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Abstract

Almost 40 years since the discovery of microtubule dynamic instability, the molecular
mechanisms underlying microtubule dynamics remain an area of intense research interest. The
“standard model” of microtubule dynamics implicates a “cap” of GTP-bound tubulin dimers at the
growing microtubule end as the main determinant of microtubule stability. Loss of the GTP-cap
leads to microtubule “catastrophe,” a switch-like transition from microtubule growth to shrinkage.
However, recent studies, using biochemical in vitro reconstitution, cryo-EM, and computational
modeling approaches, challenge the simple GTP-cap model. Instead, a new perspective on the
mechanisms of microtubule dynamics is emerging. In this view, highly dynamic transitions
between different structural conformations of the growing microtubule end — which may or

may not be directly linked to the nucleotide content at the microtubule end — ultimately drive
microtubule catastrophe.
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INTRODUCTION: MICROTUBULE DYNAMICS CAN BE EXPLAINED BY THE
GTP-CAP MODEL

Microtubules are dynamic polymers found in all eukaryotic cells. As one of the major
components of the cytoskeleton, microtubules are essential for a number of dynamic
cellular processes: from forming the mitotic spindle and axoneme, to acting as tracks

for intracellular transport by molecular motor proteins. Microtubules are stiff, hollow
tubes typically containing 13 protofilaments formed through self-assembly of aS-tubulin
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heterodimers that join longitudinally in a head-to-tail fashion.[2-3] This arrangement results
in structurally distinct polymer ends, with a-tubulin exposed at one end (termed the

minus end), and B-tubulin exposed at the other (termed the plus end).[*5] Notably,

both microtubule ends exhibit stochastic transitions between phases of growth and
shrinkage, a behavior known as microtubule dynamic instability (Figure 1A,B).[8] However,
the biochemical and structural polarity of microtubule polymers gives rise to distinct
polymerization dynamics of the two ends, with plus ends typically growing faster and

being more dynamic than minus ends. Over the years, many key principles of dynamic
instability have been identified[3.78]; however, some fundamentals of the process are still not
understood.

The original discovery of microtubule dynamic instability almost four decades ago led to the
GTP-cap model as an explanation for the observed characteristics of microtubule dynamics.
(6] Tubulin is a GTPase, and thus has the ability to bind and hydrolyze GTP. Microtubules
grow by the addition of GTP-associated af-tubulin heterodimers to the polymer ends.

Once a dimer is incorporated into the microtubule lattice and covered by another incoming
dimer, the GTP in the B-subunit is able to undergo hydrolysis.[?10] GTP hydrolysis induces
a number of conformational changes within the tubulin dimer, building strain within the
polymer, and resulting in an unstable microtubule lattice composed of tubulin dimers with
GDP in their S-subunit (referred to as “GDP-tubulin”) (Figure 1C).[11-16] However, given
that GTP hydrolysis does not occur instantaneously but after a delay, a “cap” of GTP-tubulin
dimers remains at the growing end.[%11:17] This GTP-cap is thought to be a stabilizing
structure, protecting a growing microtubule from “catastrophe” — the switch into a phase of
rapid shrinkage.[6.18.19]

The GTP-cap model suggests a direct link between the microtubule growth rate and
microtubule stability. Namely, the size of the protective GTP-cap is the result of the balance
between the rate of GTP-tubulin incorporation at a growing microtubule end (i.e., the
microtubule growth rate), and the rate of subsequent GTP hydrolysis within the polymer
(Figure 1B,C). Assuming that the GTP hydrolysis rate is constant, the faster the microtubule
grows, the larger its GTP-cap will be. A larger GTP-cap would presumably be harder to lose,
and thus a faster-growing microtubule is expected to be more stable against catastrophe. (€]
Indeed, a multitude of studies with purified tubulin in vitro established that increasing

the tubulin concentration leads to a simultaneous increase in microtubule growth rate and

a suppression of catastrophe, consistent with the idea that faster-growing microtubules
possess larger, more protective GTP-caps.[20-241 However, confirming that a larger GTP-cap
correlates with suppression of catastrophe and thus increased microtubule lifetime was a
decades-long challenge because of the inability to directly visualize the GTP-cap on a
dynamic microtubule end. It would not be until a proxy for the GTP-cap on dynamic
microtubules was established that the correlation between the GTP-cap size, microtubule
growth rate, and microtubule catastrophe could be tested.

