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Abstract

The microtubule cytoskeleton is assembled from a finite pool of α,β-tubulin, the size of which is 

controlled by an autoregulation mechanism. Cells also tightly regulate the architecture and 

dynamic behavior of microtubule arrays. Here, we discuss progress in our understanding of how 

tubulin autoregulation is achieved, and highlight work showing that tubulin, in its unassembled 

state, is relevant for regulating the formation and organization of microtubules. Emerging evidence 

suggests that tubulin regulates microtubule-associated proteins and kinesin motors that are critical 

for microtubule nucleation, dynamics and function. These relationships create feedback loops that 

connect the tubulin assembly cycle to the organization and dynamics of microtubule networks. We 

term this concept the “tubulin economy”, which emphasizes the idea that tubulin is a resource that 

can be deployed for the immediate purpose of creating polymers, or alternatively as a signaling 

molecule that has more far-reaching consequences for the organization of microtubule arrays.

INTRODUCTION

The cell uses microtubules, polymers assembled from αβ-tubulin, to carry out a dizzying 

range of functions. Nanometer-sized tubulin subunits assemble into typically micron-length 

microtubule polymers which can function individually, e.g., as tracks for molecular motor 

proteins that organize contents of the cell, or collectively, as higher order structures that are 

tasked for specific cellular roles. For example, microtubules assemble into structures such as 

the mitotic spindle, which segregates chromosomes during cell division; axonemes within 

primary and motile cilia, which form the structural core of these fingerlike projections; and 

the marginal band in red blood cells and platelets, which stabilizes the biconcave shape of 
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these cells. A key property of microtubules is that they are dynamic, switching between 

growth and shrinkage as subunits are added or removed from their ends [1]. Microtubules 

retain their dynamicity in higher order arrays, allowing these assemblies to carry out work, 

such as powering chromosome movement during mitosis. Importantly, the continuous 

remodeling of microtubule networks produces a pool of soluble, unpolymerized tubulin 

subunits, and the size of this pool dictates the assembly properties of microtubules, e.g., the 

growth rate and the frequency at which microtubules switch from growth to shrinkage 

(catastrophe).

Because microtubules and the assemblies that they form are essential for life, it is not 

surprising that most research on tubulin focuses on the properties and functions of their 

polymeric forms. By comparison, much less attention is paid to unassembled subunits. 

However, tubulin – in its unpolymerized form – has the potential to impact cell physiology 

in significant ways. For example, many microtubule-associated proteins (MAPs) have 

multiple sites that interact with microtubules and tubulin. Indeed, TOG-domain containing 

proteins (e.g. XMAP215) use such multivalency to promote microtubule assembly [2–4]. In 

principle, tubulin thus has the capacity to govern the activity of MAPs, creating powerful 

feedback loops that connect microtubule dynamics to the architecture of microtubule-based 

arrays. The focus of this review is to discuss the concept that unassembled tubulin subunits 

critically impact the formation and function of microtubule networks. We discuss evidence 

showing that tubulin can be highly concentrated at the centrosome, providing an example of 

how tubulin distribution within the cell can be heterogeneous, and that unpolymerized 

tubulin can act in a regulatory manner by controlling a wide range of processes, from 

production of tubulin itself to the formation of microtubule-based arrays. We suggest that the 

cell employs a “tubulin economy”, judiciously using tubulin subunits as either building 

blocks for microtubules or as signaling molecules to regulate the overall properties and 

function of microtubule networks.

CONTROL OF TUBULIN PROTEIN LEVELS BY AUTOREGULATION

One of the first indications that tubulin has a significant function outside of its polymeric 

form came from the observation that an acute increase in the levels of unpolymerized 

tubulin, e.g., by treatment of cells with microtubule depolymerizing agents, causes 

degradation of α- and β-tubulin mRNAs [5] and a subsequent decrease in α,β-tubulin 

protein synthesis [6]. Treatment of cells with taxol, a microtubule-stabilizing drug, on the 

other hand, causes an increase in tubulin mRNA and protein levels [5, 7]. These cellular 

responses, which are thought to affect the expression of all α- and β-tubulin isotypes in all 

higher eukaryotic cells, are referred to as tubulin autoregulation [7, 8]. An important aspect 

of tubulin autoregulation mechanism is that it appears to monitor tubulin protein levels, 

rather than polymer mass. If the objective of tubulin autoregulation was to maintain a precise 

mass of tubulin polymer, cells containing low polymer mass should increase the levels of α- 

and β-tubulin mRNAs and protein, and do the opposite in the presence of high levels of 

polymer, contrary to what has been observed. This conundrum has given rise to the 

intriguing hypothesis that cells are sensitive to intracellular concentrations of α,β-tubulin 

dimers because they have a function(s) outside of building microtubules [9].
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Seminal work revealed core features of the tubulin autoregulation pathway. Translation of 

the first 13 nucleotides of β-tubulin mRNA, which encode the sequence Met-Arg-Glu-Ile 

