Human CLASP2 specifically regulates
microtubule catastrophe and rescue
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ABSTRACT Cytoplasmic linker-associated proteins (CLASPs) are microtubule-associated pro-
teins essential for microtubule regulation in many cellular processes. However, the molecular
mechanisms underlying CLASP activity are not understood. Here, we use purified protein
components and total internal reflection fluorescence microscopy to investigate the effects
of human CLASP2 on microtubule dynamics in vitro. We demonstrate that CLASP2 suppress-
es microtubule catastrophe and promotes rescue without affecting the rates of microtubule
growth or shrinkage. Strikingly, when CLASP2 is combined with EB1, a known binding part-
ner, the effects on microtubule dynamics are strongly enhanced. We show that synergy be-
tween CLASP2 and EB1 is dependent on a direct interaction, since a truncated EB1 protein
that lacks the CLASP2-binding domain does not enhance CLASP2 activity. Further, we find
that EB1 targets CLASP2 to microtubules and increases the dwell time of CLASP2 at microtu-
bule tips. Although the temporally averaged microtubule growth rates are unaffected by
CLASP2, we find that microtubules grown with CLASP2 display greater variability in growth
rates. Our results provide insight into the regulation of microtubule dynamics by CLASP pro-
teins and highlight the importance of the functional interplay between regulatory proteins at
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dynamic microtubule ends.

INTRODUCTION

Cytoplasmic linker-associated proteins (CLASPs) are a conserved
family of microtubule-associated proteins, essential for a broad
range of cellular processes including cell division, motility, and
neuronal development. In dividing cells, CLASPs organize spin-
dle microtubules (Pasqualone and Huffaker, 1994; Inoue et al.,
2000; Lemos et al., 2000; Maiato et al., 2002, 2003, 2005; Yin
et al., 2002; Cheeseman et al., 2005; Hannak and Heald, 2006;
Mimori-Kiyosue et al., 2006; Pereira et al., 2006; Ambrose et al.,
2007; Bratman and Chang, 2007; Maffini et al., 2009; Maia et al.,
2012; Funk et al., 2014); in migrating cells, CLASPs polarize the
microtubule network (Akhmanova et al., 2001; Wittmann and
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Waterman-Storer, 2005; Drabek et al., 2006; Efimov et al., 2007;
Miller et al., 2009; Stehbens et al., 2014); and, in neurons, CLASPs
regulate microtubules in growth cones and synapses (Lee et al.,
2004; Beffert et al., 2012; Schmidt et al., 2012; Marx et al., 2013;
Dillon et al., 2017).

CLASPs localize at the tips and along the lattices of microtubules
in cells (Akhmanova et al., 2001; Mimori-Kiyosue et al., 2005;
Wittmann and Waterman-Storer, 2005; Kumar et al., 2009). Several
structural features mediate the interaction between CLASPs and mi-
crotubules: multiple conserved tumor overexpressed gene (TOG)
domains permit binding to tubulin (Al-Bassam et al., 2010; Leano
etal., 2013; Funk et al., 2014), and a basic region mediates electro-
static interactions with the microtubule lattice (Al-Bassam et al.,
2010; Patel et al., 2012). Depending on the species and isoform,
CLASPs can possess canonical TOG domains, similar to those of the
XMAP215/Dis1family of proteins, as well as cryptic TOG domains,
which are structurally conserved but sequence divergent (Slep and
Vale, 2007; Leano et al., 2013). In addition, Ser-x-lle-Pro (SxIP) motifs
mediate the binding of CLASPs to EB proteins (Patel et al., 2012;
Maki et al., 2015), which target CLASPs to microtubule tips in cells
(Mimori-Kiyosue et al., 2005).

CLASPs are known regulators of microtubule dynamics. Microtu-
bules switch between phases of growth and shrinkage through
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transitions known as microtubule catastrophe and rescue (Mitchison
and Kirschner, 1984). In cells, CLASPs have been reported to stabilize
microtubules (Akhmanova et al., 2001; Mimori-Kiyosue et al., 2005;
Drabek et al., 2006; Bratman and Chang, 2007; Sousa et al., 2007),
and studies in vitro have found that CLASPs suppress catastrophe
and promote rescue (Al-Bassam et al., 2010; Moriwaki and Goshima,
2016; Yu et al., 2016). Although the effects of CLASPs on catastrophe
and rescue are known, their effects on growth and shrinkage are less
consistent. Fission yeast CLASP®s' was reported to increase growth
rates and suppress shrinkage rates (Al-Bassam et al., 2010), while
Drosophila CLASPMaVO®it strongly suppressed both growth and
shrinkage rates (Moriwaki and Goshima, 2016), revealing potential
species-specific differences. Importantly, whether the modulation of
microtubule growth and shrinkage underlies the anti-catastrophe
and rescue activity of CLASPs is unclear. Furthermore, how CLASP
activity is affected by its interaction with EB1 is not known. Here, we
used total internal reflection fluorescence (TIRF) microscopy and pu-
rified human CLASP2y protein to investigate the regulation of micro-
tubule dynamics by CLASP2y in the presence of EB1.

