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INTRODUCTORY PARAGRAPH

Long-lived microtubules endow the eukaryotic cell with long-range transport abilities. While long-

lived microtubules are acetylated on lysine 40 of α-tubulin (αK40), acetylation takes place after 

stabilization1 and does not protect against depolymerization2. Instead, αK40 acetylation has been 

proposed to mechanically stabilize microtubules3. Yet how modification of αK40, a residue 

exposed to the microtubule lumen and inaccessible from MAPs and motors1,4, could affect 

microtubule mechanics remains an open question. Here we develop FRET-based assays that report 

on the lateral interactions between protofilaments and find that αK40 acetylation directly weakens 

inter-protofilament interactions. Congruently, αK40 acetylation affects two processes largely 

governed by inter-protofilament interactions, reducing the nucleation frequency and accelerating 

the shrinkage rate. Most relevant to the biological function of acetylation, microfluidics 

manipulations demonstrate that αK40 acetylation enhances flexibility and confers resilience 

against repeated mechanical stresses. Thus, unlike deacetylated microtubules that accumulate 

damages when subjected to repeated stresses, long-lived microtubules are protected from 

mechanical aging through their acquisition of αK40 acetylation. Thus, unlike other tubulin post-

translational modifications that act through MAPs, motors and severing enzymes, intraluminal 

acetylation directly tunes the compliance and resilience of microtubules.
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MAIN TEXT

Microtubules with hour-long half-lives found in cytoplasm, cilia and axons must preserve 

their structural integrity in the face of ubiquitous mechanical stresses to maintain tracks for 

intracellular transport. Paradoxically, while microtubules assembled in vitro have millimeter-

long persistence lengths and are as stiff as Plexiglas5,6, long-lived microtubules in cells are 

frequently highly buckled due to the compressive loads generated by microtubule-based 

molecular motors and actomyosin contractility7,8. How long-lived microtubules acquire 

mechanical stability is not known.

αK40 acetylation has recently emerged as a candidate for the mechanical stabilization of 

microtubules because nematodes mutant for the αK40 acetyltransferase αTAT1/MEC-17 

experience profound microtubule defects including protofilament number variability, 

fragmentation and lattice opening9–11. To characterize the biochemical consequences of 

αK40 acetylation, we enzymatically modified brain tubulin (30% acetylated) then removed 

the enzymes to generate pure preparations of acetylated (>96%) and deacetylated (<1% 

acetylated) tubulin (Fig. 1a and Supplementary Fig. 1a,b,c). Absolute levels of acetylation 

were determined by comparison with ciliary tubulin, a standard known to be 100% 

acetylated12. Surprisingly, acetylated tubulin self-assembled much slower than deacetylated 

tubulin while brain tubulin showed intermediate kinetics (Fig. 1b). The effects of TAT1 and 

SIRT2 on microtubule self-assembly were fully reversible (Supplementary Fig. 1d–f), 

confirming that it is acetylation per se and not the enzymes themselves that impinge on the 

kinetics of polymerization. Self-assembly of tubulin is kinetically limited by nucleation and 

reaches an apparent steady-state once polymerization and depolymerization balance one 

another. Consistent with the increased lag phase of self-assembly for acetylated tubulin, 

acetylation decreased the spontaneous nucleation rate by 2.7-fold (Fig. 1c, Supplementary 

Fig. 2a,b). Further supporting the conclusion that acetylation reduces microtubule 

nucleation, addition of pre-formed microtubule seeds to acetylated tubulin rapidly 

accelerated self-assembly and the steady-state levels of microtubules became nearly 

identical between deacetylated and acetylated samples once seeds had been supplied (Fig. 

1d). The pronounced effects of acetylation on nucleation of pure tubulin demonstrate that 

acetylation directly regulates a molecular interaction within the microtubule lattice without 

the need for a molecular intermediate. We thus sought to pinpoint the specific molecular 

interactions within the lattice that are altered by acetylation.

Microtubule nucleation is thought to entail the assembly of short protofilaments through 

longitudinal (i.e. head-to-tail) interactions between α/β-tubulin dimers, the formation of 

small sheets through parallel inter-protofilament interactions; lateral and longitudinal 

extension then lead to sheet closure into a 13- to 15-protofilament tube13 (Fig. 1e). Similarly, 

microtubule polymerization and depolymerization are governed by longitudinal and lateral 

interactions but in subtly different ways. Microtubule depolymerization entails the outward 

curving of protofilaments imparted by the GDP-bound conformation of tubulin and peeling 

of protofilaments away from one other14. The relative energetics of outward protofilament 

bending and lateral cohesion between neighboring protofilaments is thus expected to govern 

depolymerization15. Meanwhile, in the elongating microtubule, a GTP cap is predicted to 
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lock protofilaments into a straight conformation and the rate of subunit addition is most 

closely influenced by longitudinal interactions (see model in Fig. 1e). Consequently, the 

strengthening of lateral interprotofilament interactions is expected to slow depolymerization 

while minimally affecting growth rates16. Measurements of single microtubule dynamics 

showed no detectable difference in the growth rate of deacetylated and acetylated 

microtubules (Fig. 1f and Supplementary Fig. 2b). Strikingly, acetylated microtubules 

depolymerized threefold faster than deacetylated microtubules (Fig. 1f and Supplementary 

Fig. 2b). These data are consistent with lateral, but not longitudinal, interactions being 

reduced by acetylation.