(MREI), is required for β-tubulin mRNA degradation [10–14]. Moreover, occlusion of the 

MREI sequence with a β-tubulin monoclonal antibody prevents autoregulation. For this 

reason, it had long-been hypothesized that mRNA degradation was triggered by a factor that 

binds the MREI motif as nascent tubulin is in the process of being translated [15].

Using a photo-crosslinking approach, Lin et al. recently identified tetratricopeptide protein 5 

(TTC5) as a protein that fits all of the criteria to be the key mediator of tubulin 

autoregulation [16]. TTC5 forms protein-protein contacts between the nascent N-termini of 

both α- and β-tubulin and the ribosome to form a “ribosome-nascent chain” complex 

(RNC). Knockout of TTC5 in multiple cell lines eliminated the decay of α- and β-tubulin 

mRNAs in response to drug-induced microtubule destabilization. In addition, the ability of 

cells to specifically reduce the synthesis of both α- and β-tubulin proteins is also lost in the 

absence of TTC5. Interestingly, cells appear to produce an inhibitor of TTC5 that is 

inactivated by elevated levels of unpolymerized tubulin; the identity of this inhibitor is not 

currently known.

Although most research on tubulin autoregulation has focused on α- and β-tubulin, Gasic et 
al. recently demonstrated that γ-tubulin mRNA levels are similarly controlled by 

microtubule damaging agents [9]. Whether this autoregulatory mechanism impacts protein 

levels of γ-tubulin and/or microtubule nucleation rates is not known. Interestingly, the 

authors did not observe co-regulation of MAPs or microtubule-associated motor proteins 

which is striking because proteins involved in a common biological process are often 

coordinately regulated [17, 18].

SOLUBLE TUBULIN AS A REGULATOR OF MICROTUBULE NUCLEATION

The distribution of soluble tubulin within the cell is not homogeneous. An excellent example 

of local enrichment in the soluble tubulin pool is the centrosome, a cellular organelle with 

the primary responsibility of nucleating microtubule polymers. A recent study [19] directly 

measured the amounts of polymer and soluble tubulin within centrosomes of C. elegans one-

cell embryos. By segmenting individual microtubules using serial-section EM tomography, 

this study reported that the metaphase centrosome contains ~10,000 short (1.1 μm average 

length) microtubules. Combining this EM characterization with quantitative fluorescence 

light microscopy measurements of total tubulin concentration allowed the authors to 

determine the concentration of soluble tubulin fraction throughout the centrosome. Their 

measurements revealed that centrosomes concentrate soluble tubulin by an order of 

magnitude – while the overall tubulin concentration in the cell was 47 μM, the soluble 

tubulin fraction reached values of 470 μM within centrosomes. Combined with the polymer 

fraction, the overall tubulin concentration in one-cell stage C. elegans centrosomes was up to 

a staggering 660 μM.

How centrosomes maintain such a high concentration of unpolymerized tubulin remains a 

puzzle. With purified tubulin in vitro, the critical concentration for spontaneous microtubule 

nucleation is typically estimated to be in the tens of μM range [20]. However, the conditions 
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in vitro are dramatically different than those within centrosomes, where assembly inhibitors 

or tubulin sequestering proteins may suppress microtubule nucleation. Importantly, 

Baumgart et al. [19] used FRAP measurements to demonstrate that the vast majority of 

unpolymerized tubulin in centrosomes is not immobilized by centrosome scaffolding 

proteins, albeit displaying a lower effective diffusion than soluble tubulin in the cytoplasm.

Although the critical concentration for microtubule nucleation may depend on specific local 

conditions, the significant enrichment of soluble tubulin within mitotic centrosomes is likely 

to promote nucleation. Thus, the finding that tubulin is super-concentrated at centrosomes 

can explain why gamma-tubulin, an important nucleation template, is not necessary for 

microtubule nucleation in C. elegans [21]. Along those lines, a previous study [22] 

demonstrated that artificial C. elegans centrosomes, reconstituted from a minimal system of 

recombinant components not including gamma-tubulin, have potent microtubule nucleation 

capacity. While the mechanism(s) by which tubulin concentrates at centrosomes are not fully 

understood, the findings by Woodruff et al. provided important insight. Namely, the authors 

showed that condensates of pericentriolar material (PCM)-scaffold protein SPD-5 in vitro 
recruited TPXL-1 and ZYG-9 (C. elegans homologs of MAPs TPX2 and ch-TOG/

XMAP215), which in turn further promoted tubulin recruitment and microtubule nucleation. 