RESULTS AND DISCUSSION

Human CLASP2y binds to microtubule ends, and polymeric
and soluble tubulin

We expressed and purified full-length human CLASP2y with and
without a C-terminal eGFP tag using an insect cell expression system
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(Figure 1A and Supplemental Figure S1A). By performing single-
molecule fluorescence analysis, we established that the purified
CLASP2y is monomeric (Supplemental Figure S1, B and C). To inves-
tigate binding of CLASP2y to nondynamic microtubules in the ab-
sence of soluble tubulin, we imaged human CLASP2y-eGFP (100 pM)
on guanosine-5"-[(a,B)-methyleno]triphosphate  (GMPCPP)-stabi-
lized microtubules using TIRF microscopy (Gell et al., 2010). We ob-
served enhanced binding of CLASP2y to one of the two microtubule
ends (Figure 1, B and C). We subsequently identified the microtu-
bule polarity and determined that CLASP2y specifically recognized
the plus ends of the nondynamic microtubules (Supplemental
Figure S1D).

A distinct structural feature of CLASPs are TOG domains, also
found in the XMAP215/Dis1 family of microtubule polymerases. In
XMAP215/Dis1 proteins, TOG domains encode the autonomous
recognition of microtubule ends (Van Breugel et al., 2003; Slep and
Vale, 2007; Brouhard et al., 2008; Podolski et al., 2014). In contrast,
CLASPs are thought to interact with microtubules via electrostatic
interactions mediated by a serine-arginine-rich basic region (Al-
Bassam et al, 2010; Patel et al., 2012) (Figure 1A). Recently,
CLASP10, which contains a canonical TOG domain similar to those
of XMAP215/Dis-1, has been shown to autonomously track growing
microtubule plus ends in vitro (Yu et al., 2016). However, CLASP2y
lacks the canonical TOG domain, and tip recognition has not previ-
ously been observed. Our results indicate that the cryptic TOG

B CLASP2
Microtubules

CLASP2

FIGURE 1: CLASP2y binds to the ends of GMPCPP-stabilized microtubules and recruits soluble tubulin to the
microtubule lattice. (A) Schematic of the domain structure of human CLASP2y showing cryptic TOG domains (orange),
SxIP motifs, S/R basic region (purple), and C-terminal domain (gray). (B) Representative average intensity projections of
GMPCPP-stabilized microtubules incubated with 100 pM CLASP2y-eGFP. (C) Representative intensity profile through a
microtubule (inset) showing CLASP2y-eGFP intensity enrichment at the microtubule tip. (D) Representative fields of view
of GMPCPP-stabilized microtubules incubated with 50 nM CLASP2y-eGFP before (top row) and after (bottom row)

addition of 1 pM Cy5-labeled soluble tubulin.
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domains of CLASP2y may also confer the ability to recognize a spe-
cific structural feature of the microtubule plus end.

When microtubules were incubated with a higher concentration
of CLASP2y-eGFP (50 nM), we observed a uniform localization
along the microtubule lattice (Figure 1D, top). Furthermore, a pull-
down experiment revealed that human CLASP2y can also directly
bind to soluble tubulin (Supplemental Figure STE). To test whether
human CLASP2y can simultaneously bind to polymerized and solu-
ble tubulin, we introduced 1 pM Cy5-labeled soluble tubulin to
microtubule lattices that were prebound with CLASP2y (Figure 1D,
bottom). Under these conditions, we observed that tubulin was re-
cruited to the CLASP2y-coated microtubule lattices. In contrast,
soluble tubulin did not localize to microtubules in the absence of
CLASP2y (Supplemental Figure STF). Thus, we conclude that, simi-
larly to Schizosaccharomyces pombe CLASPY*'P (Al-Bassam et al.,
2010), human CLASP2y is able to simultaneously bind to polymer-
ized and soluble tubulin.
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EB1 increases the dwell time of CLASP2y on microtubules
We next examined the localization of CLASP2y on dynamic microtu-
bules, grown using 10 uM tubulin in the presence of 15 nM CLASP2y-
eGFP. Under these conditions, CLASP2y did not exhibit strong bind-
ing to microtubule lattices or ends (Figure 2A, top). Given that the
concentration of soluble tubulin dimers in this assay is several orders
of magnitude higher than that of microtubule tips (estimated to be
in picomolar range), it is possible that the majority of CLASP2y mol-
ecules are bound to tubulin in solution. In cells, CLASPs localize to
growing microtubule ends by interaction with the tip-tracking EB
proteins (Mimori-Kiyosue et al., 2005). Indeed, upon introduction of
human EB1 into our assay, we observed recruitment of CLASP2y-
eGFP to the growing microtubule ends (Figure 2A, bottom), in
agreement with previous reports (Patel et al., 2012; Moriwaki and
Goshima, 2016; Yu et al., 2016). We found that CLASP2y localized
both to the plus and minus ends of growing microtubules, consis-
tent with the indiscriminate localization of EB1 on microtubules
grown in vitro (Bieling et al., 2007; Zanic
et al., 2009).

