTP.
(D) Quantification of microtubule depolymerization rates for the conditions in B and
C. N = 50-108 microtubules for each condition across at least two experimental
days. Individual data points from different experiments are plotted in different
shades, and the means for each experimental repeat are plotted as larger points in
the same color. The squares indicate the average of the experimental means, and
the vertical bars are the standard errors of the means. See also Video 1. For
comparison between the no GTP conditions, a one-way ANOVA followed by Tu-
key’s HSD test for multiple comparisons found that the mean rate of microtubule
depolymerization was significantly different between the buffer control vs. chTOG
(P < 0.001) and chTOG vs. CLASP1 (P < 0.001) in the absence of GTP. There was no
statistically significant difference between the buffer control and CLASP1 condition
(P = 0.06) in the absence of GTP. Welch's two-tailed unequal variances t tests were
performed for pairwise comparison of the no-GTP vs. GTP conditions and the
corresponding P values are indicated on the graph.

The configuration of microtubule ends depends on the nu-
cleotide state of the end-bound tubulin dimers (Brouhard and
Rice, 2014; Gudimchuk and MecIntosh, 2021). Given that the
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specific configuration of tubulin recognized by CLASP’s TOG
domains is not known, we wondered whether CLASPI’s activity
is sensitive to the nucleotide state of the tubulin at the micro-
tubule ends. Therefore, we investigated the effects of including
GTP in the reaction mixture for our depolymerization assay,
which is expected to exchange with the GMPCPP bound to the
terminal tubulin dimers (Mitchison, 1993; Fig. 1 B). The addition
of 1 mM GTP to the buffer control condition did not promote
microtubule depolymerization on its own (Fig. 1 B left, Fig. 1 C;
0.14 + 0.05 nm/s; SE, N = 108; P = 0.25 compared to the no GTP
control). Furthermore, chTOG displayed only a mild, 1.5-fold
increase in depolymerase activity in the presence of 1 mM GTP
compared to the no GTP condition (Fig. 1 B middle, Fig.1C; 4.0 =
0.2 nm/s; SE, N = 77). In contrast, upon introduction of 200 nM
CLASP1 and 1 mM GTP, the microtubules robustly depoly-
merized, displaying a 24-fold increase in depolymerization rate
when compared to CLASP1 without GTP (Fig. 1 B right, Fig. 1 C
and Video 1; 6.0 + 0.9 nm/s; SE, N = 89; P = 0.025 compared to
CLASP1 without GTP). These results demonstrate that, in the
absence of soluble tubulin, CLASP1 promotes microtubule de-
polymerization in a GTP-dependent manner.

Since we observed GTP-dependent CLASP activity, we next
investigated the specific effects of different nucleotides. We
performed sequential nucleotide exchange experiments in
which the CLASPI1 concentration was maintained constant but
the solution was exchanged for reaction mixtures containing
distinct nucleotides (Fig. S2). First, we incubated microtubules in
the presence of CLASP1 without any nucleotide in the solu-
tion, and saw no depolymerization, as expected. Next, we in-
troduced 1 mM GTP in the same observation channel and
observed depolymerization. Finally, we exchanged the reaction
solution to include 1 mM GMPCPP and found that depolymer-
ization quickly stopped (Fig. S2 A). Thus, microtubule depoly-
merization is switched on with GTP and switched off with
GMPCPP in the presence of CLASPL. To determine whether GTP
hydrolysis is necessary for CLASP-mediated microtubule depo-
lymerization, we investigated CLASPI activity in the presence of
post-hydrolysis nucleotides GDP and GTPyS (guanosine 5'-O-
[gamma-thio]triphosphate), a nucleotide analog that mimics the
GDP-Pi state (Fig. S2, B and C). Surprisingly, microtubules ro-
bustly depolymerized in the presence of CLASP1 with 1 mM GDP.
Furthermore, in the presence of CLASP1 with 1 mM GTPyS, a
slow but significant rate of microtubule depolymerization was
observed (P < 0.001 for the GTPyS versus GMPCPP conditions).
Taken together these data demonstrate that the post-hydrolysis
state of GTP facilitates CLASP-mediated microtubule depoly-
merization, but that GTP hydrolysis itself is not strictly required.
Our results suggest that CLASP recognizes a nucleotide-dependent
configuration of the microtubule end, which may underlie CLASP’s
anti-catastrophe activity.

CLASP1 stabilizes unstable microtubule ends in the absence of
soluble tubulin in a nucleotide-dependent manner

In physiological conditions, CLASPs operate along with tubulin
in solution and stabilize dynamic microtubules by specifically
suppressing catastrophe and promoting rescue (Aher et al., 2018;
Lawrence et al., 2018; Lawrence and Zanic, 2019). In the case of
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the polymerase XMAP215, the addition of stoichiometric
amounts of soluble tubulin (100 nM) abolishes its microtubule
depolymerase activity (Brouhard et al., 2008). We wondered if
similar suppression of microtubule depolymerization would be
observed with CLASP1 and soluble tubulin. Surprisingly, we
found that addition of 1 uM tubulin to 200 nM CLASP1 did not
abolish CLASPI-mediated microtubule depolymerization (Fig.
S3). Titrating the soluble tubulin concentration revealed that
the depolymerization activity was not abolished until tubulin
concentrations reached 6 pM, at which point persistent micro-
tubule polymerization was observed. Thus, when the microtu-
bule end switches to a growth phase at concentrations above the
critical concentration for templated microtubule nucleation,
CLASP1 no longer promotes microtubule depolymerization but
rather stabilizes microtubule growth. Interestingly, we observed
instances of simultaneous CLASP1-mediated depolymerization at
one microtubule end and stabilization of growth at the other end
at a concentration of tubulin as high as 8 pM tubulin (Fig. S3 C).
Based on these observations, we conclude that CLASP1’s ac-
tivity is likely regulated by a specific configuration of the
microtubule end.

To determine whether CLASP’s anti-catastrophe activity re-
quires tubulin in solution, we performed “tubulin dilution” ex-
periments with unstable microtubule lattices. It has been
previously observed that microtubules exhibit a brief phase of
slow depolymerization prior to catastrophe upon tubulin dilu-
tion (Duellberg et al., 2016). This phase is thought to correspond
to an intermediate state in which the microtubule end contains a
mixture of both GTP- and GDP-bound tubulin dimers. First, we
polymerized microtubules using a mixture of GTP and GMPCPP
to mimic microtubule ends in a pre-catastrophe state (Fig. 2 A,
see Materials and methods). When soluble tubulin was subse-
quently diluted, the mixed-nucleotide microtubules slowly de-
polymerized. The rates of slow depolymerization were similar
regardless of the nucleotide in solution (Fig. 2, A and C, “mixed-
nucleotide lattice” control conditions). Contrary to our ob-
servations on stable microtubules, with the addition of 20 nM
CLASPI1 and either 1 mM GTP or 1 mM GDP, microtubule depo-
lymerization rates did not accelerate, and the microtubules were
maintained in a prolonged slowly depolymerizing state (Fig. 2, A
and C). Strikingly, when CLASP1 and GMPCPP were introduced
to the unstable mixed-nucleotide lattice, we found that the mi-
crotubules were completely stabilized, with a mean depoly-
merization rate of 0.33 + 0.04 nm/s (SE, N = 26) for the CLASP1
condition vs. 16.8 + 0.7 nm/s (SE, N = 30) for GMPCPP-only
condition (Fig. 2, A and C; P = 0.002). Therefore, while
GMPCPP on its own is not sufficient to stabilize unstable mi-
crotubules, CLASPI in the presence of GMPCPP is able to com-
pletely prevent microtubule depolymerization, even in the
absence of soluble tubulin.