Thus, the authors concluded that centrosomes may be condensates that promote microtubule 

nucleation by selectively gating specific client proteins such as tubulin.

Aside from selective condensation within centrosomes, soluble tubulin can control 

acentrosomal microtubule nucleation through its regulation of the MAP TPX2. Previous in 
vitro studies showed that TPX2 can serve as a microtubule nucleating factor, particularly in 

concert with the microtubule polymerase ch-TOG/XMAP215 [23, 24]. This activity is likely 

to be important in the context of branching microtubule nucleation, wherein microtubules 

are nucleated from the wall of a pre-existing microtubule lattice [25]. Earlier work showed 

that TPX2 promotes the formation of tubulin aggregates or “stubs” [23, 26], suggesting that 

TPX2 can increase the local concentration of tubulin and/or drive the assembly of a 

microtubule seed. Recent work sheds further light on the ability of TPX2 to nucleate 

microtubules by showing that TPX2 can form a condensate, and that this behavior is 

stimulated by unpolymerized tubulin [27]. Significantly, TPX2 and tubulin co-condense on 

the surface of microtubules, and these condensates promote branching microtubule 

nucleation. Unpolymerized tubulin thus regulates the spatial distribution and microtubule 

nucleation activity of TPX2.

SOLUBLE TUBULIN AS A REGULATOR OF MICROTUBULE DYNAMICS

Global levels of soluble tubulin in the cytosol have been linked to the size of microtubule 

structures. For example, an increase in soluble tubulin availability led to longer cilia, while 

limiting tubulin supply resulted in shorter cilia [28–31]. Reconstituting mitotic spindles in 

decreasing cytoplasmic volumes resulted in smaller spindle sizes, correlated with lower 

concentrations of soluble tubulin [32, 33]. A new study reveals that even local 

spatiotemporal control of soluble tubulin levels may induce microtubule cytoskeleton 

perturbations [34]. Here, the authors developed a FRET-based sensor compatible with 

optogenetic manipulation, which allowed them to directly visualize interactions between 
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soluble tubulin and a well-known tubulin-sequestering protein Op18/stathmin in HEK293T 

cells. They found that a local release of tubulin promoted microtubule extensions into 

lamellipodia, demonstrating the local feedback between polymer and soluble tubulin pools.

In the unperturbed physiological context, the process of tubulin assembly into microtubules 

could, in principle, on its own lead to transient local inhomogeneities in the pool of soluble 

tubulin and/or MAPs. Given that the parameters of dynamic instability, including growth and 

catastrophe rates, are acutely sensitive to concentrations of tubulin and MAPs, any such 

perturbations may result in a negative feedback, where microtubule assembly locally 

depletes the protein components, leading to a slow-down in further assembly or even 

triggering microtubule disassembly. A new study by Geisterfer et al. [35] devised a highly 

controlled in vitro setup to measure the extent to which an increased density of polymer 

assembly affects local microtubule dynamics.

Using hydrogel photolithography approaches to confine precise volumes of Xenopus egg 

extracts in a manner compatible with high spatiotemporal resolution imaging of the 

dynamics of individual microtubules, Geisterfer et al. found a direct negative correlation 

between the microtubule growth rate and the density of microtubule plus ends in this cell-

free system. With a clever setup, in which Xenopus egg extracts were contained within an 

hourglass-shaped device with an artificial microtubule organizing center restricted to one 

half of the device while the cytoplasm was continuous across the entire device, the authors 

concluded that the mechanism of local growth-rate regulation is likely diffusion-based. 

Namely, local regions with smaller density of EB-comets, which mark growing microtubule 

ends, displayed faster microtubule growth rates than those in the regions of higher EB-comet 

density. Their findings are thus consistent with the limiting component model [36], in which 

a local depletion of protein components limits microtubule assembly.

