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XMAP215 promotes microtubule catastrophe by
disrupting the growing microtubule end

Veronica Farmer™*@®, Goker Arpagt*®, Sarah L. Hall', and Marija Zanicv?3@®

The GTP-tubulin cap is widely accepted to protect microtubules against catastrophe. The GTP-cap size is thought to increase
with the microtubule growth rate, presumably endowing fast-growing microtubules with enhanced stability. It is unknown
what GTP-cap properties permit frequent microtubule catastrophe despite fast growth. Here, we investigate microtubules
growing in the presence and absence of the polymerase XMAP215. Using EB1 as a GTP-cap marker, we find that GTP-cap size
increases regardless of whether growth acceleration is achieved by increasing tubulin concentration or by XMAP215. Despite
increased mean GTP-cap size, microtubules grown with XMAP215 display increased catastrophe frequency, in contrast to
microtubules grown with more tubulin, for which catastrophe is abolished. However, microtubules polymerized with
XMAP215 have large fluctuations in growth rate; display tapered and curled ends; and undergo catastrophe at faster growth
rates and with higher EB1 end-localization. Our results suggest that structural perturbations induced by XMAP215 override
the protective effects of the GTP-cap, ultimately driving microtubule catastrophe.

Introduction

Microtubules are cytoskeletal polymers essential for cell mo-
tility, division, and intracellular transport. Microtubules are
highly dynamic, allowing dramatic remodeling of the micro-
tubule network to form cellular structures such as the mitotic
spindle. Individual microtubule dynamics are characterized by
“dynamic instability”: stochastic switching between phases of
growth and shrinkage through transitions known as catastrophe
and rescue (Mitchison and Kirschner, 1984). The standard model
of dynamic instability implies that the presence of a stabilizing
GTP-cap protects a growing microtubule against catastrophe.
Namely, microtubules polymerize by incorporation of GTP-
bound af-tubulin heterodimers, followed by GTP hydrolysis in
the B-tubulin subunits. The lag between GTP-tubulin addition
and GTP hydrolysis results in a cap of GTP-tubulin dimers at the
growing microtubule end. GTP hydrolysis triggers conforma-
tional changes that destabilize the GDP-tubulin lattice; loss of the
GTP-cap exposes the unstable GDP lattice, thus triggering ca-
tastrophe (Mitchison and Kirschner, 1984; Desai and Mitchison,
1997).

The inability to directly visualize the GTP-cap has made
its investigation challenging. Previous studies found that even
a small cap, consisting of just a few GTP-tubulin layers, can
be sufficient to stabilize a growing microtubule end (Drechsel
and Kirschner, 1994; Strothman et al., 2019). Furthermore, an

increase in the GTP-cap size, which may occur due to an in-
crease in growth rate, is typically associated with prolonged
lifetime. Along those lines, early work demonstrated that in-
creasing the microtubule growth rate by increasing the tubulin
concentration in vitro is accompanied by a decrease in the ca-
tastrophe frequency (Walker et al., 1988). Although the exact
functional dependence and the extent of catastrophe suppres-
sion have varied in subsequent reports, the finding that increase
in tubulin concentration correlates with a decrease in catastro-
phe frequency remains generally supported (O'Brien et al., 1990;
Drechsel et al., 1992; Odde et al., 1995; Gardner et al., 2011b;
Bowne-Anderson et al., 2013; Piedra et al., 2016; Chaaban et al.,
2018; Strothman et al., 2019; Arpag et al., 2020). In recent years,
microtubule-associated end-binding EB proteins, which display
comet-like localization at growing microtubule ends (Bieling
et al., 2007), have been established as markers for the GTP-
cap due to their recognition of the nucleotide state of tubulin
in the polymer (Zanic et al., 2009; Maurer et al., 2012; Zhang
et al., 2015). In vitro studies investigating EB localization have
revealed that increasing microtubule growth rate by increasing
tubulin concentration correlates with larger EB comets (Bieling
et al,, 2007; Strothman et al., 2019). Additionally, microtubules
with larger EB comets were more stable against catastrophe
induced by tubulin dilution (Duellberg et al., 2016), providing
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further evidence that suppression of catastrophe at faster growth
rates may be a consequence of a larger GTP-cap.

In contrast to microtubules polymerized with purified tu-
bulin in vitro, microtubules in cells can simultaneously display
fast growth rates and high catastrophe frequency (Rusan et al.,
2001; Mimori-Kiyosue et al., 2005; Akhmanova and Steinmetz,
2008; Akhmanova and Steinmetz, 2015). In cells, microtubule
dynamics are tightly regulated by a myriad of microtubule-
associated proteins (MAPs). Fast microtubule growth rates can
be attributed to the action of microtubule polymerases, the most
prominent belonging to the conserved XMAP215 family (Gard
and Kirschner, 1987; Brouhard et al., 2008; Gard et al., 2004;
Slep, 2009; Al-Bassam and Chang, 2011). On its own, XMAP215
increases growth rates up to 10-fold (Vasquez et al., 1994;
Brouhard et al., 2008), while a combination of XMAP215 and
EB1 synergistically promotes up to a 30-fold increase in growth
rates, matching the fast rates observed in cells (Zanic et al.,
2013). Surprisingly, although increasing growth rates by tubu-
lin alone in vitro is accompanied by low catastrophe frequency,
the significant increase in growth rate with XMAP215 was not
accompanied by a suppression of catastrophe (Vasquez et al.,
1994; Zanic et al., 2013). Importantly, the effect of XMAP215 on
the size of the GTP-cap is not known.

