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ABSTRACT Microtubules are dynamic cytoskeletal polymers essential for cell division,
motility, and intracellular transport. Microtubule dynamics are characterized by dynamic
instability—the ability of individual microtubules to switch between phases of growth and
shrinkage. Dynamic instability can be explained by the GTP-cap model, suggesting that a
“cap” of GTP-tubulin subunits at the growing microtubule end has a stabilizing effect, pro-
tecting against microtubule catastrophe—the switch from growth to shrinkage. Although
the GTP-cap is thought to protect the growing microtubule end, whether the GTP-cap
size affects microtubule stability in cells is not known. Notably, microtubule end-binding
proteins, EBs, recognize the nucleotide state of tubulin and display comet-like localiza-
tion at growing microtubule ends, which can be used as a proxy for the GTP-cap. Here,
we employ high spatiotemporal resolution imaging to compare the relationship between
EB comet size and microtubule dynamics in interphase LLC-PK1 cells to that measured in
vitro. Our data reveal that the GTP-cap size in cells scales with the microtubule growth
rate in the same way as in vitro. However, we find that microtubule ends in cells can with-
stand transition to catastrophe even after the EB comet is lost. Thus, our findings sug-
gest that the presence of the GTP-cap is not the determinant of microtubule end stability
in cells.

SIGNIFICANCE STATEMENT

� The cap of GTP-tubulin has been established as the main stabilizing feature at growing mi-
crotubule ends; however, recent studies using biochemical in vitro reconstitution have ques-
tioned what aspects of the GTP-cap define microtubule end stability.

� By comparing EB comets on microtubule ends in cells and in vitro using high spatiotempo-
ral resolution imaging, the authors find that the GTP-tubulin cap is not the determinant of
microtubule end stability in cells.

� These results shed light on the molecular mechanisms regulating microtubule dynamics in
living cells.
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INTRODUCTION
Microtubules are dynamic cytoskeletal polymers essential for cel-
lular processes including cell division, intracellular transport, and
cell motility (Alberts et al., 2002). For microtubules to accomplish
such diverse cellular functions, the architecture of the microtubule
network needs to remodel in space and time. This dynamic re-
modeling is facilitated by the regulation of dynamics of individ-
ual microtubule polymers, which switch between phases of growth
and shrinkage through a process known as “microtubule dynamic
instability” (Mitchison and Kirschner, 1984; Kirschner and Mitchi-
son, 1986). Dynamic instability is powered by the GTPase activ-
ity of tubulin. Namely, microtubule polymers grow via addition of
GTP-bound αβ-tubulin heterodimers to the growing end (Caplow
and Reid, 1985). Following dimer addition, GTP in the β-tubulin
subunit is hydrolyzed (Carlier and Pantaloni, 1982; Nogales et al.,
1998), leading to a conformational change in the tubulin dimer
that ultimately results in an inherently unstable GDP-tubulin lat-
tice (Alushin et al., 2014; Manka and Moores, 2018b; Zhang et
al., 2018; Estévez-Gallego et al., 2020; Gudimchuk and McIntosh,
2021). However, the delay in GTP-hydrolysis following dimer addi-
tion results in a region of GTP-tubulin at the growing microtubule
end, aptly termed the “GTP-cap” (Mitchison and Kirschner, 1984).
The length of this GTP-tubulin region is dependent on two fac-
tors: 1) the rate of GTP-tubulin addition (microtubule polymeriza-
tion rate) and 2) the rate of tubulin GTP-hydrolysis within the poly-
mer. The GTP-cap provides a stabilizing structure at the end of the
growing microtubule, and its loss is thought to trigger microtubule
catastrophe, the transition of the microtubule end from a growing
to a shrinking state (Kirschner and Mitchison, 1986; Drechsel and
Kirschner, 1994; Caplow and Shanks, 1996).

Investigation of the spatiotemporal properties of the GTP-cap
has been facilitated by the discovery that microtubule tip-tracking
proteins from the EB family are sensitive to the nucleotide state of
tubulin and preferentially associate with the GTP-cap at growing
microtubule ends (Zanic et al., 2009; Maurer et al., 2012; Zhang
et al., 2015; Roostalu et al., 2020). Both in cells and in vitro, EBs
display a characteristic comet-like localization at growing micro-
tubule ends, consistent with the decay of the GTP-cap due to
GTP-hydrolysis (Mimori-Kiyosue et al., 2000; Tirnauer et al., 2002;
Bieling et al., 2007; Dixit et al., 2009). Measurements of EB comets
have allowed investigation of the relationship between GTP-cap
size, microtubule growth rate, and microtubule stability using pu-
rified proteins in vitro. Recent studies have established that EB
comet size scales linearly with the microtubule growth rate, irre-
spective of whether increasing growth rates are accomplished us-
ing increasing concentrations of tubulin or by addition of regu-
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latory proteins (Bieling et al., 2007; Dixit et al., 2009; Farmer et
al., 2021). Interestingly, however, it was found that the mean size
of the GTP-cap does not reflect overall microtubule stability. Al-
though larger GTP-caps correlate with suppression of microtubule
catastrophe for microtubules grown with tubulin alone (Duellberg
et al., 2016; Roostalu et al., 2020; Farmer et al., 2021), this rela-
tionship can be disrupted by the effects of regulatory proteins.
For example, acceleration of microtubule growth by microtubule
polymerase XMAP215 resulted in a simultaneous increase of the
EB comet length and the frequency of microtubule catastrophe
(Farmer et al., 2021). Thus, the size of the GTP-cap alone cannot
predict microtubule end stability in vitro.