To investigate whether the duration of
CLASP2y microtubule binding events is
affected by EB1, we measured the dwell
times of CLASP2y-eGFP molecules (200
pM) on growing microtubule ends and
lattices in the presence and absence of
10 nM EB1 (dimeric concentration) (Figure
2B). Without EB1, CLASP2y-eGFP binding
events were transient, with a mean dwell
time of 0.49 + 0.04 s (SE, N = 530) on the
microtubule lattice and 0.67 £0.18 s (SE, N
= 61) on microtubule tips. The difference
between the tips and lattice dwell times
was not statistically significant (p=0.1, Wil-
coxon rank sum test). The addition of EB1
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FIGURE 2: EB1 increases the dwell time of CLASP2y at dynamic microtubule tips.

(A) Representative kymographs showing the localization of 15 nM CLASP2y-eGFP on
microtubules grown with 10 uM Cy5-labeled tubulin in the presence and absence of 50 nM EB1.
(B) Representative kymographs of CLASP2y-eGFP (200 pM) binding events and distributions of
dwell times on microtubules grown with 16 yM Cy5-labeled tubulin in the presence and absence

>5 growing microtubule ends; thus, EB1 de-
fines CLASP2y localization. Such spatial
regulation of CLASP2 is likely to be of par-
ticular significance in cells, since CLASPs
function at discrete cellular domains rather
than throughout the cell volume (Maiato
et al., 2003; Lansbergen et al., 2006;
Stehbens et al., 2014).
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this case, it was found that the synergy does
not depend on a direct interaction between
the two proteins (Zanic et al., 2013). To
probe whether the observed synergy be-
tween CLASP2y and EB1 requires a direct
interaction, we used a truncated construct
of EB1 lacking the last 20 amino acids from
the C-terminus (EB1AC); this deletion dis-
rupts the characteristic binding of EB1 to its
partners (Honnappa et al., 2009). Similarly
to full-length EB1, 200 nM EB1AC strongly
promoted microtubule catastrophe (Figure
3C). However, the addition of 400 nM
CLASP2y to EBTAC had similar effects on
microtubule dynamics as CLASP2y alone.
Specifically, microtubule catastrophe de-
creased threefold from 0.59 + 0.04 min™'
(SE, N =218) to 0.22 + 0.02 min~" (SE, N =

Catastrophe E Rescue per 124; Figure 3D) and rescue increased from
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tastrophe; however, the observed effects on

FIGURE 3: CLASP2y suppresses catastrophe and promotes rescue. Representative kymographs
of microtubules grown with (A) 8 pM Alexa 488-labeled tubulin alone and in the presence of
400 nM CLASP2y, (B) 8 pM Alexa 488-labeled tubulin and 200 nM EB1 + 400 nM CLASP2y, and
(C) 8 uM Alexa 488-labeled tubulin and 200 nM EB1AC + 400 nM CLASP2y. (D, E) Quantification
of catastrophe frequency and rescue per shrinkage length of microtubules grown under the
conditions described in A-C. Data are means * SE from two independent experiments.

microtubule growth rate have been varied
(Al-Bassam et al., 2010; Moriwaki and Gos-
hima, 2016; Yu et al., 2016). Whether the ef-
fects of CLASPs on catastrophe are related
to their effects on growth rate is not clear. To

The anti-catastrophe and rescue activities of CLASP2y are
enhanced by direct interaction with EB1

Next, we determined the effects of purified human CLASP2y on
plus-end microtubule dynamics alone and with equimolar amounts
of EB1. The addition of 400 nM CLASP2y to 8 uM tubulin (Figure
3A) resulted in more than a threefold suppression of microtubule
catastrophe, from 0.14 £0.02 min~' (SE, N=73) t0 0.04 £0.01 min~'
(SE, N = 26; Figure 3D), and a strong promotion of microtubule
rescue, from 0.05 + 0.01 um~" (SE, N=17) to 0.33 £ 0.07 pm™" (SE,
N = 25) rescues per shrinkage length (Figure 3E). In agreement
with previous reports, 200 nM dimeric EB1 highly increased the
catastrophe frequency (Figure 3B) (Zanic et al., 2013). Strikingly,
the combination of CLASP2y with EB1 (Figure 3B) led to a 13-fold
suppression of catastrophe from 1.07 £ 0.07 min~" (SE, N = 216) to
0.08 £ 0.01 min~" (SE, N = 42; Figure 3D), as well as a dramatic
increase in rescue, from 0.003 + 0.005 pm~" (SE, N = 1) to 0.68 +
0.11 um=" (SE, N = 42) rescues per shrinkage length (Figure 3E).
Thus, CLASP2y completely overrides the effects of EB1 on micro-
tubule dynamics.

