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Microtubules are dynamic cytoskeletal filaments that un-
dergo stochastic switching between phases of polymerization
and depolymerization—a behavior known as dynamic insta-
bility. Many important cellular processes, including cell
motility, chromosome segregation, and intracellular transport,
require complex spatiotemporal regulation of microtubule
dynamics. This coordinated regulation is achieved through the
interactions of numerous microtubule-associated proteins
(MAPs) with microtubule ends and lattices. Here, we review the
recent advances in our understanding of microtubule regula-
tion, focusing on results arising from biochemical in vitro
reconstitution approaches using purified multiprotein ensem-
bles. We discuss how the combinatory effects of MAPs affect
both the dynamics of individual microtubule ends, as well as
the stability and turnover of the microtubule lattice. In addi-
tion, we highlight new results demonstrating the roles of pro-
tein condensates in microtubule regulation. Our overall intent
is to showcase how lessons learned from reconstitution ap-
proaches help unravel the regulatory mechanisms at play in
complex cellular environments.

Microtubules are cytoskeletal filaments crucial for a vari-
ety of cellular processes, including cell motility, cell division,
and intracellular transport. Their hollow cylindrical struc-
tures are typically composed of 13 protofilaments assembled
from of-tubulin heterodimers, with a-tubulin subunits
exposed at the minus end and B-tubulin subunits at the plus
end. Microtubule ends stochastically switch between phases
of growth and shrinkage through a process known as
microtubule dynamic instability (1). Microtubule dynamic
instability is a nonequilibrium process, powered by the
GTPase activity of tubulin. Tubulin heterodimers incorpo-
rate into the microtubule polymer with GTP bound to their
B-tubulin subunits, which subsequently hydrolyzes, resulting
in a polymer lattice composed predominantly of GDP-p-
tubulin. However, since GTP hydrolysis occurs with a delay,
a growing microtubule maintains a structurally distinct sta-
bilizing ‘cap’ of GTP-tubulin at its end. It is through the loss
and regaining of this stabilizing cap that microtubule ends
transition from growth to shrinkage (known as microtubule
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‘catastrophe’) and from shrinkage to growth (known as
microtubule ‘rescue’).

Microtubule dynamic instability is regulated by a complex,
interconnected network of microtubule-associated proteins
(MAPs). Individual MAPs modulate microtubule growth and
shrinkage rates as well as the frequencies of catastrophe and
rescue. Due to the number and complexity of interactions
among regulators within cells, it is challenging to dissect the
specific functions of individual MAPs on microtubules. To
circumvent this, bottom-up reductionist approaches are
essential —where one starts with a minimal number of com-
ponents, deciphers the nature and consequence of interactions
among those components, and progressively enhances
complexity by increasing the number of components in a
controlled fashion. The core philosophy underlying the
bottom-up reconstitution approach is to reverse-engineer a
cell-biological process in a controlled environment outside the
cell (2).

The reconstitution of microtubule-based phenomena
outside of cells originated from the purification of tubulin and
the ability to assemble microtubules in vitro (3-5), which
subsequently led to the discovery of microtubule dynamic
instability (1). Shortly thereafter, dynamic instability of
reconstituted microtubules was directly visualized at the in-
dividual microtubule level using video-enhanced differential
interference contrast microscopy (6, 7). Concurrently with the
early tubulin purification efforts, a growing catalog of MAPs
were being discovered and characterized (3, 8, 9). Although the
landmark advancements in the field of reconstitution provided
fundamental insights into the microtubule dynamics, there was
a caveat—the dynamic parameters observed in vitro were
different than those typically observed in cells. The discrep-
ancies between cellular and in vitro observations brought the
roles of MAPs into the center stage of microtubule dynamics
regulation.