In cells, microtubule dynamics are regulated by myriad
microtubule-associated proteins (MAPs). Findings that the addition
of even a single MAP in vitro can alter the relationship between
GTP-cap size and microtubule stability motivates the investigation
of these relationships in a cellular context, where MAPs are abun-
dant. Recent studies revealed that GTP-cap size also increases with
microtubule growth rate in cells (Urazbaev et al., 2021). However, it
is unclear whether the relationship between growth rate and GTP-
cap size in cells is the same as in vitro. Furthermore, the role of the
GTP-cap in defining microtubule end stability in cells is not known.
Here, we use high spatiotemporal resolution imaging of EB comets
in vitro and in interphase LLC-PK1 cells to elucidate the relationship
between the GTP-cap and microtubule end stability in cells.

RESULTS
The size of EB comets in vitro and in cells can be directly
compared using fast super-resolution microscopy
To compare the size of the GTP-cap in vitro to that in cells, we mea-
sured the lengths of EB1-GFP comets in both systems (Figure 1A).
To achieve the most accurate comparison, we sought to image the
two systems with high spatiotemporal resolution using the same
imaging modality. In vitro reconstitution assays of microtubule dy-
namics typically use total internal reflection fluorescence (TIRF) mi-
croscopy (Gell et al., 2010; Zanic, 2016). These assays are inherently
two-dimensional, making TIRF an ideal imaging modality, as it illu-
minates only an ∼100 nm slice of the sample directly above the
cover glass. However, TIRF microscopy does not permit imaging
of microtubules deeper into the cell. We thus opted to use Instant
Structured Illumination Microscopy (iSIM)—a fast super-resolution
fluorescence imaging technique that provides both a high signal-
to-noise ratio in our in vitro assay and imaging into the z-plane of
the cell (York et al., 2013; Roth and Heintzmann, 2016). In contrast
to traditional SIM, which requires computational postprocessing to
generate a super-resolution image, iSIM creates a super-resolution
analog image in real time using a series of microlenses and galvo-
scanning mirrors (York et al., 2013; Curd et al., 2015). Indeed, we
found that iSIM enabled imaging of EB1-GFP comets at the ends
of growing microtubules both in vitro and in cells with high spa-
tiotemporal resolution (Figure 1, B and C).

To image EB comets in our in vitro reconstitution system, dy-
namic microtubule extensions were polymerized from GMPCPP-
stabilized seeds in the presence of EB1-GFP, as described previ-
ously (Zanic et al., 2009; Farmer et al., 2021). For cellular imag-
ing of EB comets, we used porcine kidney epithelial cells (LLC-
PK1) stably expressing EB1-GFP, an established model for imag-
ing microtubule dynamics (Rusan et al., 2001; Piehl and Cassimeris,
2003). In addition to using the same imaging modality, we matched
the imaging conditions, including laser power, exposure time,
imaging interval, and temperature (see Materials and Methods).
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FIGURE 1: The size of the EB comets in vitro and in cells can be directly compared using fast super-resolution
microscopy. (A) Schematic of in vitro reconstitution and cellular assays used to image EB comets. Top, unlabeled tubulin
was polymerized from GMPCPP-stabilized rhodamine microtubule seeds in the presence of EB1-GFP. Bottom, LLC-PK1
cells stably overexpressing EB1-GFP. (B) EB1-GFP imaged using iSIM in vitro (top) and in cells (bottom). EB1-GFP
location was temporally color-coded over 30 s of imaging. (C) Kymographs representing individual EB1-GFP comets
over time, as indicated by white dotted lines in B. (D) The averaged EB1-GFP comet profiles were fit to an exponential
decay to determine the average comet lengths.

Furthermore, the subsequent image analysis pipeline was identical
between the two systems (Supplemental Figure S1). The EB1-GFP
comet intensity profiles were fit to an exponential decay function,
and the decay constant was used as a proxy for the comet size
(Figure 1D). Using this approach, we could directly compare the
sizes of EB comets on microtubules grown in vitro to those in cells.

The scaling between EB comet length and microtubule
growth rate in cells is the same as in vitro
To directly compare the relationship between microtubule growth
rate and GTP-cap size in cells and in vitro, we measured the EB
comet size at growing microtubule ends in both systems over a
range of microtubule growth rates. First, we confirmed that the
inherent variability in EB1-GFP expression levels in the stably-
expressing LLC-PK1 cells does not significantly impact microtubule
dynamics (Supplemental Figure S2), consistent with previous re-
ports (Piehl and Cassimeris, 2003). Overall, microtubules grow-

ing in LLC-PK1 cells displayed growth rates up to ∼230 nm/s
(Figure 2; Supplemental Figure S2). These fast cellular growth rates
can be achieved in vitro through synergistic effects of the micro-
tubule polymerase XMAP215 with EB1 (Zanic et al., 2013; Farmer
et al., 2021). In our in vitro assay, we sought to employ our puri-
fied protein components at concentrations consistent with those
measured in cells (Hiller and Weber, 1978; Tournebize et al., 2000;
Tirnauer et al., 2002; Juanes et al., 2020). Specifically, we found that
a combination of 12 μM tubulin, 100 nM XMAP215, and 200 nM
EB1-GFP resulted in microtubules polymerizing over a compara-
ble range of growth rates to those observed in LLC-PK1 cells. Each
growth event was defined by a 5-s (65 frame) period of growth and
the growth rate was determined using linear regression of displace-
ment over time (see Materials and Methods; Supplemental Fig-
ure S1). EB1-GFP comet sizes increased linearly with microtubule
growth rate in vitro (Figure 2A), as reported previously (Bieling et
al., 2007; Farmer et al., 2021). We observed that the size of EB1-
GFP comets in cells also increased linearly with microtubule growth