Could soluble tubulin itself be the protein component that is limiting microtubule growth in 

relation to microtubule end density? Based on the classic measurements of the tubulin 

diffusion coefficient in the cytoplasm of sea urchin embryos (D ≈ 6 μm2/s) [37], the 

estimates of overall concentration of tubulin dimers in the cytosol (typically in the high 

micromolar range) [38], and theoretical models [39], the diffusion of tubulin dimers alone is 

not expected to produce diffusion-limited effects on the large scales observed by Geisterfer 

et al. In addition, not only the growth rate, but also microtubule catastrophe is expected to be 

sensitive to tubulin concentration. However, Geisterfer et al. observed no concurrent effects 

on catastrophe rates. Rather, the authors speculate that a local depletion of a larger and less 

abundant regulator, such as the microtubule polymerase XMAP215, may play a dominant 

role in the observed variability of microtubule growth.

Importantly, the activity of XMAP215 and other microtubule regulating MAPs itself can be 

regulated by soluble tubulin. MAPs that contain TOG (Tumor Overexpressed Gene) 

domains, e.g. ch-TOG/XMAP215 proteins and CLASPs, are among the microtubule plus 

end-binding proteins (+TIPs) that regulate microtubule dynamics [40, 41]. TOG proteins 

contain multiple copies of TOG domains, eg., ch-TOG contains 5 whereas human CLASP1 

contains 3. The ability of these domains to bind either soluble tubulin or microtubules 

enables them to act as microtubule polymerases [4, 42–45] or as rescue and anti-catastrophe 
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factors [46–50]. Interestingly, soluble tubulin affects the microtubule assembly promoting 

role of Stu2, the yeast orthologue of ch-TOG. In the absence of soluble tubulin, Stu2 

decorates the microtubule lattice. However, tubulin causes Stu2 to decorate the microtubule 

end, and therefore facilitates its function as a microtubule polymerase [3]. The ability of 

Stu2 to be regulated in this fashion depends on a basic stretch of amino acids; whether other 

ch-TOG family members use basic regions in a similar fashion is unknown. Additionally, the 

TOG5 domain of Msps, the Drosophila melanogaster member of the family, has been shown 

to mediate microtubule lattice association [51]. These findings raise the possibility that 

regulation by unpolymerized tubulin may be a general feature of TOG-domain proteins.

Tubulin has the potential to also affect kinesin motors which regulate microtubule dynamics 

[52–54]. In the case of kinesin-13s, it is well established that they deform protofilaments, 

thus destabilizing lateral contacts that preserve microtubule architecture, resulting in 

microtubule depolymerization [52, 55]. Tubulin subunits that are removed from 

microtubules re-enter the soluble pool, fueling microtubule assembly. Initial work [52] on 

kinesin-13s showed that a motor-tubulin complex forms as a byproduct of microtubule 

disassembly. ATP hydrolysis by kinesin-13 is thought to trigger dissociation of the complex, 

and is thus an important step in the microtubule depolymerization cycle [52, 56]. Work from 

the Hirokawa lab extends this observation, showing that KIF2 forms a 1:2 (KIF2:tubulin) 

complex with tubulin [57]. An important implication of this result is that kinesin-13 has the 

potential to be product-inhibited. Key parameters that can impact the extent to which 

kinesin-13 is product-inhibited include: 1) the rate at which tubulin-bound motor hydrolyzes 

ATP; and 2) the likelihood that kinesin-13 will form a complex with microtubules versus 
unpolymerized tubulin. High concentrations of soluble tubulin may reduce kinesin-13 

activity via motor sequestration, which is logical in the context of a cell: kinesin-13-

dependent catastrophes may need to be minimized in circumstances where the mass of 

polymeric tubulin is low or when tubulin is in a greater state of flux between soluble and 

polymerized states, e.g. during the G2-M transition.

Kip3, a kinesin-8 from yeast is a microtubule depolymerase that processively walks along 

the microtubule lattice, but also associates with soluble tubulin as a part of its depolymerase 

activity [58, 59]. Therefore, like for kinesin-13s, the interaction of kinesin-8s with tubulin 

indicates that kinesin-8s may also be subject to product-inhibition. While kinesins that 

promote microtubule assembly, including polymerases Kip2 and Kinesin-5, may also be able 

to bind soluble tubulin, the extent to which these interactions could regulate their activity is 

less well understood [60, 61].

Finally, katanin, a AAA ATPase that severs microtubules, has been reported to be inhibited 

by the acidic C-terminal tail (CTT) of tubulin [62], and also by free tubulin [63]. These 

observations are consistent with work showing that the hexamerization of katanin, and its 

severing activity are triggered by katanin’s interaction with the CTT of β-tubulin [64]. The 

interaction of katanin with the CTT of tubulin that is incorporated into the microtubule 

lattice can thus be competed away by the CTT of free, unpolymerized tubulin. In cells, 

katanin is key for a number of processes that require microtubule disassembly, including 

spindle formation and length homeostasis [65–67] and disassembly of cilia [68–70]. 