Volume 29 May 15, 2018

determine the relationship between micro-

tubule growth and catastrophe rates in the
presence of human CLASP2y, we performed titration experiments
using 0 to 20 nM CLASP2y in the background of 50 nM EB1 and
10 pM tubulin. We found that catastrophe was strongly suppressed
in all investigated conditions (Figure 4A and Supplemental Figure
S2A). Specifically, CLASP2y reduced the catastrophe frequency from
0.65 £ 0.03 min~" in the absence of CLASP2y (weighted mean, SE,
N =5 independent experiments) to 0.29 + 0.02 min~" with as little
as 10 nM CLASP2y (weighted mean, SE, N = 4 independent
experiments). Surprisingly, while the effect of 10 nM CLASP2y on
microtubule catastrophe was highly statistically significant com-
pared with control (p < 0.001, Welch’s unpaired t test), we found that
CLASP2y had no concomitant effect on microtubule growth rate (see
linear fit in Figure 4A; slope not significantly different from zero, 95%
Cl: [-0.07 nm s7' nM~1, 0.13 nm s' nM)).

There are several ways in which microtubule growth and catastro-
phe rates could be related. Early in vitro reports found that an in-
crease in microtubule growth rate correlates with suppression of
microtubule catastrophe (Walker et al., 1988). This can be potentially
explained by an increase in the size of the stabilizing GTP (guanosine

CLASP2 regulates catastrophe and rescue | 1171



triphosphate) cap with increasing growth rates (Duellberg et al.,
2016). Conversely, suppression of growth rate has also been linked
to microtubule stabilization through capping, as is the case for the
ytubulin ring complex (Kollman et al., 2011), or, alternatively,
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FIGURE 4: CLASP2y suppresses catastrophe without changing the growth rate or increasing
EB1AC comets. (A) Quantification of catastrophe frequency and growth rate of microtubules
grown with 10 uM Cy5-labeled tubulin; 50 nM EB1 and concentrations of CLASP2y-eGFP
ranging from 0 to 20 nM. Data are from six independent experiments, and error bars represent
SE. The dotted line represents a linear fit to the data (slope not significantly different from zero,
95% CI: [-0.07 nm s™' nM™, 0.13 nm s™' nM-"]). (B) Representative kymographs and
quantification of peak EB1AC-eGFP comet intensity on microtubules grown with 12 uM Alexa
647-labeled tubulin and 200 nM EB1AC-eGFP with and without 1 pM CLASP2y. Data are
intensity means * SE for individual comet measurements: circles and squares represent data
from two independent experimental days. Mean comet intensity: 2.21 £ 0.14 a.u. for control (SE,
N=23), and 1.81 + 0.13 a.u. for CLASP2y (SE, N = 19); p = 0.04, Welch’s unpaired t test. (C) Left,
An example microtubule growth episode showing the tip position as a function of time (points).
Linear fit to the position over time trajectory (red line). The lines between the fitted curve and
the data points represent the residuals. Inset is a zoom showing detail. Right, Distributions of
normalized SSR of microtubules grown with 12 uM Alexa 488-labeled tubulin and 200 nM EB1
with or without 400 nM CLASP2y. Whiskers are 1.5 IQR. Welch’s t test p = 0.004. N = 117 control
tracks, N =57 CLASP2y tracks analyzed.
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through modulation of the structure of the growing end, as recently
proposed for CAMSAPs at microtubule minus ends (Atherton et al.,
2017). Our finding that CLASP2y suppresses catastrophe without
changing the growth rate shows that these two parameters are de-

coupled in the presence of CLASP2y.

One possible mechanism by which sup-
pression of catastrophe can be achieved
while leaving the growth rate unchanged is
through decreasing the rate of GTP hydroly-
sis, thus increasing the size of the protective
GTP cap at microtubule ends. Such a mech-
anism has recently been suggested for the
mitotic spindle assembly protein TPX2
(Zhang et al, 2017). To test whether
CLASP2y changes the GTP hydrolysis rate,
we investigated the effects of CLASP2y on
EB1 localization at growing microtubule
ends. Previous studies have established that
EB proteins are sensitive to the nucleotide
state of tubulin in the microtubule and that
EB “comets” can thus be used as markers
for the stabilizing nucleotide cap (Zanic
et al., 2009; Maurer et al., 2012). To exclude
the possibility that CLASP2y is modifying
EB1 comets through direct interaction, we
investigated the localization of the trun-
cated EB1AC variant, which is expected to
solely report on the state of the growing mi-
crotubule end. We measured the peak
comet intensity and the comet decay length
using 200 nM EB1AC-eGFP with 12 uM tu-
bulin, in the absence and presence of 1 uM
CLASP2y (Figure 4B and Supplemental
Figure S2B). While this relatively high con-
centration of CLASP2y significantly sup-
pressed microtubule catastrophe (Supple-
mental Figure S2C), we found that neither
the time-averaged intensity nor the length
of the EB1AC-eGFP comets increased in the
presence of CLASP2y (Figure 4B and Sup-
plemental Figure S2D). Thus, we conclude
that CLASP2y does not suppress microtu-
bule catastrophe by increasing the GTP cap
at microtubule ends.