To more directly assess the dynamics of longitudinal and lateral interactions between tubulin 

dimers, we developed a FRET-based assay that monitors the self-assembly events preceding 

nucleation (Fig. 2a). When experiments were conducted in the presence of GTP but below 

the critical concentration for microtubule self-assembly, no microtubules were observed 

(Supplementary Fig. 2c) yet FRET between tubulin dimers was readily detected, indicative 

of self-assembly without overt polymerization (Fig. 2b). This assay reports on relevant 

interactions between tubulin dimers as self-assembly was undetectable in the presence of 

GDP (Fig. 2f and Supplementary Fig. 2d). Consistent with the finding that deacetylation 

accelerates a step that precedes nucleation, the pre-nucleation self-assembly rate of 

deacetylated tubulin was six times faster than that of acetylated tubulin (Fig. 2b,f). Even in 

the presence of taxol, a strong promoter of microtubule nucleation, self-assembly of tubulin 

was accelerated four times by deacetylation (Fig. 2c,f). Furthermore, deacetylated tubulin 

still self-assembled faster than acetylated tubulin in presence of the slowly hydrolysable 

GTP analogues GTPγS or GMPCPP (Fig. 2d–f), indicating that acetylation does not exert 

its effects through a modulation of GTP hydrolysis. Congruently, the rate of GTP hydrolysis 

during microtubule polymerization was unaffected by the degree of αK40 acetylation 

(Supplementary Fig. 2e). In this context, it is notable that the catastrophe frequency was 

unaffected by acetylation, indicating that the stochastic loss of the GTP cap is not influenced 

by acetylation (Supplementary Fig. 2b).

To determine whether acetylation alters the geometry and strength of longitudinal 

interactions between tubulin dimers, we assessed protofilament curvature and length after 

protofilament assembly at 4°C17 (Fig. 2g and Supplementary Fig. 2f). In agreement with 

structural studies of α-β end-to-end contacts18,19, GTPγS, GTP, GMPCPP and GTP/taxol 

protofilaments became progressively straighter in individually assembled protofilaments 

(Fig. 2h,i and Supplementary Fig. 3a–f). Importantly, no significant differences in length or 

radius were detected between deacetylated and acetylated protofilaments regardless of the 

nucleotide status of tubulin (Fig. 2h,i and Supplementary Fig. 3e,f). Collectively, our 

analysis of protofilament shape suggests that αK40 acetylation does not modify longitudinal 

interactions and leaves inter-protofilament interactions as the most likely affected parameter 

in self-assembly. We note that protofilaments are longer in the presence of GTPγS 

(Supplementary Fig. 3e), and the resulting increase in the number of laterally interacting 

subunits may partially mask the inhibition of self-assembly by acetylation (Fig. 2d,f). 

Meanwhile, by straightening protofilaments (Fig. 2i, Supplementary Fig. 3c and Ref. 17,20), 

taxol facilitates interprotofilament interactions and mitigates the effect of acetylation on self-

assembly (Fig. 2c,f). The acetylation-dependent decrease of self-assembly rates is most 
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greatly attenuated by GMPCPP (Fig. 2e,f), likely because GMPCPP both lengthens and 

straightens protofilaments (Supplementary Fig. 3d–f) thus combining the apparent effects of 

taxol and GTPγS on self-assembly.

To directly test the hypothesis that αK40 acetylation weakens lateral interactions, we 

developed a biophysical FRET-based assay that reports on the strength of inter-protofilament 

interactions (Fig. 3a). Following the observation that tubulin assembles into protofilaments 

in the presence of taxol and GTP at 4°C (Supplementary Fig. 3c and Ref. 21) and that at least 

85% of the tubulin oligomerizes into protofilaments under these conditions (Supplementary 

Fig. 3g), we generated labelled protofilaments preparations in GDP-containing buffer 

(Supplementary Fig. 3h,i). In the absence of GTP, raising the temperature did not lead to 

microtubule polymerization (see Fig. 4a,b). However, incubation of the protofilaments in the 

presence of GDP at 32°C led to an increase in FRET signal indicative of protofilament-

protofilament interactions (Fig. 3b,e). Because free tubulin incubated under the same 

conditions did not produce detectable FRET signal (Fig. 3c,e) and free tubulin mixed with 

protofilaments only yielded a modest FRET signal (Fig. 3d,e), we conclude that longitudinal 

interactions do not significantly contribute to the FRET signal and that the FRET assay 

reports on inter-protofilament interactions without signal contamination from the free 

tubulin remaining in the protofilament preparation. Strikingly, acetylation decreased 

protofilament self-association five-fold (Fig. 3b,e). Pelleting assays confirmed that a greater 

mass of oligomers was generated by assembly of deacetylated protofilaments than with 

acetylated protofilaments (Fig. 3f and Supplementary Fig. 4b). Since neither protofilament 

length nor curvature were affected by the acetylation status at αK40 (Supplementary Fig. 

3i), these results indicate that tubulin acetylation directly reduces either α-α or β-β lateral 

contacts.