EB PROTEINS MARK THE GTP-CAP

In recent years, EB proteins have emerged as a tool for studying the GTP-cap on a growing
microtubule. EBs constitute a highly conserved family of microtubule-associated proteins
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(MAPs), widely recognized for their comet-shaped localization at growing microtubule ends
(Figure 2).[25-28] As such, EBs are commonly used to visualize and track the dynamic
microtubule network in cells.[29-31] The ability of EBs to autonomously recognize the
growing microtubule end was established using in vitro reconstitution with purified Mal3,
an EB homologue from fission yeast.[32] Importantly, this study found that Mal3 recognizes
both growing microtubule plus and minus ends, but does not localize to shrinking or static
ends. Thus, the microtubule feature recognized by EBs is only present on tips of growing
microtubules.

The first clue about EBs’ tip-tracking mechanism came from another reconstitution study,
demonstrating that human EB1 preferentially binds microtubule lattices assembled with
GMPCPP, a GTP-analogue, over the dynamically grown GDP-lattice extensions.[33] This
observation suggested that EB1 directly recognizes the nucleotide state of tubulin within
the microtubule lattice. Subsequent cryo-electron microscopy (EM) studies using GTPyS,
another GTP-analogue, established that EBs bind between two microtubule protofilaments,
at the interface of four tubulin dimers, in a region close to the exchangeable GTP-binding
site (Figure 2A).[14.16.34] This binding across four tubulin dimers allows EBs to sense the
structural changes induced by GTP hydrolysis within the tubulin dimers in the microtubule
lattice. Most recently, studies employing a tubulin mutant that cannot hydrolyze GTP
provided further support that EBs preferentially bind to the GTP-cap.[3°]

In addition to enabling nucleotide sensing, EB localization at the interface of four tubulin
dimers may promote EBs’ direct effects on microtubule dynamics. Cryo-EM structural
studies found that EB-decorated microtubules adopt a compacted configuration, considered
to be associated with a post-GTP-hydrolysis state.[16] Thus, EBs may directly influence
the rate of GTP hydrolysis. Furthermore, increasing the concentration of Mal3 within a
sub-saturating regime (below 100 nM) was reported to decrease the length of Mal3 comets,
consistent with the model that EBs increase the GTP-hydrolysis rate, and thus decrease the
size of the GTP-cap.[3¢] Notably, EBs’ primary effect on microtubule dynamics in vitro is
an increase in microtubule catastrophe frequency,37:38] which may be a consequence of an
overall decrease in the GTP-cap size.

A recent study employing 3D single-molecule diffusion simulations suggested that EB tip-
tracking is facilitated by increased binding to open and tapered microtubule end structures,
which may be present during microtubule growth.[3%] Additionally, EB binding to the outer
surface of curved and straight tubulin sheets at microtubule ends was reported using cryo-
EM tomography approaches.[] Although the exact details and affinities of EBs for distinct
structural features that may be present at microtubule ends are still not fully understood, the
exponentially decaying profile of EB comet intensity along the microtubule lattice is now
widely accepted as a bona fide marker of the decaying GTP-cap on growing microtubule
ends.[35]
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THE GTP-CAP SIZE IS NOT THE SOLE DETERMINANT OF THE
MICROTUBULE LIFETIME

Microtubule

With EB comets in hand as a proxy for the GTP-cap, measurements of microtubule
dynamics in saturating EB conditions over a range of tubulin concentrations established
that the length of the GTP-cap indeed increases with increasing tubulin concentration, [32]
correlating with an increase in microtubule growth rate and a simultaneous suppression of
microtubule catastrophe.[2041] Specifically, the EB-comet size was found to scale linearly
with the microtubule growth rate over a range of tubulin concentrations, reaching lengths of
600 nm or more at the highest tubulin concentrations tested, while microtubule catastrophe
frequency exhibited a sharp decrease as a function of the EB-comet size.l[1] While early
studies using GMPCPP, a slowly hydrolyzable GTP analogue, reported that even a small
GTP-like cap may be sufficient to protect the microtubule against catastrophe,[1942] these
recent EB-comet measurements showed that microtubule stability (in the absence of MAPS)
increases for larger GTP-caps, with catastrophe frequency becoming negligible for EB
comets larger than 300 nm (corresponding to a GTP-cap of about 40 tubulin layers).[41]