Next, we induced the pre-catastrophe state on dynamic mi-
crotubules. To achieve this, we performed tubulin dilution ex-
periments on dynamic microtubules polymerized with GTP. We
exchanged the polymerization mixture for a reaction solution
containing different nucleotides, alone or with CLASPI (Fig. 2 B).
Upon dilution of soluble tubulin with any of the nucleotides
alone, the microtubules underwent catastrophe within a few
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Figure 2. CLASP1 stabilizes unstable microtubule ends in a nucleotide-dependent manner. (A) Representative kymographs of mixed-nucleotide mi-
crotubule extensions (green) undergoing depolymerization after tubulin dilution. Microtubules were grown with 7 uM A488 tubulin, 0.8 mM GMPCPP, and
0.2 mM GTP, and then the buffer was exchanged while imaging (dotted white line) for nucleotides alone or in the presence of 20 nM CLASP1. (B) Repre-
sentative kymographs of GDP microtubule extensions (green) undergoing depolymerization after tubulin dilution. Microtubules were first grown with 12 uM
A488 tubulin and 100 uM GTP, and then the buffer was exchanged while imaging (dotted white line) for nucleotides alone or in the presence of 20 nM CLASP1.
(C) Quantification of the mixed-lattice and GDP-lattice microtubule depolymerization rates following dilution with and without CLASP1 in the presence of
different nucleotides. N = 25-64 microtubules for each condition obtained across three experimental days. Individual data points from different experiments
are plotted in different shades. The means for each experimental repeat are plotted as larger points in the same color. The squares indicate the average of the
experimental means and the vertical bars are the standard errors of the means. The mean rates and statistics can be found in Table S1. (C-E) The data in C
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were replotted to show dilution-induced microtubule depolymerization rates in the presence of nucleotides alone (D) and in the presence of CLASP (E) for the
different microtubule templates. Welch’s two-tailed unequal variances t tests were performed, and the corresponding P values are indicated on the graphs.

seconds, characterized by the onset of fast depolymerization, as
expected (Duellberg et al., 2016; Walker et al., 1991; Strothman
etal., 2019; Voter et al., 1991; Fig. 2, B and C, “GDP-lattice” control
conditions). In contrast, upon dilution with CLASP1 and GTP, the
microtubules were maintained in the slow shrinkage phase,
depolymerizing an order of magnitude slower than the control
(Fig. 2, B and C). Dilution with CLASP1 and GDP resulted in more
moderate microtubule stabilization. Furthermore, when the
growth mixture was exchanged for CLASP1 and GMPCPP, the
microtubules did not undergo catastrophe and remained stable.
Taken together, our results demonstrate that CLASPY’s anti-
catastrophe activity is nucleotide-dependent but does not re-
quire soluble tubulin.

Strikingly, we noticed that the depolymerization rates of the
different microtubule substrates were remarkably similar in the
presence of CLASP], despite their very different inherent sta-
bilities in the absence of CLASPI (Fig. 2, G and H). Notably, in the
presence of CLASP1 and GTP, the mean depolymerization rates
were 9 + 1 nm/s (SE, N = 30) for mixed-lattice microtubules, and
11 + 2 nm/s (SE, N = 33) for GDP-lattice microtubules and were
not statistically significantly different (P = 0.51). Similarly, the
depolymerization rates in the presence of CLASP1 and GDP were
the same on mixed-nucleotide lattices and GDP lattices (~10 nm/
s; P = 0.91). Finally, both microtubule substrates were stable in
the presence of CLASP1 and GMPCPP (~0.5 nm/s; P = 0.14).
Therefore, our data show that CLASP1 dictates the stability of
microtubule ends in a nucleotide-dependent manner and
maintains the ends in a slowly depolymerizing pre-catastrophe
state in the presence of GTP.

A minimal TOG2 domain construct is sufficient to induce
stabilized microtubule depolymerization

All major isoforms of human CLASPs (CLASPla, CLASP2a, and
CLASP2y; Fig. 3 A) suppress microtubule catastrophe (Lawrence
et al., 2020; Lawrence et al., 2018; Yu et al., 2016; Aher et al.,
2018; Lawrence and Zanic, 2019). Based on our hypothesis that
stabilization of a pre-catastrophe intermediate state is the
mechanism underlying both CLASPI’s anti-catastrophe activity
as well as its ability to promote depolymerization of stabilized
microtubules, we wondered if other CLASP isoforms would also
promote stabilized microtubule depolymerization. To address
this, we incubated GMPCPP-stabilized microtubules with 200
nM of CLASP1, CLASP2a, or CLASP2y and 1 mM GTP (Fig. 3 B).
While CLASP1 displayed the strongest depolymerase activity, we
found that all CLASP family members promoted depolymeriza-
tion of stabilized microtubules in the presence of GTP (Fig. 3, B
and C).

Previous work established that a minimal construct of
CLASP2a composed of a short linker region, the TOG2 domain
and the serine-arginine-rich region (L-TOG2-S) recapitulates
the anti-catastrophe and rescue activity of full-length human
CLASP2a on dynamically growing microtubules (Aher et al.,
2018). Thus, we tested whether the L-TOG2-S construct also
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possesses microtubule depolymerase activity. Indeed, we ob-
served microtubule depolymerization when microtubules were
incubated with 200 nM EGFP-tagged L-TOG2-S and 1 mM GTP
(Fig. 3, B and C). The depolymerization rates of microtubules
with all CLASP family members and the minimal L-TOG2-S
domain construct were statistically significantly different from
the control (P < 0.001, one-way ANOVA followed by a post hoc
Tukey HSD). The finding that the minimal L-TOG2-S construct
is capable of depolymerizing stable microtubules demonstrates
that CLASP’s depolymerase activity does not strictly require a
string of multiple TOG domains. Furthermore, a previous report
found that the isolated human TOG2 domain does not bind sol-
uble tubulin (Aher et al, 2018), suggesting that both anti-
catastrophe and depolymerase activity do not rely on direct
interactions with soluble tubulin. Interestingly, the depolymer-
ization rates with L-TOG2-S were significantly different from
those with CLASP2a, but not CLASP2y, suggesting that the TOG1
domain may contribute to CLASP’s depolymerizing activity. Fur-
thermore, the fact that L-TOG2-S is also the minimal unit required
for CLASP’s anti-catastrophe and rescue activities (Aher et al.,
2018) supports the hypothesis that the molecular mechanisms
underlying CLASP’s ability to promote depolymerization are
linked to its mechanism of microtubule dynamics regulation.