The early reconstitution studies provided a clear pathway
for probing the regulation of the microtubule cytoskeleton by
MAPs in vitro (10). Since then, enormous progress has been
made in understanding how microtubule dynamics are regu-
lated by individual and combinations of MAPs. In this review,
we discuss the regulation of dynamic microtubule ends and
lattices by key MAPs (Fig. 1), focusing on recent biochemical
in vitro reconstitution studies with multiprotein ensembles.
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Microtubule end dynamics are regulated by ensembles
of MAPs

Microtubule dynamics are controlled by an interplay of
regulatory proteins acting in concert on dynamic microtubule
ends (Fig. 1). Several MAPs autonomously bind microtubule
ends. For example, EB-family proteins recognize the GTP-
tubulin cap at growing microtubule plus and minus ends
(11-13), and Xenopus microtubule-associated protein 215
(XMAP215)-family proteins use their highly conserved
tubulin-binding tumor overexpressed gene domains to
recognize tubulin dimers at microtubule plus ends, regardless
of their dynamic state (14—22). Notably, EBs recruit additional
plus-end-tracking proteins (+TIPs) to growing microtubule
ends that act in conjunction with EBs to modulate microtubule
dynamics (23). Indeed, many +TIPs contain a SxIP amino acid
sequence motif, which is specifically recognized by the EB
homology domain and serves as a microtubule end-
localization signal through ‘hitchhiking’ on EBs (24-26).
Other prominent +TIPs, such as cytoplasmic linker protein of
170 kDa (CLIP-170), bind to EBs via a direct interaction be-
tween their CAP-Gly domains and the C-terminal EEY motif
of EBs (27-29). Thus, the localization of EBs along the GTP-
cap, their ability to interact with many other MAPs, and the
multivalency of these interactions all facilitate the formation of
higher-order regulatory complexes at growing microtubule
ends.

In recent years, a number of in vitro reconstitution studies
investigated the combinatorial effects of +TIPs on microtu-
bule dynamics, paying particular attention to proteins that
interact with EBs. Although EB proteins directly modulate
microtubule dynamics in vitro, strongly promoting micro-
tubule catastrophe and increasing microtubule growth rates
(30-32), these effects are strikingly altered when EBs are
combined with other +TIPs. For example, kinesin-13 mitotic
centromere-associated kinesin (MCAK), a potent microtu-
bule depolymerase important for spindle organization in
dividing cells, contains a SxIP motif that facilitates its
interaction with EBs (25, 33-40). The EB-dependent tar-
geting of MCAK to growing microtubule ends enhances
MCAK’s microtubule destabilizing activity in vitro (41). The
direct interaction of cytoplasmic linker-associated protein
(CLASP) with EBs via CLASPs’ SxIP motifs provides another
example of amplified protein activity due to EB-dependent
microtubule end targeting (42-44). CLASPs are a highly
conserved family of tumor overexpressed gene-domain
proteins that regulate microtubule dynamics in cell divi-
sion, cell migration, and neuronal development (15, 18, 20,
45, 46). On their own, CLASPs stabilize microtubules by
suppressing microtubule catastrophe and promoting micro-
tubule rescue—these effects are dramatically enhanced when
CLASP is targeted to the microtubule plus ends by EB (42,
43, 47-51). Interestingly, in the presence of EB, CLASP
protects microtubules against the destabilizing activity of
MCAK (42). Such synergistic and antagonistic effects
of +TIPs underscore the nuanced balance of EB-mediated
microtubule end regulation.
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Reconstitutions with multi-MAP ensembles pave the way
for recapitulating cellular-like microtubule dynamics in vitro.
In cells, microtubules grow significantly faster and transition
more frequently between the phases of growth and shrinkage
when compared to microtubules polymerized with similar
concentrations of purified tubulin in vitro. A landmark study
demonstrated that several physiological characteristics of
microtubule behavior can be recapitulated in vitro with a
three-component module composed of purified tubulin,
XMAP215, and XKCM1 (the Xenopus homolog of kinesin-13
MCAK) (10). Here, XMAP215 accelerated microtubule
growth, while XKCM1 simultaneously induced frequent ca-
tastrophe events. XMAP215’s polymerase activity relies on the
preferred stabilization of weakly bound, curved tubulin dimers
at growing microtubule ends (52, 53). On its own, XMAP215
increases microtubule growth rate by an order of magnitude
(16, 54-57). Combining XMAP215 with EB1 leads to the
further, highly synergistic acceleration of microtubule growth,
bringing the rates to the highest levels observed in cells (57).
The synergistic effects of XMAP215 and EB1 are allosteric, as
XMAP215 and EB1 do not interact directly. Rather, EB-
mediated straightening of microtubule protofilaments at the
growing microtubule end likely facilitates the release of
XMAP215 from an incorporated tubulin dimer, allowing it to
more quickly stabilize a subsequent incoming tubulin dimer at
the growing end (13, 57). It has also been suggested that EB1
and XMAP215 form a complex with Sentin, another +TIP,
which can promote their cooperative effects on microtubule
dynamics (58). Although Sentin exhibits XMAP215-dependent
plus end tracking activity in vitro, to the best of our knowledge,
a direct interaction between Sentin and XMAP215 has not
been established. Thus, it is not clear whether the EB1-Sen-
tin—XMAP215 complex formation has a role in microtubule
regulation. These findings highlight the need for reconstitution
studies with purified proteins, which have the ability to parse
apart allosteric (through the microtubule) from direct effects
mediated by complex formation. In addition to fast growth and
frequent catastrophes, microtubules in cells also undergo pe-
riods of pausing and recurrent rescue events (59-61), behav-
iors not exhibited by microtubules grown in vitro with tubulin
alone nor in the presence of EB1, XMAP215, and XKCM1/
MCAK (7, 10, 57). The combination of the D. melanogaster
homologs of five MAPs: EB1, XMAP215, MCAK, Sentin, and
CLASP (62), resulted in fast growth, rescues, and pausing, thus
reconstituting the main characteristics of microtubule plus end
dynamics in cells.