In addition, high-temporal resolution studies of EB localization during the transition to
microtubule catastrophe found that EB is gradually lost prior to the onset of catastrophe,
supporting the stabilizing role of the GTP-cap in microtubule dynamics.[34431 One of

the studies postulated that there is a specific minimum threshold of EB density on the
microtubule end that must be reached prior to catastrophe, indicating that the GTP-cap must
decrease to a critical size before it will no longer protect a microtubule against catastrophe.
[43] Taken together, these observations suggested that the size of the GTP-cap is the main
determinant of the microtubule lifetime, and that the GTP-cap must be kept small for
microtubules to undergo dynamic instability.

minus ends are more stable than plus ends, despite having smaller GTP-caps

The concept that the GTP-cap size determines microtubule stability is predominantly based
on in vitro studies focusing only on microtubule plus-end dynamics. Microtubule plus

ends are clearly dynamic in cells, while minus ends are often anchored at microtubule
organizing centers, obscuring their dynamics and regulation.[44] Nevertheless, early in vitro
reconstitution studies established that minus ends also undergo dynamic instability.[20:45]
Interestingly, the characteristics of minus-end dynamics are clearly distinct from those at
plus ends: at a given tubulin concentration, minus ends grow slower, yet typically exhibit
longer lifetimes compared to their plus end counterparts (Figure 3A).[204546] The finding
that minus ends have low catastrophe frequency in spite of their slow growth rates raises the
possibility that minus ends have inherently larger GTP-caps, perhaps due to a distinct GTP-
hydrolysis rate. However, a recent study using EB-comet measurements at both microtubule
ends found that the GTP-cap length at minus ends scales with the microtubule growth rate
in the same way it does at plus ends, suggesting that the rate of GTP hydrolysis at the two
ends is the same.[4€] In other words, a microtubule end growing at a specific growth rate
(achieved at different ends using different tubulin concentrations) has the same GTP-cap
length, regardless of whether it is a plus or a minus end. Yet, this same-sized GTP-cap is
more protective at microtubule minus ends than at plus ends. The authors found that the
enhanced microtubule stability at minus ends stems from a lower GTP-tubulin off-rate at
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the minus end compared to the plus end, rendering the GTP-cap at minus ends more stable.
This finding presents a clear example of the GTP-cap size not being the sole determinant of
microtubule stability.

XMAP215 promotes microtubule catastrophe despite increasing the GTP-cap size

While early in vitro studies mainly focused on the dynamic instability of microtubules
assembled with purified tubulin alone, microtubule dynamics in cells are dramatically
modulated by a multitude of MAPs. Some of the most prominent MAPSs belong to the class
of TOG-domain proteins, characterized by containing at least one tumor overexpression
gene (TOG) domain.[47-51] TOG domains are known for their ability to directly bind tubulin
dimers,[52] and they often function in ordered arrays within the protein.[53! The best-studied
TOG-domain proteins belong to the XMAP215 and CLASP protein families, which play
important roles in cell division, cell migration, and neuronal development.[4-56]

Proteins from the XMAP215 family are potent microtubule polymerases, with conserved
functions in promoting microtubule assembly. Depletion of XMAP215 family proteins
results in characteristically small mitotic spindles.[57] The family is named after Xenopus
microtubule assembly protein of 215 kDa (XMAP215), which on its own accelerates
microtubule growth rates by an order of magnitude in vitro.[58-601 XMAP215’s polymerase
activity relies on an array of TOG domains, with the minimal polymerase unit containing
TOG1 and TOG2,[61] which preferentially bind to a curved conformation of tubulin
characteristic of tubulin dimers in solution.[2.621 XMAP215’s effects on microtubule
growth are further enhanced with EB1, achieving growth rates in vitro that match the

fast microtubule growth observed in cells.[38] While EB1 and XMAP215 do not interact
directly, their synergy is realized through allosteric effects on the microtubule lattice,

with EBL1 likely promoting the formation of lateral bonds between tubulin dimers and
facilitating the straightening of protofilaments into the microtubule lattice.[8:34] Given the
preferential binding of the polymerase TOG domains to curved tubulin dimers, protofilament
straightening facilitates faster unbinding of XMAP215 from a lattice-incorporated tubulin
dimer, ultimately speeding up XMAP215’s overall polymerase activity.[38.63]