FIGURE 2: The scaling between the EB comet length and the microtubule growth rate in cells is the same as in vitro. (A)
Microtubule growth events polymerized using 12 μM unlabeled tubulin, 200 nM EB1-GFP, and 100 nM XMAP215. Each
dot represents the mean growth rate and EB1 comet size along a 5-s-long growth event ± 95% CI, N = 471 growth
events. Individual events were binned into 20 nm/s bins. Bold dots represent weighted averages with weighted errors
of 95% CI for each bin. (B) Microtubule growth events from LLC-PK1 cells stably overexpressing EB1-GFP. Each dot
represents the mean growth rate and EB1 comet size along a 5-s-long growth event ± 95% CI, N = 178 growth events
from 16 cells. Individual events were binned into 20 nm/s bins. Bold dots represent weighted averages with weighted
errors of 95% CI for each bin. (C) The binned weighted average growth rates and comet sizes per condition were fit to a
linear regression. 95% CI shown by the dotted lines. Three biological replicates were performed for each condition.
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FIGURE 3: Microtubules in cells display larger growth-rate fluctuations than in vitro. (A and B) Growth rate–matching
conditions achieved by either (A) 12 μM tubulin, 200 nM EB1-GFP, and 100 nM XMAP215 in vitro or (B) expressing
EB1-GFP in interphase LLC-PK1 cells. Representative tracks showing microtubule tip position (black points), residuals
for each timepoint (black lines), and linear regression of tip position (red line). (C) Growth rate for each segment; in
vitro, 150 ± 30 nm/s (mean ± SD, n = 88); in cells, 150 ± 20 nm/s (mean ± SD, n = 62). p > 0.9, unpaired Student’s t
test. (D) SSR for each 10 s segment; in vitro, 0.034 ± 0.021 μm2/s (mean ± SD, n = 88); in cells, 0.049 ± 0.030 μm2/s
(mean ± SD, n = 62). p = 0.001, Mann–Whitney U test.

rate (Figure 2B). Strikingly, fitting the data to a linear regression
curve revealed that the relationship between the EB comet size and
the microtubule growth rate is the same in two systems (Figure 2C,
slope of 2.79 s [95% confidence interval, CI: 2.53 s–3.06 s] in vitro
vs. 2.79 s [95% CI: 2.50 s–3.09 s] in cells). This observation sug-
gests that microtubule growth rate is the primary determinant of
EB1-GFP comet size both in vitro and in interphase epithelial cells.

In general, the size of the EB comet is set by the balance of
microtubule growth, which adds new GTP-tubulin subunits to the
growing microtubule end, and GTP-hydrolysis, which ultimately
transforms tubulin subunits into a GDP-bound state not recognized
by EB. Our finding that the scaling between the EB1-GFP comet
size and the microtubule growth rate is identical in interphase LLC-
PK1 cells to that observed in vitro suggests that the GTP-hydrolysis
rate is not directly and differentially regulated in this cellular sys-
tem. Indeed, our measurements are consistent with a single, com-
parable hydrolysis rate both in vitro and in LLC-PK1 cells. The de-
termined slopes of the relationship between the comet size and
microtubule growth yield a hydrolysis rate of ∼0.4 s−1, consistent
with the rates previously estimated both in and outside of cells
(Seetapun et al., 2012; Maurer et al., 2014; Roostalu et al., 2020).
Thus, our results suggest that changing the size of the GTP-cap
through modulation of the GTP-hydrolysis rate is not a mechanism
employed by interphase cells to regulate microtubule dynamics.
Furthermore, the finding that the scaling between the EB1-GFP
comets and the microtubule growth rate observed in vitro is the
same in interphase LLC-PK1 cells validates the use of our in vitro
reconstitution assay to interrogate the role of the GTP-cap in mi-
crotubule end stability and the overall molecular mechanisms of
microtubule dynamics.

Microtubules in cells display larger growth-rate
fluctuations than in vitro
Our investigation of the relationship between EB comet size and
the microtubule growth rate relied on our ability to determine the
microtubule growth rate with high accuracy. To achieve this, we
opted to measure EB1-GFP comets over short (5-s/65 frame), lin-
ear growth intervals. Even over such short time intervals, and al-
though we used identical imaging conditions, the proportion of
growth events that were not well fit by linear regression was signif-
icantly larger in cells than in vitro (Supplemental Figure S1, 61% in
cells vs. 38% in vitro, using R2<0.8 criterium). This observation sug-

gests that microtubule tips in cells undergo significant growth rate
fluctuations. To investigate deviations from the mean microtubule
growth rate further, we compared two groups of growth events
displaying matching mean growth rates over longer, 10-s periods
of growth (Figure 3, A–C). We used the sum of squared residu-
als (SSR) as a measure of the deviation from the linear regression
growth rate for each growth event. We found that SSR was signif-
icantly higher in cells (0.049 ± 0.030 μm2/s, mean ± SD, n = 62)
than in vitro (0.034 ± 0.021 μm2/s, mean ± SD, n = 88; p = 0.001,
Mann–Whitney U test; Figure 3D). This result demonstrated that
growing microtubules in cells indeed display a higher degree of
growth rate variability than those polymerized at the same mean
growth rates in vitro.