The collective regulation of microtubule dynamics by MAPs
is not restricted to the microtubule plus ends. In recent years,
there has been an increased focus on the interplay of MAPs at
microtubule minus ends, which are structurally and biochemi-
cally different from the plus ends, and thus exhibit distinct dy-
namics. Microtubule minus-end regulation is particularly
important within acentrosomal microtubule arrays, including
those in differentiated epithelial, neuronal, and muscle cells and
cortical microtubule arrays in plants (63-65). Calmodulin-
regulated spectrin-associated proteins (CAMSAPs) are a family
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Figure 1. Combinatorial regulation of microtubule ends and lattices by the collective action of MAPs. MAP, microtubule-associated protein.

of proteins that recognize and stabilize growing minus ends and
are essential for regulating noncentrosomal microtubule arrays
in neuronal and epithelial cells (66—72). A multicomponent
in vitro reconstitution study demonstrated that katanin, a
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microtubule-severing ATPase (73, 74), interacts with CAM-
SAPs and restricts the length of CAMSAP-stabilized microtu-
bule stretches, thus antagonizing CAMSAP’s stabilizing activity
(69, 75). Conversely, both the mammalian CAMSAP and
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Patronin, the D. melanogaster homolog of CAMSAP, protect
microtubule minus ends from the depolymerase activity of
MCAK through steric inhibition (67, 68). Similarly to CAMSAP,
SPIRAL?2, a plant-specific MAP, autonomously recognizes and
stabilizes minus ends and prevents severing by katanin in plants
(76, 77). Microtubule minus-end regulation is also important in
the spindle poles of dividing cells. Assembly factor for spindle
microtubules (ASPM) is a microcephaly associated protein that
autonomously recognizes microtubule minus ends in mitotic
and meiotic spindles and blocks their growth (78-82). Inter-
estingly, ASPM forms a complex with katanin, thus bringing
katanin’s severing activity in proximity to the minus end and
further preventing the minus-end growth (79). Furthermore,
kinesin-14 human spleen embryo testes (HSET), a minus-end
directed motor involved in spindle formation (83-91), specif-
ically stabilizes microtubule minus ends by reducing the tubulin
off-rate, thereby suppressing minus-end catastrophe (92).
HSET’s protective activity was found to be strong enough to
resist the destabilizing activity of MCAK at the minus end (92).
Notably, ASPM, HSET, MCAK, and katanin are all implicated in
microtubule organization at spindle poles—how these four
factors with distinct activities interplay to collectively regulate
microtubule minus ends has not been investigated.