Extending the results from the FRET assay, negative stain EM showed that deacetylated 

protofilaments assembled into large sheets while acetylated protofilaments remained for the 

most part isolated with only rare instances of two to three protofilaments associating with 

one another (Fig. 4a–c and Supplementary Fig. 5a,b). Importantly, analysis of diffraction 

patterns22 demonstrated that the incubation of protofilaments produced sheets organized in 

parallel arrays, similarly to the organization of the microtubule lattice (Fig. 4d,e). The 

diffraction pattern of sheets produced by the protofilament assay was asymmetrical, as was 

the pattern generated by sheet-like structures at the open ends of microtubules (Fig. 4d,e). 

Meanwhile the diffraction pattern of antiparallel zinc sheets was instead symmetrical (Fig. 

4f). A weakening of lateral α-α or β-β interactions by αK40 acetylation thus provides a 

unifying explanation for the reduced nucleation rate, accelerated shrinkage and decreased 

inter-protofilament association of acetylated tubulin (Fig. 1e). Interestingly, while acetylated 

and deacetylated microtubules assembled from pure tubulin normally have the same number 

of protofilaments, acetylation enriches 13-protofilament microtubules and depletes 14-

protofilament microtubules when microtubules are incubated in the presence of kinesin23. 

One interpretation is that, because of slight geometrical differences, lateral interactions in 

14-protofilament microtubules are more reliant on αK40 than in 13-protofilament 

microtubules. Consequently, acetylation of αK40 may destabilize 14-protofilament 

microtubules against the torque imposed by the power stroke of kinesin. In agreement with 

biophysical evidence that lateral contacts between protofilaments are extremely 
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tenuous24–26, a 3.5 Å structure of microtubules finds α-α and β-β contacts consisting of a 

single aromatic residue captured by a pocket on the lateral neighbor19. Since αK40 

buttresses one of the two loops that form side-to-side contacts27, it has been proposed that an 

electrostatic bond involving αK40 alters the strength of α-α interactions9,23. This 

hypothesis has however eluded structural investigations as the nine amino acids flanking 

αK40 remain the last unsolved part of the α/β-tubulin core19, even in a 4.2 Å structure of 

microtubules assembled from non-acetylated recombinant tubulin28. Together, these data 

suggest that the αK40 loop is flexible and that the lateral contact whose strength is reduced 

by αK40 acetylation is itself dynamic.

As microtubule acetylation takes place post-assembly in cells and acetylated microtubules 

are protected from depolymerization3, we rationalized the reduction of inter-protofilament 

interactions by αK40 acetylation in the biological context of microtubule mechanics. By 

distributing material away from the central axis, the tubular architecture dramatically 

increases flexural rigidity compared to a filamentous organization29. At the same time, a 

longitudinal opening will convert the tube into a highly flexible planar sheet. Similarly, 

inter-protofilament sliding within the lattice has been proposed to facilitate microtubule 

bending25,30,31. We predicted that the weakening of lateral interactions by αK40 acetylation 

may decrease flexural rigidity. Microtubule mechanics were studied using our recently 

described system32 where dynamic microtubules grow from stabilized microtubule seeds 

grafted onto micropatterns and are subjected to an orthogonal flow measured in situ with 

fiduciary beads (Fig. 5a). Consistent with our hypothesis, acetylation greatly increased 

microtubule flexibility (Fig. 5b, Supplementary Fig. 5c,d). Furthermore, similar to 

microtubules assembled from brain tubulin32, the flexural rigidity of deacetylated 

microtubules decreased with each consecutive bending cycle, evidencing the material fatigue 

of deacetylated microtubules (Fig. 5c,d, Supplementary Fig. 5c–f, Supplementary Video 1). 

In stark contrast, the flexural rigidity of acetylated microtubules remained unchanged in face 

of repeated bending cycles, thus demonstrating that acetylation suppresses material fatigue 

and limits the aging of long-lived microtubules.

We propose that the weakening of lateral interactions by αK40 acetylation prevents pre-

existing lattice defects from spreading into large areas of damage under repeated stress33,34 

(Fig. 5e). αK40 acetylation is thus predicted to make long-lived microtubules less 

susceptible to breakage in contexts where they are subjected to repetitive cycles of bending. 

The acquisition of microtubule resilience through αK40 acetylation is best exemplified in 

the touch receptor neurons that run along the longitudinal axis of nematode. The 

microtubules in these neurons are bent by the sinusoidal movements of the animal and 

ablation of the αK40 acetyltransferase leads to axonal microtubule breakages9,10 that can be 

rescued by paralyzing the animal11. Cardiomyocytes represent a particularly dramatic 

example of repeated microtubule stresses as the compressive forces generated by sarcomere 

shortening are resisted by microtubules that buckle under axial load35. Tubulin 

detyrosination was found to be important in anchoring stable microtubules to the 

sarcomere35 and, while there is no direct link between detyrosination and acetylation of 

tubulin, it will be of interest to test whether acetylation protects cardiomyocyte microtubules 

from breakage resulting from repetitive buckling.
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Finally, recent studies have found that TAT1 can enter the microtubule either though the ends 

or through defects along the lattice36–38. Furthermore, it is conceivable that bending 

produces transient and local breathing events that enable TAT1 entry and local αK40 

acetylation37. Local acetylation near lattice defects and areas subjected to stress may 

therefore increase resilience in areas most prone to mechanical breakage.