Previous studies in vitro suggested that fluctuations in growth
rate are accompanied by morphological changes at the growing
microtubule end, which can ultimately destabilize the end structure
and result in the onset of microtubule catastrophe (Coombes et al.,
2013; Farmer et al., 2021; Farmer and Zanic, 2022). Interestingly,
CLASP proteins allow microtubules to withstand a larger degree of
growth fluctuations by stabilizing an intermediate pre-catastrophe
state of the microtubule end (Aher et al., 2018, 2020; Lawrence et
al., 2018, 2020, 2023; Lawrence and Zanic, 2019; Mahserejian et
al., 2022). Notably, although the microtubules in cells displayed a
large degree of growth rate variability, we did not observe aberrant
EB comet morphologies or visibly tapered microtubule end struc-
tures previously seen in vitro (Coombes et al., 2013; Aher et al.,
2018; Reid et al., 2019; Farmer et al., 2021; Gudimchuk and McIn-
tosh, 2021). This suggests that CLASPs, as well as potentially other
MAPs present at the microtubule ends, promote microtubule end
repair and stability, despite large growth-rate fluctuations observed
in cells.

EB localization does not predict microtubule catastrophe in
cells
Microtubules growing from purified tubulin in vitro display a stereo-
typical slowdown and loss of EB comet prior to the onset of catas-
trophe (Maurer et al., 2012; Farmer et al., 2021). Whether a similar
slowdown in growth rate and decay of the EB comet predicts the
onset of catastrophe in cells is not known. To investigate this, we
sought to image EB localization at high spatiotemporal resolution
over the course of microtubule catastrophe (see Materials and
Methods). Because EB proteins track growing, but not shrinking
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FIGURE 4: EB localization does not predict microtubule catastrophe in cells. LLC-PK1 cell stably expressing
eGFP-α-Tubulin and transiently transfected with mCherry-EB3. (A) Example kymograph of a microtubule displaying a
short slowdown duration (<5 s) prior to catastrophe. Arrowhead indicates onset of slowdown preceding catastrophe.
(B) Average end position and EB3 intensity for events displaying up to a 5 s slowdown (n = 15 growth events). (C)
Example kymograph of a microtubule displaying a long slowdown duration (>5 s) prior to catastrophe. Arrowhead
indicates onset of slowdown preceding catastrophe. (D) Average end position and EB3 intensity for events displaying a
slowdown >5 s (n = 11 growth events).

microtubule ends, in addition to imaging EB localization, we used
fluorescent tubulin to determine the microtubule end position
irrespective of its dynamic state. To collect two-color timelapses
at sufficient temporal resolution, we turned to imaging LLC-PK1
cells stably expressing eGFP-α-tubulin (Rusan et al., 2001) and
transiently expressing mCherry-EB3 using spinning disk confocal
(SDC) microscopy (Figure 4). EB1 and EB3 members of the EB pro-
tein family recognize the same nucleotide-dependent structure at
growing microtubule ends. However, EB3 has been previously re-
ported to display higher overall signal intensities while maintaining
the same comet length as EB1 (Roth et al., 2018). For this reason,
we chose to introduce mCherry-EB3 into an established cell line
stably expressing GFP-tubulin for simultaneous two-color imaging.
Furthermore, although SDC does not provide super-resolution
imaging, it allowed for fast time-lapse imaging (5 fps in two colors)
with minimal photo damage over longer periods, which was neces-
sary to fully capture a sufficient number of microtubule catastrophe
events.

Our high-resolution analysis of catastrophe events in cells re-
vealed that, similar to what has been previously observed in vitro,
microtubule ends display a distinct slowdown period before the
onset of catastrophe (Figure 4). However, in contrast to the in vitro
conditions, where periods of slowdown prior to catastrophe are
typically restricted to less than 5 s (Maurer et al., 2014; Duellberg
et al., 2016; Farmer et al., 2021; Mahserejian et al., 2022), our data
show that microtubule ends in cells can be maintained in a pro-
longed pre-catastrophe state. Indeed, detailed analysis of individ-
ual catastrophe events revealed a broad range of slowdown peri-
ods, with a mean duration of 7 ± 2 s (SEM, n = 26). The events
displaying slowdown durations of less than 5 s were typically ac-
companied by the EB comet decay directly prior to catastrophe

(Figure 4, A and B), as expected based on the previous observa-
tions in vitro (Maurer et al., 2012, 2014; Duellberg et al., 2016;
Farmer et al., 2021). Interestingly, a large fraction of the observed
catastrophe events (11 out of 26 analyzed) displayed longer pe-
riods of slowdown lasting more than 5 s. For those events, EB
end-localization was typically lost well before the onset of micro-
tubule shrinkage (Figure 4, C and D). The finding that microtubule
ends can resist depolymerization even after EB localization is lost
demonstrates that EB comet loss is not a direct predictor of the
immediate onset of microtubule catastrophe in cells.

Conclusions
In this study, we investigated the properties and function of the
microtubule GTP-tubulin cap in cells. Using the same imaging
modality and conditions, we found that microtubules polymerizing
in interphase LLC-PK1 cells have the same EB comet sizes as mi-
crotubules grown at equivalent growth rates with purified proteins
in vitro. Notably, our in vitro reconstitution assay employs only a
limited set of proteins and does not capture the vast complexity of
biochemical and biophysical conditions in cells. However, because
these results were obtained through a direct comparison of cellular
and in vitro microtubules, they validate the commonly used in
vitro reconstitution assay as a faithful and relevant approach to
study properties of the GTP-cap and mechanisms of microtubule
dynamics in a minimal component system.