Surprisingly, both in the presence and absence of EB1, XMAP215 accelerates microtubule
growth rates without increasing microtubule lifetime (Figure 3), contrary to what would

be expected based on the GTP-cap model.[38:41.58] A |ogical hypothesis is that XMAP215
is able to decrease the GTP-cap size, by for example increasing the GTP-hydrolysis rate,
resulting in fast microtubules with small protective caps. However, an investigation of
microtubules polymerized with matching growth rates, achieved using either XMAP215 or
high tubulin concentrations, revealed that both the amount of EB1 and the average EB1
comet lengths are not smaller in the presence of XMAP215.141 Thus, XMAP215 does

not decrease the GTP-cap size. Instead, XMAP215 was found to promote irregularities in
microtubule growth, causing large fluctuations in growth rate, as well as tapered and curled
microtubule end configurations (Figure 4).[41] Interestingly, high-spatiotemporal-resolution
tracking of microtubule ends and their EB1 comets prior to catastrophe demonstrated that, in
the presence of XMAP215, microtubules transition to catastrophe more abruptly, with faster
instantaneous growth rates and higher EB1 content than previously established with tubulin
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alone.[4143] These results underscore the lack of a universal minimal GTP-cap size threshold
needed for catastrophe. Moreover, these findings point to the relevance of structural aspects
of microtubule end beyond the GTP-tubulin content, further indicating that the GTP-cap size
is not the sole determinant of microtubule stability.

CLASPs promote microtubule lifetime without increasing the GTP-cap size

The members of the cytoplasmic linker-associated protein (CLASP) family also rely on
their TOG domains to regulate individual microtubule dynamics and spatial architecture

of microtubule networks.[56.64-66] CLLASPs localize to the tips of microtubules at the

leading edge of migrating cells and are necessary for proper cell migration.[66-68] |n cell
division, CLASPs are found at kinetochores and along the mitotic spindle, and depletion of
CLASPs results in severe spindle defects.[89.70] Additionally, CLASPs promote microtubule
nucleation and density at microtubule organizing centers, including both the centrosome and
the Golgi.['172]

In vitro studies have demonstrated that CLASPs suppress catastrophe frequency and
promote rescue during periods of growth, resulting in overall microtubule stabilization.
[73-75] Sych stabilizing effects could be a consequence of larger GTP-caps, achieved either
by an increase in microtubule growth rate or a decrease in the GTP-hydrolysis rate. Notably,
measurements of microtubule dynamics found that CLASPs can modulate catastrophe and
rescue without inducing significant changes in the average growth or shrinkage rates (Figure
3).173.74] Measurements of EB comets in the presence of CLASPs are complicated by the
fact that CLASPs directly interact with EBs to achieve microtubule end-localization in cells.
[56] Experiments using EB1delC — a truncated EB1 construct that recognizes the nucleotide
state of tubulin, but lacks the C-terminal CLASP-binding domain — showed that CLASP2
does not increase the amount of EB1delC at growing microtubule ends.[”4] Consistent results
were obtained by investigating the comets of Bim1, a budding yeast EB homologue, in

the presence of an isolated CLASP TOG domain that on its own regulates microtubule
dynamics.[76] Thus, CLASPs do not increase the GTP-cap size to suppress microtubule
catastrophe.

When microtubules are grown in the absence of MAPs, microtubule catastrophe is typically
preceded by a slowdown in microtubule growth rate, with a vast majority of growth
slowdowns resulting in catastrophe. In contrast, the majority of microtubules experiencing

a growth slowdown in the presence of CLASP transition back to robust growth, rather than
undergoing catastrophe.[’”] An investigation of EB comets in the presence of CLASP further
revealed an increased frequency of EB-comet-repair events, in which a subset of lagging
protofilaments catches up to the leading protofilaments to form a single, repaired, EB

comet (Figure 4).[73] These observations suggest that CLASP stabilizes incomplete lattices,
allowing the microtubule to repair itself,[”3! instead of undergoing a catastrophe as a result
of a disrupted end.