Here, we investigate how XMAP215-promoted microtubule
growth can simultaneously be fast and highly dynamic, dis-
playing frequent microtubule catastrophes. First, we directly
show that increasing tubulin concentration in the presence
of EBI increases growth rate and EB1 comet size, while si-
multaneously suppressing catastrophe frequency. Next, we
add XMAP215 and demonstrate that XMAP215-driven increase
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in microtubule growth rate is accompanied by both an increase
in catastrophe frequency and an increase in EBI comet size.
Thus, the XMAP215-driven increase in catastrophe frequency
is not a consequence of GTP-cap size reduction. Rather, we
demonstrate that XMAP215 increases growth fluctuations and
induces tapered and curled microtubule ends. Our results
suggest that XMAP215-induced destabilization of the growing
microtubule end ultimately promotes catastrophe.

Results and discussion

Increasing the microtubule growth rate by increasing tubulin
concentration correlates with an increase in GTP-cap size and
suppression of microtubule catastrophe

To directly investigate the relationship between microtubule
growth rate, catastrophe frequency, and GTP-cap size, we used
an established in vitro assay (Gell et al., 2010). Dynamic micro-
tubule extensions were polymerized from GMPCPP-stabilized
seeds using a range of tubulin concentrations (12-60 M)
and imaged with total internal reflection fluorescence (TIRF)
microscopy (Fig. S1 A). To determine the size of the GTP-cap,
we included 200 nM EB1-GFP in all conditions and measured
the EB1 comet size at growing microtubule ends over a range
of growth rates. The increase in growth rate achieved with
tubulin titration was accompanied by a simultaneous sup-
pression of catastrophe frequency (Fig. S1 B), consistent with
studies using tubulin alone (Walker et al., 1988). In addition,
increasing growth rates resulted in a linear increase in the
average EBI comet size (Fig. S1 C), consistent with previous
reports (Bieling et al., 2007). Thus, our measurements directly
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Figure 1. XMAP215 simultaneously increases microtubule growth rate and catastrophe frequency in the presence of EB1. (A) Representative ky-
mographs of microtubule plus ends grown with 20 uM tubulin, 200 nM EB1-GFP, and corresponding amount of XMAP215 (nM). Tubulin signal is shown. (B and
C) Quantification of microtubule growth rate (B) and catastrophe frequency (C) as a function of XMAP215 concentration in the presence of 20 uM tubulin and
200 nM EB1-GFP. Error bars, SEM and SE, respectively. Each point represents 20 kymographs from one experimental repeat. Number of experimental repeats
per concentration, 6, 4, 3, 4, 4, 4, and 3. Dotted lines indicate the average control values (0 nM XMAP215). Solid red line in B, fit to the Hill equation. Orange
points in C, weighted averages for each condition. (D) Average catastrophe frequency (from C) replotted as a function of average growth rate (from B) for the

XMAP215 titration along with the tubulin titration (Fig. S1 B).
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establish an inverse correlation between GTP-cap size and ca-
tastrophe frequency when increase in growth rate is achieved by
increasing tubulin concentration in the presence of EBI (Fig.
S1 D). This finding is consistent with a model in which faster
microtubule growth leads to a larger GTP-cap, which in turn
provides enhanced protection against catastrophe.

Increasing the microtubule growth rate using XMAP215 results
in a simultaneous increase in catastrophe frequency

In cells, fast microtubule growth rates are achieved through the
action of polymerases and other MAPs, including XMAP215 and
EBI1 (Akhmanova and Steinmetz, 2015). Interestingly, previous
in vitro studies with XMAP215, either alone or in combination
with EB, reported that XMAP215-mediated increase in growth rate
was not accompanied by a suppression of catastrophe frequency
(Zanic et al., 2013; Vasquez et al., 1994). To investigate the rela-
tionship between catastrophe frequency and growth rate in the
presence of XMAP215, we quantified microtubule dynamics over a
range of XMAP215 concentrations (3.13-200 nM) in the background
of 20 uM tubulin and 200 nM EBI-GFP (Fig. 1 A). As expected,
growth rate increased as a function of XMAP215 concentration
(Fig. 1 B). The increase in growth rate was accompanied by more
frequent catastrophe events, even with the lowest XMAP215 con-
centration used (Fig. 1 C). This relationship between growth rate
and catastrophe frequency in the presence of XMAP215 is in stark
contrast to that observed when growth rates were increased using
tubulin titration (Fig. 1 D). Notably, XMAP215 led to a simultaneous
increase in both growth rate and catastrophe frequency even in the
absence of EBI (Fig. S2), demonstrating that the observed increase
in catastrophe frequency can be directly attributed to XMAP215.

Promotion of catastrophe by XMAP215 is not achieved
through a reduction in the GTP-cap size

One possible explanation for the observed increase in catastro-
phe frequency is that XMAP215 may be directly reducing the
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size of the protective GTP-cap. While a linear increase in GTP-
cap size with microtubule growth rate is well established for
tubulin titration (Fig. S1 C; Bieling et al., 2007; Strothman et al.,
2019), whether the GTP-cap size increases with XMAP215 is not
known. Our measurements of EBI comets with XMAP215 titra-
tion revealed a direct correlation between growth rate and EB1
comet length (Fig. 2 A). This finding suggests that increasing
growth rate by XMAP215 also results in a larger GTP-cap size,
similar to what was observed when the growth rate was in-
creased using higher tubulin concentrations (Fig. S1 C).