ONLINE METHODS

Tubulin purification and labelling

No cell lines were used in this study. Bovine brain tubulin was purified as previously 

described39. Briefly, tubulin was purified from pig brain extract by two cycles of 

polymerization/depolymerization in high-molarity PIPES buffer. Brain, acetylated and 

deacetylated tubulin were labeled with either rhodamine-NHS (Thermo), NHS-atto-488 

(Sigma), NHS-LC-LC-biotin (EZ-link, Thermo) or NHS-DyLight 650 (Thermo) as 

described40. The labeling of acetylated and of deacetylated tubulin stocks were conducted 

side by side for each fluorophore. The labelling stoichiometries were nearly identical for 

acetylated and deacetylated tubulin stocks and were approximately 1 fluorophore per dimer 

for Atto 488-labeled tubulin, 0.6 for rhodamine-labeled tubulin and 0.25 for DyLight 650-

labeled tubulin.

Protein expression and purification

Proteins were expressed in Escherichia coli Rosetta2 after induction with 0.2 mM IPTG at 

16 °C overnight. TAT1[2-236] was purified using Glutathione Sepharose 4B and eluted into 

2XT (40 mM Tris, pH 7.4, 400 mM NaCl, and 5 mM DTT) by overnight cleavage with 

PreScission protease (GE Healthcare). His-tagged SIRT2 was expressed in bacteria (plasmid 

is gift from Eric Verdin) and purified using Ni-NTA beads and eluted into 2XT (40 mM Tris, 

pH 7.4, 400 mM NaCl, and 5 mM β-mercaptoethanol) supplemented with 100 mM 

imidazole. All proteins were aliquoted into single-use aliquots after addition of 5% glycerol.

Enzymatic modification of tubulin

Tubulin was acetylated or deacetylated by adding TAT1 [2-236] construct or SIRT2 into 

ADE buffer (40 mM PIPES pH 6.9, 0.8 mM EGTA, 0.4 mM MgSO4, 4.0 M Glycerol). 100 

μM of acetyl Co-enzyme A (Sigma) was added for TAT1-mediated acetylation, and 1 mM 

NAD+ (Sigma) was added for SIRT2-mediated deacetylation. The reactions were incubated 

for 1h at 4°C and 1h at 24°C. Microtubules were then allowed to fully polymerize for 1h at 

30°C and subsequently submitted to two cycles of polymerization/depolymerization in High 

Molarity PIPES buffer39. One cycles of polymerization/depolymerization was repeated until 

no trace of enzymes was detected by Coomassie staining. The final tubulin preparations 

were aliquoted in BRB80, flash frozen and stored in liquid nitrogen.

Absolute quantitation of α-tubulin K40 acetylation

The levels of acetylation at αK40 were measured by quantitative immunoblotting using a Li-

Cor infrared laser scanner (Odyssey), ensuring that measurements were in the linear range of 

the instrument. For immunoblotting, 1 ng of tubulin was resolved by SDS-PAGE, transferred 

onto a 0.45 μM PVDF membrane, probed with the 6-11-B1 anti-αK40 acetylated tubulin 
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monoclonal antibody (Sigma T6793) and Dylight 800-conjugated anti-mouse IgG (Thermo 

35521) and the membrane was scanned at 800 nm. For Coomassie staining, 1 μg of tubulin 

was resolved by SDS-PAGE and the gel scanned at 700 nm. To measure absolute levels of 

acetylation, we included a Tetrahymena ciliary tubulin, a standard previously demonstrated 

to be a 100% acetylated by Edman sequencing12.

Turbidity assay

Tubulin assembly was monitored by following the increase of turbidity as the absorbance at 

350 nm (SmartSpec 3000 spectrophotometer, Biorad). Prior to the experiment, tubulin 

solutions were centrifuged for 5 min at 227,000 x gave (80,000 rpm, TLA100.2) to remove 

oligomers and aggregated tubulin. 50 μM of modified tubulin was diluted in BRB80 with 1 

mM GTP and 5% glycerol and 5 mM DTT in a quartz cuvette and incubated at 37°C for the 

assembly measurement. Tubulin disassembly was triggered by placing the cuvette in iced 

cold water. Time points were taken every 5 min for 1h for the assembly phase and then every 

2 min for 15 min for the disassembly phase.

GTPase assay

Prior to the experiment, tubulin solutions were centrifuged for 5 min at 227,000 x gave 

(80,000 rpm, TLA100.2) to remove oligomers and aggregated tubulin. 50 μl reactions were 

assembled in BRB80 with 10 μM tubulin, 0.5 mM GTP, 0.5 mM DTT and 5% Glycerol. 

Spontaneous GTP hydrolysis was controlled with a reaction composed of 0.5 mM GTP, 0.5 

mM DTT and 5% Glycerol in BRB80. Reactions were incubated either at 4°C or at 37°C or 

at 37°C in presence of 1 μM of GMPCPP-stabilized microtubule seeds (free GMPCPP was 

removed from the microtubule seeds by centrifugation and resuspension in BRB80). After 

2.5 h, the reactions were stopped by addition of 5 μl of 50% TCA in BRB80 with 0.5 mM 

GTP and incubated for 2 min on ice. The samples were rapidly centrifuged to remove 

aggregates and 30μl samples were transferred to a clear-bottom 96-well plate (Sigma, Nunc 

MicroWell) and combined with 70 μl of Cytophos reagent (BK054, Cytoskeleton) to 

measure the amounts of inorganic phosphate. The reactions were incubated for 10 min at 

20°C after addition of Cytophos and the absorbance at 650 nm was recorded using a 

Polarstar Omega multimodes microplate reader. A phosphate standard curve was 

established, ranging from 0.1 to 2 nmol.