Another layer of complexity arises when one considers the
simultaneous regulation of both microtubule ends. Although
microtubules characteristically undergo dynamic instability,
treadmilling behavior is also observed in cells where the
microtubule minus end shrinks while the plus end simulta-
neously grows (67, 93—-102). In spindles, microtubule tread-
milling may contribute to ‘poleward flux’ where microtubule
plus ends grow at kinetochores and the minus ends shrink at
the spindle poles (103). Recent in vitro reconstitution experi-
ments backed by in silico predictions showed that robust plus-
end-directed microtubule treadmilling emerges as an outcome
of dynamics regulation by four MAPs—XMAP215, EBI,
CLASP2 and kinesin-13 MCAK—all of which function in
spindles and are implicated in poleward flux (104).

Condensation of MAPs adds complexity to microtubule
end regulation

Increasing evidence suggests that an additional mechanism
underlying MAP-mediated microtubule regulation involves
biomolecular condensation (Fig. 1). Condensates are
membrane-less compartments that boost reaction kinetics by
locally concentrating the chemical components of a reaction
inside a condensed confinement (reviewed in (105)). A number
of proteins that interact with tubulin have been shown to
autonomously form condensates in vitro and co-condense with
tubulin to achieve a highly concentrated tubulin phase.
Tubulin condensation is implicated in microtubule nucleation
from centrosomes (106, 107), within the spindles (108), as well
as in branched microtubule nucleation (109, 110).

A series of new studies investigated the condensation of
microtubule +TIPs. The propensity for condensation has been
particularly addressed for CLIP-170 and EB proteins—core
members of the + TIP complex. Overexpression of CLIP-170 in
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several cell types resulted in the formation of characteristic
patches which deform and merge, consistent with biomole-
cular condensation (111, 112). Purified CLIP-170 was found to
readily form condensates in vitro, at concentrations as low as
3 nM (111). CLIP-170 condensates formed independently of
microtubules, both in cells and in vitro (111, 112). The con-
densates were not dissolved by 1,6-hexanediol, a treatment
that disrupts hydrophobic interactions, suggesting that the
condensation of CLIP-170 does not rely on hydrophobic in-
teractions (111, 113). While the N-terminus region of CLIP-
170, containing CAP-Gly domains and a serine-rich region,
mediates its interaction with microtubules and is sufficient for
robust microtubule plus-end tracking in cells, the ability to
form condensates relies on its C-terminal region, containing a
zinc-knuckle domain (111, 112). CLIP-170 condensates were
also observed to co-condense with tubulin (111), and
concentrated CLIP-170/tubulin droplets on the microtubule
lattice in cell lysates resulted in new microtubule nucleation
(113).

Unlike  CLIP-170, condensation of the most
prominent +TIP proteins from the EB family required signif-
icantly higher protein concentrations (~micromolar range)
and/or use of crowding agents (111, 114, 115). The ability of
EBI to form condensates was found to rely on an intrinsically
disordered region (IDR) within its linker region, linking its N-
terminal calponin-homology domain essential for microtubule
interactions, with its C-terminal EB-homology domain used
for dimerization and interactions with other +TIPs (115).
Notably, the same unstructured region has been previously
implicated in EB1’s tip-tracking ability (116). Along these lines,
mutating six conserved lysine/arginine residues to glutamine
within the IDR reduced both EB1’s ability to tip-track and
form condensates. However, fluorescence recovery after pho-
tobleaching analysis of both EB1 and CLIP-170 condensates in
these studies demonstrated only a partial turnover of com-
ponents, with recovery halftimes on the order of tens of sec-
onds, in stark contrast to the previously measured subsecond
turnover rates of both CLIP-170 and EB3 at growing micro-
tubule ends in cells and in vitro (30, 41, 117). This finding
raises the question of whether and when +TIP comets indeed
involve liquid-liquid phase separation in physiological
conditions.