The binding of CLASP1 and TOG2 to microtubule ends is
modulated by nucleotides

We next investigated the effects of the nucleotide in solution on
the CLASP!’s localization on stabilized microtubules. To this end,
we incubated GMPCPP-stabilized microtubules with 1 nM Alexa
488-labeled-CLASPI in the presence of different nucleotides.
When no nucleotide was present in the solution, CLASPI1 dis-
played clear microtubule end-binding preference (Fig. 4 A). The
observed end-binding preference of CLASP1 is similar to pre-
vious observations of full-length CLASP2y, which preferentially
associates with the plus-ends of stabilized microtubules in the
absence of GTP (Lawrence et al., 2018). We also observed in-
stances where CLASPI localized to both microtubule ends (e.g.,
see Fig. 4, A and B, no nucleotide condition). Notably, CLASPI’s
enhanced end-localization was lost when GTP was present in the
solution (Fig. 4, A and B). This is consistent with a recent study
demonstrating that the localization of CLASP2a on microtubule
ends is lost with GTP (Luo et al., 2023). Furthermore, we ob-
served preferential binding of CLASP1 to microtubule ends with
the addition of GMPCPP, but not with the addition of GDP (Fig. 4,
A and B). In other words, CLASP1 accumulated at the microtu-
bule ends only in conditions that are incompatible with CLASP-
mediated microtubule depolymerization (i.e., the no nucleotide
and GMPCPP in solution conditions), but did not accumulate at
the microtubule ends in conditions compatible with depoly-
merization (i.e., the GTP and GDP in solution conditions). These
observations suggest that in the presence of GTP or GDP indi-
vidual CLASP1 molecules dissociate from microtubule ends after
nucleotide exchange has occurred.
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Figure 3. A minimal TOG2 domain construct is sufficient to induce
stabilized microtubule depolymerization. (A) Domain structures of human
CLASP family members and an EGFP-tagged TOG2 domain from CLASP2a.
(B) Representative kymographs of GMPCPP-stabilized microtubules incu-
bated with storage buffer, 200 nM CLASP1, 200 nM CLASP2q, 200 nM
CLASP2y, or 200 nM EGFP-L-TOG2-S in the presence of 1 mM GTP.
(C) Quantification of microtubule depolymerization rates for the conditions in
B. The mean rates of microtubule depolymerization are: 0.19 + 0.03 nm/s (SE;
N = 221 microtubules) for the buffer control, 7.1 + 0.8 nm/s (SE; N = 102
microtubules) for CLASP1, 3.2 + 0.5 nm/s (SE; N = 70 microtubules) for
CLASP2q, 2.4 + 0.2 nm/s (SE; N = 100 microtubules) for CLASP2y, and 2.0 +
0.2 nm/s (SE; N = 86 microtubules) for L-TOG2-S. All data were obtained
across at least three different experimental days, and individual data points
from different experiments are plotted in different shades. The means for
each experimental repeat are plotted as larger points in the same color. The
squares indicate the average of the experimental means, and the vertical bars
are the standard errors of the means. Statistical significance was determined
using a one-way ANOVA followed by Tukey’s HSD test for multiple compar-
isons, and the corresponding P values are indicated on the graph.

To gain further insight into the depolymerase activity on a
molecular level, we investigated whether GTP affects the dura-
tion of single-molecule L-TOG2-S binding events on microtubule
ends. GMPCPP-stabilized microtubules were incubated with
200 pM EGFP-L-TOG2-S in the presence and absence of 1 mM
GTP and imaged at 20 fps. We observed that L-TOG2-S also
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exhibited microtubule end preference in the absence of GTP
(Fig. 4 C). In the absence of GTP, the dwell times of L-TOG2-S on
microtubule ends were long, with a mean dwell time of 3.8
0.3 s (SE, N = 405). In contrast, in the presence of GTP, the dwell
times of L-TOG2-S on microtubule ends were significantly
shorter (0.53 + 0.06 s; SE, N = 708, P < 0.001 compared to the no
nucleotide condition, Mann-Whitney test; Fig. 4 D). Our mea-
surements of microtubule depolymerization rates in the presence
of L-TOG2-S and GTP correspond to the removal of one tubulin
dimer every ~0.3 s on average (for an overall depolymerization
rate of ~2 nm/s, Fig. 2 C), remarkably similar to the single-
molecule dwell times in the presence of GTP. We thus speculate
that microtubule depolymerization occurs through TOG2-mediated
conformational change occurring at the microtubule end in a
nucleotide-dependent manner.

CLASP1 promotes the depolymerization of microtubule plus
and minus ends in the presence of GTP but is plus-end specific
in the presence of GDP

Our investigation of CLASP!’s localization revealed occasional
binding to both microtubule ends (Fig. 4 A). Moreover, in our
depolymerization assays, we noticed intriguing differences in
the behavior of the two microtubule ends in the presence of
CLASP!1 with different nucleotides (Fig. 1 and Fig. S2). To de-
termine the end-specific activity of CLASP1, we performed a
titration of CLASP1 concentration from O to 500 nM in the
presence of 1 mM GTP on polarity-marked GMPCPP-stabilized
microtubules, allowing us to distinguish plus and minus ends
(see Materials and methods; Fig. 5, A-C and Video 2). We found
that the microtubule depolymerization rates increased with in-
creasing CLASP1 concentrations at both plus and minus ends
(Fig. 5, B and C). Fitting the CLASPI titration data to the
Michaelis-Menten equation revealed that the half-maximum
depolymerization rate was achieved at 15 nM CLASP1 (95% CI:
10-20 nM) for plus ends, and 42 nM (95% CI: 5-79 nM) for minus
ends (Fig. 5 C). Therefore, CLASP1 induces depolymerization at
both microtubule plus and minus ends in the presence of GTP,
but the plus ends are more susceptible to CLASPl-mediated
depolymerization than the minus ends.

Due to the head-to-tail assembly of tubulin dimers in the
microtubule lattice, microtubule minus ends do not possess an
exposed nucleotide-binding site (Nogales et al., 1999). One ex-
planation for the observation that CLASP1 promotes depoly-
merization of both microtubule ends in a nucleotide-dependent
manner is that CLASP1 mediates nucleotide exchange at both
microtubule ends, thus promoting subsequent end destabiliza-
tion. Since the nucleotide-binding pocket is buried in the lattice
at the minus end, CLASP1-mediated depolymerization of minus
ends raises the possibility that CLASP1 can mediate nucleotide
exchange all along the microtubule lattice.

To investigate the potential effects of CLASP1 on lattice nu-
cleotide exchange, we performed computational modeling in
which nucleotide exchange was permitted to occur either ex-
clusively at microtubule ends or at both ends and lattice (Fig.
S4). We assessed the depolymerization profiles of microtubules
simulated to have mean depolymerization rates matching the
experimentally observed rates. When nucleotide exchange was
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Figure 4. The binding of CLASP1 and TOG2 to microtubule ends is modulated by nucleotides. (A) Representative sum projection images of 1 nM
Alexa488-CLASP1 on GMPCPP-stabilized microtubules in the absence or presence of the indicated nucleotide. Images are sum-projections of the 488-CLASP1
intensities from the first 5 s (100 frames) of 30-s videos imaged at 20 fps. The dotted lines indicate the positions of the corresponding linescans. (B) Fluo-
rescence intensity linescans of the microtubules indicated by the dotted lines in A. (C) Representative kymographs of GMPCPP-stabilized microtubules in-
cubated with 200 pM EGFP-L-TOG2-S with and without 1 mM GTP and imaged at 20 fps. (D) Quantification of the single-molecule EGFP-L-TOG2-S dwell times
on GMPCPP-stabilized microtubules in the presence and absence of 1 mM GTP. The inset shows the cumulative distribution function of the data. N is the
number of EGFP-L-TOG2-S binding events measured across three independent experimental repeats.

simulated to occur at both ends and lattice, the characteristics of ~ Fig. 5, D-F). As before, CLASPI-induced depolymerization of
the microtubule depolymerization were very different from both microtubule plus and minus ends with GTP in solution,
those observed in experiments. Specifically, the simulated mi- however, only plus ends depolymerized with GDP (Fig. 5 D). The
crotubules displayed highly nonlinear depolymerization pro- rates of CLASPl-mediated microtubule depolymerization in-
files, with depolymerization rates accelerating over time due to  creased with increasing GTP concentrations at both plus and
the exposure of unstable lattice-exchanged dimers. In contrast, minus ends (Fig. 5 E). The half-maximum depolymerization rate
when nucleotide exchange was permitted only at microtubule was achieved at 0.12 mM GTP (95% CI: 0.06-0.18 mM) for plus
ends, the depolymerization rates were constant over time, as ends, and 0.6 mM GTP (95% CL: 0.2-1.1 mM) for minus ends.
observed in our experimental results. Therefore, our simu- Notably, CLASPI1 enhanced the depolymerization of plus ends to
lations argue against a mechanism whereby CLASP1 promotes a greater extent than minus ends: CLASPI1 accelerated the de-
minus-end depolymerization by facilitating nucleotide exchange  polymerization rate by 55-fold at the plus ends, and by 40-fold at
throughout the microtubule lattice. Rather, we conclude that the minus ends when comparing the 0 mM GTP condition to the
CLASP1 promotes the depolymerization of both plus and minus  saturating GTP concentration (Vmax) for each end. In compar-
ends primarily through an end-specific mechanism. ison, the depolymerization rate increased in a less sensitive