The molecular mechanisms behind CLASPs’ stabilization of microtubules are still not
understood. The finding that a single CLASP TOG domain can reproduce the regulatory
effects of the full-length protein refutes the hypothesis that CLASPs simply tether
unpolymerized tubulin dimers to microtubule ends, making them available for protection
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against catastrophe or promotion of rescue.[73.76] Instead, CLASPs must stabilize the
microtubule by directly acting at an inter- and/or intra-dimer level. However, it should be
noted that these effects have to be temporary or occur at a protofilament level, since they do
not affect the overall rate of microtubule shrinkage.[74.76] Despite CLASPs’ exact molecular
mechanisms remaining elusive, it is clear that CLASPs do not stabilize microtubules by
increasing the GTP-cap size.

XMAP215 and CLASPs present just two examples of microtubule regulators that break the
canonical relationship between microtubule growth rate and microtubule lifetime. Although
many regulators of microtubule dynamics induce either simultaneous increase in growth rate
and lifetime (such as e.g., taul’®79]) or simultaneous suppression of growth rate and increase
in catastrophe frequency (such as Op18/Stathminl[80:81])  there are still others for which this
relationship between growth and lifetime is not maintained.[82] To what extent their effects
may rely on the modulation of the GTP-cap size remains largely unknown.

THE DYNAMIC MICROTUBULE END STRUCTURE IS THE ULTIMATE
DETERMINANT OF MICROTUBULE STABILITY

Microtubule growth fluctuations and aging add complexity to the growing microtubule end

The realization that the mean GTP-cap size is not the primary determinant of microtubule
lifetime raises different possibilities. For example, the GTP-cap could fluctuate so rapidly
that it can be easily lost, even when very large. Alternatively, the actual stabilizing structure
at the growing microtubule end might be much smaller, and not equivalent to the GTP-
tubulin region recognized by EBs.

Significant fluctuations in microtubule growth at the nanoscale have been detected using
high-resolution optical tweezers approaches.[83-85] These measurements led to the idea that
the size of the GTP-cap itself may rapidly fluctuate, potentially due to a large GTP-tubulin
off-rate during microtubule growth.[86] Subsequent measurements of microtubule growth
using both optical tweezers and total-internal-reflection-fluorescence (TIRF) microscopy
reported rapid millisecond-scale tubulin on-off kinetics, suggesting that, like the tubulin
on-rate, the tubulin off-rate also increases with the concentration of tubulin in solution.[87]
These fast rates of single-molecule tubulin dimer kinetics have recently been contested

by new measurements using interferometric scattering microscopy with gold nanoparticle-
labeled tubulin.[88.891 Here, the authors reported two distinct, albeit slower tubulin off-rates,
corresponding to different sites of tubulin association at the microtubule end distinguished
by the number of longitudinal and lateral bonds formed. Regardless of the exact rates

of tubulin on/off kinetics, the effects of microtubule growth fluctuations are likely to be
important for the size of the GTP-cap and overall microtubule stability.

An additional piece of the microtubule dynamics puzzle comes in the form of microtubule
aging. Namely, lifetime distributions of microtubules grown with tubulin alone in vitro do
not fit a single exponential decay, which would be predicted by purely stochastic, random
occurrences of microtubule catastrophe.[90:91] Rather, microtubule catastrophe is more likely
for microtubules that have been growing for several minutes than those that have just started
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to grow. This finding suggests that the microtubule “age” is somehow recorded, and that
temporal transitions, presumably occurring at the growing microtubule tip over a span of
minutes, ultimately result in tip destabilization and microtubule catastrophe.