When +TIP condensates do form at microtubule tips in
cells, what is their functional relevance? Many +TIPs modulate
microtubule plus-end dynamics; however, there are a limited
number of binding sites at the microtubule end itself. Thus,
concentrating selected +TIPs into condensates via multivalent
interactions at the microtubule end could dictate the poly-
merization dynamics. Furthermore, a local increase in tubulin
concentration through co-condensation could promote
microtubule plus-end growth rate, although tubulin assembly
is not considered to be a diffusion-limited process in cellular
conditions (118). Notably, even a double depletion of CLIP-
170 and EB3 resulted in only a mild (~20%) reduction in
microtubule growth rates in retinal pigment epithelium cells
(111). Alternatively, it has been hypothesized that +TIP con-
densates could have a mechanical role at the microtubule end,
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forming a stabilizing superstructure to facilitate lateral in-
teractions between microtubule protofilaments, effectively
serving as a  polymerization  chaperone  (112).
Furthermore, +TIP condensates could play specific mechanical
roles in the microtubule—kinetochore attachments (112), an
interface where condensation of kinetochore components has
been previously reported (119). Interestingly, HeLa cells
expressing IDR mutants of EB1 displayed chromosome
segregation defects, consistent with the loss of microtubule
tip-tracking observed for these mutants, along with their
reduced ability to form condensates (115). In fission yeast, the
condensation of the EB homolog Mal3 has been implicated in
the end accumulation of CLIP-170 homolog TIP1 (114).
However, the condensation of Mal3 on microtubules is largely
encoded in the IDR2 domain of Mal3, which is specific to yeast
and not conserved in mammals. In budding yeast, the
condensation of the EB homolog Bim1 and CLIP-170 homolog
Bikl is driven by the assembly of the budding yeast—specific
Kar9 network, leading to a formation of a “+TIP body’ impli-
cated in establishing microtubule—actin interactions (120).
This finding presents another potential role of +TIP conden-
sates in the mechanical coupling of different cytoskeletal sys-
tems. Future studies of MAP condensation are likely to
uncover new principles underlying higher-order microtubule
end regulation.

The interplay of MAPs regulates microtubule lattices

Higher-order complexes of MAPs play regulatory roles along
the microtubule lattice in addition to dynamic ends (Fig. 1). Of
note, tau, a microtubule-stabilizing protein that aggregates into
fibrils in the context of neurodegenerative diseases (121-125),
has been recently found to form patches along the microtubule
lattice that merge and slowly turn over, consistent with a liquid
condensate phase (126—128). These patches of tau selectively
regulate the movement of motor proteins along the microtubule
lattice (127-134). Tau patches inhibit the processive move-
ments of kinesin-1 and kinesin-3 motor proteins but are more
permissive to dynein and kinesin-8 motility (128, 130, 132, 133).
The selective modulation of motor movements has also been
demonstrated for a number of other microtubule lattice-
binding MAPs (132, 133). Additionally, condensates of tau
shield the microtubule lattice from damage induced by micro-
tubule severing enzymes and can thus regulate the location and
extent of microtubule severing (127, 128).

While severing enzymes are known for their canonical
ability to sever microtubule lattices, recent studies highlight
that other factors, including motor protein activity and me-
chanical perturbations, also induce damage and defects within
the microtubule lattice (reviewed in (135)). The binding of
kinesin-1 motors can expand and change the microtubule
lattice structure (136), which in turn has allosteric effects on
the binding of other motors and MAPs to the microtubule
lattice (137). Furthermore, the walking of motors along the
lattice has been reported to induce the removal of tubulin
subunits from the lattice (138—140). Notably, using an optical
tweezers assay, it was estimated that ~30 pN of force is
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required to extract a tubulin dimer from the lattice (141),
considerably larger than typical forces generated by single
motors (~few pN, (142)). Thus, the extraction of tubulin di-
mers by walking motors is expected to be a relatively rare
event. It has been speculated that preexisting lattice defects
serve as preferential sites for kinesin-mediated tubulin removal
(135). Therefore, the destruction of the microtubule lattice by
motors is likely to be context dependent.