Interestingly, we observed that, while CLASP1 depolymerized = manner with increasing GDP concentrations at microtubule plus
both of the microtubule ends in the presence of GTP, only one ends, eventually reaching a similar rate to the GTP condition at
end appeared to depolymerize in the presence of GDP (Fig. S2).  the highest nucleotide concentration tested (1 mM; Fig. 5 F).
To investigate this further, we assessed the depolymerase ac-  Strikingly, we observed no depolymerization at minus ends with
tivity of 200 nM CLASP1 on polarity-marked microtubules CLASPI at any GDP concentration tested (slope not significantly
across a range of GTP and GDP concentrations (from 0 to 1 mM;  different from zero; P = 0.08, F test for linear regression).
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Figure 5. CLASP1 promotes the depolymerization of plus and minus
ends in the presence of GTP but is plus-end specific in the presence of
GDP. (A) Schematic of the polarity-marked microtubule assay used to
distinguish plus and minus ends. (B) Representative kymographs of polarity-
marked microtubules incubated with 0, 16, and 250 nM CLASP1. (C) Quan-
tification of microtubule depolymerization rates as a function of CLASP1
concentration in the presence of 1 mM GTP. Data are means + SE; N = 10
microtubules analyzed per condition obtained from four experimental days.
The solid lines represent the Michaelis-Menten fit to the data. (D) Repre-
sentative kymographs of polarity-marked microtubules incubated with 200
nM CLASP1 in the no nucleotide, 1 mM GTP, and 1 mM GDP conditions.
(E) Quantification of microtubule depolymerization rates as a function of GTP
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Therefore, regardless of nucleotide, microtubule plus ends are
more sensitive to CLASPI than minus ends. Furthermore, the
finding that CLASPI induces depolymerization of minus ends
with GTP, but not GDP, points to potentially distinct require-
ments for the removal of tubulin from the microtubule minus
end. Overall, the distinct behaviors of the two microtubule ends
are consistent with the previous report that the kinetics of the
metastable intermediate state differ significantly between plus
and minus ends (Tran et al., 1997).

Discussion

We discovered that CLASP specifically stabilizes a nucleotide-
dependent intermediate state of the microtubule end as it
transitions from growth to shrinkage. On stable microtubules,
the ability of CLASP to promote the intermediate state manifests
as slow but robust microtubule depolymerization. On dy-
namic microtubules, CLASP-mediated stabilization of the pre-
catastrophe intermediate results in a microtubule end that is
maintained in a slowly depolymerizing state even in the absence
of soluble tubulin. Remarkably, we find that, in the presence of
GTP, CLASP drives both stable and unstable microtubule ends
into the same slowly depolymerizing state (in the 10 nm/s range,
Figs. 1, 2, and 5), despite their vastly different inherent stabili-
ties. These observations can be unified by a model in which
CLASP promotes an intermediate state between microtubule
growth and shrinkage (Fig. 6). We propose that the stabilization
of microtubule ends in a pre-catastrophe intermediate state
underlies the mechanism of CLASP’s physiological role as an
anti-catastrophe factor.

Our finding that CLASP promotes the depolymerization of
stabilized microtubules in the presence of GTP but not in the
absence of nucleotide in solution demonstrates that CLASP’s
activity is nucleotide dependent. Consistent with these results, a
recent study reconstituting CLASP2-mediated kinetochore-
microtubule interactions reported nucleotide sensitivity of the
CLASP-microtubule attachments (Luo et al., 2023). Here, the
authors used DNA origami to design clusters of CLASP2, which
formed sustained load-bearing attachments to stabilized micro-
tubule ends. The authors found that CLASP’s attachment to mi-
crotubules was abrogated in the presence of GTP, which is
expected to exchange spontaneously with nucleotide bound to
the terminal tubulin subunits at stabilized microtubule ends
(Luo et al., 2023; Mitchison, 1993). In agreement, CLASP’s lo-
calization at stabilized microtubule ends is lost in the presence of

concentration in the presence of 200 nM CLASP1. Data are means + SE; N =
10 microtubules analyzed per condition obtained from three experimental
days. The plus-end data are in dark green and the minus-end data are in light
green. The solid lines represent the Michaelis-Menten fit to the data. See also
Video 2. (F) Quantification of microtubule depolymerization rates as a func-
tion of GDP concentration in the presence of 200 nM CLASP1. Data are means
+ SE; N = 10 microtubules analyzed per condition obtained from four exper-
imental days. The solid lines represent the Michaelis-Menten fit to the data
for the plus end and a linear fit for the minus end. An F test for linear
regression was performed to test the statistical significance of the minus-
end data (P = 0.08).
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Figure 6. CLASPs stabilize an intermediate state between microtubule
growth and shrinkage. Microtubules switch between growth and shrinkage
through a metastable intermediate state, characterized by a unique
nucleotide-dependent configuration of tubulin at the microtubule end (de-
noted in orange). CLASPs (purple) recognize and stabilize this intermediate
state, thus suppressing catastrophe and promoting rescue.

GTP (Fig. 4; Luo et al., 2023; Lawrence et al., 2018), suggesting
that CLASP does not recognize GTP-tubulin at microtubule ends.
Indeed, CLASP does not localize efficiently to growing microtu-
bule ends composed primarily of GTP-tubulin subunits in the
absence of the microtubule-end targeting EB proteins (Lawrence
etal., 2018; Aher et al., 2018). Furthermore, our results show that
CLASP also promotes the depolymerization of stabilized micro-
tubules in the presence of GTPyS and GDP, but not GMPCPP,
suggesting that CLASP’s activity requires a post-GTP hydrolysis
state. Interestingly, it has been proposed that the transient ex-
posure of terminal GDP-tubulin dimers during growth serves as
a precursor to catastrophe (Bowne-Anderson et al., 2013; Farmer
and Zanic, 2023). However, CLASP does not localize to shrinking
microtubule ends that display a flared protofilament morphology
and are primarily composed of GDP-tubulin subunits (Aher et al.,
2018; Lawrence et al., 2018). Thus, we speculate that CLASP acts
on a unique and transient microtubule end configuration specific
to the intermediate state.

CLASP’s TOG2 domain has a unique architecture that permits
binding to a distinct, highly curved conformation of tubulin
(Lawrence et al., 2020; Leano et al., 2013; Maki et al., 2015; Leano
and Slep, 2019). Previous reports demonstrated that minimal
CLASP constructs containing the TOG2 domain prevent micro-
tubule catastrophe (Aher et al., 2018; Majumdar et al., 2018).
Furthermore, our results show that L-TOG2-S retains the ability
of the full length protein to promote the depolymerization of
stabilized microtubules (Fig. 3). We thus speculate that the
unique tubulin conformation recognized by TOG2 is transiently
probed by microtubule ends in the pre-catastrophe intermediate
state. A previous study reported that the Drosophila homolog of
CLASP recruits soluble tubulin to the microtubule lattice to
promote rescue (Al-Bassam et al., 2010). Indeed, CLASPs can
simultaneously interact with the microtubule lattice and soluble
tubulin dimers (Fig. S3; Al-Bassam et al., 2010; Lawrence et al.,
2018; Yu et al., 2016), and mutations in key tubulin-binding
residues abolish CLASP’s microtubule-stabilizing activity (Aher
et al., 2018; Al-Bassam et al,, 2010). However, the minimal
L-TOG2-S construct prevents microtubule catastrophe despite
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the fact that the isolated human TOG2 domain does not bind to
soluble tubulin (Aher et al., 2018). Furthermore, we find that
CLASP stabilizes dynamic microtubules against catastrophe
upon soluble tubulin removal (Fig. 2). Interestingly, the poly-
merase mechanism of XMAP215 requires binding to soluble tu-
bulin, and the presence of a stoichiometric amount of soluble
tubulin switches XMAP215’s activity from a depolymerase to a
polymerase (Brouhard et al., 2008; Ayaz et al., 2012, 2014). In
contrast, CLASP maintains its ability to promote the depoly-
merization of stabilized microtubules even in the presence of a
20-fold excess of soluble tubulin (Fig. S3). While the reversal of a
microtubule end from a pre-catastrophe intermediate state
back to growth can only happen in the presence of soluble
tubulin, CLASP-mediated stabilization of the intermediate
pre-catastrophe state occurs in the absence of soluble tubulin.
Thus, our results suggest that CLASP’s anti-catastrophe
mechanism does not require direct interaction with tubulin
dimers in solution.