What could be the nature of microtubule aging? Theoretical and computational models of
microtubule dynamics over the years have provided some exciting hypotheses. Although
earlier, analytically tractable single-filament models of dynamic instability have not been
able to recapitulate microtubule aging, a simple multi-protofilament generalization has
captured the observed characteristics of microtubule aging.[92] In this model, a critical
number of individual microtubule protofilaments need to be destabilized to trigger
microtubule catastrophe. Specifically, the authors proposed that destabilization of individual
protofilaments is a consequence of exposing a GDP-tubulin subunit at the protofilament end,
which would occur by dissociation of terminal GTP-tubulin subunits. Once exposed, the
terminal GDP-tubulin would impede further association of incoming GTP-tubulin dimers,
rendering the protofilament end “damaged.” Importantly, this model clearly distinguished
the stabilizing feature of the microtubule end from the GTP-cap; once a GDP-subunit is
exposed at the end, the GTP content of subunits buried in the lattice below it becomes
irrelevant. This concept that GDP-tubulin plays an important role at the growing microtubule
end has gained further recent support.[3.941 Of note, a new study of microtubule growth
using interference reflection microscopy reported that GTP hydrolysis leads to a significant
increase in growth fluctuations when compared to the microtubule growth in which GTPase
activity is absent.[9] Supported by computational modeling, the authors proposed that
exposure of GDP-tubulin at the growing end “poisons” the microtubule growth, and may
serve as a precursor to catastrophe.

A model in which exposure of terminal GDP-tubulin leads to microtubule aging and
eventually results in catastrophe could explain the observed effects of several MAPs.
XMAP215’s potent polymerase activity is typically attributed to an increase in the tubulin
on-rate, although promotion of growth could to some extent also be a consequence of
suppression of an otherwise large tubulin off-rate.[%] However, a reduction in the tubulin
off-rate should result in suppression of growth fluctuations in the presence of XMAP215,
which is contrary to experimental observations.[41] On the other hand, some degree of
heterogeneity in individual protofilament growth rates is expected if XMAP215 molecules
act processively on a single-protofilament level [6% especially if the amounts of XMAP215
are not saturating. Additionally, XMAP215’s ability to tightly bind and remove terminal
GTP-like tubulin subunits in the absence of soluble tubulin[6%:971 could manifest itself in an
occasional removal of GTP-tubulin even in conditions of growth, leading to a GDP-tubulin
exposure. If the accumulation of a few terminal GDP-tubulin protofilaments is sufficient
for catastrophe, this could explain why, in the presence of XMAP215, microtubules
undergo catastrophe with an overall larger GTP-tubulin content[41] — GTP-tubulin subunits
buried in the tubulin lattice might not be relevant to overall polymer stability in these
highly fluctuating growth conditions. Conversely, an anti-catastrophe factor like CLASP
might be able to stabilize the transiently poisoned GDP-end just enough to facilitate the
terminal nucleotide exchange and binding of an incoming GTP-tubulin dimer to rescue the
microtubule end from an impending catastrophe.[75.77]
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Specific conformational changes at the growing microtubule end have been implicated

in additional models of microtubule aging and catastrophe. Observations of fluorescent
tubulin suggested that growing microtubule tips are tapered rather than blunt, and

that the degree of tip taper increases over time. This observation was supported by

a computational model which predicted variability in individual protofilament lengths,

and suggested that microtubule aging is a consequence of the progressive evolution of
microtubule end tapering.[%8] Another model proposed that extension of interprotofilament
cracks into the GDP microtubule lattice leads to microtubule catastrophe.[99:1001 Fyrther
insight was gained by a coarse-grained Brownian dynamics approach, which explicitly
simulated individual tubulin-tubulin interactions while incorporating thermal fluctuations
and mechanics of individual protofilaments.[10] This approach allowed the investigation
of not only fluctuations in lengths, but also curvature of individual protofilaments. The
authors proposed that the slow evolution of stochastic and reversible microtubule end
configurations involving increasing numbers of protofilament curls eventually results in
microtubule catastrophe. As such, this model also challenged the notion that the sheer size of
the GTP-cap determines microtubule stability, although it was restricted to short (~second)
temporal scales, and could thus not directly predict experimentally measured microtubule
lifetimes.

While microtubule aging presents a new set of conundrums, it is clear that resolving a high-
spatiotemporal-resolution structure of the dynamic microtubule end is essential if we are to
fully understand the molecular mechanisms of microtubule dynamics. Careful examinations
using light imaging approaches and improved image analysis techniques have provided
recent evidence of dramatic changes in the microtubule end structure over time, including
microtubule end tapering, protofilament splitting, and repair (Figure 4),[3941.73,98,102] 55
well as allowed measurements of tubulin polymerization kinetics at a single-molecule level.
[88,89] Nevertheless, investigation of the microtubule end at the ultra-structural level still
requires high-resolution EM approaches.