To directly compare the mean GTP-cap size in the pres-
ence or absence of XMAP215, we next performed growth rate-
matching experiments. We found that growth rates achieved with
60 uM tubulin and 200 nM EBI-GFP (condition I) could be
matched using 20 pM tubulin, 200 nM EBI-GFP, and 25 nM
XMAP215 (condition II; Fig. 2 B). To precisely compare the EBI
comet sizes, we generated averaged EBI comet intensity profiles
for each of the two conditions (see Materials and methods; Bieling
et al., 2007). Surprisingly, we found that the decay length of the
EBI comets was larger in the presence of XMAP215 (Fig. 2 C; 650 =
20 nm, mean * 95% CI, versus 610 + 20 nm in the absence of
XMAP215), in spite of the significantly higher catastrophe fre-
quency when compared with the tubulin control (0.30 + 0.09 min~},
standard error [SE], n = 12 catastrophes in 39 min of growth over
20 kymographs, versus 0.00 + 0.03 min~), n = O catastrophes in
40 min of growth over 20 kymographs). This finding directly
demonstrates that promotion of catastrophe by XMAP215 is not a
result of a decrease in the mean GTP-cap size.

XMAP215 increases growth rate fluctuations and induces
tapered microtubule ends

Our growth rate-matching experiments provided an excellent
dataset for a direct comparison of microtubule growth charac-
teristics in the presence and absence of XMAP215. While the
mean growth rates were matched, we wondered whether the
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Figure 2. XMAP215 does not decrease the GTP-cap size. (A) Mean EB1 comet length as a function of microtubule growth rate over a range of XMAP215
concentrations (0-50 nM) in the presence of 20 uM tubulin and 200 nM EB1-GFP. Dim points represent individual 30-s growth segments. Error bars, 95% Cl.
Bold points are weighted means; error bars, weighted error. For -XMAP215 condition (0 nM XMAP215), all individual segments from a single experiment were
averaged. For +XMAP215 condition (3.13-50 nM XMAP215), individual segments were binned using growth rate into 25-nm/s bins and averaged. 20 micro-
tubule kymographs were analyzed from each condition. A total of six experimental conditions were performed over 2 d. (B) Microtubules were polymerized
with either 60 uM tubulin and 200 nM EB1-GFP (condition I) or 20 uM tubulin, 200 nM EB1-GFP, and 25 nM XMAP215 (condition Il) to obtain growth
rate-matched conditions. Left: 69 growth segments for condition | and 53 growth segments for condition Il, with no significant difference in growth rate (P =
0.28, unpaired t test), were analyzed. Means and SD are shown. Right: Representative kymographs of EB1 localization. (C) The super-average EB1 comet
profiles were fitted to an exponential decay (dark lines) to determine the average comet lengths (see Materials and methods). Error, 95% Cl of the fit.
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Figure 3. XMAP215 promotes microtubule growth rate fluctuations and tapered microtubule ends. Growth rate-matching conditions achieved by
either 60 pM tubulin and 200 nM EB1-GFP (condition 1) or 20 uM tubulin, 200 nM EB1-GFP, and 12.5/25 nM XMAP215 (condition I1). (A) SSR was determined
from 10-s segments that only displayed full comets. Left and center: Representative tracks showing microtubule tip position (black points), residuals for each
time point (black lines), and linear regression to tip position (red line). Right: SSR for each segment; condition I, 0.013 + 0.007 um?%/s (mean + SD, n = 103);
condition I, 0.02 + 0.01 um2/s (n = 90). ****, P < 0.0001, unpaired Welch’s t test. (B) An example microtubule with distinct EB1 comet morphologies: full, split,
and curled. Intensity profiles along the dashed line at indicated time points. (C) Classification of 110 growth events into comet morphology categories.

Condition I: 96 full, 13 split, 1 curled; condition II: 25 full, 37 split, 48 curled. ****, P < 0.0001, x? test.

fluctuations in growth rate may differ between the two conditions.
To investigate this possibility, we tracked microtubule growth and
determined deviations from the mean growth rate using linear
regression (Fig. 3 A). We found that the sum of squared residuals
(SSR) was significantly higher in the presence of XMAP215 (0.02 +
0.01 um?/s, mean + SD, n = 90) than in the tubulin control con-
ditions (0.013 + 0.007 um?/s, n = 103; P < 0.0001, unpaired
Welch’s ¢ test; Fig. 3 A), despite no difference in the mean growth
rate (Fig. S3 A). This result was further corroborated by mean
squared displacement (MSD) analysis of the growing end positions
in the presence and absence of XMAP215 (Fig. S3 B). Thus, we
conclude that microtubules polymerizing with XMAP215 display a
higher degree of growth rate variability than those polymerizing
at the same growth rates in the absence of XMAP215.
Interestingly, our high-spatiotemporal-resolution tracking
of EB1-GFP localization at microtubule ends polymerized with
XMAP215 also revealed a range of comet morphologies evolving
over time (Video 1 and Fig. 3 B). Canonical EB localization is a
single peak of fluorescence that exponentially decays along the
microtubule lattice (Bieling et al., 2007), hereafter referred to
as a full comet (Fig. 3 B). However, in the presence of XMAP215,
we observed frequent incidences of EB1 comets that appeared to
split into two distinct intensity peaks, displaying a leading and a
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lagging comet, both growing in the original growth direction
(Fig. 3 B). After comet splitting, we occasionally observed the
lagging comet catching up to the leading comet, a phenomenon
previously termed a tip repair event (Aher et al., 2018; Doodhi
et al,, 2016). Furthermore, we observed that a large number of
split comets led to a curled comet morphology, growing away
from the original direction and resulting in polymer bending
(Fig. 3 B). Quantification of the comet morphologies revealed
that microtubules polymerized with XMAP215 were six times
more likely to display a tapered end (either split or curled comet)
when compared with those grown at the same growth rate
without XMAP215 (Fig. 3 C; increase from 14 in the absence to 85
in the presence of XMAP215, out of 110 comets quantified for
each condition, P < 0.0001, ¥2 test). Given that the growth rates
were the same between the control and XMAP215 conditions,
these observations suggest that the increase in the frequency of
tapered microtubule ends is a direct consequence of XMAP215.