CLASP’s anti-catastrophe mechanism may involve facilitat-
ing nucleotide exchange in the terminal tubulin subunits. In-
deed, exchanging GDP for GTP on the microtubule end was
predicted to suppress microtubule catastrophe (Piedra et al.,
2016). The transient exposure of GDP-tubulin at growing mi-
crotubule ends has recently been linked to an increase in mi-
crotubule growth fluctuations and slowed microtubule growth
(Cleary et al., 2022). Notably, CLASP allows growing microtu-
bule ends to withstand a greater degree of growth fluctuations
and fosters the reversal of transient growth slowdowns into a
microtubule growth state (Mahserejian et al., 2022; Lawrence
et al., 2020). Importantly, CLASP does not suppress the rate of
GTP hydrolysis, as evidenced by the size of the EB comets
(Majumdar et al., 2018; Lawrence et al., 2018). Instead, CLASP
may stabilize an otherwise transient pre-catastrophe state, al-
lowing GDP-to-GTP nucleotide exchange on terminally exposed
GDP-tubulin dimers and promoting a return to the growth
phase. Interestingly, a previous study identified putative GTP-
binding motifs in Orbit, the Drosophila homologue of CLASP
(Inoue et al., 2000). However, these motifs are only partially
conserved in human CLASP proteins (Luo et al., 2023). Fur-
thermore, mutating the remaining conserved residues in human
CLASP2 does not impact CLASP2’s activity, suggesting that di-
rect nucleotide binding by CLASP is not required for CLASP’s
mechanism (Luo et al., 2023).

While the nucleotide exchange at the terminal tubulin dimers
microtubules occurs spontaneously on stabilized microtubules
(Luo et al., 2023; Mitchison, 1993), our finding that the presence
of GTP in solution does not lead to the depolymerization of
GMPCPP-stabilized microtubules over the long timescales of our
experiments (~30 min, Figs. 1 and 5) suggests that the terminal
nucleotide exchange alone is not sufficient to destabilize the
microtubule end. We thus speculate that, due to the unique
structure of the TOG2 domain, CLASP’s interaction with the
microtubule end in the presence of GTP induces a distinct tu-
bulin conformation leading to the observed slow depolymer-
ization of stabilized microtubule ends. Alternatively, CLASP
binding may facilitate nucleotide exchange in a buried penulti-
mate tubulin subunit, inducing an allosteric effect at the
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microtubule end (Kim and Rice, 2019; Ye et al., 2020; Geyer
et al., 2015). The ability to facilitate nucleotide exchange in a
buried tubulin subunit could help explain our finding that
CLASP promotes the depolymerization of microtubule minus
ends. Although nucleotide exchange can occur spontaneously at
the minus ends, it does so less efficiently than at plus ends, likely
due to the fact that the exchangeable site is buried within the
lattice (Mitchison, 1993). Interestingly, a previous study found
that TOG2-S preferentially binds ~10 tubulin layers behind the
outmost end of the growing microtubule (Aher et al., 2018).
Whether these binding sites correspond to tubulin subunits
buried under a layer of terminally bound tubulin dimers or
terminal tubulin dimers on lagging protofilaments at microtu-
bule ends in a pre-catastrophe state is not known (Farmer et al.,
2021; Aher et al., 2018; Doodhi et al., 2015). Thus, whether
CLASP changes the tubulin conformation to facilitate nucleotide
exchange or induces a post-exchange conformational change
into a metastable intermediate remains to be determined and
could be addressed by high-resolution structural studies.

The stabilization of a transient intermediate state of the
microtubule end could also provide a mechanism for CLASP’s
rescue activity. Shrinking microtubule ends may stochastically
and transiently probe the intermediate state, which is subse-
quently recognized and stabilized by CLASP, prompting a return
to the growth phase. Rescue could also occur at sites of lattice
defects, which may include missing tubulin subunits, changes in
protofilament numbers or islands of GTP-tubulin. Indeed, it has
recently been demonstrated that microtubule lattice damage
repair sites act as sites of microtubule rescue when encountered
by shrinking microtubule ends (Thery and Blanchoin, 202;
Aumeier et al., 2016). Damage sites are recognized by several
MAPs, which may be involved in the process of lattice damage
repair (Lawrence et al., 2021; van den Berg et al., 2023; Vemu
et al,, 2018; de Forges et al., 2016; Thery and Blanchoin, 2021).
Interestingly, CLASP is implicated in microtubule lattice repair
after damage, and just a few CLASP molecules at microtubule
shrinking ends are sufficient to promote microtubule rescue
(Aher et al., 2018; Aher et al., 2020). To what extent microtubule
lattice damage and repair sites reflect the features of microtu-
bule ends in the intermediate state is not known.

The recognition of distinct conformational states of the mi-
crotubule end facilitates combinatorial, multi-protein regulation
of the microtubule dynamics. The EB-mediated targeting of
CLASP to growing microtubule ends ensures that CLASP is
readily available to catch its transient intermediate-state sub-
strate as it appears at the end of microtubules transitioning to
catastrophe. Unlike CLASP, XMAP215 autonomously tracks both
growing and shrinking microtubule ends and simultaneously
promotes microtubule growth and catastrophe (Farmer et al.,
2021; Brouhard et al., 2008). CLASP’s specific recognition of
microtubule ends in the intermediate state ensures that CLASP
and XMAP215 do not compete for the same tubulin substrate at
microtubule ends, thus permitting both fast and persistent mi-
crotubule growth through the combined effects of both micro-
tubule regulators (Arpag et al., 2020; Moriwaki and Goshima,
2016). Other MAPs, including EBI, MCAK, TPX?2, and double-
cortin, also recognize unique structural features of the microtubule
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end related to tubulin nucleotide state, curvature and protofilament
tapering (Reid et al., 2019; Bechstedt et al., 2014; Roostalu et al.,
2015; Desai et al., 1999). Whether modulating the stability of the
intermediate state is a general mechanism employed by MAPs to
regulate microtubule dynamics is an exciting area for future
research.

In conclusion, our results support a mechanism whereby
CLASPs stabilize a nucleotide-dependent intermediate state of
the microtubule end, which occurs as the microtubule tran-
sitions from growth to shrinkage. For dynamically growing
microtubules, extending the period of time spent in the inter-
mediate state allows the microtubule to re-enter the growth
phase, thus avoiding catastrophe. We further propose that sta-
bilizing the intermediate state underlies CLASP’s mechanism of
microtubule rescue. We, therefore, present a unifying mecha-
nism underlying the two major activities of CLASP in suppressing
catastrophe and promoting rescue. Overall, our discovery that
CLASPI stabilizes the intermediate state between microtubule
growth and shrinkage in a nucleotide-dependent manner provides
key mechanistic insights into an important family of microtubule
regulatory proteins.