High-resolution imaging and computational modeling approaches provide novel insights
into mechanisms of microtubule dynamics

Recent advances in cryo-EM imaging have yielded critical insights into the heterogeneity of
microtubule end structures (Figure 5). While there is now an overall consensus that growing
microtubule ends are certainly not blunt, the extent to which individual protofilaments are
laterally connected and curved during growth is a subject of an ongoing debate.[103] Early
cryo-EM studies suggested that protofilaments at the growing end are relatively straight,

but could vary in length, resulting in a “tapered” end.[194] Other studies reported laterally
connected subsets of protofilaments forming curved “sheets” at growing microtubule ends.
[40.105.106] Finally, recent applications of 3D cryo-electron tomography suggested that
growing microtubule ends display disconnected and individually curved protofilaments,[107]
similar to the end configurations well accepted for shrinking microtubules.[104.108]

The main outstanding challenge lies in connecting these fixed, high-resolution snapshots to
the live, dynamic transitions at microtubule ends. For example, given that EBs localize to
the interface of four tubulin dimers, observations of split EB comets suggest that, at least
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in some circumstances, laterally connected subsets of protofilaments do exist on growing
microtubule ends. This disconnect between the static ultra-structural and the dynamic low-
resolution view of the microtubule tip is bridged by the continuous development of new
computational modeling strategies (Figure 5).[19%] Recent refinements of dynamic instability
models using a variety of coarse-grained and multiscale computational approaches further
support the role of 3D microtubule end geometry in the underlying mechanism of
microtubule dynamics. Moreover, the mechanical aspects of individual protofilament
geometries are increasingly appreciated.[110.111] Of note, a recent study using Brownian
dynamics explained how thermal fluctuations drive straightening of curved, flexible
protofilaments to promote formation of lateral protofilament interactions, thus supporting
microtubule polymerization.[111] On the other hand, individual protofilaments must also
be sufficiently stiff to support the established role of microtubule depolymerization

in force generation.[103.112] Exploring a range of protofilament bending stiffnesses,

this computational model is consistent with the flared microtubule end morphology.
Furthermore, based on their model, the authors proposed that GTP hydrolysis triggers
changes in either lateral bond strength or protofilament stiffness to drive microtubule
catastrophe.[111]

Finally, with the increasing computational capabilities, molecular dynamics (MD)
simulations that traditionally addressed atomistic-level details on nanosecond scales are
becoming more informative for the processes of microtubule dynamics occurring over
much larger timescales. MD approaches are particularly powerful for incorporating new
high-resolution details of tubulin dimer structures obtained using cryo-EM approaches.
[101,113-117] A recent study, employing atomistic-level MD simulations of the complete
microtubule plus-end tip, explored the effect of GTP and GDP states on the elasticity

and splaying dynamics of microtubule ends.[*18] Interestingly, these simulations support
the existence of metastable, laterally connected protofilament clusters, akin to sheet-like
structures observed by cryo-EM.[108] Whether the durations of these simulations span time
scales sufficiently long to detect potential protofilament splaying is not clear. Nevertheless,
this study exemplifies that there is still a ot unknown about the dynamic structural
transitions at the microtubule end that ultimately drive catastrophe.

OUTLOOK

After 40 years of active research on microtubule dynamics, the molecular mechanisms
underlying microtubule dynamic instability remain an exciting and intense field of

study. New details arising from state-of-the-art structural, computational, and biochemical
reconstitution approaches are continuously woven into our understanding of microtubule
dynamics. While the GTP-cap has been deemed the determinant of microtubule stability
for decades, we now understand that the nucleotide content at the microtubule end can
rapidly fluctuate. More importantly, an appreciation for the incredibly dynamic changes

in microtubule end configurations has emerged. To what extent these configurations are
directly linked to the nucleotide state of tubulin remains unknown; however, these dynamic
transitions at the microtubule end are now recognized as the ultimate driver of microtubule
catastrophe.
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There is, however, still much to be learned. The majority of structural and computational
studies have been focused on the dynamics of microtubule plus ends in the absence of any
MAPs. Encompassing microtubule minus ends, as well as the effects of individual regulatory
proteins, is an essential next step for the models of microtubule dynamics. Furthermore,
our understanding of the mechanisms of microtubule catastrophe in cells where ensembles
of regulatory proteins drive microtubule dynamics is particularly limited. Only a small
number of recent studies have begun to address the high-resolution end structure and the
size of the GTP-cap in cells.[107:119.120] et microtubules display a wide range of dynamics
in cellular processes, including migration, polarization, and differentiation.[121.122] Fyture
studies investigating the molecular mechanisms that drive microtubule dynamics in myriad
cellular contexts will be required for the full understanding of the dynamic microtubule
network in cells.
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FIGURE 1.