Microtubule nucleation assay

0.5, 5 or 10 μM free tubulin (unlabeled and rhodamine-labeled tubulin stocks were mixed so 

that 10% of the tubulin was rhodamine-labeled) was incubated at 37°C in BRB80, 1 mM 

GTP and 5 % glycerol. Microtubules were fixed with 0.5% glutaraldehyde in BRB80 after 5 

of 15 min and then centrifuged through a glycerol cushion on a coverslip. The microtubules 

were imaged using a standard epifluorescence microscope equipped with a 60x oil 

immersion (Zeiss). The microtubules were counted using imageJ.

Imaging of microtubule dynamics by TIRF microscopy

Total internal reflection microscopy imaging of microtubule dynamics in vitro was 

conducted as follow: Microtubule seeds were polymerized with 0.5 mM GMPCPP from a 10 
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μM mixture of rhodamine–labelled, biotin-labelled, and unlabeled tubulin dimers in a 4:2:1 

ratio at 37°C for 30 min. Glass coverslips were cleaned by bath sonication for 15 min 

successively in 1 M NaOH, 2% Hellmanex III (Hellma), acetone and ethanol (96%). The 

clean coverslips were silanized in a solution of trichloroethylene with 0.2% 

dimethyldichlorosilane for 2h at room temperature and then washed 3 times in methanol and 

3 times in MilliQ water. Fully sealed flow cells were mounted onto a TIRF-equipped 

DeltaVision workstation (Applied Precision, Issaquah, WA) and imaged with a PlanApo 

60×/1.40NA objective (Olympus, Central Valley, PA), warmed to 37°C by a temperature-

controlled environmental chamber. Dynamic microtubules were elongated from the 

stabilized microtubule seeds by the addition of 7 μM tubulin (mixture of unlabeled and Atto 

488-labeled tubulin at 19:1 ratio) with 1 mM GTP. Dynamic microtubules were imaged by 

TIRF using a 488nm laser for excitation (QLM, Deltavision). Microtubule seeds were 

imaged in the Cy3 channel. Dual-emission data were collected at 2 s intervals for 15 min.

Imaging of protofilaments by negative stain EM

Formvar carbon coated grids (Electron Microscopy Sciences) were exposed for 45 s to deep 

UV and then coated with poly-L-Lysine for 1 min to increase protein adsorption. 

Protofilament samples were absorbed to grids for 30 s and then negatively stained with 1.5% 

uranyl acetate for 25 s. For the visualization of protofilaments lateral association into sheets, 

the taxol-stabilized protofilaments in BRB80 with 1 mM GDP were incubated at 37°C 

directly onto the formvar carbon coated grids. Protofilaments and protofilaments sheets were 

visualized using a JEOL 1400 electron microscope at 120 kV at a final magnification of 

25,000 x. Protofilament length and radius were manually measured using imageJ by drawing 

a polyline on the protofilaments and fitting a circle from the polyline (using Fit Circle, 

ImageJ). The width of the tubulin sheets was measured manually using ImageJ and was 

reported as a number of protofilaments using a width of 4 nm for protofilament. To confirm 

that the tubulin sheets represent pre-assembled protofilaments associated in parallel arrays, 

we compared the diffraction patterns22 of sheets to that of open sheets at the plus end of 

taxol stabilized microtubules (parallel protofilament organization) and to tubulin sheets 

assembled in presence of zinc (antiparallel protofilament organization) using the Fourier 

shape analysis of imageJ.

Pre-nucleation self-assembly assay

A step-by-step protocol can be found on Protocol Exchange41. Prior to the assay, free 

tubulin solutions were centrifuged for 5 min at 227,000 x gave (80,000 rpm, TLA100.2) to 

remove oligomers and aggregated tubulin. Rhodamine- and DyLight 650-labeled tubulin 

stocks were mixed with unlabeled tubulin so that 10% of the tubulin was rhodamine-labeled 

and 10% DyLight 650-labeled. The reactions were composed of 0.5 to 5 μM free tubulin in 

BRB80, nucleotides (1 mM GTP, GDP, GTPγS, or 0.5 mM GMPCPP or 1mM GTP with 0.5 

to 5 μM taxol). The reactions were then transferred to a thermostated cuvette within a 

Fluoromax-3 fluorimeter (Horiba) pre-equilibrated at 32 °C. The emitter fluorophore was 

excited at 561 nm and the acceptor fluorescence was recorded at 702 nm with a 4 nm 

bandwidth at 15s capture interval, 10s measurement time, and for a total acquisition time of 

30 min. For each time point, the background fluorescence measured at time zero was 

subtracted from the fluorescent signal. The oligomerization rate was calculated by 

Portran et al. Page 8

Nat Cell Biol. Author manuscript; available in PMC 2017 August 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



measuring the slope of the progress curve before steady-state was reached. If steady-state 

was not reached within the time frame of the experiment, then the slope of the entire curve 

was used to calculate the rate.

Imaging of the reaction products was conducted similarly to the nucleation assay. A 

rhodamine-labeled tubulin stock was mixed with unlabeled tubulin so that 10% of the 

tubulin was rhodamine-labeled. A mixture of unlabeled and rhodamine-labeled tubulin at 9:1 

molar ratio was incubated for 30 min, reactions were fixed with 0.5% glutaraldehyde in 

BRB80 for 5 min and centrifuged through a glycerol cushion onto coverslips.