Microtubule dynamics and stability are regulated by myriad
MAPs in cells. Given that the GTP-cap is considered to be the
main stabilizing structure at growing microtubule ends (Kirschner
and Mitchison, 1986; Hyman et al., 1992; Caplow and Shanks,
1996; Duellberg et al., 2016; Roostalu et al., 2020; Farmer and
Zanic, 2022), modulation of GTP-cap length presents a plausible
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mechanism for regulation of microtubule stability by MAPs. Chang-
ing the size of the GTP-cap can be accomplished by changing
either microtubule growth rate or GTP-hydrolysis rate. Several
MAPs are known to directly modulate the microtubule growth
rate (Akhmanova and Steinmetz, 2015; Gudimchuk and McIntosh,
2021; Lawrence et al., 2023). Unless a MAP directly affects tubulin’s
GTP-hydrolysis rate, a MAP-driven change in microtubule growth
rate will be accompanied by a corresponding change in the GTP-
cap size, maintaining the consistent relationship between the two.
Our finding that the relationship between the GTP-cap size and the
microtubule growth rate is the same in cells as it is in a minimal in
vitro system suggests that the rate of GTP-hydrolysis is not being
differentially modulated in this cellular context.

The finding that the GTP-hydrolysis rate of tubulin is not reg-
ulated at growing microtubule ends in interphase cells, despite
the complexity of regulatory MAPs present, is surprising. Several
in vitro studies with purified proteins suggested that some MAPs
may directly regulate the GTP-hydrolysis rate. Of note, a small re-
duction in the size of EB comets was reported at low, nonsaturating
concentrations (1–10 nM) of EB proteins (Maurer et al., 2012). Fur-
thermore, recent cryo-EM studies reported that several MAPs rec-
ognize and/or promote particular conformations of tubulin dimers
within the microtubule lattice that may be associated with differ-
ent states in the tubulin GTP-hydrolysis cycle (Manka and Moores,
2018a). For example, high concentrations (∼30 μM) of EB proteins
induced a compacted and twisted structure of tubulin within mi-
crotubules grown with GTPyS, an analogue of GTP (Zhang et al.,
2015, 2018). Some MAPs, including tau and MAP2 were found to
promote a compacted, GDP-like microtubule lattice (Kellogg et
al., 2018; Siahaan et al., 2022), while others, like TPX2 and CAM-
SAP3, preferentially bind expanded microtubule lattices (Zhang
et al., 2017, 2018; Liu and Shima, 2023). Additionally, Kinesin-1
was shown to drive expansion of GDP-microtubule lattices (Peet
et al., 2018; Shima et al., 2018; Verhey and Ohi, 2023). To what
extent any of these tubulin conformations correspond to specific
states in tubulin’s GTP-hydrolysis cycle is largely unknown. In the
case of EBs, recent studies using tubulin hydrolysis mutants con-
cluded that EBs indeed recognize tubulin in a GTP-bound state and
that the conformation of tubulin stabilized by EBs precedes GTP-
hydrolysis (Geyer et al., 2015; Roostalu et al., 2020; LaFrance et al.,
2022). In this study, we used a well-established stably-expressing
EB1-GFP LLC-PK1 cell line and found no aberrant effects on mi-
crotubule dynamics over the range of observed expression lev-
els, consistent with previous characterizations of this cell line (Piehl
and Cassimeris, 2003). Furthermore, under these conditions, we
found no evidence for the modulation of the GTP-hydrolysis rate
as the means to globally regulate cellular microtubule dynamics.
It is possible that MAPs may directly modulate tubulin hydrolysis
rate in a different cellular context, for example to achieve cell-cycle-
dependent regulation of microtubule dynamics (Rusan et al., 2001;
Yamashita et al., 2015). Alternatively, given that the exchangeable
nucleotide in β-tubulin is readily accessible only at the exposed mi-
crotubule plus ends (Mitchison, 1993; Nogales et al., 1998), direct
regulation of the GTP-hydrolysis rate of tubulin within the micro-
tubule may be difficult, and thus not a mechanism widely employed
by MAPs. Investigation of these possibilities presents exciting di-
rections for future research.

The idea that a bigger GTP-cap is generally more protective
against microtubule catastrophe has been challenged by recent
in vitro studies (Farmer and Zanic, 2022). Of note, microtubules
polymerized in the presence of XMAP215 have accelerated growth
rates and increased EB comet sizes, yet also display increased

frequency of microtubule catastrophe (Farmer et al., 2021).
Furthermore, MAPs from the CLASP family do not change the
microtubule growth rate or EB comet size, yet strongly suppress
microtubule catastrophe (Lawrence et al., 2018). Even in the ab-
sence of MAPs, slow-growing microtubule minus ends have small
EB comets yet undergo significantly less frequent catastrophe
when compared with their plus-end counterparts (Strothman et
al., 2019). In all these examples, the EB comet size reflects the
corresponding microtubule growth rate. However, neither the
mean growth rate nor the mean size of the EB comets can serve as
an indicator of overall microtubule end stability (Farmer and Zanic,
2022).