At the moment of catastrophe, microtubules grown with
XMAP215 exhibit faster growth rates and higher

EB1 localization

Our results suggested that XMAP215 disrupts the structural in-
tegrity of the GTP-cap by inducing fluctuations in growth and
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promoting tapered microtubule ends. We hypothesized that
these disruptions make microtubules more prone to catastrophe.
To gain insight into the process of GTP-cap loss leading to ca-
tastrophe, we compared microtubule end position and EBI in-
tensity during catastrophe events using 0 and 3.13 nM XMAP215
conditions (in the background of 20 uM tubulin and 200 nM
EBI1-GFP), which both displayed robust, but distinct, catastrophe
frequencies (0 nM XMAP215, 0.76 + 0.06 min, SE, n = 161
catastrophes over 213 min in growth; 3.13 nM XMAP215, 1.15 +
0.08 min!, n = 205 catastrophes over 178 min in growth). Mi-
crotubules polymerized in the absence of XMAP215 experienced
a slowdown in growth rate over several seconds before the
onset of catastrophe, accompanied by a decrease in EBI intensity
at microtubule ends (Fig. 4 A), as previously reported (Maurer
et al., 2012; Maurer et al., 2014). In contrast, the transition to
catastrophe was more abrupt in the presence of XMAP215.
The instantaneous growth rate at the moment of catastrophe
(measured over a 1-s time window) was significantly higher
for microtubules polymerized with XMAP215 (Fig. 4 B; 0 nM
XMAP215, 4 + 30 nm/s, mean + SD, n = 27; 3.31 nM XMAP215,
44 + 50 nm/s, n = 27, P < 0.001, unpaired Welch’s t test), in-
dicating that the transition to catastrophe in the presence of
XMAP215 does not require a slowdown in growth to the level
observed for microtubules grown without XMAP215. Further-
more, the residual intensity of EBl1 measured at the highest-
intensity pixel at the moment of catastrophe was significantly
larger for microtubules grown with XMAP215 (Fig. 4 C; 0 nM
XMAP215, 9,000 + 2,000 a.u., mean + SD, n = 27; 3.31 nM
XMAP215, 12,000 + 4,000 a.u., n = 27, P = 0.003, unpaired
Welch's t test), suggesting that an even larger GTP-cap density
is not sufficient to protect against catastrophe in the presence
of XMAP215. Overall, our results demonstrate that microtu-
bule ends grown with XMAP215 are inherently less stable, as
they undergo catastrophe at faster growth rates and with more
EB1, when compared with microtubules polymerized without
XMAP215.

Conclusions

A cap of GTP-tubulin at the end of a growing microtubule is
widely accepted as the determinant of microtubule stability
(Mitchison and Kirschner, 1984; Drechsel and Kirschner, 1994;
Desai and Mitchison, 1997; Duellberg et al., 2016; Roostalu et al.,
2020). The size of the GTP-cap is defined by the balance between
the rates of addition of new GTP-tubulin dimers to the growing
end and hydrolysis of GTP to GDP within the polymer. On its
own, an increase in growth rate is expected to increase the size
of the GTP-cap, and thus confer enhanced stability to the
growing microtubule. Indeed, our results using tubulin titration
confirm that an increase in growth rate is accompanied by an
increase in EB1 comet size, as well as a suppression of catas-
trophe (Fig. 5, A and B). However, these findings raise the
puzzling question of how simultaneously fast yet highly dy-
namic microtubule growth, as observed in cells, can be achieved.
One possible way to limit the size of the GTP-cap, and thus
presumably facilitate catastrophe, is through acceleration of the
GTP-hydrolysis rate. This mechanism has been proposed for EB
proteins, which promote catastrophe even while inducing a
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Figure 4. Microtubules grown in the presence of XMAP215 undergo
catastrophe at faster growth rates and with more EBL. (A) Average mi-
crotubule end position and EB1 intensity over time. 27 events were averaged
along their lifetime for both 0 and 3.13 nM XMAP215 conditions. Average EB1
intensity determined using a 1-s sliding window. Error bars, SEM. (B) Mi-
crotubule growth rate at the time of catastrophe determined for each growth
event within a 1-s window before catastrophe. 0 nM XMAP215, 4 + 30 nm/s
(mean + SD, n = 27); 3.13 nM XMAP215, 44 + 50 nm/s (n = 27). ***, P < 0.001,
unpaired Welch’s t test. (C) EB1 intensity at the time of catastrophe. 0 nM
XMAP215, 9,000 + 2,000 a.u. (SD, n = 27); 3.13 nM XMAP215, 12,000 + 4,000
a.u. (SD, n = 27). **, P = 0.003 unpaired Welch’s t test.

slight increase in growth rate (Bieling et al., 2007; Zhang et al.,
2015; Vitre et al., 2008). Indeed, increasing EB concentration
was reported to reduce the overall length of the EB comets in a
dose-dependent manner (Maurer et al., 2011). In contrast, we
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Figure 5. XMAP215 drives microtubule catastrophe by perturbing the growing microtubule end structure. (A) Microtubules polymerized with low
tubulin grow slowly with small GTP-caps. Loss of GTP-tubulin triggers catastrophe. (B) Microtubules polymerized with high tubulin grow fast with large GTP-
caps, resisting catastrophe. (C) Microtubules grown with XMAP215 display growth irregularities that trigger catastrophe, despite high GTP-tubulin content.

find that the mean length of the EB1 comets is increased when
growth acceleration is achieved through the action of XMAP215.
Thus, our results demonstrate that XMAP215 simultaneously
promotes microtubule growth and catastrophe without accel-
erating the GTP-hydrolysis rate or otherwise decreasing the
mean GTP-cap size.