Protofilament preparation and pelleting assays

Protofilament assembly was conducted by incubating 0.5 μM tubulin in BRB80 with 1 mM 

GTP, 0.5 μM taxol (Sigma T-7402) and 5% glycerol for 30 min at 4°C. The protofilaments 

were then dialyzed in BRB80 containing 0.5 μM taxol for 1h at 4°C using a D-tube Dialyser 

Mini (MWCO 6–8 kDa, Novagen) and 1 mM GDP was added after dialysis. To estimate the 

amount of protofilaments, solutions were centrifuged at 424,000 x gave (100,000 rpm, 

TLA100 rotor) for 1h at 4°C. To estimate the amount of protofilament sheets, reactions were 

centrifuged at 86,000 x gave (45,000 rpm, TLA100.3 rotor) for 30 min at 37°C. The pellet 

and supernatant fractions were collected, and tubulin amounts in each fraction were 

determined by SDS-PAGE, Coomassie staining and gel scanning at 700 nm (Licor, 

Odyssey). As a control, free tubulin in presence of GDP and taxol was centrifuged under the 

same conditions.

Protofilament assembly and association assay

A step-by-step protocol can be found on Protocol Exchange41. A rhodamine-labeled tubulin 

stock was mixed with unlabeled tubulin so that 10% of the tubulin was rhodamine-labeled. 

In a parallel reaction, Dylight 650-labeled tubulin stocks was mixed with unlabeled tubulin 

so that 10% of the tubulin was Dylight 650-labeled. Protofilament assembly was conducted 

by incubating 0.5 μM tubulin in BRB80 with 1 mM GTP, 0.5 μM taxol (Sigma T-7402) and 

5% glycerol for 30 min at 4°C. In order to prevent protofilament elongation during the 

FRET assay, the free GTP remaining in the protofilament preparations was removed by 

dialysis into BRB80 containing 0.5 μM taxol for 1h at 4°C using a D-tube Dialyser Mini 

(MWCO 6–8 kDa, Novagen). After dialysis, 1 mM GDP was added to the protofilament 

preparations to further prevent microtubule assembly. Pelleting at 424,000 x gave (100,000 

rpm, TLA100 rotor) for 1h demonstrated that at least 85 % of the tubulin was present in 

oligomer form after the protofilaments assembly procedure (Supplementary Fig. 3g). 

Protofilament morphology was characterized by negative stain EM. The morphologies of 

acetylated and deacetylated protofilaments were nearly identical (see Supplementary Fig. 

3a–d). After addition of GDP, the rhodamine- and DyLight 650-labeled protofilament 

solutions were mixed together at a 1:1 ratio transferred to a thermostated cuvette within a 

Fluoromax-3 fluorimeter (Horiba) pre-equilibrated at 32 °C to initiate the protofilaments 

association assay. The emitter fluorophore was excited at 561 nm and the acceptor 

fluorescence was recorded at 702 nm with a 4 nm bandwidth at 15s capture interval, 10s 

measurement time, and for a total acquisition time of 30 min. For each time point, the 

background fluorescence measured at time zero was subtracted from the fluorescent signal. 
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The protofilament association rate was calculated by measuring the slope of the progress 

curve before steady state was reached. To control for the signal obtained from the free 

tubulin dimers in solution, 0.5 μM of protofilaments (assembled from 0.5 μM solution in 

which 10% of the tubulin is rhodamine-labeled) were mixed with 0.5 μM free tubulin (5% of 

the tubulin is Dylight 650-labeled) to approximate the free tubulin left in solution after 

protofilament assembly (Fig. 3d).

Microtubules flexibility measurement

Microtubule bending experiment were performed as previously described32 using 

microtubule micropatterning in a microfluidic chip. Briefly, biotinylated GMPCPP-

stabilized microtubule seeds were attached to micropatterns and microtubules were allowed 

to elongate from the seeds by the addition of 14 μM of free tubulin dimers in presence of 1 

mM GTP. The flow inside the microfluidic chip was controlled using a microfluidic pump 

(MDCS-4C, fluigent). For repeated bending experiments, the flow was turned on for 10 s 

and then turned off for 10 s, repeating this cycle up to seven times. Fiduciary fluorescent 

beads, present in solution in the same focal plane as the microtubules, allowed for the in situ 
measurement of the flow speed imposed on the microtubules lattice. Microtubules were 

visualized using an objective-based azimuthal ilas2 TIRF microscope (Nikon Eclipse Ti, 

modified by Roper Scientific) and an Evolve 512 camera (Photometrics). The microscope 

stage was kept at 37 °C by means of a warm stage controller (LINKAM MC60). Excitation 

was achieved using lasers with wavelengths of 491 and 561 nm (Optical Insights). 

Microtubule flexibility was calculated using a previously described methodology32.

Code availability

The computer code used for analysis of microtubule curvature and calculation of persistence 

length was previously described32 and is available from the corresponding author on request.

Data availability

All data supporting the conclusions are available from the corresponding author on 

reasonable request.