Although we did not observe significant
differences between control and CLASP2y
conditions when comparing time-averaged
growth rates, we observed temporal vari-
ability in growth rates of individual microtu-
bules. To investigate the possibility that
CLASP2y affects fluctuations in microtubule
growth, we tracked the growth phase of
individual microtubules grown with and
without CLASP2y and imaged at higher
spatiotemporal resolution. We then used
linear regression analysis to determine the
deviations from the mean track velocity for
each individual growth track. Interestingly,
we found that the sum of squared residuals
(SSR) was statistically significantly higher for
microtubules grown with CLASP2y than for
the control microtubules (p = 0.004; Welch’s
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unpaired t test) (Figure 4C). In other words, microtubules grown with
CLASP2ydisplay a higher degree of variability in microtubule growth
rates.

CLASP2y promotes microtubule rescue without suppressing

the microtubule shrinkage rate

In addition to strongly suppressing microtubule catastrophe, we
found that CLASP2y strongly promoted microtubule rescue
(Figure 5A). It has been proposed that suppression of microtubule
shrinkage rate can increase the likelihood of rescue, as observed for
other known rescue factors, including TPX2 (Roostalu et al., 2015;
Wieczorek et al., 2015; Reid et al., 2016) and CLIP170 (Arnal et al.,
2004). Previous in vitro studies have reported that CLASPs suppress
microtubule shrinkage rate (Al-Bassam et al., 2010; Moriwaki and
Goshima, 2016; Yu et al., 2016). Noticeably, in our experiments,
increasing concentrations of CLASP2y strongly promoted rescue
without affecting microtubule shrinkage rate (Figure 5B; slope not
significantly different from zero, 95% ClI: [-3.8 nm s™' nM~', 8.6 nm
s nM")). Specifically, 10 nM CLASP2y increased the number of
rescues per microtubule shrinkage length from 0.001 £ 0.003 pm™'
in the absence of CLASP2y (weighted mean, SE, N =5 independent
experiments, three observed rescues) to 0.10 + 0.01 pm™ in the
presence of 10 nM CLASP2y (weighted mean, SE, N = 4 indepen-
dent experiments, 112 observed rescues; p < 0.001 between 0 and
10 nM CLASP2y condition, Welch’s unpaired t test). The finding that
human CLASP2y strongly promotes microtubule rescue without

suppressing the microtubule shrinkage rate indicates that CLASP2y-
mediated rescues do not occur through overall stabilization of
microtubule polymer along the entirety of its lattice or by specific
reduction of the GDP-tubulin off-rate.

Previous reports found that fission yeast CLASP®s'P promotes mi-
crotubule rescue through local CLASPS'P-dependent accumulation
of tubulin in discrete sites on the microtubule lattice (Al-Bassam et al.,
2010). To determine whether human CLASP2y anticipates sites of res-
cue in this way, we assessed CLASP2y-eGFP localization with respect
to rescue events on microtubules grown in the presence of 10 pM
tubulin and 50 nM EB1. While we did observe local sites of CLASP2y
enrichment (“hotspots”), which occasionally served as points of res-
cue, the majority of rescue events occurred at sites without local
CLASP2y accumulation (Figure 5B). Furthermore, we did not observe
significant localization of CLASP2y molecules on shrinking microtu-
bule ends. Quantitative analysis of CLASP2y-eGFP localization at res-
cue sites, in local hotspots and at growing microtubule tips confirmed
that local enrichment of CLASP2y-eGFP fluorescence intensity did
not correlate with rescue and that most rescue sites contained less
CLASP2y than the growing tips (Supplemental Figure S3). Our results
suggest that CLASP2y can promote rescue without significant local
accumulation on the shrinking microtubule ends or lattice.

Microtubule rescue is arguably the least well-understood as-
pect of microtubule dynamics (Gardner et al., 2013; Brouhard,
2015). Rescue in cells may occur at microtubule lattice sites
with distinct structural features, such as stretches of GTP-tubulin
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0 to 20 nM. Data are from six independent experiments; errors bars re

—
Total number of
rescues (101)

present SE. Dotted line represents a linear fit to

the data (slope not significantly different from zero, 95% ClI: [-3.8 nm s™' nM-", 8.6 nm s~ nM-"]). (B) Representative
kymographs and quantification of CLASP2y-eGFP localization with respect to microtubule rescue events on

microtubules grown with 10 uM Cy5-labeled tubulin, 50 nM EB1, and 1

0 or 15 nM CLASP2y-eGFP. Data in the Venn

diagram are total numbers of events observed from five independent experiments.
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(Dimitrov et al., 2008). It has recently been reported that GTP-
tubulin incorporates at sites of microtubule lattice damage and
that such sites of self-repair promote microtubule rescue (Schaedel
et al., 2015; Aumeier et al., 2016). It is possible that microtubules
grown in the presence of CLASP2y might also incorporate distinct
structural features that can subsequently serve as points of rescue.
Indeed, previous observations in cells led to the hypothesis that
CLASPs may modulate the microtubule lattice structure (Grimaldi
et al., 2014, 2015). Although we do not always observe strong
local accumulation of CLASP2y at the onset of rescue, our results
do not exclude the possibility that CLASP2y encodes discrete mi-
crotubule rescue sites during the process of microtubule growth.