Therefore, concentrations of unpolymerized tubulin are likely to affect the ability of katanin 
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in numerous biological contexts. Interestingly, spastin, another prominent microtubule 

severing enzyme, does not appear to be similarly affected by soluble tubulin [71].

THE ROLE OF SOLUBLE TUBULIN IN MICROTUBULE CYTOSKELETON 

ORGANIZATION

Though microtubule motor proteins are primarily known for their roles in intracellular 

transport, many motors also impact microtubule dynamics and organization. These activities 

depend on their catalytic motor heads, and in some cases, additional non-motor microtubule-

binding sites [72]. The kinesin-14 HSET, for example, contains an N-terminal microtubule-

binding domain as well as a motor domain at its C-terminus. Recent work has demonstrated 

that the N-terminal microtubule-binding site of HSET can also bind unpolymerized tubulin 

[73]. In vitro, this interaction drives oligomerization of the motor through a mechanism that 

is not yet well-defined. A curious feature of HSET-tubulin assemblies is that they are 

composed, on average, of 3–4 HSET molecules and 12 tubulin dimers. This result was 

obtained even in the presence of agents that prevent microtubule polymerization (colchicine, 

GDP), implying that a small fraction of tubulin exists in oligomeric form.

Tubulin-dependent formation of multi-motor HSET teams results in a large increase in the 

distance that the motor translocates along microtubules; like other Ncd-class kinesin-14s, 

HSET is only weakly processive as a single molecule [74]. The ability of tubulin to 

physically link multiple HSET molecules together is key for the motor to organize 

microtubules into asters, potentially by allowing HSET to transport microtubules as cargo 

for long distances. Binding of tubulin to the tail of HSET may also block its interactions 

with neighboring microtubules, thus preventing static crosslinking of microtubules into 

bundles. The physiological significance of HSET’s ability to form multi-motor teams via an 

interaction with soluble tubulin remains to be investigated, although Norris et al. were able 

to demonstrate that high levels of unpolymerized tubulin and HSET promote aster formation 

during mitosis.

One question that has not been addressed concerns the fate of tubulin that becomes shuttled 

to microtubule minus ends by HSET. In principle, minus end-directed transport of tubulin 

would be one way to concentrate tubulin at a pole, thus promoting nucleation or regulation 

of microtubule dynamics. Consistent with this, Strothman et al. showed that HSET is a 

potent suppressor of microtubule minus-end catastrophe when present under conditions 

conducive to microtubule assembly [75]. Collectively, these studies show that HSET’s 

activities may depend critically on interactions with unpolymerized tubulin in cells.

CONCLUDING REMARKS

The roles of tubulin in its polymerized form are vast, but we know little about how tubulin in 

its soluble, unpolymerized form affects cellular processes. We propose that tubulin is a 

resource within the cell that can be deployed either to build microtubule-based structures, or 

as a signaling molecule that can modulate other reactions. Here, we use the term signaling to 

describe molecular interactions that produce a biochemical output as a result of changes to 

the microtubule network. Interestingly, the recent identification of a cryptic tubulin-binding 
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domain in a MAP kinase family member (MEKK1; [76]) suggests that signaling in its more 

classical sense may rely on the microtubule cytoskeleton. Other more exotic functions of 

tubulin have yet to be discovered, like the recent suggestion that tubulin, via its C-terminal 

tail, may regulate the closure of VDAC channels on the cytoplasmic surface of mitochondria 

[77]. We suggest that future work should consider the impact of the “tubulin economy” on 

cellular processes that critically depend on microtubule-based assemblies, and perhaps 

beyond.
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ANNOTATIONS FOR HIGHLIGHTED REFERENCES

Of Outstanding Interest

• Baumgart et al. JCB 2019. This study determined the amounts of dimeric and 

polymeric forms of tubulin within C. elegans mitotic centrosomes using a 

combination of light and electron microscopy.

• Geisterfer et al. Curr Bio 2020. This study established a negative feedback 

between the local density of growing microtubule ends and the microtubule 

growth rate.

• Lin et al. Science 2020. Using a photocrosslinking mass spectrometry 

approach, the authors identify TTC5 as a long sought after protein factor that 

mediates auto-regulation of tubulin protein production. Loss of TTC5 results 

in an inability of cells to downregulate translation of tubulin in the presence 

of microtubule depolymerizing agents.

