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SUMMARY

Microtubules are non-covalent polymers of ab-tubulin dimers. Posttranslational processing of the intrinsi-
cally disordered C-terminal a-tubulin tail produces detyrosinated and D2-tubulin. Although these are widely
employed as proxies for stable cellular microtubules, their effect (and of the a-tail) on microtubule dynamics
remains uncharacterized. Using recombinant, engineered human tubulins, we now find that neither detyrosi-
nated nor D2-tubulin affect microtubule dynamics, while the a-tubulin tail is an inhibitor of microtubule
growth. Consistent with the latter, molecular dynamics simulations show the a-tubulin tail transiently
occluding the longitudinal microtubule polymerization interface. The marked differential in vivo stabilities
of themodifiedmicrotubule subpopulations, therefore, must result exclusively from selective effector recruit-
ment. We find that tyrosination quantitatively tunes CLIP-170 density at the growing plus end and that
CLIP170 and EB1 synergize to selectively upregulate the dynamicity of tyrosinated microtubules. Modifica-
tion-dependent recruitment of regulators thereby results in microtubule subpopulations with distinct dy-
namics, a tenet of the tubulin code hypothesis.

INTRODUCTION

Microtubules are mesoscopic non-covalent polymers built from

ab-tubulin heterodimers. They switch stochastically between

polymerization and depolymerization, a phenomenon known

as dynamic instability (Walker et al., 1988; Horio and Hotani,

1986;Mitchison and Kirschner, 1984). The transition from growth

to depolymerization is called catastrophe and the transition from

depolymerization state to growth is called rescue. Dynamic

instability is essential for chromosome segregation, cellular

motility, and differentiation (Kirschner and Mitchison, 1986).

Many cellular factors modulate microtubule polymerization and

depolymerization. The last two decades have seen an explosion

in our understanding of their mechanism of action (reviewed in

Alfaro-Aco and Petry, 2015; Akhmanova and Steinmetz,

2010a). However, our understanding of the relationship between

the diversity of tubulin itself and its dynamic properties lags

behind. Microtubules in cells are functionalized through chemi-

cally diverse and evolutionarily conserved posttranslational

modifications (Janke andMagiera, 2020; Roll-Mecak, 2020; Ver-

hey and Gaertig, 2007). The majority of these modifications

concentrate on the C-terminal tails of the ab-tubulin hetero-

dimer. These are intrinsically disordered elements that project

from the compact, folded globular core of the tubulin dimer

and form a negatively charged dense brush on the microtubule

surface. The effects of tubulin tail modifications on microtubule

dynamics are unknown, even though these modifications have

been widely used for decades as surrogates for microtubule sta-

bility in cellular studies where the dynamics of microtubule sub-

populations are inferred from their posttranslational modification

status detected with specific antibodies.

Some of the most widely used proxies for microtubule stabil-

ity in cells are detyrosination and tyrosination, for stable and

dynamic microtubules, respectively. Detyrosination and tyrosi-

nation involve the removal and addition of the terminal tyrosine

on a-tubulin, respectively. Tyrosination was the first tubulin
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posttranslational modification discovered (Barra et al., 1973).

The terminal tyrosine is removed by carboxypeptidases vasohi-

bins/SVBP (Aillaud et al., 2017; Nieuwenhuis et al., 2017) and

added back by tubulin tyrosine ligase (Flavin and Murofushi,

1984; Argaraña et al., 1978; Raybin and Flavin, 1977; Barra

et al., 1973) as part of this detyrosination/tyrosination cycle.

In certain cell types, most prominently in neurons, a large

portion of the detyrosinated a-tubulin pool proceeds to a sec-

ond modification step which involves the removal of the penul-

timate glutamate in the a-tail resulting in D2-tubulin (Paturle-La-

fanechère et al., 1994, 1991). Approximately 35% of brain

tubulin is in this state (Paturle-Lafanechère et al., 1994). This

modification is also associated with stable microtubule popula-

tions (Paturle-Lafanechère et al., 1994). Unlike detyrosination,

which can be reversed by tubulin tyrosine ligase, the D2 modi-

fication is irreversible and thus removes this tubulin variant from

the detyrosination/tyrosination cycle (Paturle-Lafanechère

et al., 1991). These posttranslational modifications are spatially

and temporally regulated and are important in a wide array of

biological processes ranging from cell division (Akera et al.,

2017; Iwata-Otsubo et al., 2017; Barisic et al., 2015; Peris

et al., 2006) to neurogenesis (Aillaud et al., 2017; Erck et al.,

2005), myogenesis (Chang et al., 2002; Gundersen et al.,

1989), and cardiomyocyte function (Robison et al., 2016) (re-

viewed in Roll-Mecak, 2019). For example, microtubules that

orient in the direction of cell migration are enriched in detyrosi-

nated tubulin (Gundersen and Bulinski, 1988); kinetochore mi-

crotubules are also enriched in detyrosinated tubulin, whereas

astral microtubules are enriched in tyrosinated tubulin (Gun-

dersen and Bulinski, 1986a). Stable microtubules in axons

and cilia are enriched in D2 (Paturle-Lafanechère et al., 1994)

and detyrosinated tubulin (Gundersen and Bulinski, 1986b),

while the dynamic microtubules in growth cones are mostly ty-

rosinated (Marcos et al., 2009; Witte et al., 2008; Robson and

Burgoyne, 1989). The presence or absence of the C-terminal

tyrosine on a-tubulin recruits microtubule effectors. For

example, the microtubule tip-binding protein CLIP-170 (Bieling

et al., 2008; Peris et al., 2006), the depolymerizing kinesin-13

MCAK (Sirajuddin et al., 2014; Peris et al., 2009), and dynactin

(McKenney et al., 2016; Nirschl et al., 2016; Peris et al., 2006)

associate preferentially with tyrosinated microtubules, while

the CENP-E motor prefers detyrosinated microtubules (Barisic

et al., 2015) and detyrosination mediates the interaction be-

tween microtubules and intermediate filaments (Kreitzer

et al., 1999).

Pioneering work by several laboratories showed that, in cells,

microtubules with slow turnover (t1/2 � tens of minutes to hours)

and those resistant to cold or pharmacologically induced depo-

lymerization are enriched in detyrosinated and D2-tubulin,

whereas dynamic microtubules that turn over rapidly (t1/2 �
2�5 min) are enriched in tyrosination (Webster and Borisy,

1989; Kreis, 1987; Schulze and Kirschner, 1987; Webster et al.,

1987b). Since then, cell biologists use antibodies against these

modifications to distinguish between ‘‘stable’’ and ‘‘dynamic’’

microtubules in cells (Xu et al., 2011; Whipple et al., 2010; Shin-

tani et al., 2009; Infante et al., 2000; Webster and Borisy, 1989;

Kreis, 1987; Schulze and Kirschner, 1987; Webster et al.,

1987a). In fact, this has become almost the de facto tool for dis-

tinguishing between these two subpopulations of microtubules

in cells. However, we still do not know the answer to the funda-

mental question: how do these modifications affect microtubule

dynamics? Do they impact microtubule dynamics directly or do

they recruit regulators that impact their dynamics in trans?

Kirschner and colleagues speculated that the selective recruit-

ment of hypothetical factors to the detyrosinated microtubule

could further stabilize it as part of a positive feedback loop

(Schulze and Kirschner, 1987). The effect of posttranslational

modifications on polymer dynamics has remained an unsolved

problem in the field for more than three decades because of

the inability to make well-defined preparations of unmodified

and differentially modified tubulin for in vitro reconstitution

assays.

An early clue to the effects of the detyrosination/tyrosination

cycle came from cellular work that examined the stability of mi-

crotubules in detergent-extracted cells that were treated with

carboxypeptidase, which non-specifically removes C-terminal

amino acids (Khawaja et al., 1988). These experiments showed

that tyrosinated and detyrosinated microtubules respond simi-

larly to nocadozole treatment as well as dilution. However,

these studies did not examine microtubule dynamics. Microtu-

bule dynamics parameters of pure tyrosinated, detyrosinated,

or D2-tubulin microtubules have yet to be reported. This gap

in our knowledge of the dynamic parameters of different types

of tubulins stems from the fact that biochemical investigations

into microtubule functions have relied in the last four decades

on tubulin purified from brain tissue. While tubulin from this

source is easily isolated and abundant (Weisenberg, 1972), it

is highly heterogeneous as it is abundantly and diversely post-

translationally modified. Thus, this tubulin is not appropriate for

understanding the individual contributions of posttranslational

modifications to microtubule functions. Recent successes

with the expression and purification of single tubulin isotypes

recombinantly (Ti et al., 2018; Vemu et al., 2016; Minoura

et al., 2013) enable us to explore the relationship between

tubulin sequence, structure, and dynamics and establish

whether and how tubulin modifications regulate intrinsic poly-

mer properties.