In addition to its nucleotide composition, the structural
configuration of the microtubule end is likely to play an im-
portant role in microtubule stability. Catastrophe is a complex
phenomenon that does not follow first-order kinetics; rather, the
probability of catastrophe increases with time spent in growth
(Odde et al., 1995; Gardner et al., 2013; Gardner et al., 2011b).
While the exact mechanisms of this aging process are still
unknown, existing models typically associate specific struc-
tural configurations with the onset of catastrophe. These may
involve accumulation of permanent defects including the un-
capping and/or loss of individual protofilaments (Gardner
et al., 2011b; Bowne-Anderson et al., 2013), gradual tapering
of microtubule ends (Coombes et al., 2013), or dynamic evolution
of stochastic end configurations involving protofilament curling
(Zakharov et al., 2015). Notably, a variety of growing-end con-
figurations have been observed by structural studies (McIntosh
etal., 2018; Gudimchuk et al., 2020; Chrétien et al., 1995; Guesdon
et al., 2016; Atherton et al., 2018; Mandelkow et al., 1991; Reid
et al,, 2019), and it has been previously proposed that some of
these end configurations may indeed be energetically unfavor-
able, leading to catastrophe (Chrétien and Fuller, 2000; Hunyadi
et al., 2005). Microtubule end structures can vary with tubulin
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from different species (Orbach and Howard, 2019) and can be
further modulated by MAPs and drugs (Chen and Hancock,
2015; Chen et al., 2019; Aher et al., 2018; Doodhi et al., 2016;
Best et al., 2019; Arnal et al., 2000). In the case of XMAP215, our
observations of EB1 comet splitting and end curling demon-
strate that XMAP215 perturbs the structure of the growing
microtubule end.

The canonical function of XMAP215 as a microtubule poly-
merase relies on its ability to bind curved tubulin conformation
and stabilize an intermediate state in microtubule assembly
(Brouhard et al., 2008; Ayaz et al., 2012; Brouhard and Rice,
2014). Given that XMAP215 was reported to act as a processive
polymerase, with each XMAP215 molecule promoting the addi-
tion of ~25 tubulin dimers (Brouhard et al., 2008), we speculate
that XMAP215 molecules primarily drive elongation of individ-
ual protofilaments, resulting in less coordinated protofilament
growth. Indeed, our observations of EBl comet splitting and
curling suggest that polymerization is not synchronized among
all protofilaments. Instead, XMAP215 promotes “sloppy” mi-
crotubule growth, with some protofilaments growing faster
than others, to produce an overall tapered end (Fig. 5 C). Given
that EBs localize to the interface of four tubulin dimers (Maurer
et al., 2012), our observation of leading comets suggests the
presence of multiple laterally connected protofilaments within
these protrusions. The existence of tapered and open ends can
further facilitate EBI targeting (Reid et al., 2019), consistent
with our observations of brighter EB1 comets in the presence of
XMAP215 in growth rate-matching experiments. Importantly,
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although we used EBL to visualize the nucleotide composition of
growing ends, our observation of XMAP215-dependent pro-
motion of catastrophe in the absence of EB1 demonstrates that
XMAP215 on its own, rather than through enhanced targeting
of EBI, promotes catastrophe.

Uncoordinated assembly of individual protofilaments in the
presence of XMAP215 may be manifested by increased fluctua-
tions in growth (Kerssemakers et al., 2006; Howard and Hyman,
2009). Our results show that XMAP215 promotes large fluctu-
ations in microtubule length over time even when ends display
full comets. We speculate that the sloppy microtubule growth
induced by XMAP215 is associated with a highly variable end
structure, ultimately resulting in more frequent excursions into
inherently unstable configurations, despite the presence of a
large nucleotide cap (Fig. 5 C). Indeed, we find that both the
instantaneous growth rate and the EBI intensity at the mo-
ment of catastrophe are significantly higher for ends poly-
merized with XMAP215. Our results thus imply that there is
no universal GTP-cap size threshold needed for the switch to
catastrophe (Duellberg et al., 2016), and rather suggest that
structural changes induced by XMAP215 can override the pro-
tective effects of the nucleotide cap.

Finally, while the polymerase effects of XMAP215 are dose
dependent, such that the maximum growth promotion is reached
in the ~100-nM range, we find that XMAP215’s promotion of
catastrophe reaches its full effect even at the lowest concen-
trations of XMAP215 tested. This observation provides further
evidence of the distinct mechanisms regulating the absolute
microtubule growth rate and overall microtubule stability.
Future structural studies, combined with direct single-molecule
measurements of microtubule assembly (Mickolajczyk et al., 2019),
and the refinement of existing computational models (Bowne-
Anderson et al., 2013; VanBuren et al., 2002; VanBuren et al.,
2005; Margolin et al., 2012; Castle and Odde, 2013; Zakharov
et al., 2015; Bollinger and Stevens, 2018; Igaev and Grubmiiller,
2018; Kim and Rice, 2019; Michaels et al., 2020; Gudimchuk et al.,
2020) will be necessary to unravel the full complexity of mi-
crotubule dynamics. Nevertheless, the ability to independently
control the rates of growth and catastrophe is at the very core of
microtubule regulation in cells, enabling the complex, dynamic
remodeling of the microtubule cytoskeleton.