Statistics and reproducibility

Statistical analyses were performed with Kaleidagraph (Synergy software) and RealStat 

(Excel, Microsoft). Statistical significance was assessed by a two-tailed p-value calculated 

using either a Student’s t-test or a non-parametric (Mann-Whitney) analysis as indicated in 

the legend. The experiments presented in figure 3d, 3f, in supplementary figure 1e and 1f 

were performed once. All other experiments were independently repeated at least twice. For 

each experiment the number of samples that were analyzed as well as the number of 

repeated independent experiments are indicated in the figure legend. All samples were 

included in the analysis. Experiments where microtubule dynamics were substantially 

different from the usual parameters were excluded. This criterion was pre-established. No 

statistical method was used to predetermine sample size. The experiments were not 

randomized. The investigators were not blinded to allocation during experiments and 

outcome assessment.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. αK40 acetylation impairs microtubule nucleation and accelerates depolymerization
a, Acetylated (Ac96) and deacetylated (Ac0) tubulin preparations were produced by treating 

purified brain tubulin (Ac30) with the acetyltransferase TAT1 or the tubulin deacetylatase 

SIRT2 as detailed in Supplementary Fig. 1a. Samples were resolved on SDS-PAGE and 

Coomassie-stained (top) or immunoblotted for αK40 acetylation (bottom). Axonemal 

preparations from Tetrahymena cilia provide a 100% acetylation calibrator. The measured 

levels of αK40 acetylation are shown below (mean of n=3 tubulin preparations ± SD). 

Unprocessed original scans of blots are shown in Supplementary Fig. 1c. b, Polymer 

formation was monitored by following the turbidity, or absorbance at 350 nm, of solutions 

containing 50 μM tubulin incubated at 37°C. Error bars represent the standard errors of the 

mean (SEM), n=3 independent experiments for Ac0, Ac30 and Ac96 tubulin. c, Fluorescence 

images of microtubules nucleated from 10 μM tubulin solutions incubated at 37°C and fixed 

at 5 and 15 min (images are representative of 3 independent experiments). The mean rate of 

microtubule nucleation (± SEM) from n=3 independent experiments is shown below each 

image. Scale bar: 10 μm. d, Polymer formation was monitored as in b, except that starting 

tubulin concentration was 45 μM and that 5 μM GMPCPP-stabilized microtubule seeds were 

added after 70 min. Error bars: SEM, n=3 independent experiments. e, Diagram outlining 

microtubule nucleation and dynamics. The various assays used in this study are outlined and 

the effects of tubulin acetylation discovered in this study are shown. f, Kymographs of 

dynamic Ac96 and Ac0 microtubules imaged by TIRF microscopy (representative of 3 

independent experiments). In red are the GMPCPP stabilized microtubule seeds and in green 
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the dynamic microtubules elongating from the seed. Insets show depolymerizing 

microtubules at higher magnification. The rates of growth and shrinkage are shown on the 

right, n = 117 Ac96 microtubules and n = 156 Ac0 microtubules (pooled from n= 3 

independent experiments, data are mean ± SD). Source data for 1b and 1d can be found in 

Supplementary Table 1.
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Figure 2. Tubulin acetylation affects tubulin self-assembly
a, Diagram of the FRET-based pre-nucleation self-assembly assay. b–e, Tubulin self-

assembly assayed by inter-dimer FRET. A solution of free tubulin below the critical 

concentration for nucleation in which 10% bears a DyLight 650 label and 10% a rhodamine-

label was incubated at 37°C and self-assembly was followed in a spectrofluorimeter by 

exciting rhodamine at 561 nm and measuring DyLight 650 emission at 700 nm. Data points 

are mean ± SEM, b, 5 μM tubulin was mixed with 1 mM GTP. n=5 for Ac96 and n=4 for 

Ac0 tubulin. c, 0.5 μM tubulin was mixed with 1 mM GTP + 0.5 μM taxol. n=7 for Ac96 and 

n=4 for Ac0 tubulin. d, 5 μM tubulin was mixed with 1 mM GTPγS. n=4 for both Ac96 and 

Ac0 tubulin. e, 0.5 μM tubulin was mixed with 0.5 mM GMPCPP. n=5 for both Ac96 and 

Ac0 tubulin. n values represent the number of independent experiments. f, Dot plot of the 

pre-nucleation self-assembly rates for Ac96 and Ac0 tubulin. The experiment was done using 

5 μM of free tubulin with 1 mM GDP, 1 mM GTP or 1 mM GTPγS, or 0.5 μM of free 

tubulin with 1 mM GTP + 0.5 μM taxol or 0.5 mM GMPCPP. The bar denotes the mean. 

The p-values were calculated using a two-tailed unpaired Student’s t-test. g, Taxol-stabilized 

protofilaments observed by negative stain electron microscopy. The length of each 

protofilament was measured and a circle was fitted onto the protofilament to measure the 

radius (images representative of 2 independent experiments). h,i, Box plots of the length (h) 

and radius (i) of the Ac0 (blue boxes) and Ac96 (red boxes) protofilaments assembled in the 

presence of GTP or GTP+taxol. For the GTP condition: n=612 Ac0 protofilaments and 

n=513 Ac96 protofilaments, for the GTP+taxol condition: n=542 Ac0 protofilaments and 

n=536 Ac96 protofilaments (pooled from 2 independent experiments). A Mann-Whitney test 
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was used to compare Ac0 and Ac96 protofilaments populations in each condition. No 

significant differences were observed between Ac0 and Ac96 protofilaments in length 

(p=0.74 for GTP and p=0.07 for GTP+taxol) or radius (p=0.64 for GTP and p=0.94 for GTP