In conclusion, our results demonstrate that CLASP2y possesses
a unique ability to specifically modulate the switching transitions
between microtubule growth and shrinkage without affecting the
global growth and shrinkage rates. While it is widely accepted that
microtubule catastrophe occurs through the loss of the stabilizing
GTP-tubulin cap (Mitchison and Kirschner, 1984), the details of this
process are still not understood and many models have been pro-
posed (Bowne-Anderson et al., 2013). Naturally occurring fluctua-
tions in microtubule growth affect the size of the GTP cap; never-
theless, the microtubule ends can withstand these fluctuations
over relatively long periods of microtubule lifetime (Kerssemakers
et al., 2006; Schek et al., 2007; Howard and Hyman, 2009; Gardner
et al., 2011a; Rickman et al., 2017). Notably, the probability of ca-
tastrophe increases with microtubule age (Odde et al., 1995;
Gardner et al., 2011b), due to conformational fluctuations or evo-
lution of the microtubule end structure (Margolin et al., 2012;
Bowne-Anderson et al., 2013; Coombes et al., 2013; Zakharov
et al., 2015). It is possible that aging renders the microtubule end
more susceptible to growth fluctuations. Indeed, slowdowns in
growth have been observed prior to the onset of catastrophe
(Maurer et al., 2014; Duellberg et al., 2016). In this context, we
speculate that CLASP2y rejuvenates microtubules by allowing
them to withstand a greater degree of growth rate variability,
which would otherwise lead to catastrophe. Finally, our finding
that the interaction of CLASP2y with EB1 potently boosts CLASP’s
effect on microtubule dynamics is yet another example of synergis-
tic regulation that arises through the combined effects of microtu-
bule regulators. Understanding the individual capabilities of regu-
lators, as well as their concerted actions, will ultimately allow us to
unravel the complex microtubule network regulation at play within
cellular milieus.

MATERIALS AND METHODS

DNA constructs and cloning

The ¢cDNA encoding full-length human CLASP2y (NCBI Accession:
NM_001207044.1; a kind gift from |. Kaverina, Vanderbilt University)
was PCR amplified using PfuX7 Polymerase (Nerholm, 2010) and
subcloned into the following vectors: 1) a modified pHAT vector (a
kind gift from S. Bechstedt and G. Brouhard, McGill University) con-
taining an N-terminal 6xHis tag and a C-terminal eGFP and Strepl|
tag; and 2) a pFastBacHT vector (Invitrogen) containing an N-termi-
nal é6xHis-tag. Cloning products were verified by DNA sequencing.

Tubulin preparation

Bovine brain tubulin was purified using the high-molarity method
(Castoldi and Popoyv, 2003). Tubulin was labeled with TAMRA, Alexa
Fluor 488, Alexa Fluor 647, and Cy5 dyes (Invitrogen) according to
the standard protocols, as previously described (Gell et al., 2010).
Fluorescent-labeled tubulin was typically used at ratio of between 5
and 10% of the total tubulin.
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Protein preparation

EB1, EBT1AC, and EB1AC-eGFP were purified as described previously
(Zanic et al., 2013). His-CLASP2y and His-CLASP2y-eGFP-Strepll
were expressed in baculovirus-infected Sf9 insect cells using the Bac-
to-Bac system according to the manufacturer’s instructions (Invitro-
gen). After the first amplification, baculovirus-infected insect cells
(BIIC) stocks were prepared as previously described (Wasilko and
Lee, 2006; Wasilko et al., 2009). Briefly, Sf9 insect cells were infected
at a density of 1 x 10¢ viable cells/ml with BIIC stocks at a ratio of 10
BIIC:total culture volume. Cells were harvested 5 d after infection.
Cell pellets were lysed by one freeze-thaw cycle and Dounce
homogenizing in lysis buffer containing protease inhibitors; genomic
DNA was subsequently sheared by passing the lysate through an
18-gauge needle. The following lysis buffers were used: 50 mM
PIPES (pH 6.8), 120 mM KCl, 2 mM MgCl,, 50 mM L-glutamine,
50 mM L-arginine, 10% glycerol, 0.1% Tween-20, and 1 mM dithio-
threitol (DTT) for His-CLASP2y and 50 mM HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) (pH 7.5), 120 mM KClI, 5% glycerol,
0.1% Tween-20, 2 mM MgCl,, 10 mM imidazole, and 1 mM DTT for
His-CLASP2y-eGFP-Strepll. Crude lysates were clarified by centrifu-
gation for 20 min at 4°C and 35,000 rom 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 protocol.
His-tagged proteins were eluted with the following elution buffers:
50 mM PIPES (piperazine-N,N'-bis(2-ethanesulfonic acid)) (pH 6.8),
400 mM KClI, 5% glycerol, 0.1% Tween-20, 2 mM MgCl,, 10 mM
imidazole, T mM DTT, 50 mM L-glutamine, 50 mM L-arginine, and
300 mM imidazole for His-CLASP2y and 50 mM HEPES (pH 7.5),
120 mM KCl, 5% glycerol, 0.1% Tween-20, 2 mM MgCl,, 1 mM DTT,
and 300 mM imidazole for His-CLASP2y-eGFP-Strepll. Purified His-
CLASP2y was desalted into storage buffer (25 mM PIPES) [pH 6.8],
250 mM KCl, 5% glycerol, 0.1% Tween-20, 50 mM L-glutamine,
50 mM L-arginine, and 1 mM DTT) using an Amicon centrifugal filter
and snap frozen in liquid nitrogen. Peak His-CLASP2y-eGFP-Strepll
elution fractions from the HisTrap were pooled and applied to a
StrepTrapHP column (GE Lifesciences) according to the manufactur-
er's protocol. Purified His-CLASP2y-eGFP-Strepll was eluted with
2.5 mM desthiobiotin and snap frozen in liquid nitrogen.