Materials and methods

Protein preparation

Bovine brain tubulin was purified as previously described
through cycles of polymerization and depolymerization in a
high-molarity Pipes buffer (Castoldi and Popov, 2003). Tubulin
was labeled with either tetramethylrhodamine (TAMRA; Sigma-
Aldrich) or Alexa Fluor 647 (Invitrogen) as previously described
(Hyman et al., 1991). For imaging purposes, labeled tubulin
was used at a ratio of 10% of the final tubulin concentration.
XMAP215-7his expression construct was a kind gift from G.
Brouhard (McGill University, Montreal, Canada). XMAP215 was
expressed in Sf9 cells using the Bac-to-Bac system (Invitrogen)
and purified using a HisTrap followed by gel filtration (adapted
from Brouhard et al. [2008]), and stored in 10 mM Bis-Tris,
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10 mM Tris HCl, 100 mM KCl, 1 mM DTT, and 10% glycerol, pH
6.6. EB1-GFP was expressed in Escherichia coli, purified as pre-
viously described (Zanic et al., 2009), and stored in 10 mM Bis-
Tris, 10 mM Tris HCl, 100 mM KCl, 1 mM DTT, and 5% glycerol,
pH 6.6. Protein concentration was determined using absorbance
at A = 280 nm.

Assay conditions and imaging

Samples were imaged in chambers constructed as previously
described (Gell et al., 2010; Strothman et al., 2019). In brief,
three strips of Parafilm were sandwiched between 22 x 22-mm
and 18 x 18-mm silanized coverslips to create two narrow
channels for the exchange of reaction solution. The channel
surface was treated with 0.02 pg/ul anti-TAMRA antibody
(Invitrogen) followed by 1% Pluronic F127 (Sigma-Aldrich)
before use. GMPCPP-stabilized, 25% TAMRA-labeled micro-
tubules were polymerized as previously described (Hunter
et al., 2003) and immobilized to coverslips using anti-TAMRA
antibody (Gell et al., 2010). Imaging was performed using a Ni-
kon Eclipse Ti microscope with a 100X/1.49-NA TIRF objective;
Andor iXon Ultra electron-multiplying charge-coupled device
camera; 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. A Tokai Hit objective heater was
used to maintain the sample at 35°C. Images were acquired using
NIS-Elements (Nikon). Acquisition rates were 0.6 frames per
second for tubulin titration (Figs. 1 D and S1) and 5 frames per
second otherwise.

The imaging buffer consisted of BRB80 supplemented with
40 mM p-glucose, 40 pg/ml glucose oxidase, 25 pg/ml catalase,
0.08 mg/ml casein, 10 mM DTT, and 0.1% methylcellulose. For
tubulin titration (Figs. S1 and 1 D), reactions contained imaging
buffer, concentrations of tubulin ranging from 12 to 60 uM, 200
nM EBI-GFP, 1 mM GTP, and 17 mM KCI. For XMAP215 titra-
tions, reactions contained imaging buffer, 20 uM tubulin, con-
centrations of XMAP215 ranging from 3.13 to 200 nM, 1 mM
GTP, and 200 nM EB1-GFP (Figs. 1, 2 A, and 4). For the XMAP215
titration without EBI (Fig. S2), the reaction conditions were the
same, except that EB1-GFP was not included. For growth rate-
matched experiments (Fig. 2, B and C; Fig. 3; and Fig. S3), re-
actions contained imaging buffer, 200 nM EBI-GFP, 1 mM GTP,
and concentrations of tubulin and XMAP215 as indicated in
figure legends (condition I, 60 pM tubulin and no XMAP215;
condition II, 20 pM tubulin and 12.5 or 25 nM XMAP215). In
both XMAP215 titration and growth rate-matching experiments,
XMAP215 storage buffer was consistently kept at a final con-
centration of 4x dilution (2.5 mM Bis-Tris, 2.5 mM Tris HC],
25 mM KCl, 250 nM DTT, and 2.5% glycerol).

Microtubule dynamics analysis

Quantification of microtubule dynamics parameters was
performed using microtubule kymographs generated in Fiji
(Schindelin et al., 2012), as described previously (Zanic, 2016).
For each experiment, 20 kymographs were generated using 5-
pixel-wide lines in the tubulin channel and analyzed. In each
kymograph, the faster-growing microtubule end was designated
as the plus end; only plus-end dynamics were subsequently
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analyzed. Catastrophe events were designated as a switch from
growth to shrinkage that decreased microtubule length by more
than 2 pixels (320 nm). Catastrophe frequency was calculated as
the total number of catastrophe events divided by the total time
spent in growth phase observed over 20 kymographs for an in-
dividual experiment, and SE was determined as the counting
error (square root of the number of events divided by the total
time spent in growth).