• Norris et al. Nat. Comm. 2018. In this work, the authors show that HSET can 

use its N-terminal non-motor microtubule-binding domain to also bind 

tubulin. Tubulin-binding triggers the formation of multi-motor ensembles, 

dramatically increasing HSET’s ability to traverse long distances on the 

microtubule lattice and its ability to promote the formation of microtubule 

asters in vitro.

Of Special Interest:

• King and Petry. Nat. Comm. 2020. TPX2, a microtubule-associated protein 

that can use its ability to bind tubulin to nucleate microtubules, is shown here 

to undergo a liquid-liquid phase transition in a manner that is stimulated by 

tubulin. The formation of TPX2-tubulin condensates stimulates microtubule 

nucleation.

• Gasic and Mitchison PLoSBiology (2019) Using gene expression analysis, 

the authors show that mRNAs encoding TUBAs, TUBBs, and TUBGs show 

strong responses to microtubule damaging agents and other perturbations 

(e.g., drugs that target signaling and metabolic pathways). mRNAs for MAPs 

do not show a similar response, suggesting a critical role for tubulin proteins 

in many biological responses.

• Geyer et al. eLife (2018) Through studying the roles of the TOG domains and 

a basic stretch of amino acids in Stu2, the authors observe that the binding of 

tubulin by Stu2 modulates the ability of this microtubule polymerase to 

localize at the microtubule plus end. In the absence of tubulin, Stu2 decorates 

the lattice, but in the presence of tubulin, Stu2 tracks growing microtubule 

plus ends.

• Strothman et al. JCB (2019) In this study, the authors determine that 

microtubule minus ends undergo catastrophe at a lower frequency than plus 

ends because the off-rate of tubulin at minus ends is lower than at plus ends. 
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HSET further suppresses the off-rate, causing minus ends to grow for 

prolonged periods of time in a manner that is less sensitive to the action of 

MCAK.

• Van Geel et al. Sci Rep 2020. The authors developed a new FRET sensor 

compatible with optogenic approaches, allowing imaging of local 

perturbations in tubulin levels.
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Figure 1. Impact of the tubulin economy on the microtubule cytoskeleton.
A) Soluble (unpolymerized) tubulin controls the stability of tubulin mRNAs, and therefore 

controls the cellular levels of tubulin proteins. Microtubule destabilizing agents cause an 

increase in the available pool of soluble tubulin, which triggers degradation of tubulin 

mRNA, resulting in a decrease in tubulin protein synthesis. Tubulin autoregulation occurs by 

recognition of a ribosome-associated nascent tubulin peptide by TTC5, which leads to 

RNAse digestion of tubulin mRNA transcripts. Conversely, treatment of cells by taxol 

decreases the available pool of soluble tubulin and causes an increase in tubulin mRNA 

levels and increased tubulin protein synthesis. B) Pockets of highly concentrated tubulin 

within the cell create sites of enhanced microtubule nucleation. The centrosome, for 

example, concentrates tubulin ~10-fold. TPX2 forms co-condensates with tubulin, leading to 

enhanced microtubule nucleation both in solution, and along existing microtubule polymers. 

C) Tubulin can regulate microtubule dynamics indirectly through regulation of microtubule-

associated proteins. Soluble tubulin affects the localization of TOG-domain protein Stu2; in 

the absence of tubulin, Stu2 has a higher affinity for the microtubule lattice, however, Stu2 

shifts to the microtubule tip in the presence of tubulin, where it acts as a microtubule 

polymerase. D) Kinesin-13 family motors promote the dissociation of terminal tubulin 

dimers, which increases the frequency of microtubule catastrophes. A by-product of this 
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reaction is the formation of a tubulin-motor complex, which occurs following dissociation of 

the motor from the microtubule end. In principle, kinesin-13 motors may therefore be 

subject to product-inhibition, ultimately decreasing the depolymerase activity of the enzyme. 

E) Soluble tubulin controls the ability of kinesin-14 HSET to organize microtubules into 

different types of architectural arrays. HSET as a single molecule may bind across multiple 

microtubules through both its motor and tail domains, therefore promoting microtubule 

bundling. HSET will crosslink parallel bundles, but slide antiparallel bundles through its 

minus-end directed motility. Binding of soluble tubulin enables HSET form multi-motor 

clusters, which are then capable of organizing microtubules into aster-like formations.
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