Materials and methods

DNA constructs

Human His-CLASP1 (NM_015282.2) in pFastBacHT vector was
purchased from Genscript. The cDNA encoding full-length hu-
man CLASP2a was purchased from Dharmacon (GenBank ac-
cession no. BC140778.1) and subcloned into a pFastBacHT vector
(Invitrogen) containing an N-terminal 6xHis-tag. The His-
CLASP2y construct was generated as previously described
(Lawrence et al., 2018). The cDNA encoding His-EGFP-L-TOG2-S
in a pRSETa vector was a gift from E. Grishchuk (University of
Pennsylvania, Philadelphia, PA, USA; Luo et al, 2023). The
plasmid containing chTOG cDNA was a gift from Stephen Royle
(plasmid #69108; Addgene; http://n2t.net/addgene:69108; RRID:
Addgene_69108). The chTOG cDNA was subcloned into a modi-
fied pFastBac vector containing an N-terminal 6xHis tag (a gift
from G. Brouhard, McGill University, Montréal, QC, Canada).
Cloning products were verified by DNA sequencing.

Protein preparation

Tubulin purification and fluorescent labeling

Bovine brain tubulin was purified using cycles of polymerization
and depolymerization using the high-molarity PIPES method
(Castoldi and Popov, 2003). Tubulin was labeled with tetrame-
thylrhodamine (TAMRA) and Alexa Fluor 488 dyes (Thermo
Fisher Scientific) according to the standard protocols and as
previously described (Gell et al., 2010; Hyman et al., 1991).
Fluorescently labeled tubulin was used at a ratio of between 5
and 25% of the total tubulin.

CLASP and chTOG protein purification

His-CLASPI1 protein was expressed in baculovirus-infected Sf9
insect cells using the Bac-to-Bac system (Invitrogen). After the
first amplification, baculovirus-infected insect cells (BIIC) stocks
were used to infect Sf9 cells at a density of 1 x 10° viable cells/ml
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at a ratio of 10~ BIIC:total culture volume (Wasilko and Lee,
2006; Wasilko et al., 2009). Cells were harvested 5 d after in-
fection. His-CLASPI cell pellets were lysed by one freeze-thaw
cycle and Dounce homogenizing in lysis buffer containing
50 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid; pH 7.5), 150 mM NaCl, 2 mM MgCl,, 5% (v/v) glycerol, 0.1%
(v/v) Tween-20, 2 mM MgCl,, 10 mM imidazole, 1 mM dithio-
threitol (DTT) and supplemented with protease inhibitors.
Genomic DNA was sheared by passing the lysate through an 18-
gauge needle. The crude lysates were clarified by centrifugation
for 20 min at 4°C and 35,000 rpm in a Beckman L90K Optima
and 50.2 Ti rotor. Clarified lysates were applied to a HisTrapHP
column (GE Lifesciences) according to the manufacturer’s pro-
tocol. His-CLASPI protein was eluted in 50 mM HEPES (pH 6.8),
150 mM NaCl, 5% (v/v) glycerol, 0.1% (v/v) Tween-20, 2 mM
MgCl,, 1 mM DTT, 50 mM L-glutamate, 50 mM L-arginine, and a
linear gradient of 50-300 mM imidazole. His-CLASP1 was fur-
ther purified and buffer exchanged into CLASP storage buffer
(25 mM PIPES [piperazine-N,N’-bis(2-ethanesulfonic acid)], pH
6.8,150 mM KCl, 5% (v/v) glycerol, 0.1% (v/v) Tween-20, 50 mM
L-glutamate, 50 mM L-arginine, and 1 mM DTT) by size exclu-
sion chromatography using a Superdex 200 Increase 10/300 GL
column (Cytiva). Purified CLASP1 was labeled using Alexa Fluor
488 Microscale Protein Labeling Kit (cat. #A30006; Thermo
Fisher Scientific) according to the manufacturer’s instructions.
His-CLASP2a, His-CLASP2y proteins and His-EGFP-L-TOG2-S
were expressed and purified as previously described (Lawrence
et al., 2018; Rodgers et al., 2023).

His-chTOG protein was expressed in Sf9 insect cells and
purified as described above for His-CLASP1 with the following
modifications. Cell pellets were lysed in buffer containing
50 mM HEPES (pH 7.2), 400 mM KCl, 2 mM MgCl,, 10% glyc-
erol, 0.005% Brij35, 1 mM dithiothreitol (DTT) and supple-
mented with protease inhibitors. His-chTOG protein was eluted
in 50 mM HEPES (pH 7.2), 400 mM KCl, 2 mM MgCl,, 10% (v/v)
glycerol, 0.005% (v/v) Brij35, 1 mM DTT, and a linear gradient of
60-400 mM imidazole. His-chTOG was further purified and
exchanged into storage buffer (50 mM HEPES [pH 7.2], 400 mM
KCl, 2 mM MgCl,, 10% [v/v] glycerol, 0.005% [v/v] Brij35, 1 mM
DTT) by size exclusion chromatography using a Superdex 200
Increase 10/300 GL column (Cytiva).

Protein purity was assessed by SDS-PAGE and/or mass
spectrometry analysis. All proteins were snap-frozen in liquid
nitrogen as single-use aliquots and stored at -80°C.

TIRF microscopy and microfluidic channel preparation

Imaging was performed using a Nikon Eclipse Ti microscope
with a 100x/1.49 n.a. TIRF objective (Nikon), Andor iXon Ultra
EM-CCD (electron multiplying charge-coupled device) camera
(Andor); 488- and 561- solid-state lasers (Nikon Lu-NA); HS-625
high-speed emission filter wheel (Finger Lakes Instrumenta-
tion); and standard filter sets. For the data in Fig. S2, images
were acquired with a Nikon high speed Ti-E microscope with
epifluorescence, a 100x/1.49 TIRFApo objective and an Andor
Neo 5.5 sSCMOS camera (2560 x 2160 pixels, 1 pixel = 6.5 x 6.5
um). In both cases, the microscopes were computer-controlled
using Nikon Elements. A Tokai-Hit objective heater was used to
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maintain the sample at 35°C for all experiments. Images were
acquired with exposure times of 50-200 ms and at the frame
rates specified in the methods.

Microscope chambers were constructed as previously de-
scribed (Gell et al., 2010). Briefly, 22 x 22 and 18 x 18 mm
silanized coverslips were separated by strips of Parafilm to
create narrow channels for the exchange of solution. The
channels were rinsed with BRBSO (80 mM PIPES adjusted to pH
6.8 with KOH, 1 mM MgCl,, and 1 mM EGTA), incubated with 1:
50 anti-TRITC antibody (#A-6397; Thermo Fisher Scientific) in
BRBS8O for 5 min, rinsed with BRB80, incubated with 1% Pluronic
F127 in BRB8O for 30 min and rinsed again with BRB80.

GMPCPP-stabilized microtubule depolymerization assay
GMPCPP-stabilized microtubules (TAMRA-labeled) were pre-
pared according to standard protocols (Gell et al., 2010). Mi-
crotubules were introduced into the imaging chamber and
adhered to anti-TRITC antibody-coated coverslip surfaces. Re-
action mixes containing concentrations of the proteins and nu-
cleotides specified in the main text were introduced into the
channels in imaging buffer. The imaging buffer consisted of
BRB80 supplemented with 40 mM glucose, 40 pg/ml glucose
oxidase, 16 pg/ml catalase, 0.5 mg/ml casein, 50 mM KCl, 10 mM
DTT, and 1 mM MgCl,. Microtubules were imaged for 15 min at a
frame rate of 0.04 fps. Microtubule lengths were tracked over
time with FIESTA (Ruhnow et al., 2011) and used to calculate
mean depolymerization rates for the first 5 min of depolymer-
ization. For each individual microtubule, the filament length in
every frame for the first 5 min of the video (0.04 fps) was plotted
against time in MATLAB, and the depolymerization rates were
determined from the slope of the linear regression line fitted to
the data. Outliers were identified as + 3 x SD away from the
mean and discarded. Data were plotted as “SuperPlots” in which
individual data points and the corresponding means are color-
coded by experimental repeat to represent the experimental
variability (Lord et al., 2020).