Here, we use recombinant homogeneous and isotypically

pure a1A/bIII tubulin to understand the role of the a-tubulin

tail and its modifications in regulating microtubule dynamics.

Combining in vitro microtubule dynamics assays and molecular

dynamics simulations we show that the intrinsically disordered

a-tubulin tail negatively regulates microtubule polymerization

by transiently interacting with the a-tubulin longitudinal poly-

merization interface. In contrast, loss of only the ultimate tyro-

sine (detyrosination) and penultimate glutamate (D2 modifica-

tion) in the a-tubulin tail does not affect microtubule dynamic

parameters. However, we show that a-tubulin tyrosination

quantitatively tunes the density of CLIP-170 at the microtubule

plus end and that CLIP-170 synergizes with EB1 to selectively

increase the dynamicity of tyrosinated microtubules. Thus, our

work establishes that tyrosinated, detyrosinated and the D2

modified microtubules have similar intrinsic dynamic parame-

ters and demonstrates that tyrosination-dependent recruitment

of microtubule regulators generates microtubule subpopula-

tions with distinct dynamic properties, laying the foundation

for the regulation of microtubule dynamics by the tubulin

code in cells.
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RESULTS

The intrinsically disordered a-tubulin tail inhibits
microtubule growth and dynamicity
The last twelve residues in the a-tubulin tail are intrinsically disor-

dered. The C-terminal tails of tubulin are not resolved in all cryoe-

lectron microscopy microtubule reconstructions to date,

including reconstructions of homogeneous single-isotype micro-

tubules (Ti et al., 2018; Vemu et al., 2016). Cryo-EM studies re-

vealed that the C-terminal tails are ordered only when bound to

microtubule effectors such as the Ndc80 complex (Alushin

et al., 2010) or the tubulin tyrosine ligase-like 7 (TTLL7) glutamy-

lase (Garnham et al., 2015). The proteolytic removal of both a

and b-tails lowers the critical concentration for tubulin polymeriza-

tion, asmeasured by sedimentation assays, and results in the for-

mation of heterogeneous polymeric structures such as ribbons,

sheets, and hooks (Knipling et al., 1999; Serrano et al., 1988;

White et al., 1987). However, these experiments relied on the

non-specific proteolytic cleavage of both C-terminal tails that

yields a heterogeneous sample with varying degrees of tubulin

tail removal. Moreover, all these studies used proteases that

cleave the b-tail before the a-tail (Bhattacharyya et al., 1985)

and thus could not establish the effects of the a-tail alone on

microtubule properties. To study the contribution of the a-tubulin

tail to microtubule dynamics, we recombinantly expressed and

purified wild-type human a1A/bIII tubulin with a native carboxyl

terminus (Vemu et al., 2016), and an a1AD-tail/bIII tubulin, which

misses the last twelve residues of a-tubulin (Figures 1A, S1A,

S1B, and S2A; STAR Methods). We then reconstituted microtu-

bule dynamics in vitro by nucleating microtubules from

GMPCPP-stabilized microtubule seeds and imaged the microtu-

bules by label-free interference reflection microscopy (IRM) (Ma-

hamdeh et al., 2018; Figure 1B). Label-free imaging avoids the

confounding effects of fluorescently labeled tubulin on microtu-

bule dynamics (Vigers et al., 1988) and allows data collection

with high temporal resolution and minimal photodamage.

We find that tailless a1AD-tail/bIII microtubules nucleate from

seeds robustly at tubulin concentrations as low as 1 mM. Consis-

tent with this, the critical concentration for the a-tailless tubulin is

0.04 ± 0.04 mM for a1AD-tail/bIII versus 0.94 ± 0.18 mM for the

a1A/bIII wild-type construct, as determined from a linear regres-

sion of the mean growth rates as a function of tubulin concentra-

tion (Figure 1C; Oosawa, 1970; STAR Methods). This analysis

also shows that the absence of the a-tail increases the apparent

tubulin on rate at the plus end by 2.4-fold (8.50 ± 0.12 versus

3.48 ± 0.08 mM�1 s�1 for a1AD-tail/bIII and a1A /bIII microtu-

bules, respectively, Figure 1D) while also decreasing the

apparent off rate by almost 10-fold (0.35 ± 0.35 versus 3.20 ±

0.63 s�1 for a1AD-tail/bIII and a1A/bIII microtubules, respec-

tively, Figure 1D). Thus, a-tailless microtubules grow consider-

ably faster. For example, at 4 mM tubulin, a1AD-tail/bIII microtu-

bules grow 2.9-fold faster than wild-type microtubules. This

increase in growth rate is accompanied by a decrease in catas-

trophe rates (Figure 1E). As a result, at 4 mM tubulin, in the

absence of the a-tail, microtubules grow almost 6-fold longer

before they depolymerize (7.82 ± 0.35 mm versus 1.32 ±

0.07 mm for a1AD-tail/bIII and a1A/bIII microtubules, respectively

Figure S1C). Rescues are very rare both for a1A/bIII and a1AD-

tail/bIII microtubules and were thus not quantified, similar to

the low rescue rates observed for heterogeneous brain microtu-

bules (Vemu et al., 2016;Walker et al, 1988). Thus, our in vitro dy-

namics microtubule assays reveal that the a-tubulin tail inhibits

microtubule growth and promotes catastrophe.

A growing microtubule is protected from depolymerization by a

GTP-tubulin cap generated by the faster rate of GTP-tubulin addi-

tion to the microtubule end compared with that of GTP hydrolysis

after tubulin lattice incorporation (Carlier, 1982; Carlier and Panta-

loni, 1981). The microtubule undergoes catastrophe when its

GTP-cap erodes (Duellberg et al., 2016). Plotting plus-end catas-

trophe frequencies against growth rate shows that microtubules

catastrophe less frequently when growth rates increase and

that they are similar between the wild-type and tailless microtu-

bules at similar growth rates, i.e., at similar rates of GTP-tubulin

addition to the growing plus end (Figure 1F). We further refined

our investigation into whether catastrophe frequencies are due

to differences in the size of the stabilizing GTP-tubulin cap by

determining catastrophe frequencies of a1A/bIII and a1AD-tail/

bIII microtubules with growth rates that matched within less

than 10% standard deviation (Figure 1G). This analysis also

shows that catastrophe frequencies are statistically indistinguish-

able (Figure 1H). Thus, the decrease in catastrophe frequency

seen with the a-tailless tubulin is due primarily to the differences

in the kinetics of tubulin addition at the microtubule end.

The a-tubulin tail interacts transiently with the
longitudinal polymerization interface
We hypothesized that the strong attenuation of microtubule

growth rates by the a-tubulin tail may be explained by a transient

interaction with surfaces on the tubulin dimer involved in poly-

merization (Figure 2A). Thus, we used all-atom explicit solvent

MD simulations of free GTP-tubulins to investigate the dynamics

of the intrinsically disordered tubulin tails (Figure S3A). These

simulations revealed that the a-tubulin tail interacts transiently

with the a-tubulin longitudinal polymerization interface, thus

likely directly interfering with its addition to a protofilament in

the microtubule (Figure 2B; Video S1). We observe this interac-

tion in all of our five independent 1 ms simulations. The a-tail as-

sociates with the longitudinal interface for 83% ± 20% of the

simulation time, with as little as 52% in one simulation, but in

some 100% of the time. Engagement in relatively long-lasting in-

teractions with the tubulin body explains the variable occlusion

durations in our simulations. A metadynamics simulation, in

which an extra energy potential is applied to the C terminus of

the tail in order to accelerate its dynamics and ensure better

sampling of configuration space also revealed an association

of the a-tubulin tail with the longitudinal polymerization interface

(Figures S4A–S4C). Association of the a-tubulin tail occludes up

to 33%of the solvent accessible area of the longitudinal interface

(Figure 2C). We mapped the regions on the tubulin body surface

with which the a-tail prefers to interact by computing the proba-

bilities of contact between the a-tubulin tail and residues in the

tubulin body (Figure 2D). The residues with highest contact prob-

abilities map to the a-tubulin longitudinal polymerization inter-

face (Figures 2D–2F and S4C). The simulations indicate that

the interaction with the a-tail is facilitated by multiple contacts

with conserved positively charged residues at the interface

through the negatively charged glutamates in the a-tail (Figures

2G and S3B). The individual tubulin tail residues have similar
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contact probabilities with the a-tubulin longitudinal interface

(Figure S3C). This suggests that there is not a single, specific res-

idue on the a-tail that nucleates this interaction. The high density

of glutamates in the tail is conserved across all a-tubulin isotypes

(Figure S2), despite the higher sequence variability in this region

compared with the tubulin core. Moreover, the length of the

a-tubulin tails is more stringently conserved compared with

that of b-tubulin tails (Roll-Mecak, 2015; Ludueña, 2013 and Fig-

ure S2), consistent with an evolutionary pressure to maintain

important functional interactions.