TIRF microscopy

Imaging was performed using a Nikon Eclipse Ti microscope with a
100%/1.49 n.a. TIRF objective, Andor iXon Ultra EM-CCD (electron-
multiplying charge-coupled device), and NEO sCMOS (comple-
mentary metal-oxide—semiconductor) cameras; 488-, 561-, and
640-nm solid-state lasers (Nikon Lu-NA); Finger Lakes Instruments
HS-625 high speed emission filter wheel; and standard filter sets. An
objective heater was used to maintain the sample at 35°C. Micro-
scope chambers were constructed as previously described (Gell
et al., 2010). In brief, 22 x 22 mm and 18 x 18 mm silanized cover-
slips were separated by strips of Parafilm to create a narrow channel
for the exchange of solution (Gell et al., 2010). Images were acquired
using NIS-Elements (Nikon).

Single-molecule fluorescence intensity analysis

To determine single-molecule fluorescence intensities, proteins were
introduced to an unblocked, narrow flow cell (~10 ul volume) at sin-
gle-molecule concentrations to nonspecifically adhere single mole-
cules to the glass surface similar to previous studies (Sturgill et al.,
2016). Samples were diluted in imaging buffer consisting of BRB8O
(80 mM PIPES adjusted to pH 6.8 with KOH, 1 mM MgCly, and 1 mM
EGTA), supplemented with 40 mM glucose, 40 pg/ml glucose oxi-
dase, 16 pg/ml catalase, 0.5 mg/ml casein, 0-100 mM KCI and
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10 mM DTT for 2 min. Flow cells were then washed twice with 40 pl
imaging buffer to remove nonadsorbed fluorescent proteins, and the
samples were then imaged by TIRF microscopy using 100-ms expo-
sure time, maximum laser power, and an acquisition rate of 10 fps.

To obtain first-frame intensity values, a two-dimensional Gauss-
ian fitting routine was implemented using the GDSC SMLM plug-in
for ImageJ (Herbert, 2013). Local maxima were detected automati-
cally, and the reported Gaussian intensity values (area under the
curve) were reported after local background correction. For time-
lapse intensity traces showing stepwise photobleaching, back-
ground-corrected intensity values were obtained by implementing
the two-dimensional Gaussian fitting routine on the same x-y posi-
tion in time. The intensity was reported as zero when the intensity
fell below the required threshold for the fitting routine.

Pull-down assay

Purified proteins at equimolar concentrations (250 nM) were mixed
in a total volume of 150 pl binding buffer (BRB80 supplemented
with 50 mM KCI) on ice. Triple-washed PerfectPro Ni-NTA Agarose
beads (100 pl) were added to the proteins and allowed to incubate
with rotation overnight at 4°C. Beads were pelleted by centrifuga-
tion and washed three times in 500 pl binding buffer. Bound pro-
teins were eluted with 300 mM imidazole, and samples were
analyzed by SDS-PAGE.

Dynamic microtubule assay

Preparation of GMPCPP-stabilized microtubules was performed ac-
cording to standard protocols (Hyman et al., 1992; Gell et al., 2010).
Dynamic microtubule extensions were polymerized from surface-im-
mobilized GMPCPP-stabilized templates as described previously
(Gell et al., 2010). Imaging buffer containing concentrations of tubu-
lin ranging from 8 to 16 uM tubulin, T mM GTP, and proteins at the
concentrations indicated in the text were introduced into the imag-
ing chamber. 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, 50-100 mM KCI, 10 mM DTT, and 0%-0.1% meth-
ylcellulose. To determine the polarity of the individual microtubule
polymers, 12 uM soluble tubulin was introduced into the flow cell,
which resulted in the growth of dynamic microtubule extensions from
the stabilized microtubule templates. Polarity was established by
measuring growth rates with faster-growing extensions indicating
plus ends and slower-growing extensions indicating minus ends.
Quantification of microtubule dynamics parameters was performed
using kymographs generated in Fiji (Schindelin et al., 2012) as de-
scribed previously (Zanic, 2016). Catastrophe frequency was calcu-
lated by dividing the number of catastrophes by the total time spent
in the growth phase. Rescue was calculated by dividing the number
of rescues observed by the total shrinkage length. The error for ca-
tastrophe frequency and rescue per shrinkage length are counting
errors. Gamma distribution parameters were estimated from lifetime
data for the control condition (10 pM tubulin and 50 nM EB1) and the
CLASP2y condition (10 uM tubulin, 50 nM EB1, and 12 nM CLASP2y-
eGFP) as described previously (Gardner et al., 2011b; Zanic, 2016).