Polarity-marked microtubule depolymerization assay
Polarity-marked microtubules were generated by polymerizing
A488-labeled GMPCPP-tubulin extensions from TAMRA-labeled
microtubule seeds with 3.5-5 uM A488-tubulin and 1 mM
GMPCPP for 10 min in microfluidic channels. Since micro-
tubules grown with GMPCPP do not undergo catastrophe and
microtubule plus ends grow faster than minus ends, the two
ends were distinguished by their lengths, with the longer ex-
tension designated as the plus end and the shorter extension as
the minus end. Reaction mixes containing CLASP1 and nucleo-
tides as indicated in the main text were introduced into the
channels in imaging buffer, and microtubule depolymerization
was imaged for 20 min at a frame rate of 0.04 fps. Microtubule
depolymerization rates were determined independently for each
end of the A448-GMPCPP-stabilized extensions on kymographs
over the first 5 min of the experiment. Outliers were identified
as + 3 x SD away from the mean and discarded. The depoly-
merization rates of plus and minus ends for the titrations of
CLASP1, GTP, and GDP (plus-end only) were fit to the Michaelis-
Menten equation:
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where vy, is the maximum depolymerization rate, K, is the
concentration at which half-maximum rate is achieved.

Tubulin dilution experiments

Microtubules with mixed-nucleotide and GDP lattices were po-
lymerized in the microfluidic channels from GMPCPP-stabilized
microtubule seeds. Mixed lattice extensions were grown with
7 WM A488-tubulin and a nucleotide mixture containing 0.2 mM
GTP and 0.8 mM GMPCPP for 20 min, resulting in microtubule
lattices with an estimated nucleotide content of ~50% GTP and
50% GMPCPP (Tropini et al., 2012). GDP microtubules were
grown with 12 uM A488-tubulin and 1 mM GTP for 10 min.
Buffer exchange was performed using filter paper to dilute
soluble tubulin and introduce reaction mixtures containing
nucleotides with or without 23 nM CLASP1 while imaging. Post-
dilution, mixed-lattice microtubules were imaged for 15min ata
frame rate of 0.2 fps, and GDP-lattice microtubules were imaged
at a frame rate of 1 fps for 5 min. Microtubule plus-end depo-
lymerization rates were determined from kymographs for the
first 5 min after dilution. Outliers were identified as + 3 x SD
away from the mean and discarded. Data were plotted as “Su-
perPlots” as described above.

Single-molecule dwell time analysis

GMPCPP-stabilized microtubules were incubated for 2 min with
200 pM EGFP-L-TOG2-S or 1 nM A488-labelled CLASP1 to allow
the reaction to equilibrate in the imaging chambers prior to
imaging. For, EGFP-L-TOG2-S, images were acquired at 20 fps
for 30 s using the maximum 488 nm laser power and 50 ms
exposure. For 488-CLASP1, images were acquired at 2 fps for
5 min. An image of the microtubule seed was taken before and
after the timelapse. The durations of the binding events on
microtubule ends were measured from kymographs generated
in Fiji (Schindelin et al., 2012) by manually marking the begin-
ning and end of each event. Dwell times were plotted as histo-
grams with 0.2 s (4-frame) bins and cumulative distribution
frequency (CDF) plots in MATLAB.

Computational simulations

Microtubule destabilization due to nucleotide exchange was
modeled at tubulin dimers incorporated in a microtubule. To
implement the exchange kinetics at tubulin dimer level, we first
project the hollow cylindrical manifold of a microtubule onto a
two-dimensional lattice where each lattice node represents a site
for the tubulin dimer (Fig. S4). For simplicity, we considered
that all the protofilaments in a microtubule are of same length as
the microtubule itself. The nucleotide exchange at a site was
considered as a “change of state” of a tubulin dimer (as illustrated
in Fig. S4, where, “green” sites turn into “blue” upon nucleotide
exchange). The effective exchange rate at plus/minus ends was

. _ 1,0-plus/minus plus/minus

considered to be Kyius/minus = kmhunge + kexchange [M] where
, . , 0-plus/mi

[M] is the effective CLASP concentration, and kmfl;;;'e”mm corre-

sponds to the rate of spontaneous depolymerization of GMPCPP
microtubules in the absence of CLASP. Further, the probability of
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exchange pi " is defined as (1-exp(-Kptus/minusAt)), where At
denotes the time step chosen for the simulation.

In each iteration of the simulation, we scanned the columns
at the microtubule ends and randomly visited all N, number of
sites along the rows. Upon visiting a randomly picked micro-
tubule end site, we drew a random number p between 0 and
1 from uniform distribution. If p is less than pZi’fhange at the plus
end (or pgicrilfnge at the minus end), we considered that the nu-
cleotide exchange had occurred at the site under consideration.
Through this iterative exchange process, if the number of ex-
changed sites at an exposed end column exceeds a pre-
determined threshold value (Nihreshowa), that end column falls off.
For our simulations, if not mentioned otherwise, Nipreshola Was
chosen to be 6 (Atherton et al., 2018). In the model, removal of a
terminally exposed end column marks the depolymerization of a
linear array of tubulin dimers at microtubule end, which
shortens the microtubule length by 8 nm—the length of a single
tubulin dimer (Fig. S4).

Next, we introduced the nucleotide exchange at tubulin
dimers integrated within the microtubule lattice, in addition to
microtubule ends. The rationale underlying this consideration is
as follows. At plus ends, CLASP may facilitate nucleotide ex-
change from GMPCPP to GTP which acts as a precursor for
terminal tubulin removal and depolymerization. However, at
minus ends, the exchangeable nucleotide in the B-tubulin sub-
unit is “buried” inside the lattice. Therefore, we reasoned that if
the exchange can happen at the minus ends, it should also
happen within the microtubule lattice. For this reason, we set
the exchange rate within the lattice to be equal to the minus end

exchange rate. The probability of lattice exchange pleitcﬁgige
lattice

oxchange = (1-exp(~KiaiceAt)), Where Ky, is klattice
[M], and klattice denotes the rate of lattice exchange per unit time
per unit concentration. For simplicity, in simulations where
lattice exchange was switched “on,” we set kf};ﬁ;”sné?i"”s (the
CLASP concentration-independent end exchange rate) to zero,
as its effect was small compared to concentration-dependent
exchange rates at microtubule ends. In the presence of lattice
nucleotide exchange during each time step, if a terminally ex-
posed column of dimers falls off, the adjacent column (the newly
exposed one) also falls off iteratively if the number of exchanged
sites at that column exceeds Nireshold-

The model parameters are listed in Table S2. The code for the
agent-based nucleotide exchange simulations was written in
MATLAB (The MathWorks) and is available at https://github.
com/ZanicLab/. A single simulation run of microtubule depo-
lymerization takes minutes of real-time in Apple M1 CPU, RAM
16 GB.

is defined as p

Statistical methods

Unless otherwise specified, statistical significance was analyzed
using the unpaired Welch’s two-tailed unequal variances t tests
on the means of the independent experimental replicates when
comparing only two conditions; or by one-way ANOVA followed
by Tukey’s HSD test for multiple comparisons when comparing
multiple conditions, as indicated in the figure legends. Data
distribution was assumed to be normal, but this was not for-
mally tested. For the single molecule dwell time analysis in
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Fig. 4, a non-parametric Mann-Whitney U test was performed
and normality was not assumed. For the minus-end GDP titra-
tion data in Fig. 5, an F test for linear regression was performed
to test if the slope was significantly non-zero. Additional details
can be found in the figure legends. The statistical analyses were
performed using GraphPad Prism and Statistics Kingdom
(Statistics Kingdom, 2017).