Tyrosinated, detyrosinated, and D2 microtubules have
similar dynamics in vitro

Cells posttranslationally remove the ultimate and penultimate

residues in the a-tubulin tail to generate detyrosinated and D2

microtubules, respectively. Detyrosinated and D2 microtubules

are associated with stable microtubule subpopulations in cells

(Paturle-Lafanechère et al., 1994; Webster and Borisy, 1989;

Kreis, 1987; Schulze and Kirschner, 1987; Webster et al.,

1987b). Since removing the entire intrinsically disordered

a-tubulin tail has dramatic effects on microtubule stability, we

next examined whether detyrosination and the D2 modification

also affect intrinsic polymer properties. We performed in vitro dy-

namics assays with recombinantly expressed, homogeneous,

and isotypically pure human tyrosinated (a1A/bIII), detyrosinated

(a1A-Y/bIII) andD2 (a1A-D2 /bIII) tubulin (Figures 3A and 3B). Our

tagging schemeproduces an a-tubulin with a native carboxyl ter-

minus (Vemu et al., 2016; STAR Methods) and thus suitable for

examining the effects of the a-tail modification cycle without

any confounding effects from a tag. Using our IRM-based

in vitro dynamics assays we find that detyrosinated (a1A-Y/bIII)

and D2 (a1A-D2/bIII) microtubules have similar growth rates

across a range of concentrations (Figure 3C). A linear regression

analysis of the growth rates as a function of tubulin concentration

Figure 1. The a-tubulin tail inhibits microtubule polymerization and catastrophe

(A) Mass spectra and SDS-polyacrylamide gel (inset: 5 and 2 mgs of tubulin) of recombinant human a1A/bIII and a1AD-tail/bIII tubulin purified to >99% homo-

geneity (Figures S1A and S1B; STAR Methods). The C-terminal sequences of human a1A and a1AD-tail tubulin are shown in cyan. The sequence in the gray

rectangle denotes the H12 helix, based on the cryo-EM structure of a1A/bIII microtubules (PDB ID: 5JCO; Vemu et al., 2016).

(B) Representative kymographs showing microtubule growth at 3 mM for a1A/bIII (left) and a1AD-tail/bIII (right) microtubules. GMPCPP-stabilized seeds are

pseudo-colored in blue.

(C) Plus-end growth rates as a function of tubulin concentration for a1A/bIII and a1AD-tail/bIII tubulin. Error bars represent SD (n = 181, 256, 608, and 82 growth

phases for a1A/bIII at 4, 6, 9, and 12 mM, respectively; n = 214, 518, 529, and 424 growth phases for a1AD-tail/bIII at 1, 2, 3, and 4 mM, respectively).

(D) Tubulin apparent on and off rates at the plus end, and critical concentration determined by fitting a linear regression of the mean growth rates versus tubulin

concentration shown in (C); p < 0.0001 as determined by the Tukey range test for the differences in kon and koff rates between a1A/bIII and a1AD-tail/bIII tubulin.

(E) Microtubule plus-end catastrophe frequencies as a function of tubulin concentration. Error bars represent SD (n = 27, 29, 86, and 59 microtubules for a1A/bIII

at 4, 6, 9, 12 mM, respectively; n = 59, 63, 73, 70, and 23 microtubules for a1AD-tail/bIII at 2, 3, 4, 6 mM, respectively).

(F) Microtubule plus-end catastrophe frequencies plotted against growth rates. Error bars represent SD (n values as in C and E).

(G) Box-whisker plot of a1A/bIII and a1AD-tail/bIII microtubules with matched growth rates within 10% SD (0.96 ± 0.10 mm/min, n = 61 a1A/bIII microtubules at

9 mM; 0.94 ± 0.09 mm/min, n = 59 a1AD-tail/bIII microtubules at 3 mM). Whiskers indicate minimum and maximum.

(H) Catastrophe frequencies for growth-rate matched a1A/bIII and a1AD-tail/bIII microtubules shown in (G); n = 61 and 59microtubules for a1A/bIII and a1AD-tail/

bIII, respectively; error bars represent SD.
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yields similar tubulin apparent on and off rates at the plus end for

all three tubulin variants (Figure 3D). Both detyrosinated and D2-

tubulin show a statistically significant but very small increase

(11% and 9%, respectively) in their apparent on rates compared

with tyrosinated tubulin, consistent with our molecular dynamics

simulations, which show that the two terminal tubulin tail resi-

dues do not have a dominant contribution to the interaction

with the a-tubulin longitudinal interface, having similar contact

probabilities as other tail residues (Figure S3C). Our analysis

also reveals that tyrosinated, detyrosinated, and D2 tubulin

have similar critical concentrations for nucleation. Lastly, the

three microtubule types also have similar catastrophe fre-

quencies across a range of concentrations (Figure 3E). The

speeds at which the three different types of microtubule depoly-

merize are also statistically indistinguishable (Figures 3F and

3G). In conclusion, our in vitro results demonstrate quantitatively

that the in vivo differences in dynamics between detyrosinated,

D2, and tyrosinated microtubule subpopulations are exclusively

due to the differential recruitment of effectors and not to intrinsic

differences in polymer dynamics.

Selective recruitment of CLIP-170 to tyrosinated
microtubules increases their dynamicity
One of the tenets of the tubulin code hypothesis is that post-

translational modifications tune microtubule dynamics either

directly or indirectly, through the recruitment of cellular factors,

thus creating microtubule subpopulations with different dynamic

properties in cells. We thus wanted to test whether the tyrosina-

tion-specific recognition of a cellular effector can selectively

regulate microtubule stability. The dynamic behavior of

Figure 2. The a-tubulin tail occludes the longitudinal polymerization interface transiently

(A) Schematic of tubulin dimer incorporation into a protofilament at the growing microtubule plus-end. a-tubulin tail, cyan, b-tubulin tail, orange in cartoon

representation.

(B) Number of contacts between residues in the tubulin body and the a-tubulin tail as a function of time identified from theMD simulation. Black dots indicate total

number of contacts, red dots indicate contacts with the a-tubulin longitudinal polymerization interface.

(C) Percentage of solvent-accessible surface area of the a-tubulin longitudinal interface occluded by the a-tubulin tail in the simulation shown in (B).

(D) Contact probability for residues in the a-tubulin core with the a-tubulin tail based on five independent one-microsecond-long simulation runs (STARMethods).

Red bars correspond to contacts with the a-tubulin polymerization interface; black bars, contacts with the tubulin surface elsewhere.

(E) Molecular surface of the ab-tubulin dimer colored on a gradient from yellow to red according to the probability of its contact with the a-tubulin tail. Residue

S439 where the tail originates is shown in blue.

(F) View of the longitudinal polymerization interface colored as in (E). Black outline delineates the longitudinal polymerization interface.

(G) Electrostatic potential distribution mapped on the surface of the tubulin dimer in the same orientation as in (F). Red and blue colors correspond to negative and

positive electrostatic potential values, respectively. Black outline delineates the longitudinal polymerization interface. See also Figures S3 and S4.

ll
Article

2020 Developmental Cell 56, 2016–2028, July 26, 2021



Figure 3. Tyrosinated, detyrosinated, and D2 microtubules have similar dynamic parameters

(A) Mass spectra and SDS-polyacrylamide gel (inset: 5 and 2 mgs of tubulin) of recombinant human a1A-Y/bIII (top) and a1A-D2/bIII (bottom) tubulin purified to >

99% homogeneity.