EB1 comet length analysis
EBI comet lengths were determined using a series of custom
Matlab (vR2020a; MathWorks) scripts. Briefly, beginnings and
ends of individual growth events were manually determined on
kymographs and divided into 30-s segments. For the analysis in
Fig. 2 (B and C) only, 10-s segments (50 frames) were used to
ensure highly accurate determination of segment velocities to be
used in super-averaging into a single comet profile. The initial
estimate of microtubule tip position over time was obtained
assuming a constant growth rate. For each time frame, the pixel
with the brightest EBI intensity within a window (10 pixels, or
+2, pixels for 12-uM condition in Fig. S1 C) around the initially
estimated tip position was subsequently assigned as the micro-
tubule tip position. The tip positions were then fitted by linear
regression to assign a growth rate to each segment. Segments
were then filtered to include only segments with well-defined
growth rates using R?> > 0.9 criterion, except for the 12-uM
condition in Fig. S1 C, which displayed little displacement over a
30-s time period. To generate time-averaged intensity profiles,
the determined tip positions from each temporal frame within
the segment were aligned. The microtubule lattice intensity was
determined by averaging the intensities of 5 pixels (located 5-10
pixels away from the tip for the 12-uM condition in Fig. S1C, and
15-20 pixels away from the tip otherwise) and subsequently
subtracted from the intensity of all pixels along the averaged
intensity profile of a given segment. To compare comet lengths
in growth rate-matching experiments in the absence and pres-
ence of XMAP215 (Fig. 2, B and C), 10-s segments with growth
velocities of 150-200 nm/s were selected and further averaged
to obtain a super-averaged intensity profile for each condition.
All growth segments used for the comet length measure-
ments displayed full EB1 comet morphologies. To determine EB1
comet length, the averaged intensity profiles were fitted to an
exponential decay function using 20 pixels starting with the
pixel immediately following the tip position (Bieling et al.,
2007):

A,

where A is the intensity at pixel 1, and A is the comet decay
length. Exclusion of the Oth pixel intensity from the fit en-
sured that any potential subpixel perturbations in the tip struc-
ture not detected by our imaging did not affect the comet length
measurement.

Determination of variability in microtubule growth

Individual microtubule growth events from the growth rate-
matching conditions that displayed a full comet during their
lifetime were subjected to automated tracking. Images were
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background-subtracted using a rolling ball with a 5-pixel radius
in Fiji. The EBI channel was tracked with Fiesta’s single-particle
tracker (Ruhnow et al., 2011) using Matlab. Then, a custom
Matlab code was used to divide the output trajectories into
continuous 10-s segments, allowing for gaps of no more than a
total of 1 s within a given segment. The variations from the
mean growth rate within the 10-s segments were quantified by
performing residuals analysis as previously described (Lawrence
et al., 2018). Briefly, using a custom Matlab code, a linear func-
tion was fitted to the length-versus-time data points to determine
the mean growth rate. The SSR was calculated and normalized by
the segment duration. For growth rate-matching experiments,
only the trajectories with mean growth rates of 110-180 nm/s
were considered. Outliers based on normalized SSR were
identified using Matlab function “isoutlier” and subsequently
discarded (12 outliers out of 115 tracks for 60 pM tubulin con-
dition and 7 outliers out of 97 tracks for 20 uM tubulin + 12.5/25
nM XMAP215 condition). Unpaired t test with Welch’s correc-
tion was used to determine P values for mean velocity and
normalized SSR between experimental conditions. The same
selected segments were subjected to MSD analysis using Matlab-
based “msdanalyzer” (Tarantino et al., 2014). A quadratic func-
tion (Gardner et al., 2011a) was fitted to the first 5 s of the MSD
curve:

MSD(t) = 2Dt +v* + 02,

where D is diffusion coefficient, v is mean growth rate, and o is
positional error. The fit was weighted by the inverse of the SD of
the MSD curve determined by msdanalyzer.

Determination of microtubule end morphology in growth
rate-matching experiments

Microtubule end morphology was assessed from the EB1 channel
for each experimental condition (condition I, 60 uM tubulin and
200 nM EBI-GFP; condition II, 20 uM tubulin, 200 nM EB1-GFP,
and 12.5 or 25 nM XMAP215) using time-lapse videos and in-
tensity profiles from kymographs produced from 7-pixel-wide
(1,120 nm) lines. Individual microtubule growth events were
tracked for <2 min, and the average microtubule growth rate
was determined for each growth event. 110 growth events for
each experimental condition, with no significant difference in
growth rates between conditions, were scored for catastrophe
and end morphology. End morphology was classified into three
categories based on the EB1-GFP signal at the growing micro-
tubule end: full, split, or curled comet. If EB1 localized in a single
peak at the end of a growing microtubule for the entire duration,
the event was classified as having a full comet. If two peaks in
the intensity profile could be resolved (>2 pixels) for >1 s (5
frames), the comet was considered to be split. A curled comet
was preceded by a splitting event, with the leading comet having
grown outside the 7-pixel-wide linescan.

Determination of the growth rate and EB1 intensity at the
onset of catastrophe

Our methods to determine the growth rate and the EB1-GFP
intensity at the onset of catastrophe were developed based on
previously published approaches (Maurer et al., 2012; Duellberg
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etal,, 2016). In brief, individual microtubule growth events from
either O or 3.13 nM XMAP215 conditions that displayed only a
full comet morphology over the 30 s before catastrophe were
subjected to automated tracking. For each individual growth
event, microtubule position was determined from the tubulin
signal using TipTracker v3 (Prahl et al., 2014). First, both x and y
coordinates of the microtubule end from each temporal frame,
except the initial and final frames, were preprocessed to elimi-
nate tracking noise: if the difference between coordinates of
the current frame and the previous frame was >1,000 nm, the
current coordinate value was eliminated and a new coordinate
value was interpolated using the previous and subsequent
frame, assuming a linear growth rate (adapted from Rickman
et al,, 2017). To further minimize tracking noise, the “smooth-
data” function in Matlab was used with the “movmedian”
method and a 5-frame (1-s) window size. The end position was
determined using smoothened coordinates. Initial determination
of the time of catastrophe was performed manually and subse-
quently corrected using the following automated analysis. Each
time point in the time interval of 10 frames before and after the
manually approximated time of catastrophe was assigned an in-
stantaneous growth rate using a linear fit over a 3-frame sliding
window. Then, starting from 8 frames after catastrophe and
moving backward in time, if 3 consecutive frames had velocity
values greater than -50 nm/s, the latest of the three temporal
frames was assigned as the time of catastrophe. After determining
the time of catastrophe, the end-positions of growth events over
time were aligned to generate an averaged microtubule tip posi-
tion using a custom Matlab code. For each microtubule, time and
position values were offset to assign the catastrophe event to (0,0).
Subsequently, the mean and SEM for the positions at each time
point were calculated for the two experimental conditions. The
growth rate before catastrophe was determined using a custom
Matlab function, performing a linear fit to the length-versus-time
segments. To determine instantaneous growth rate at the time
of catastrophe (T = 0 s), a 1-s (5-frame) window size (i.e., from
T=-1stoT =0 s) was used.