Whether the protective GTP-cap is large or small, its removal
and the transition from microtubule growth to rapid shrinkage
likely involves an intermediate state of the microtubule end, char-
acterized by a mixture of nucleotides and associated protofilament
morphologies. Indeed, microtubule catastrophe has been charac-
terized as a multi-step process (Odde et al., 1995; Tran et al., 1997;
Gardner et al., 2011, 2013; Lawrence et al., 2023), and the onset
of rapid microtubule shrinkage is typically preceded by a charac-
teristic slowdown in microtubule growth rate (Maurer et al., 2012;
Farmer et al., 2021; Mahserejian et al., 2022). MAPs that induce un-
coordinated protofilament polymerization and ragged microtubule
end structures, such as XMAP215, promote fluctuations in micro-
tubule growth that may ultimately drive microtubule catastrophe
(Farmer et al., 2021). Other MAPs, such as CLASPs, help micro-
tubule ends resist catastrophe in spite of growth fluctuations, likely
by stabilizing the pre-catastrophe intermediate and allowing the
return of the end to a robustly growing state (Lawrence and Zanic,
2019; Aher et al., 2020; Mahserejian et al., 2022; Lawrence et al.,
2023). We find that microtubules in cells display large growth fluc-
tuations, as well as notable growth slowdowns prior to catastrophe,
during which the intensity of the EB comets is lost. Interestingly,
however, the loss of EB comets in cells does not necessarily predict
the onset of catastrophe. We speculate that this can be attributed
to alternative mechanisms of microtubule end stabilization in cells,
which do not rely on the presence of the GTP-cap. For example,
anchoring of microtubule ends to the cell cortex or to other cellular
structures can be achieved through a number of MAPs and motors,
and thus prevent microtubule depolymerization (Gundersen, 2002;
Laan et al., 2012; Noordstra and Akhmanova, 2017; Seetharaman
and Etienne-Manneville, 2019). Both binding of MAPs and post-
translational modifications along the microtubule lattice are impli-
cated in microtubule polymer stability (Verhey and Gaertig, 2007;
Bodakuntla et al., 2019; Janke and Magiera, 2020; Akhmanova and
Kapitein, 2022)—how quickly these lattice-stabilizing mechanisms
may be employed at dynamic microtubule ends in cells is an inter-
esting question warranting future studies. From that perspective,
rather than being the determinant of microtubule end stability,
the role of the GTP-cap at the end of a growing microtubule
may be to serve as a platform for the binding of myriad MAPs
whose combinatorial effects ultimately decide the microtubule’s
fate.

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
tetramethylrhodamine (TAMRA; Sigma-Aldrich) as described pre-
viously (Hyman, 1991). EB1-GFP was expressed and purified as
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described previously (Zanic et al., 2009) and stored in 10 mM
BisTris, 10 mM Tris HCl, 100 mM KCl, 1 mM DTT, and 5% glycerol,
pH 6.6. XMAP215 was expressed and purified as described previ-
ously (Farmer et al., 2021) and stored in 10 mM Bis-Tris,10 mM Tris
HCl, 100 mM KCl, 1 mM DTT, and 10% glycerol, pH 6.6. Protein
concentration was determined using absorbance at λ = 280 nm.

In vitro assay conditions
Microtubules were imaged in chambers constructed as described
previously (Gell et al., 2010). In brief, three strips of Parafilm
were sandwiched between 22 × 22 mm and 18 × 18 mm
silanized coverslips to create two narrow channels for the ex-
change of reaction solutions. The channel surface was treated
with 0.02 μg/μl anti-TAMRA antibody (Invitrogen) followed by 1%
Pluronic F127 (Sigma-Aldrich) before use. GMPCPP-stabilized, 25%
TAMRA-labeled microtubules were polymerized as described pre-
viously (Hunter et al., 2003) and immobilized to coverslips using
anti-TAMRA antibody (Gell et al., 2010). A total of 12 μM tubu-
lin, 200 nM EB1-GFP, and 100 nM XMAP215 were introduced into
the chamber along with imaging buffer consisting of BRB80 sup-
plemented with 40 mM D-glucose, 40 μg/ml glucose oxidase, 25
μg/ml catalase, 0.08 mg/ml casein, 10 mM DTT, 17 mM KCl and
0.1% methylcellulose.

Cell culture
LLC-PK1 EB1-GFP (pig kidney epithelial) cells were cultured in 1:1
DMEM and F12 media with 10% FBS and 1% PenStrep. LLC-PK1
EB1-GFP cells (originated from Piehl and Cassimeris, 2003) were a
kind gift from Ryoma Ohi, University of Michigan. LLC-PK1 Tubulin-
GFP cells were maintained in OptiMEM/Ham’s-F-10 (1:1) media
supplemented with 10% FBS and 1% PenStrep. LLC-PK1 Tubulin-
GFP cells (originated from Rusan et al., 2001) were a kind gift from
Melissa Gardner, University of Minnesota. All cells were grown at
37°C with 5% CO2. Prior to imaging the media was changed to
FluoroBrite DMEM supplemented with 10% FBS.

Transfection
Approximately 24 h prior to transient transfection, LLC-PK1
Tubulin-GFP cells were split and seeded at ∼15% confluency in a 32
mm #1.5 precoated glass bottom dish. Cells were transiently trans-
fected with 500 ng of mCherry-miniSOG-EB3-7, which was a gift
from Michael Davidson (Addgene plasmid # 55089; http://n2t.net/
addgene:55089; RRID:Addgene_55089) using Lipofectamine3000
at a 1:4 DNA to Lipofectamine ratio. Cells were incubated with
plasmid and Lipofectamine3000 for ∼4 h at 37°C. After the 4-h in-
cubation, the media was aspirated, and fresh media was added.
Cells were imaged ∼20–24 h after transient transfection.