(B) Representative kymographs showing microtubule growth at 6 mM for a1A/bIII (left), a1A-Y/bIII (middle), and a1A-D2/bIII (right) microtubules. GMPCPP-

stabilized seeds are pseudo-colored in blue.

(C) Plus-end growth rates as a function of tubulin concentration for a1A/bIII, a1A-Y/bIII, and a1A-D2/bIII microtubules. Error bars represent SD (n = 181, 256, 608,

and 82 growth phases for a1A/bIII at 4, 6, 9, and 12 mM, respectively; n = 357, 638, 63 growth phases for a1A-Y/bIII at 6, 9, 12 mM, respectively; n = 1,139, 729, and

67 growth phases for a1A-D2/bIII at 6, 9, and 12 mM, respectively).

(D) Tubulin apparent on and off rates at the plus end and critical concentration determined by fitting a linear regression of the mean growth rates versus tubulin

concentration shown in (C); p = 0.003 for a1A /bIII versus either a1A-Y/bIII or a1A-D2/bIII on-rates; p = 0.85 for a1A-Y/bIII versus a1A-D2/bIII on-rates. Differences

in intercepts (off rate and nucleation concentration) are not statistically significant. Statistical analysis performed using a Tukey range test.

(E) Microtubule plus-end catastrophe frequencies as a function of tubulin concentration. Error bars represent SD; n = 29, 86, and 59microtubules for a1A/bIII at 6,

9, and 12 mM, respectively; n = 37, 116, and 21microtubules for a1A-Y/bIII at 6, 9, and 12 mM, respectively; n = 96, 97, and 22microtubules for a1A-D2/bIII at 6, 9,

and 12 mM, respectively.

(F) Representative kymographs showing depolymerization at 6 mM for a1A/bIII (left), a1A-Y/bIII (middle), and a1A-D2/bIII (right) microtubules.

(G) Box-whisker plot (whiskers indicateminimum andmaximum) of depolymerization rates; n = 26, 50, and 48 growth phases for a1A/bIII, a1A-Y/bIII, and a1A-D2/

bIII tubulin, respectively.
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microtubules in cells is modulated by a large array of factors.

Most notable among them are what are known as ‘‘tip-tracking’’

factors because they preferentially associate with the growing

end of the microtubule (reviewed in Akhmanova and Steinmetz

[2008]). The end-binding (EB) family of proteins are the master

regulators at the growing microtubule end where they recruit

an entire network of proteins that synergize to regulate microtu-

bule dynamics (reviewed in Akhmanova and Steinmetz [2010a]).

Among them, CLIP-170 is expressed in mammals, invertebrates,

and yeast (Akhmanova et al., 2005; reviewed in Gouveia and

Akhmanova [2010]), and its association with microtubules is

enhanced by tubulin tyrosination (Bieling et al., 2008). Biochem-

ical and structural studies showed that this specific recognition

is mediated by the N-terminal cytoskeleton-associated protein

glycine-rich (CAP-Gly) domains of CLIP-170 that recognize the

terminal tyrosine in the -EEYmotif present both in the C-terminal

tail of a-tubulin and EB1 (Bjeli�c et al., 2012; Bieling et al., 2008;

Mishima et al., 2007; Weisbrich et al., 2007). The association of

CLIP-170 with EB1 is stronger than that with the tyrosinated

a-tubulin tail (Chen et al., 2019) and CLIP-170 requires EB1 for

tip-tracking (Dixit et al., 2009; Bieling et al., 2008), while detyro-

sination reduces CLIP-170 end tracking activity both in vitro (Bi-

eling et al., 2008) and in vivo (Peris et al., 2006). Thus, differential

tyrosination of the microtubule lattice can potentially function as

a quantitative tuner of CLIP-170 recruitment to the microtubule

tip and microtubule dynamics.

We used our recombinant tubulin to reconstitute aminimal tip-

tracking complex with EB1 and CLIP-170 (Figure 4). We used a

CLIP-170 construct, H2, which contains the two N-terminal

CAP-Gly domains and part of the coiled-coil domain needed

for dimerization. This construct localizes to the growing plus

end both in vitro and in cells (Bieling et al., 2008; Perez et al.,

1999; Scheel et al., 1999). We titrated a1A/bIII with a1A-Y/bIII

to generate microtubules with different percentages of tyrosina-

tion (0%, 25%, 50%, 75%, and 100%). We then reconstituted

GFP-H2 tip-tracking on the differentially tyrosinated microtu-

bules (Figure 4A) and characterized the comet profiles (Fig-

ure 4B). The fluorescence intensity of GFP-H2 comets increases

with tyrosination and is highest on the 100% tyrosinated micro-

tubules (Figures 4B and 4C). This difference is due exclusively to

the selective recognition of the tyrosinated tubulin by CLIP-170

as EB1 comets exhibit no distinguishable differences between

a1A/bIII with a1A-Y/bIII microtubules (Figures S5A–S5C). This

is consistent with previous observations which showed that

treatment of brain tubulin with carboxypeptidase A, which re-

moves residues from the C terminus of a protein, does not affect

EB1microtubule association but affects the recruitment of CLIP-

170 to microtubule ends (Bieling et al., 2008). Moreover, growth-

rate-matched porcine brain microtubules that are � 25%–50%

detyrosinated (Paturle et al., 1989) show similar GFP-H2 comet

profiles to those with the 50/50 tyrosinated/detyrosinated re-

combinant tubulin mixture, while the GFP-H2 comet intensity

on growth-rate-matched tyrosinated tubulin purified from

tsA201 cells (Vemu et al., 2017) is similar to that of 100% tyrosi-

nated a1A/bIII recombinant tubulin (Figures 4B and 4C). These

results indicate that tyrosination is the dominant factor recruiting

CLIP-170 to microtubules of diverse tubulin isotype composition

and that it quantitatively tunes the density of CLIP-170 at the

growing microtubule ends.

However, does this tyrosination-dependent increase in CLIP-

170 recruitment to the microtubule tip change microtubule dy-

namics? Quantitation of dynamic parameters on tyrosinated

and detyrosinated microtubules reveals that addition of both

EB1 and H2 increases the polymerization speed of tyrosinated

a1A/bIII microtubules by �50% compared with detyrosinated

a1A-Y/bIII (Figures 4D and 4E). Neither EB1 nor H2 increase

growth speeds individually (Figure 4E), indicating that the two

factors synergize at the microtubule tip in a tyrosination-depen-

dent manner to selectively increase the polymerization speed of

tyrosinated microtubules. This effect is proportional, since hav-

ing a 50/50 tyrosinated/detyrosinated tubulin mixture results in

an intermediate effect on microtubule growth. The effect on

growth rates depends on the amount of CLIP-170 recruited at

the tip and is more modest at lower H2 concentrations (300

versus 75 nM H2; Figure S5D). Surprisingly, the two factors

also synergize to increase the catastrophe frequency of tyrosi-

nated microtubules by �3.7-fold (Figure 4F). Again, the effect

is proportional to the tyrosination levels asmicrotubules contain-

ing 50% tyrosinated tubulin show an intermediate effect on ca-

tastrophe rates. Neither EB1 nor H2 increase catastrophe rates

individually under these conditions. The rescue frequencies of

a1A/bIII and a1A-Y/bIII microtubules showed no statistically

distinguishable differences when EB1 and CLIP-170 are present

together (Figure 4G). However, in the absence of EB1, CLIP-170

increases selectively the rescue frequency of tyrosinated micro-

tubules and not detyrosinated ones (Figures 4G and S6A) by

binding with higher affinity along the tyrosinated microtubule lat-

tice (Figure S6B). Taken together, our in vitro experiments

demonstrate that tyrosination quantitatively tunes CLIP-170

recruitment to the microtubule end and that this tyrosination-

dependent recruitment increases microtubule dynamicity

proportionately.