Online supplemental material

Fig. S1 shows the purified proteins used in this manuscript. Fig.
S2 shows the effects of different nucleotides and nucleotide ana-
logs on CLASP’s activity on stable microtubules. Fig. S3. shows the
effects of soluble tubulin on CLASP’s activity. Fig. S4 shows sim-
ulations of stable microtubule depolymerization. Video 1 shows
the effects of CLASPI on stable microtubules with and without
GTP. Video 2 shows the effects of CLASP1 on microtubule plus and
minus ends in the presence of GTP versus GTP alone. Table S1lists
the depolymerization rates of different microtubule substrates in
the presence and absence of CLASPI, related to Fig. 2 C. Table S2
lists the model parameters used in simulations, related to Fig. S4.
Data S1 contains the data underlying Figs. 1-5 and Figs. S2 and S3.

Data availability
The data are available in the published article and its online
supplemental material. The MATLAB scripts for the agent-based
nucleotide exchange simulations are available at https://github.
com/ZanicLab/.
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Figure S1. Purification of proteins used in this study. (A) SDS-page gel showing purified His-chTOG, His-CLASP1, His-CLASP2a, His-CLASP2y, and His-
EGFP-L-TOG2-S proteins. The lower band in the His-EGFP-L-TOG2-S sample likely represents a truncated protein or breakdown product as no significant
contaminating proteins were found in the mass spectrometry analysis. (B) Mass spectrometry analysis of His-CLASP1 protein. (C) Mass spectrometry analysis
of His-EGFP-L-TOG2-S protein. The hits with a total spectrum count of 10 or more are listed. Source data are available for this figure: SourceData FS1.
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Figure S2. The post-hydrolysis nucleotide state is required for CLASP1-mediated microtubule depolymerization. (A) Representative kymograph of a
GMPCPP-stabilized microtubule incubated sequentially with no nucleotide, 1 mM GTP, and 1 mM GMPCPP. The white horizontal lines indicate the times of
solution exchange; the purple line is a manual trace of the microtubule end position overlaid onto the kymograph. (B) Representative kymographs of GMPCPP-
stabilized microtubules incubated with buffer or 200 nM CLASP1 in the presence of 1 mM GDP, 1 mM GMPCPP, and 1 mM GTPyS. (C) Quantification of
microtubule depolymerization rates for the conditions in the presence of different nucleotides. The mean depolymerization rates were 3.8 + 0.3 nm/s; (SE, N =
60) with GTP, 3.1+ 0.7 nm/s; (SE, N = 40) with GDP, 0.115 + 0.008 nm/s; (SE, N = 60) with GMPCPP, and 0.61 + 0.06 nm/s; (SE, N = 60) with GTPyS. Data were
obtained from at least two independent experimental days and individual data points from different experiments are plotted in different shades. The means for
each experimental repeat are plotted as larger points in the same color. The squares indicate the average of the experimental means, and the vertical bars are
the standard errors of the means. A one-way ANOVA followed by Tukey’s HSD test for multiple comparisons revealed that there was a statistically significant
difference in the microtubule depolymerization rate between GTP and GMPCPP (P < 0.001), GDP and GMPCPP (P < 0.001), and GTPyS and GMPCPP (P <
0.001). The corresponding P values are also indicated on the graph.
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Figure S3. Soluble tubulin does not abolish CLASP’s depolymerase activity until the tubulin concentration is above the critical concentration for
microtubule growth. (A) Representative kymographs of microtubules in the presence of 0, 4 and 8 pM soluble tubulin and 200 nM CLASP1. The stable
microtubule seed is shown in magenta and the tubulin is shown in green. (B) Quantification of the microtubule plus-end polymerization rate across a range of
tubulin concentrations from 0 to 8 uM in the presence of 200 nM CLASPL. Data are means + SE obtained over three experimental days. (C) An example
kymograph of a microtubule undergoing CLASP-mediated depolymerization at one end and polymerization at the other in the presence of 8 uM soluble tubulin
and 200 nM CLASP1.
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Figure S4. Computational modeling demonstrates that nucleotide exchange in the microtubule lattice does not recapitulate the characteristics of
the microtubule depolymerization observed in experiments. (A) Schematics of the computational model for CLASP-dependent nucleotide exchange
leading to depolymerization. See Table S2 for a list of the model parameters. (B) A representative kymograph of an experimental microtubule depolymerizing in
the presence of 1 mM GTP and 61.5 nM CLASP. The red dashed lines indicate the traces of the microtubule ends obtained using KymographClear and Ky-
mographDirect (Mangeol et al., 2016). (C) A representative kymograph of microtubule depolymerization simulated using the model of nucleotide exchange
solely at the microtubule ends. (D) A representative kymograph of microtubule depolymerization simulated using model of nucleotide exchange throughout the
entire microtubule lattice in addition to the exchange at the ends. The color map represents the percentage of exchanged sites on the microtubule. The
“zoomed in” regions on the kymograph show the tubulin dimers within a 160 nm long segment on the microtubule lattice at three different time points (0, 2.5
and 5 min). Over the course of time, more and more tubulin dimers are exchanged (“green” sites turning into “blue” sites) within the microtubule lattice. (E and
F) The time dependence of depolymerization rate at microtubule minus (E) and plus (F) ends as observed in experiments. In E and F, the gray curves denote
trajectories obtained from individual microtubules in experiment (N = 20). The blue curve denotes the average curve evaluated from gray trajectories. (G and
H) The time dependence of depolymerization rate at microtubule minus (G) and plus (H) ends as obtained from the model of nucleotide exchange solely at the
microtubule ends. (1 and J) The time dependence of depolymerization rate at microtubule minus (1) and plus (J) ends as obtained from the model of nucleotide
exchange throughout the entire microtubule lattice in addition to the exchange at the ends. In G-J, the light green curves denote trajectories obtained from
individual microtubules in simulation. The dark green curve denotes the average curve evaluated from individual microtubule trajectories in simulation. The
instantaneous depolymerization rates presented in E-] were estimated by averaging over a 1-min time window. The error bars represent SEM (N = 20 in
experiment, N = 100 in all simulated cases).

Video 1.  GMPCPP-stabilized microtubules (shown in gray) were incubated with 200 nM CLASP1 in the absence (left) and presence of 1 mM GTP
(right) and imaged by TIRF microscopy. Time is shown in min:s. Images were taken every 15 s, and the video playback is 10 fps. Related to Fig. 1.
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Video 2. Polarity-marked, GMPCPP-stabilized microtubules were incubated with 1 mM GTP in the absence (left) or presence of 500 nM CLASP1
(right) and imaged by TIRF microscopy. The GMPCPP-stabilized microtubule “seed” is shown in magenta, and the GMPCPP-stabilized microtubule ex-
tensions are shown in green. The longer extension is the plus end and the shorter extension is the minus end. Time is shown in min:s. Images were taken every
15 s and the video playback is 20 fps. Related to Fig. 5.

Provided online are Data S1, Table S1, and Table S2. Data S1 contains the data underlying Figs. 1-5 and Figs. S2 and S3. Table S1
shows depolymerization rates of different microtubule substrates in the presence and absence of CLASP1. Table S2 lists model
parameters. Related to Fig. S4.
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