Determination of the effect of EB overexpression on
microtubule dynamics
EB1-GFP overexpression levels were determined via corrected to-
tal cell fluorescence (CTCF) analysis. For the analysis, a freehand
region of interest (ROI) was drawn around the cell area and in a
region with no detectable signal (i.e., background) in FIJI ImageJ
(Schindelin et al., 2015; Rueden et al., 2017). For each frame the
ROI area, mean gray value, and the integrated density (average
fluorescent intensity normalized to the ROI area) were measured.
CTCF was then calculated using the following equation: CTCF =
Integrated Density of cell ROI − (Area of cell ROI × Mean gray
value of background ROI). CTCF for each frame was then averaged
to determine the mean CTCF of the cell. To measure microtubule
dynamics in each cell, Plustiptracker (Applegate et al., 2011) was

used. Prior to analyzing each video, the cell ROI that was drawn
for the CTCF analysis was inverted and used to mask the back-
ground in the video to ensure that only EB comets within the cell
of interest (with an associated CTCF) were tracked. Comets were
detected using anisotropic Gaussian detection with an alpha value
of 0.01 and a minimum distance between detected features of 5 to
ensure that each comet was only detected once. For comet track-
ing, the “microtubule plus-end dynamics” tracking application was
used. To prevent the chance of two tracks being linked incorrectly,
both segment merging and segment splitting were deselected. For
track analysis, the “microtubule dynamics classification” tracking
application was used.

Imaging
Imaging was performed using either instant Structured Illumina-
tion Microscopy (iSIM) or SDC microscopy, as noted in the text.
iSIM imaging was performed with a Visitech iSIM on a Nikon
Ti2 stand using a Nikon SR HP Apo TIRF 100x/1.49-NA oil im-
mersion objective at 1.5x zoom. Images were captured using a
HamamatsuORCA-Fusion sCMOS camera. A Tokai Hit objective
heater was used to maintain the sample at 35°C and with 5%
CO2. Images were acquired using BioVision imaging software. SDC
imaging was performed on a Nikon Ti microscope with a Nikon SR
HP Apo TIRF 100x/1.49-NA oil immersion objective. Images were
captured with a Photometrics Prime 95B sCMOS camera using 488-
and 561-nm solid-state lasers and standard filter sets using trig-
gered two-color acquisition. A Tokai Hit objective heater was used
to maintain the sample at 37°C and with 5% CO2. Images were
acquired using NIS-Elements (Nikon) software. SDC imaging was
performed through use of the Vanderbilt Cell Imaging Shared Re-
source.

EB1 comet length analysis
EB1 comet lengths were determined using a series of custom MAT-
LAB (vR2022b; MathWorks) scripts as reported previously (Farmer
et al., 2021). Briefly, the beginnings and ends of individual growth
events were manually determined on kymographs and automati-
cally divided into 5 s segments. The initial estimate of microtubule
tip position over time was obtained assuming a constant growth
rate between the first and last position. For each time frame,
the pixel with the brightest EB1 intensity within a window (±5
pixels) around the initially estimated tip position was subsequently
assigned as the microtubule tip position. The tip positions were
then fitted by a linear regression to assign a growth rate to each 5 s
segment. 5 s segments were then filtered to include only segments
with well-defined growth rates using R2 > 0.8 criterion. To gener-
ate time-averaged intensity profiles, the determined tip positions
from each temporal frame within the 5 s segment were aligned.
The microtubule lattice intensity was determined by averaging
the intensity of 5 pixels and subsequently subtracted from the
intensity of all pixels along the averaged intensity profile of a given
segment. To determine EB1 comet length, the averaged intensity
profiles were fitted to an exponential decay function using 25
pixels starting with the pixel immediately following the tip position
(Bieling et al., 2007; Farmer et al., 2021): I = Ae(−x/λ), where A is
the intensity at pixel 1, and λ is the comet decay length. Exclusion
of the 0th pixel intensity from the fit ensured that any potential
subpixel perturbations in the tip structure not detected by our
imaging did not affect the comet length measurement. Segments
were then filtered to include only growth events where comet
length could be confidently determined using R2 > 0.9 criterion.
Segments that met both R-squared criteria were then binned into
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20 nm/s bins. As we were interested in comparing growth events
in vitro and in cells over a shared growth rate range, data points
outside of the shared data range were removed (83 in vitro growth
events). Binned data was then subject to outlier analysis. Iterative
Grubbs outlier analysis was then performed. As this outlier test
requires at least seven data points, bins containing less than seven
values were alternatively subjected to Grubbs outlier analysis. Fol-
lowing removal of outliers (no cell growth segments were removed
in cells; five in vitro growth events were removed), any bins contain-
ing less than three values were removed (four cell growth events;
seven in vitro growth events). Weighted averages and weighted
error for each bin were then calculated using 1/CI2 weighting. The
averaged data points were then fit to a linear regression with 1/Y2

weighting.