DISCUSSION

In this study, we used the power of recombinant well-defined

tubulin variants to interrogate the effects of the a-tubulin tail

and its three abundant posttranslational modifications on micro-

tubule dynamics. We find that the intrinsically disordered

a-tubulin tail is a potent inhibitor of microtubule growth and ca-

tastrophe by regulating both the apparent on rate and off rates

of tubulin at the growing microtubule end (Figure 1D). We spec-

ulate that the marked effect of the a-tail on the apparent off rate

at the growing plus end is due to the fact that at the higher rates

of tubulin addition of the a-tailless construct, microtubule growth

is dominated by the addition of newGTP-tubulin to the GTP-cap,

while in the wild-type tubulin, the rate of addition is closer

matched to that of GTP hydrolysis and the tips have a mixture

of GDP and GTP-tubulins, resulting in a higher apparent tubulin

off rate at the growing tip. Consistent with the effect on growth,

our molecular dynamics simulations reveal that the a-tubulin tail

interacts with the a-tubulin body and occludes the longitudinal

polymerization interface (Figure 2B). Recent NMR studies of

Tetrahymena thermophila tubulin demonstrated that a-tubulin

tail peptides have different conformations in isolation versus in

the context of the ab-tubulin dimer (Wall et al., 2016), suggesting

transient interactions between the tail and the folded tubulin

body that could modulate tubulin polymerization; however, the
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identity of the tubulin surfaces involved in these interactions was

not assigned, nor the effects of the a-tubulin tail loss on microtu-

bule dynamics characterized. The transient occlusion of the lon-

gitudinal polymerization interface by the a-tail is facilitated

through charge-charge interactions by the large glutamate den-

sity in the a-tubulin tail. A positive effect on microtubule growth

speed was recently reported after removal of the b-tubulin C-ter-

minal tail using controlled proteolysis (Fees and Moore, 2018).

However, in contrast to the a-tail, removal of the b-tail leads to

an increase and not a decrease in catastrophe rates (Fees and

Figure 4. CLIP-170 and EB1 synergize to selectively increase the growth and catastrophe rates of tyrosinated microtubules

(A) TIRF microscopy images of GFP-H2 (75 nM, green) on recombinant microtubules with different percentages of tyrosination in the presence of 300 nM un-

labeled EB1. Recombinant a1A/bIII and a1A-Y/bIII were mixed proportionally to generate a gradient of tyrosination with a total tubulin concentration of 15 mM.

(B) Averaged fluorescence intensity profiles of GFP-H2 comets on microtubules with different tyrosination content (15 mM recombinant tubulin), growth rate-

matched heterogeneous brain microtubules (10 mM), and growth rate-matched a1B/bI+bIV microtubules purified from tsA201 cells (12 mM) in the presence of

300 nM unlabeled EB1.

(C) Comet profile parameters. Comet profiles were fitted using Gaussian (�1.5 to 0 mm) and single exponential functions (0 to 1.5 mm; STARMethods); n = 1,305,

1,676, 1,890, 1,163, and 442 for recombinant tubulin with 100%, 75%, 50%, 25%, and 0% tyrosination, respectively; n = 2,500 and 1,618 for brain and a1B/bI+bIV

tubulin, respectively.

(D) Representative kymographs of tyrosinated (100%Tyr; left), 50/50 tyrosinated/detyrosinated (50%Tyr; middle), and detyrosinated (0%Tyr; right) microtubules

(6 mM recombinant tubulin) in the presence of 300 nM EB1 and 300 nM GFP-H2. GMPCPP-stabilized seeds are pseudo-colored in blue.

(E–G) Plus-end growth rates (E), catastrophe frequencies (F), and rescue frequencies (G) of 6 mM a1A/bIII and a1A-Y/bIII microtubules with or without 300 nM EB1

and 300 nM GFP-H2.

(E) Box-whisker plot (whiskers represent minimum and maximum) of growth rates; n = 86, 202, and 105 growth phases for 100%, 50%, 0% tyrosinated mi-

crotubules, respectively; n = 223, 247, and 80 growth phases for 100%, 50%, 0% tyrosinated microtubules with EB1, respectively; n = 223, 246, and 204 growth

phases for 100%, 50%, and 0% tyrosinated microtubules with GFP-H2, respectively; n = 934, 587, and 106 growth phases for 100%, 50%, and 0% tyrosinated

microtubules with EB1 and GFP-H2, respectively; **** denotes p < 0.0001 as determined by an unpaired t test.

(F) Catastrophe frequencies; n = 18, 33, and 22 microtubules for 100%, 50%, and 0% tyrosinated microtubules, respectively; n = 43, 39, and 17 microtubules for

100%, 50%, and 0% tyrosinated microtubules with EB1, respectively; n = 41, 43, and 36 microtubules for 100%, 50%, 0% tyrosinated microtubules with GFP-

H2, respectively; n = 63, 48, and 21 microtubules for 100%, 50%, and 0% tyrosinated microtubules with EB1 and GFP-H2, respectively. Error bars indicate SD.

(G) Rescue frequencies; n values as in (F). Error bars represent SEM. **** denotes p < 0.0001 as determined by a Mann-Whitney test. See also Figures S5 and S6.
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Moore, 2018). Thus, the two tubulin tails have evolved to have

complex, distinct effects on microtubule dynamics. Since their

evolution is not as tightly constrained as that of the folded poly-

merization interfaces, they likely evolved to provide tunable

properties to the microtubule polymer.

The inhibitory role of the a-tubulin tail has interesting parallels

to that recently described for a bacterial tubulin homolog from

Bacillus subtilis, FtsZ that also uses its intrinsically disordered

C-terminal tail to attenuate its incorporation into filaments (Co-

han et al., 2020). More generally, intrinsically disordered regions

are frequently employed in proteins to tune the equilibrium be-

tween active and inactive states (Trudeau et al., 2013). In the

case of tubulin, it is important to note that the vast majority of

microtubule effectors interact with the tubulin tails (Tan et al.,

2019; Yadav et al., 2014; Knipling and Wolff, 2006; Westermann

et al., 2005; Skiniotis et al., 2004; Wang and Sheetz, 2000; Marya

et al., 1994; Serrano et al., 1985, 1984a; reviewed in Roll-Mecak

[2015]), and some of them are completely dependent on the tails

for high-affinity microtubule binding (Zehr et al., 2020; Roll-Me-

cak and Vale, 2005). Early studies demonstrated that removal

of both a- and b-tubulin tails by subtilisin lowers tubulin critical

concentration to that found in the presence of microtubule-asso-

ciated proteins (MAPs) (Sackett et al., 1985; Serrano et al.,

1984b). Thus, the occlusion of the longitudinal polymerization

interface by the a-tubulin tail raises the interesting possibility

that MAPs increase the tubulin on rate by sequestering and

changing the dynamics of the a-tubulin tail.

In contrast to themarked effect of the a-tail onmicrotubule dy-

namics, we find that microtubules composed of detyrosinated

and D2-tubulin have similar dynamics to tyrosinated microtu-

bules (Figure 3D), even though these two modifications correlate

strongly with increasedmicrotubule stability in cells and are used

widely as reporters for microtubule stability. However, we show

that tyrosination quantitatively recruits CLIP-170 to the plus ends

and facilitates a synergy between CLIP-170 and EB1 to increase

growth and catastrophe rates (Figure 4), providing proof in a re-

constituted system that a microtubule posttranslational modifi-

cation can selectively regulate microtubule dynamic parameters

through the specific recruitment of effectors. In contrast, a modi-

fication on the tubulin body also frequently used as a marker for

microtubule stability in cells, Lys40 acetylation, has a direct ef-

fect on microtubule properties by protecting them from

breakage (Portran et al., 2017; Xu et al., 2017).

The synergy betweenEB1 andCLIP-170 in promoting catastro-

phe on tyrosinated microtubules is surprising because CLIP-170

is largely thought of as a catastrophe suppressing factor (Mar-

tı́n-Garcı́a andMulvihill, 2009; Brunner andNurse, 2000), and pre-

vious work has also shown that CLIP-170 can synergize with EB1

to elicit a modest decrease in catastrophe rates on brain microtu-

bules (Lopus et al., 2012). EB1 on the other hand has been shown

to increase catastrophe rates (Zanic et al., 2013; Vitre et al., 2008;

Bieling et al., 2007), presumably by accelerating a conformational

transition at the plus end of the microtubule (Zhang et al., 2018,

2015).While EB1 alters the interaction ofCLIP-170with themicro-

tubule by recruiting it to the tip, shown in this work and many

others (Dixit et al., 2009; Bieling et al., 2008; Peris et al., 2006),

our data also support the model where CLIP-170 itself alters the

association of EB1 at the plus end and thus possibly accelerates

the kinetics of the structural transitions that lead to catastrophe.