Recent studies show that some MAPs directly detect
microtubule lattice damage (143, 144). Of note, Sjogren’s
syndrome nuclear autoantigen 1 (SSNA1) is a MAP implicated
in cilium assembly, intraflagellar transport, cell division, and
axonal branching (145-149). SSNAL1 specifically localizes to
the sites of lattice damage, occurring both spontaneously or
induced by spastin, a microtubule-severing enzyme (73, 143,
150-152). In addition to recognizing the sites of microtubule
damage, SSNAI1 localization also protects the microtubule
lattice against spastin-induced damage. SSNA1 self-associates
into higher-order fibrils that bind along the groove between
adjacent protofilaments of the microtubule lattice (145, 153).
The ability of SSNAL1 to form fibrils likely underlies its func-
tion on microtubules. Indeed, SSNA1 localizes in stretches on
growing microtubule ends where it acts to attenuate micro-
tubule growth and protect against catastrophe (143). Another
ciliary protein, centrosome and spindle pole associated protein
1, has recently been shown to recognize microtubule damage
and stabilize growing microtubule ends by specifically binding
to the microtubule lumen (144). The ability of SSNA1 and
centrosome and spindle pole associated protein 1 to both
detect microtubule damage and modulate microtubule end
dynamics raises the interesting possibility that microtubule
ends and damage sites share specific structural features. In
support of this, several prominent regulators of microtubule
end dynamics, including EB1, CLIP-170, and CLASP2, have
been found to localize to microtubule lattice defects
(154—156). The localization of +TIPs to microtubule damage
sites may aid with the incorporation of new, GTP-bound
tubulin dimers, ultimately resulting in lattice ‘repair’. This
activity has been specifically reported for CLASP2 (154, 157).
Sites of microtubule lattice repair could enhance microtubule
stability, serving as points of subsequent microtubule rescue
(158). Indeed, enhanced rescue activity has been reported to
occur at lattice defect sites artificially induced by either
microtubule-stabilizing drugs or laser irradiation (159, 160).
Thus, the regulation of microtubule lattice damage and repair
presents a novel mechanism of selective microtubule
stabilization.

The balance between microtubule destruction and stabili-
zation is particularly important when considering the physio-
logical function of microtubule-severing enzymes. If stabilized,
the microtubule fragments generated through severing may
serve as nucleation ‘seeds’ for the growth of new microtubule
polymers, resulting in an overall network amplification (73,
156, 161, 162). This mechanism underlies the microtubule
array reorientation and amplification that occurs in plants in
response to blue light (163-165). Microtubule network
amplification could be further enhanced by recruiting
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nucleation factors and promoting nucleation from sites of
microtubule damage. Overall, the processes of lattice damage,
destruction, and repair are likely to have significant functional
relevance in the remodeling of microtubule networks in a
variety of cellular contexts.

Conclusions

The complex behavior of microtubules in cells arises from the
collective actions of a multitude of protein regulators. Without
such nuanced regulation, building the intricate and dynamic
microtubule-based structures observed in diverse cellular con-
texts would not be possible. Reconstitution experiments with
purified proteins offer a powerful platform to characterize the
individual effects of isolated MAPs as well as the collective
impact of multi-MAP networks on microtubule dynamics
regulation. Studying the activities of MAPs alone and in com-
bination reveals synergistic and antagonistic relationships and
emergent behaviors that could not be predicted from the ac-
tivities of individual MAPs. Further complexity arises through
the simultaneous regulation of both microtubule ends by
distinct and overlapping networks of MAPs. The microtubule
lattice represents yet another point of microtubule regulation.
In this light, exciting new research efforts have highlighted the
roles of multi-MAP modules in microtubule lattice regulation as
well as the roles of biomolecular condensates on microtubule
ends and lattices. The multifaceted modes of microtubule
regulation emphasize the need for controlled bottom-up ap-
proaches to tease apart the relationships occurring between
MAPs in the rich environment within cells.

Our understanding of how microtubules are regulated is far
from complete. Future studies will likely uncover yet more
MAPs and identify the ways in which they integrate into the
microtubule regulatory network. Of note, the conformational
changes induced by individual MAPs on the microtubule itself
can have allosteric effects on microtubule stability and its
regulation by other MAPs (57, 137, 166—168). Furthermore, a
variety of tubulin posttranslational modifications as well as the
incorporation of different tubulin isotypes within microtubules
are now known to define distinct subpopulations of microtu-
bules. These tubulin modifications and variations in isotype
composition generate a "code" that is read and modified by
MAPs, selectively tuning microtubule regulation and function
(169—-175). To date, most reconstitution efforts have focused
on the effects of MAPs on individual microtubule dynamics;
how their activities interplay to build higher-order microtu-
bule structures is less understood. To this end, increasing the
complexity of reconstituted systems will take us one step
closer to deciphering the underlying principles governing
complex microtubule-based processes in cells.
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