Determination of variability in microtubule growth
The EB1 channel was tracked with TipTracker_v3 (Demchouk et
al., 2011; Seetapun et al., 2012; Prahl et al., 2014) using MATLAB
R2022a. Then, a custom MATLAB code was used to divide the out-
put 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 quan-
tified by performing the sum of squared residuals (SSR) analysis as
described previously (Lawrence et al., 2018; Farmer et al., 2021).
Briefly, using a custom MATLAB code, a linear function was fit 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 trajec-
tories with mean growth rates between 100 and 200 nm/s were
considered. Outliers based on normalized SSR were identified
using MATLAB function “isoutlier” and subsequently discarded.
Unpaired Student’s t test with Welch’s correction was used to deter-
mine P values for mean velocity between experimental conditions,
and a Mann–Whitney U test was used for normalized mean SSR.

Determination of the growth rate and EB intensity at the
onset of catastrophe
To determine the EB3 intensity at the onset of catastrophe, we de-
veloped a custom MATLAB script based on previously published
approaches (Maurer et al., 2012; Duellberg et al., 2016; Farmer et
al., 2021). To prepare videos for catastrophe analysis, ROIs around
microtubules transitioning from growth to shrinkage during the 2-
min acquisition period were cropped out. A kymograph of both
tubulin and EB channels was produced from a line scan (width = 1)
drawn along the microtubule of interest. This kymograph was used
to determine if the microtubule underwent multiple catastrophes
during the 2-min movie. If so, the video was temporally cropped
so that only one catastrophe event occurred per a given movie.
TipTracker_v3 (Demchouk et al., 2011; Seetapun et al., 2012; Prahl
et al., 2014) was used to determine the microtubule tip position
from the tubulin channel. To increase the efficacy of tip tracking
within the crowded cell, both the pad size (the number of pixels the
code will search with respect to your input clicks) and line length
for the Gaussian fit (the length of the line used to determine the
tip position) were reduced; this led to a reduction in the number
of tracking errors that arose as a result of encountering other mi-
crotubules and/or the cell edge. The xy coordinates for the micro-
tubule tip position produced by TipTracker_v3 were assessed for
accuracy by overlaying the output coordinates onto kymograph.
If accurate, these coordinates were used in the MATLAB script to
define the search coordinates for EB intensity.

Next, both x and y coordinates of the microtubule end from
each temporal frame, except the initial and final frames, were pre-
processed to eliminate tracking noise. If the difference between co-
ordinates of the current frame and the previous frame was >220 nm
(2x the pixel size), 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; Farmer et al., 2021). The “smoothdata” func-
tion in MATLAB was used with the “movmedian” method and a
10-frame (2 s) window size to further minimize tracking noise. The
microtubule end position was determined using smoothened co-
ordinates. To determine time of catastrophe, catastrophe was first
approximated manually and then corrected using the following au-
tomated analysis: an instantaneous growth rate was determined for
15 frames before and after the manually approximated catastrophe
time using a linear fit over a 3-frame sliding window. The linear fit
was used to determine the moment in time 3 consecutive frames
had velocity values greater than −50 nm/s, starting from 12 frames
after catastrophe and moving backward in time. The latest of the
three temporal frames of this moment was assigned as the auto-
mated, and final, time of catastrophe. The automated trajectories
were manually inspected for accuracy by overlaying them onto the
respective kymograph before further analysis.

A custom MATLAB code was used to determine the slowdown
duration before catastrophe for each microtubule. Periods of slow-
down were determined using two methods. 1) First, the velocity
of a 5-frame segment ending at the time of catastrophe was de-
termined by performing a linear fit, and the velocity value was
assigned to all of the frames within this segment. Then, the seg-
ment size was increased frame by frame moving backward in time
until the beginning of the growth event and the velocity of each
segment was determined. If the velocity of a given segment was
smaller than 50 nm/s, the frames in the given segment were marked
as slowdowns. 2) The periods of slowdown were defined from ve-
locities defined for 5-frame (1 s) segments of growth starting from
the beginning of the growth event and moving toward the onset of
catastrophe. If the velocity of a given segment was greater than 50
nm/s, the frames in that segment were marked as a regular growth
event. This second pass allowed us to determine the beginning of
a slowdown event with more accuracy. Then the duration of the
slowdown was determined by finding the total number of frames
that were marked as a slowdown by the running windows de-
scribed above. We then separated microtubules into two groups:
microtubules displaying either no or a short slowdown (i.e., 0–5 s,
group 1) versus microtubules displaying long slowdowns (i.e., > 5 s,
group 2).

The end positions of the growth events over time were aligned
to generate an averaged microtubule tip position using a custom
MATLAB code. For each microtubule, the time and position values
were offset to assign the catastrophe event to (0,0). Subsequently,
the mean and SEM of the positions at each timepoint were calcu-
lated for the two groups of microtubules based on their slowdown
duration.

The EB3-mCherry intensity at microtubule ends preceding
catastrophe was determined using a custom MATLAB function.
Briefly, for each temporal frame in the video, the EB3-mCherry
comet was rotated and centered around the microtubule end po-
sition (determined using the tubulin signal, as described above),
such that the microtubule was horizontally aligned, and the EB3
comet was decaying to the right. The brightest intensity value
within 5 lattice pixels and 1 solution pixel was assigned as the max-
imum EB3 intensity (5-pixel thickness, i.e., 5 × 6-pixel2 area). Local
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solution background intensity was determined by shifting the 5 ×
6-pixel2 area up and down by 7 pixels and calculating the mean in-
tensity. 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
EB3 intensity. The average EB3 intensities as a function of time
were obtained by averaging all growth events at every timepoint,
with error being the SEM.
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