Such an interaction between EB1 and CLIP-170 is in line with pre-

viouswork showing that CLIP-170 can recruit to themicrotubule a

truncated EB1 construct that lacks microtubule binding (Gupta

et al., 2010). When not recruited to the tip by EB1, CLIP-170 pro-

motes rescues preferentially of tyrosinated microtubules (Fig-

ure 4G), consistent with previous studies identifying it as a rescue

factor (Henrie et al., 2020; Arnal et al., 2004; Komarova et al.,

2002). Previous work has shown that MCAK13 selectively depo-

lymerizes tyrosinated microtubules and this was also proposed

to increase their dynamicity (Peris et al., 2009). Thus, tyrosination

can act through a combination of effectors to increase microtu-

bule turnover in cells.

We note that the a-tubulin tail -EEY motif recognized by CLIP-

170 (Bjeli�c et al., 2012; Mishima et al., 2007; Weisbrich et al.,

2007) is invariant in six of the eight a-tubulin isotypes except for

a4A, and a8, (Figure S2A). a4A, which lacks the C-terminal tyro-

sine, is upregulated in megakaryocytes as they differentiate into

plateletsand is responsible for thehighproportionofdetyrosinated

tubulin found in these cells (Strassel et al., 2019). Its loss leads to

hypertyrosination and defects in establishing the stable bundle

of microtubules, known as the marginal band, that is essential for

differentiation into platelets (Strassel et al., 2019). We speculate

that the failure to transition the cytoskeleton to this stablemicrotu-

bule structure could be in part due to the increased dynamicity of

themicrotubules, which are now hypertyrosinated comparedwith

wild type. Tubulin a8, which has a unique C-terminal -EEF motif,

plays acritical role incorticalprogenitordifferentiationbynotbeing

subject to detyrosination and the subsequent terminal processing

into D2-tubulin (Ramos et al., 2020). Since an a-tubulin tail with a

terminal phenylalanine is also recognized by the CAP-Gly domain

of CLIP-170 (Mishima et al., 2007; Honnappa et al., 2006), we pro-

pose that expression of a8 generates a permanent subpopulation

ofmicrotubuleswith increased turnoverbecauseof their persistent

recruitment of CLIP-170 and possibly other factors. Thus, in addi-

tion to the dynamic tyrosination/detyrosination cycle, variations in

the genetically encoded terminal residue of the a-tubulin tail itself

can be used to regulate microtubule dynamics through the differ-

ential interaction with plus-end effectors.

Our experiments underscore the importance of the microtu-

bule substrate itself in mediating the effects of microtubule reg-

ulators on microtubule dynamics and demonstrate how detyro-

sination or the D2 modification of transiently stabilized

microtubules can give rise to persistent subpopulations of mi-

crotubules in cells that are less dynamic. A newly born microtu-

bule is tyrosinated because tubulin is synthesized with a terminal

tyrosine and the tubulin tyrosine ligase acts preferentially on the

soluble tubulin dimer (Szyk et al., 2011; Wehland and Weber,

1987; Raybin and Flavin, 1975). The detyrosinating enzymes

act preferentially on the microtubule polymer (Li et al., 2020;

Wang et al., 2019; Aillaud et al., 2017; Nieuwenhuis et al.,

2017; Gundersen et al., 1987; Kumar and Flavin, 1981). Thus, a

transient stabilization of a microtubule can result in progressive

detyrosination, which leads, as we demonstrate, to the gradual

concomitant loss of tip factors that then decrease its dynamicity,

thus further stabilizing the microtubule through positive feed-

back. The detyrosinated tubulin can further be converted to

D2-tubulin, a modification that is irreversible and not reset

through tyrosination upon depolymerization, thus permanently

committing this tubulin subpopulation to slower growth and
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turnover. Our work shows how the tubulin code can constitute

the chemical memory of the initial stabilization, allowing it to

affect cytoskeleton fate in the future.

Limitations of the study
We note that while our simulations reveal that the a-tubulin tail

interacts transiently with the longitudinal polymerization inter-

face, we could not explicitly model tubulin incorporation into

the microtubule lattice or protofilaments at the microtubule tip.

Thus, our conclusion that the observed marked increase in

microtubule growth rates is due to this transient interaction

with the polymerization interface, is a plausible extrapolation.

The a1A tail is highly conserved in mammals but shows more

sequence divergence in lower vertebrates, invertebrates, algae,

and plants, both in length and in the number of negatively

charged residues (Figure S2B). We predict that loss of the

a-tail will potentiate microtubule growth, regardless of a-tubulin

species or isotype; however, future biochemical and molecular

dynamics studies will be needed to establish whether loss of

the a-tail leads to similar magnitude effects on microtubule

growth rates in these cases as we observe here for the human

isotype. More recent work also revealed the existence of D3-

tubulin in neuronal tissue, which misses the last three residues

(EEY) of the a-tubulin tail (Aillaud et al., 2016). It is unclear

whether the loss of one more glutamate in the D3-tubulin will

have a pronounced effect on growth rates compared with D2-

tubulin due to a reduced interaction of the tail with the polymer-

ization interface. Our simulations predict that the effect would be

modest because of the cumulative small contributions that each

tail residue has out of the total of 12, but this will only be estab-

lished with certainty through future experimental work.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli BL21(DE3) CodonPlus-RIL competent cells Agilent Cat#230245

E. coli BL21(DE3) pLysS competent cells ThermoFisher Cat#606010

Chemicals, peptides, and recombinant proteins

Recombinant human tubulin a1A/bIII (Vemu, et al., 2016) N/A

Recombinant human tubulin a1A-Y/bIII This study N/A

Recombinant human tubulin a1A-D2/bIII This study N/A

Recombinant human tubulin a1A-Dtail/bIII This study N/A

Recombinant human CLIP-170 H2 fragment with

C-terminal GFP tag

(Bieling, et al., 2008) N/A

Recombinant full-length human EB1 with C-terminal

GFP-His tag

(Petry, et al., 2011) N/A

Recombinant full-length human EB1, non-tagged (Dixit, et al., 2009) N/A

Porcine brain tubulin Cytoskeleton, Inc. Cat#T238P

Biotin-labeled porcine brain tubulin Cytoskeleton, Inc. Cat#T333P

a1B/bI+bIVb tubulin purified from tsA201 cells (Vemu, et al., 2017) N/A

Experimental models: cell lines

Sf9 insect cells ThermoFisher Cat#11496015

tsA201 cells Millipore, Sigma 96121229-1VL

Oligonucleotides

a1A/bIII with PreScission site before FLAG-tag:

CCGAGGCCCAGGGACCCAAACTGGAGGTGCTG

TTCCAGGGTCCCGGTGGTAGCGGAGGAGACTAC;

GTAGTCTCCTCCGCTACCACCGGGACCCTGGAA

CAGCACCTCCAGTTTGGGTCCCTGGGCCTCGG

This study N/A

a1A-Y/bIII generated by QuikChange mutagenesis:

GAAGAGGAGGGCGAAGAATGAAAGCTGTCGAGAAG;

CTTCTCGACAGCTTTCATTCTTCGCCCTCCTCTTC

This study N/A

a1A-D2/bIII generated by QuikChange mutagenesis:

GGCGAAGAGGAGGGCGAATGAAAGCTGTCGAGA

AGTACTAGAGG; CCTCTAGTACTTCTCGACAGCT

TTCATTCGCCCTCCTCTTCGCC

This study N/A

a1A-Dtail/bIII generated by insertion of a stop codon:

GGCGTCGATAGCTAAGTGGAGGGCGAG; CTCGCC

CTCCACTTAGCTATCGACGCC

This study N/A

Recombinant DNA

pFastTM-Dual vector ThermoFisher Cat#10712024

H. sapiens tubulin a1A/bIII in pFastTM-Dual (Vemu, et al., 2016) N/A

H. sapiens tubulin a1A-Y/bIII in pFastTM-Dual This study N/A

H. sapiens tubulin a1A-D2/bIII in pFastTM-Dual This study N/A

H. sapiens tubulin a1A-Dtail/bIII in pFastTM-Dual This study N/A

H. sapiens CLIP-170 H2 construct in pETEM Dr. Thomas Surrey, Francis

Crick Institute

N/A

H. sapiens GFP-tagged full-length EB1 in pET28 Dr. Kevin Slep, UNC N/A

H. sapiens full-length EB1 in pGEX6p2 Dr. Sabine Petry, Princeton N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Antonina

Roll-Mecak (antonina@mail.nih.gov).