Dwell-time analysis

Microtubules were polymerized using 16 uM tubulin in imaging buf-
fer supplemented with 0.1% methylcellulose and imaged at 10 fps
and high laser power. Microtubules were grown in the presence of
either 200 pM CLASP2y-eGFP alone or 200 pM CLASP2y-eGFP in
combination with 10 nM EB1. The duration of binding events were
measured from kymographs generated as described above. Dwell
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times longer than 10 s in duration were identified as outliers and
discarded from subsequent analysis.

EB1AC comet analysis

Dynamic microtubules were grown with 12 pM Alexa 647-labeled
tubulin and 200 nM EB1AC-eGFP + 400 nM CLASP2y. Kymographs
of EBTAC-eGFP comets on growing microtubules were generated
as described above. A custom Matlab (MathWorks) function was de-
veloped to determine the comet intensities and the comet lengths
as follows: intensity profiles along the microtubule for each time
frame were prealigned at the maximum peak intensity. Each inten-
sity profile was then fitted to an exponential decay convolved with a
Gaussian function given by

S5l o)

where A is the amplitude of the intensity profile, B is the background
lattice intensity, © is the point spread function estimated from inten-
sity profiles of single molecule fluorophores, [ is the characteristic
decay length of the comets, and xg is the predicted comet end posi-
tion. The intensity profiles that had R-squared values below 0.8 were
discarded. Remaining intensity profiles were then aligned with sub-
pixel precision using xg from the fit and averaged to obtain a single
average intensity profile for a given kymograph. These averaged
intensity profiles were further fitted to the above convolved function
to determine the characteristic decay length of the EB comets. The
average of peak intensity values for each growth event was deter-
mined by subtracting the lattice background intensity (measured
20-30 pixels away from the tip) from the maximum tip intensity for all
intensity profiles that were not discarded by the initial fitting routine
as described above.

Variability in microtubule growth rates

Growing microtubules were imaged at 2 fps using a 100x objec-
tive and an Andor Neo camera (pixel size of 70 nm). Dynamic
microtubule tip positions as a function of time were tracked using
KymographDirect and KymographClear (Mangeol et al., 2016).
The analysis was restricted to growth episodes lasting at least
60 s using a custom Matlab (MathWorks) function in the fol-
lowing manner. A point x; is marked as the beginning of a
catastrophe if the forward five consecutive instantaneous veloci-
ties, vj:(x,-+j—x,»+j,1)/(t,-+j—t,~+j,1),(je['l,5]), are smaller than
-100 nm/s. Similarly, the point is marked as a rescue point
if vj>0. Tracks that contained catastrophes were divided into
segments to include only the growth episodes. A linear function
was fitted to the first 60 s of the segments to find the mean
growth velocity. In total, 117 tracks of control and 57 tracks of
CLASP2 condition were analyzed. The deviation from the mean
growth velocity within the growth episodes was characterized by
the sum of squared residuals (SSR), normalized by the time inter-
val of the window where the fit was performed (60 s), as follows:

1N
_ 1 2
SSR = ) ,»;1'—[

where r;is the residual for x;.

CLASP2y fluorescence intensity at rescue sites, microtubule
tips and hotspots

CLASP2y-eGFP fluorescence intensity measurements were per-
formed on kymographs of microtubules grown in the presence of
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15 nM CLASP2y-eGFP, generated as described above. Linescans
(50 pixels long x 2 pixels wide) were centered on microtubule tips
during 1) growth and 2) rescue and 3) when encountering CLASP2y-
eGFP hotspots. The solution and lattice intensities were determined
by averaging the intensities of the first (solution) and last (lattice)
15 pixels of the linescans. All analyzed sites were measured from a
single time-lapse movie. The tip intensities were determined by find-
ing the local maxima in the four middle pixels of the linescan. The
tip-to-lattice ratio, R, was calculated as

T-B
R=1"s
where T is tip intensity, B is solution intensity background, and L is
lattice intensity. The error bars were determined from variability in
lattice intensity values using error propagation. The R values were
then sorted and plotted with color codes. A rescue site was classi-
fied as a CLASP2y hotspot when the CLASP2y intensity was higher
than mean lattice intensity + two SDs.
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