+taxol). The box represents the 25th-75th percentile, whiskers indicate 1.5 times the range 

and the bar in the middle is the median.
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Figure 3. αK40 acetylation weakens inter-protofilament interactions
a, Diagram of the FRET-based protofilament association assay. Two populations of taxol-

stabilized protofilaments were mixed together in the presence of taxol and GDP at 37°C and 

self-association was followed by monitoring the fluorescence transferred between 

protofilaments. b–d, Self-assembly was assayed in the presence of 1 mM GDP and 0.5 μM 

taxol at 32°C. FRET was followed in a spectrofluorimeter by exciting rhodamine at 561 nm 

and measuring DyLight 650 emission at 700 nm. (b) Rhodamine-labeled protofilaments 

were mixed with DyLight 650-labeled protofilaments (each made with a molar ratio of 90% 

unlabeled tubulin to 10% labeled tubulin). Data points are mean ± SEM. n = 7 independent 

experiments for both Ac96 and Ac0 tubulin. (c) Rhodamine- and DyLight 650-labeled 

tubulin stocks were mixed with unlabeled tubulin so that 10% of the tubulin was rhodamine-

labeled and 10% DyLight 650-labeled. Data points are mean of n = 2 experiments for both 

Ac96 and Ac0 tubulin. (d) Protofilaments (molar ratio of 90% unlabeled tubulin to 10% 
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rhodamine-labeled tubulin) were mixed with free tubulin (molar ratio of 95% unlabeled 

tubulin to 5% DyLight 650-labeled tubulin) to mimic the free tubulin left in solution after 

protofilament assembly. Data points are mean ± SEM. n = 3 independent experiments for 

both Ac96 and Ac0 tubulin. e, Dot plot of the self-assembly rates for free tubulin, free tubulin 

with protofilaments or protofilaments incubated in the presence of 1 mM GDP and 0.5 μM 

taxol at 32°C. The bar denotes the mean. Total tubulin concentration was 0.5 μM. The p-

values of the two-tailed unpaired Student’s t-tests are indicated. f, Dot plot of the amount of 

tubulin pelleted at 86,000 x gave for 30 min at 32°C as a result of the association amongst 

Ac0 or Ac96 protofilaments (n=3 independent experiments). The bar denotes the mean. The 

p-values of the two-tailed unpaired Student’s t-tests are indicated. Source data for 3c and 3d 

can be found in Supplementary Table 1.
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Figure 4. The protofilament interaction assay produces parallel sheets
a,b, EM micrographs of the protofilaments interaction assays (images are representative of 2 

independent experiments). Protofilaments were incubated at 32°C for 30 min with 0.5 μM 

taxol and 1 mM GDP, and imaged by negative-stain EM. The few sheets observed with Ac96 

protofilaments contained only 2 to 5 protofilaments (a), while extended sheets are seen with 

Ac0 protofilaments (b). Scale bar = 100 nm. Protofilaments sheets are highlighted in gold 

color in the magnified bottom right panel of (a) and (b). Scale bar: 100 nm. c, Box plots of 

the width of sheets (expressed in contiguous protofilament numbers) formed by the 

association of Ac0 or Ac96 protofilaments. n = 361 Ac96 protofilaments and n = 382 Ac0 

protofilaments (pooled from 2 independent experiments). The box represents the 25th–75th 

percentile, whiskers indicate 1.5 times the range, bar in the middle is the median d–f, 
Negative stain EM images and associated diffraction patterns; magenta dashed lines indicate 

the meridian of the diffraction pattern. d, The closed microtubule lattice and its diffraction 

pattern is shown in the bottom right panels while the open sheet and its diffraction patterns is 

shown on the top right panels. e, Protofilament sheet and its diffraction patterns from the 

protofilament self-assembly assay. f, Antiparallel protofilament sheet assembled in presence 

of zinc. Scale bars: 25 nm (full size images), 10 nm (magnified insets). Diagrams illustrate 

the known and deducted protofilaments organization. The experiments presented in d and f 
were performed once, and the experiment in e twice.
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Figure 5. Acetylation at αK40 protects microtubules against stress-induced material fatigue
a, Diagram representing the experimental setup used to measure microtubule flexibility and 

material fatigue. Microtubules were elongated from GMPCPP seeds grafted onto 

micropatterns, bent using a perpendicular flow for 10 s and then allowed to relax for 10 s. 

The microtubules are kept dynamic during the experiment by maintaining tubulin 

concentration at 14 μM in the flowing solution. b, Microtubule persistence lengths measured 

during the first bending cycle. ** denotes a p-value of the two-tailed unpaired Student’s t-
test<0.01, n = 11 Ac96 microtubules and n = 17 Ac0 microtubules. The box represents the 

25th–75th percentile, whiskers indicate 1.5 times the range, bar in the middle is the median. 

c, Pseudocolor images of a single representative microtubule at the end of each bending 

cycle. Scale bar = 5μm. d, Plot showing the evolution of persistence length over successive 

bending cycles. Microtubule persistence lengths were normalized to their initial values (the 

non-normalized data are shown in Supplementary Figure 5c and d). Data points are mean ± 

SD, n = 11 Ac96 microtubules and n= 17 Ac0 microtubules. e, Model accounting for the 

increased flexibility and mechanical stability of acetylated microtubules due to decreased 

inter-protofilament interactions.
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