Material availability
All plasmids and cell lines used in this study are available upon request from the authors.

Data and code availability
MATLAB scripts used in this study for microtubule dynamics analysis and CLIP-170 comet analysis are available on GitHub: https://

github.com/RollmecakLab.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All recombinant human tubulin were expressed in Sf9 insect cells. The cells were cultured in Sf-900TM III SFMmedia at 27 �C, 125 rpm
for 48 hrs after infection. GFP-H2 was expressed in E. coli BL21(DE3) CodonPlus RIL cells. GFP- EB1 and unlabeled EB1 were ex-

pressed in E. coli BL21(DE3) pLysS cells. Unmodified human a1B/bI+bIVb tubulin was purified from tsA201 cells. The tsA201 cells

were cultured in Freestyle293 supplemented with 2% FBS and 1xPenicillin/Streptomycin at 37 �C, 125 rpm, 8% CO2, and 70%

humidity.

METHOD DETAILS

Purification of recombinant tubulin isotypes
All tubulin variants were expressed using baculovirus and purified as described previously (Vemu et al., 2016). Briefly, codon opti-

mized a1A with an internal His-tag in the acetylation loop and PreScission protease cleaveable FLAG-tag on bIII tubulin were custom

synthesized by IDTTM and cloned into a pFAST�-Dual vector. Tubulin variants, a1A-Y/bIII, a1AD2/bIII and a1AD-tail /bIII, were made

using Quick change mutagenesis. To ensure no insect tubulin contamination, a1A with an internal His-tag and bIII with a C-terminal

cleavable Flag tag was purified using a Ni-NTA column (Qiagen) and anti-flag G1 affinity resin (Gen Script). The tubulin was then pu-

rified by ion exchange chromatography using a Resource Q anion exchange column (GE Healthcare). Peak fractions were combined

and buffer exchanged into BRB80 (80 mM PIPES, pH 6.8, 1 mM EGTA, 1 mM MgCl2) supplemented with 20 mM GTP using a PD10

column (GE Healthcare). All tubulin variants were subjected to liquid chromatography electrospray ionization time of flight mass

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Fiji (Schindelin, et al., 2012) https://imagej.net/Fiji

MATLAB 2019b MathWorks N/A

Prism Graphpad N/A

Jalview (Waterhouse, et al., 2009) https://www.jalview.org/

ESPript3.0 (Robert and Gouet, 2014) https://espript.ibcp.fr/ESPript/ESPript/

Modeller (Webb and Sali, 2014) https://salilab.org/modeller/

Propka (Olsson, et al., 2011) https://pypi.org

Dowser (Morozenko and

Stuchebrukhov, 2016)

N/A

GROMACS 5 (MacKerell, et al., 2004;

MacKerell, et al., 1998)

https://www.gromacs.org/

Parrinello-Rahman algorithm (Parrinello and Rahman,

1981)

N/A

PyMOL v.2.0 PyMOL by Schrodinger https://pymol.org/2/

PLUMED 2.5 plugin for GROMACS (Tribello, et al., 2014) https://www.plumed.org/doc-v2.5/user-

doc/html/index.html

MDTraj open library (McGibbon, et al., 2015) https://www.mdtraj.org/1.9.5/index.html

ProKSim (Khruschev, et al., 2015) N/A

MATLAB scripts for microtubule dynamic

analysis and comet analysis

(Vemu, et al., 2017)

This study

https://github.com/RollmecakLab
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spectrometry (LC-ESI-TOFMS) analysis and no posttranslational modifications or endogenous insect tubulin contaminants were de-

tected. The dynamic parameters are consistent between different tubulin growths and preparations (Figures S1A and S1B).

Purification of GFP-H2 and EB1
The GFP-H2 construct was a gift from the Surrey lab. Expression and purification of GFP-H2 was carried out as described previously

(Bieling, et al., 2008) with slight modifications. Briefly, His-tagged GFP-H2 was expressed in E. coli BL21(DE3) CodonPlus-RIL. Cells

were induced with 1 mM IPTG for 5 h at 30 �C and lysed by using high-pressure homogenizer in ice-cold lysis buffer (50 mM KPi,

pH 7.5, 500 mM NaCl, 1 mM MgCl2, 1 mM b-mercaptoethanol) with Roche protease inhibitors. Precleared lysate was loaded

onto a Ni2+ -NTA column and eluted with lysis buffer containing 300 mM imidazole. GFP-H2 was then purified using GE Q Sepharose

Fast Flowwith a gradient elution (50mMKPi, pH 7.5, 0.1-1MNaCl, 1 mMMgCl2, 1 mM b-mercaptoethanol). Overnight TEV digestion

at 4 �C removed the His-tag. GFP-H2 was then loaded onto a Ni2+ -NTA column again. The flow-through was collected and further

purified on a GE HiLoad Superdex 200 column. Peak fractions were pooled, supplemented with glycerol to a final concentration of

16%, flash frozen in liquid nitrogen and stored at -80 �C.
The EB1-GFP and EB1 constructs were expressed and purified as described previously (Petry, et al., 2011; Dixit, et al., 2009).

Briefly, the His-tagged GFP-EB1 was expressed in E.coli BL21(DE3) pLysS, purified with affinity chromatography (Ni-NTA), ion ex-

change chromatography (GEQSepharose FF) and followed by size-exclusion chromatography in 80mMPIPES, pH6.8, 100mMKCl,

1 mM MgCl2, 1 mM EGTA, 0.1% b-mercaptoethanol (GE HiLoad Superdex 200). The unlabeled EB1 has a N-terminal GST-tag fol-

lowed by a PreScission cleavage site. The protein was expressed in E.coli BL21(DE3) pLysS and purified using glutathione resin. The

GST-tag was removed by PreScission protease and the protein was further purified by Q Sepharose ion exchange and buffer

exchanged into 80 mM PIPES, pH6.8, 100 mM KCl, 1 mM MgCl2, 1 mM EGTA, 0.1% b-mercaptoethanol.

In vitro microtubule dynamics assays
GMPCPP-stabilized microtubule seeds were prepared as described (Gell, et al., 2010) and immobilized in flow chambers using neu-

travidin. The final imaging buffer is BRB80 (80 mM PIPES, pH 6.8, 1 mM EGTA, 1 mM MgCl2) supplemented with 1mM GTP, 0.1%

methylcellulose 4,000 cP, 1% pluronic F-127 and 0.1 mg/ml casein. An objective heater (Bioptechs) was used to warm the chamber

to 30 �C. All chambers were sealed and allowed to equilibrate on the microscope stage for 5 min prior to imaging. IRM images were

acquired on a Nikon Eclipse Ti-E equipped with a Hamamatsu ORCA Flash4.0 V2 sCMOS camera every 5 s for 30 or 60 min. For

depolymerization rate measurements, the frame rate used was 20 frames/s.

EB1 and CLIP170 in vitro tip-tracking
Biotin-labeled GMPCPP stabilized microtubule seeds were double cycled from porcine brain tubulin and immobilized using neutra-

vidin. The final assay buffer contains BRB80 (80mMPIPES, pH 6.8, 1mMEGTA, 1mMMgCl2) supplementedwith 95mMKCl, 85mM

KAc, 0.1% methylcellulose 4000 mPa.S, 0.5% pluronic F-127, 100 mg/ml k-casein, 1 mM b-mercaptoethanol, and oxygen scaven-

gers (Bieling, et al., 2008). All assays were carried out at 30 �C. All microtubule CLIP-170 end tracking assays were carried out at 30
�C, in presence of 6 or 15 mM recombinant tubulin, 300 nM EB1 and 75 nM GFP-H2 unless otherwise specified. Synchronous TIRF/

IRM imaging was performed on a Nikon Eclipse Ti-E equipped with a LED light source, 488-laser and EMCCD cameras (Andor) with

an exposure time of 100 ms per frame. Images were collected at 1 frame per second for 10 min. To obtain microtubule dynamic pa-

rameters in the presence of EB1 or CLIP-170, IRM images were recorded every 5 second for 1 h on a sCMOS camera (Hamamatsu).