EBI1-GFP intensities at microtubule ends before catastrophe
were determined using a custom Matlab function. Briefly, for
each temporal frame, the EB1-GFP channel image was rotated,
centering around the end position (determined using the tubulin
signal, as described above), such that the microtubule was
horizontally aligned. The brightest intensity value within 5 lat-
tice pixels and 1 solution pixel was assigned as maximum EB1
intensity (5-pixel thickness, i.e., 5 x 6-pixel? area). Local solution
background intensity was determined by shifting the 5 x 6-
pixel? area up and down by 5 pixels, and the mean intensity
was calculated. Temporal frames with <25 pixels available for
background determination were discarded. For each temporal
frame, the mean background intensity was then subtracted from
the corresponding EBI intensity. EB1 intensities along each event
were determined by averaging the intensities within a 1-s (5-
frame) sliding window immediately preceding the frame of in-
terest. The intensities corresponding to the determined time of
catastrophe (T = 0) were defined as EBI intensity at catastrophe.
Outliers in velocity and intensity were determined using isou-
tlier function in Matlab (3 outliers out of 30 events in 0-nM
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XMAP215 condition; 1 outlier out of 28 events in 3.13-nM
XMAP215 condition). The average EBI intensities as a function
of time were obtained by averaging all growth events at every
time point, with error being the SEM, weighted by the inverse
squared of the propagated SEM of the solution background
within the 1-s window.

Online supplemental material

Fig. S1 shows that increasing the microtubule growth rate by
increasing tubulin concentration correlates with larger EB1 comet
lengths and suppression of microtubule catastrophe. Fig. S2 shows
that XMAP215 alone promotes simultaneous increase of mi-
crotubule growth rate and catastrophe frequency. Fig. S3 shows
matching growth rates used for the SSR analysis and also shows
MSD analysis of growth rate fluctuations in the presence and
absence of XMAP215. Video 1 shows EB1 comet morphologies at
the end of a growing microtubule changing over time.
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Figure S1. Increasing the microtubule growth rate by increasing tubulin concentration correlates with larger EB1 comet lengths and suppression of
microtubule catastrophe. (A) Top: Schematic of TIRF assay. Dynamic microtubule extensions were polymerized from GMPCPP-stabilized seeds using un-
labeled tubulin in the presence of EB1-GFP. Bottom: Representative kymographs of microtubule plus ends grown with either 12 or 40 uM tubulin and 200 nM
EB1-GFP. (B) Microtubule catastrophe frequency as a function of microtubule growth rate. Each point is the mean growth rate and catastrophe frequency for a
single experimental condition. Error bars, SEM and SE, respectively. (C) EB1 comet length as a function of microtubule growth rate. Dim points are growth rates
and comet lengths for individual 30-s growth segments. Error bars, 95% Cl. Bold points are weighted means for each experimental condition, with error bars
being the weighted error. (D) Catastrophe frequency (displayed in B) replotted as a function of mean EB1 comet length (displayed in C) for each experimental
condition. For all panels, 20 microtubule kymographs were analyzed for each experimental condition. All experiments were performed on the same day.
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Figure S2. XMAP215 alone promotes simultaneous increase of microtubule growth rate and catastrophe frequency. (A and B) Quantification of
microtubule growth rate (A) and catastrophe frequency (B) as a function of XMAP215 concentration in the presence of 10 uM tubulin. Error bars, SEM and SE,
respectively. Each point represents values measured for 20 kymographs from one experimental repeat. Number of experimental repeats per concentration, 4,
3,3, 3,3, 3, 3. Dotted lines indicate the average values for the control (0 nM XMAP215). Solid red line in A is the data fit to the Hill equation.
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Figure S3. Residual and MSD analyses indicate higher fluctuations in microtubule growth rate in the presence of XMAP215. (A) Growth events used
for SSR analysis in Fig. 3 A were selected to have no significant difference in growth rate: condition | (60 pM tubulin and 200 nM EB1-GFP), 143 + 18 nm/s
(mean = SD, n = 103); condition I (20 uM tubulin, 200 nM EB1-GFP, and 12.5/25 nM XMAP215), 145 + 18 nm/s (n = 90). P = 0.54, t test. (B) MSD analysis was
used to determine the diffusion coefficient (D), velocity (v), and positional error (a) of microtubule growth by fitting a quadratic function, MSD(t) = 2Dt2 + v2t2 +
o2 (Gardner et al,, 2011a).

Video 1. EB1 comet morphologies at the end of a growing microtubule. Time lapse of a microtubule grown in the presence of 20 uM tubulin, 200 nM EBI-
GFP, and 25 nM XMAP215. Scale bar, 2 pm. Video play rate is 20 frames per second.
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