Microtubule dynamics can be explained by the GTP-cap model. (A) A “kymograph”
schematic of microtubule end position over time. Yellow shading represents the “GTP-cap.”
Microtubule ends switch between phases of growth (1) and shrinkage (3) through transitions
called “catastrophe” (2) and “rescue” (4). (B) Microtubules grow by the addition of GTP-
tubulin heterodimers onto their ends. After incorporation into the microtubule polymer,

GTP in the B-subunit of tubulin undergoes hydrolysis after a delay, leaving a “cap” of GTP-
tubulin at the growing end. (C) GTP-hydrolysis induces a conformational change resulting in
strain build-up within the GDP-polymer lattice (C). Loss of the protective GTP-cap from the
microtubule end exposes the unstable GDP-tubulin lattice causing microtubule catastrophe —
the switch into a phase of rapid microtubule shrinkage.
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FIGURE 2.

Distance (um)

EB localization on growing microtubule ends serves as a proxy for the GTP-cap. (A) EBs
bind at the interface of four tubulin dimers, in a location that facilitates EB’s recognition

of the nucleotide state of tubulin within the microtubule lattice. Due to its nucleotide
sensitivity, EB localization can be used to mark the GTP-cap. (B) Total-internal-reflection-
fluorescence image of EB1-GFP localization on ends of growing microtubules in vitro.

(C) The fluorescent EB1-GFP signal resembles a comet-like shape, exponentially decaying
along the microtubule lattice. Fluorescent comet profiles are averaged together then fit to an
exponential decay function and the decay constant is used as a proxy for the length of the

GTP-cap.
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FIGURE 3.

The GTP-cap size is not the sole determinant of the microtubule lifetime. (A) Schematic
time—distance plots (kymographs) of microtubule end dynamics and corresponding GTP-cap
sizes in different polymerization conditions. Microtubule minus ends grow slower than

plus ends and have a smaller GTP-cap, but undergo catastrophe less frequently.[4€] With

the addition of tubulin, microtubule plus ends display increased growth rate and GTP-cap
sizes, as well as decreased catastrophe frequency, consistent with the canonical model of
microtubule stability. In contrast, the addition of XMAP215 or CLASP breaks the canonical
relationship between microtubule growth and catastrophe. XMAP215 increases microtubule
growth rate, GTP-cap size and catastrophe frequency.[*1] CLASP suppresses microtubule
catastrophe without increasing the microtubule growth rate or the GTP-cap size.[4] (B)
Functional relationship between microtubule growth rate, GTP-cap ength, and catastrophe
frequency at the microtubule plus end in different polymerization conditions.
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FIGURE 4.
Light microscopy provides hints into dynamic changes at growing microtubule ends. A

time—distance schematic (kymograph) of a growing microtubule end. (Top) Microtubule
ends can exhibit significant fluctuations in end position over time.[83:84] (©2021 Farmer
et al. Inset originally published in the Journal of Cell Biology. https://doi.org/10.1083/
jcb.202012144) (Middle) Observations of growing microtubule ends reveal occurrences
of microtubule end splitting, curling and repair.[41.73.123] (Bottom) Microtubules typically
exhibit a slow-down in growth accompanied by the loss of the EB-comet prior to
catastrophe.[34:41.124]
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A multi-method approach is necessary to elucidate the role of dynamic microtubule end
conformations in microtubule stability. Light microscopy approaches provide both spatial
and temporal information over large timescales. Electron microscopy approaches are used
to gain high-spatial-resolution insights into fixed microtubule end conformations.[105:106,111]
Computational approaches bridge the molecular to polymer scales, allowing simulation of
molecular interactions through space and time using a variety of assumptions and input
parameters.[109]
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