MD simulations
A detailed description of MD simulations is provided in (Fedorov, et al., 2019). Computational architecture and performance of the

simulations was described in (Fedorov, et al., 2018). In order to investigate the intradimer interaction of the a-tubulin tail we generated

molecular models of tubulin dimers or tetramers (two longitudinally attached dimers; Figure S3A) based on microtubule cryo-EM

structures (PDB IDs 3j6f and 3j6e (Alushin, et al., 2014)). The non-hydrolyzable GTP analog (GMPCPP) in the 3j6e structures was con-

verted into GTP as described previously (Fedorov, et al., 2019). Unresolved amino acid chains, including C-terminal a- and b-tubulin

tails were added in all the models, using the Modeller software (Webb and Sali, 2014). a-tubulin tails have the following sequence:

VEGEGEEEGEEY, b-tubulin tails have the ATADEQGEFEEEGEEDEA sequence. Ionizable amino acid residues were protonated with

Propka software (Olsson, et al., 2011). Intrinsic cavities in tubulins were identified and solvatedwith Dowser software (Morozenko and

Stuchebrukhov, 2016). Tubulin dynamics were simulated using the GROMACS 5 software package with the CHARMM27 force field

(MacKerell, et al., 2004; MacKerell, et al., 1998) in a virtual cubic reaction volume with periodic boundary conditions. The reaction

volume size was selected so that the distance from the protein surface to the nearest box boundary was at least 2 nm. The virtual

reaction volume was filled with TIP3P water and K+ and Cl� ions of 100 mM total ionic strength and zero total system charge.

Each tubulin system was subjected to an energy-minimization, employing the steepest descent algorithm and then to a two-step

equilibration, described in (Fedorov, et al., 2019). The production simulation runswere carried out in the NPT ensemble at 300K, using

the Parrinello-Rahman algorithm (Parrinello and Rahman, 1981) and the V-rescale thermostat. The particle mesh Ewald method was

used to treat the long-range electrostatics. All-bond P-LINCS constraints and mass rescaling (partial transfer of mass from heavy

atoms to bound hydrogens (Feenstra, et al., 1999)) allowed molecular dynamics simulations with a 4 fs time step. All simulations

of whole tubulins were one-microsecond-long and sampled with 1 ns intervals for analysis. Pymol (The PyMOL Molecular Graphics

System, Version 2.0 Schrödinger, LLC) was used for visualization.
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Metadynamics simulations of a-tail interactions
For enhanced sampling, we carried out a 2 ms-long metadynamics simulation using the GROMACS 2019.4 augmented with the

PLUMED 2.5 package (Tribello, et al., 2014). Molecular model of tubulin was constructed as described previously (Fedorov, et al.,

2019), using the structure of undecorated GMPCPPmicrotubule (PDB ID 6dpu (Zhang, et al., 2018). The simulated system contained

a-tubulin body and a-tubulin tail, surrounded by a 10.4 x 12.8 x 9.7 nm box, centered around the origin of the a-tubulin tail. Ca - atoms

of the tubulin core were position restrained. MD simulations were carried out as described in the section above, with the exception

that an additional Gaussian energy potential with 0.1 kT depth and 0.1 nm width was applied to the center of mass of Y451 residue

(Figure S4A). The position of the potential was updated every 0.4 ps (100 MD computation steps). Simulation results were processed

with a custom Python script to plot the volumes around a-tubulin core, where the maximal numbers of additional energy potentials

were applied to the tip of the C-terminal tail throughout the simulation (Figures S4B and S4C).

QUANTIFICATION AND STATISTICAL ANALYSIS

Microtubule dynamics analysis
Microtubule dynamics parameters were measured in ImageJ as previously described (Vemu, et al., 2016). Briefly, kymographs were

generated from IRM images and hand traced to obtain growth and depolymerization speeds from the slopes of the growing and de-

polymerizing microtubules. Catastrophe frequency is defined as the number of catastrophes observed divided by the total time the

microtubule spent in the growth phase. Rescue frequency is defined as the number of rescues observed divided by the total time the

microtubule spent in the depolymerization phase. Tubulin association rate (kon), the tubulin dissociation rate (koff) and critical concen-

tration were calculated using the slope, X and Y intercepts, respectively, of a simple linear regression fit in Prism using the mean

growth rates at different tubulin concentrations and assuming 1625 dimers per micron of microtubule (Walker et al., 1988; Oosawa,

1970). The error reported is the standard error of the fit.

EB1 and CLIP-170 plus-end tracking analysis
The fluorescence signal of microtubule plus-end comets was analyzed as previously described (Vemu, et al., 2017; Bieling, et al.,

2007). First, kymographs of the growing microtubules were drawn in ImageJ. Next, a custom-written MATLAB script was used to

identify the maximum intensity in each line of the kymograph. Then an exponential fit to the line profile covering 1.5 mm of the lattice

and a Gaussian fit to the line profile extending 1.5 mm beyond the microtubule tip was performed. For all exponential and Gaussian

fitting, R2 > 0.99. All fitted comet profiles were aligned, binned and averaged. The averaged comet profile was then fitted to a single

exponential fit from the comet peak to the end of the comet with an offset that represents the lattice intensity. These comet profiles

were then plotted in Prism and background corrected by subtracting theminimum background value. The reported comet intensity is

the averaged peak value with background correction, and the lattice intensity is the background-corrected offset value, determined

by the exponential fitting of comet tail.

Analysis of a-tubulin tail dynamics in MD simulations
Residues belonging to the tubulin polymerization interface were defined as those located closer than 4.5 Å to any of the residues of

the adjacent longitudinally attached tubulin subunit. The fraction of polymerization interface occluded by the a-tubulin tail was calcu-

lated as follows. First, we artificially cut out the a-tubulin tail from the simulatedMD trajectory of the tubulin dimer and determined the

total solvent accessible surface area (SASA) for all amino acids belonging to the polymerization interface, every 1 ns of the simulation.

SASA was computed using the shrake_rupley function of the MDTraj open library (McGibbon, et al., 2015). Then we repeated the

calculation of the total SASA for the amino acids belonging to the polymerization interface without removing the tail from the MD tra-

jectory. The fraction of occluded SASA was then calculated as the ratio of the difference between SASA in the absence and in the

presence of the a-tubulin tail to the total SASA for the polymerization interface. Contacts between the a-tubulin tail and tubulin body

were characterized with a custom Python script which identifies and counts residues of the tubulin body that are within 4.5 Å from

residues of the a-tubulin tail. Probabilities of contacts between the tail of a-tubulin and its body were calculated as the average

fraction of contacts over the whole simulation time, based on two simulations with one tubulin dimer and three simulations with

the longitudinally assembled tubulin dimers (only the minus-end proximal a-tubulins were considered for tetramers) (Figure S3A).

The distribution of electrostatic potential on the tubulin surface wasmapped in Pymol based on Poisson-Boltzmann calculations per-

formed using the ProKSim software (Khruschev, et al., 2015).

ll
Article

e4 Developmental Cell 56, 2016–2028.e1–e4, July 26, 2021


	α-tubulin tail modifications regulate microtubule stability through selective effector recruitment, not changes in intrinsi ...
	Introduction
	Results
	The intrinsically disordered α-tubulin tail inhibits microtubule growth and dynamicity
	The α-tubulin tail interacts transiently with the longitudinal polymerization interface
	Tyrosinated, detyrosinated, and Δ2 microtubules have similar dynamics in vitro
	Selective recruitment of CLIP-170 to tyrosinated microtubules increases their dynamicity

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Material availability
	Data and code availability

	Experimental model and subject details
	Method details
	Purification of recombinant tubulin isotypes
	Purification of GFP-H2 and EB1
	In vitro microtubule dynamics assays
	EB1 and CLIP170 in vitro tip-tracking
	MD simulations
	Metadynamics simulations of α-tail interactions

	Quantification and statistical analysis
	Microtubule dynamics analysis
	EB1 and CLIP-170 plus-end tracking analysis
	Analysis of α-tubulin tail dynamics in MD simulations




