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 2 

ABSTRACT 22 

 23 

 The dynamic instability of microtubules is powered by the addition and removal of tubulin 24 

dimers at the ends of the microtubule. Apart from the end, the microtubule shaft is not considered 25 

to be dynamic. However recent evidence suggests that free dimers can be incorporated into the 26 

shaft of a microtubule damaged by mechanical stress. Here we explored whether dimer exchange 27 

was a core property of the microtubule lattice independently of any external constraint. We found 28 

that dimers can be removed from and incorporated into the lattice at sites along the microtubule 29 

shaft. Furthermore, we showed by experiment and by modeling that rapid dimer renewal requires 30 

structural defects in the lattice, which occur in fast growing microtubules. Hence long-lived 31 

microtubules have the capacity to self-renew despite their apparent stability and thereby can 32 

potentially regulate signaling pathways and structural rearrangements associated with tubulin-33 

dimer exchange at sites along their entire length. 34 

  35 
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INTRODUCTION 36 

The discovery that microtubules have the property of dynamic instability came from the 37 

investigation of microtubule-growth kinetics in response to the dilution of soluble tubulin (Mitchison 38 

and Kirschner, 1984). Dynamic instability allows microtubules to co-exist in the growing and 39 

shrinking states and to abruptly transit between the two. Concurrent with this discovery, an intense 40 

controversy animated the investigation of the location of tubulin incorporation into microtubules 41 

(Inoue, 1981), which was proposed to occur along lateral sides (Salmon et al., 1984) or at the end of 42 

microtubules (Leslie et al., 1984). Soon after, the injection of labeled tubulin dimers in living cells 43 

revealed that microtubule growth was mainly promoted by dimer addition at the microtubule ends 44 

(Soltys and Borisy, 1985). Further experiments showed that GTP hydrolysis in those newly added 45 

dimers at the growing end, triggered the transition to the shrinking phase (Duellberg et al., 2016). 46 

Hence microtubule dynamics appeared to be fully controlled by tubulin exchange at microtubule 47 

free ends (Akhmanova and Steinmetz, 2008). However, this unequivocal scenario was contested by 48 

the observation that end-stabilized microtubule subjected to free tubulin washout fold and broke 49 

along the shaft of the microtubule, reviving the possibility of lateral exchange of dimers at these 50 

sites (Dye et al., 1992). This hypothesis was recently demonstrated by experiments on microtubules 51 

subjected to repeated cycles of bending. Microtubules appeared capable of self-repair and 52 

maintaining rigidity over repeated cycles by incorporating free tubulin dimers into sites of damaged 53 

lattice (Schaedel et al., 2015). Later, live cell imaging revealed that those damaged sites in which 54 

tubulin dimers were incorporated also act as rescue sites protecting the microtubule from further 55 

disassembly and promoting the resumption of growth (Aumeier et al., 2016; de Forges et al., 2016). 56 

The hypothesis of lateral exchange of tubulin dimers along the microtubule shaft had been 57 

predicated on the notion that the lattice bending and breakage would trigger the exchange. 58 

However, lattice self-repair has been observed under rather small hydrodynamic drag forces (1 pN 59 

on 30 m long microtubules, corresponding to an average work of about 2 kBT performed on a 60 

dimer) (Schaedel et al., 2015, and  Supplementary Material). This suggests that such dimer 61 

exchange can occur at a slower time scale in response to thermal stochastic forces only. This 62 

modified hypothesis would then apply to almost all long-lived cellular microtubules.  63 
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RESULTS 64 

 We tested the possibility of spontaneous microtubule turnover by growing microtubules in 65 

vitro from purified brain tubulin (Weisenberg, 1972). Dynamic microtubules were nucleated from 66 

short taxol-stabilized microtubule seeds and elongated in the presence of 20 µM of free tubulin 67 

dimers (“tubulin growth” condition), 10% of which was labeled with red fluorophores (Fig. 1a, step I). 68 

Microtubule seeds were grafted on micropatterned sites surrounded by anti-fouling coating to 69 

maintain microtubule end anchorage to the substrate, and thus preventing microtubule 70 

displacement when switching medium, and avoiding microtubule shaft interaction with the 71 

substrate (Portran et al., 2013; Schaedel et al., 2015). Importantly, and in contrast with common 72 

practices in the field, microtubule shafts were not stabilized with taxol because it can impact lattice 73 

structure (Kellogg et al., 2017; Yajima et al., 2012) and because its stabilizing effect can impact 74 

intrinsic biochemical properties of the lattice (Reid et al., 2017). Microtubule ends where then 75 

exposed to free tubulin in the presence of GMPCPP, a non-hydrolysable analog of GTP to protect 76 

them from depolymerization (Fig 1a, step II). Microtubule ends were capped to enable the 77 

investigation of GDP lattice turnover over a longer period than the typical lifetime of microtubules 78 

governed by dynamic instability in vitro. Capped microtubules were then exposed to 20 µM of free 79 

tubulin dimers labeled with a green fluorophore for 15 minutes (“tubulin exchange” condition) (Fig 1a, 80 

step III). After washout of the free tubulin (Fig 1a, step IV), green tubulin spots became apparent 81 

along microtubule shafts (Fig. 1b). This method revealed that tubulin incorporation can occur 82 

spontaneously, ie in the absence of external bending forces, in less than 15 minutes.  83 

 Tubulin dimer incorporation appeared to be a cooperative process because the sites of 84 

incorporation ranged in length from less than 1 µm up to 6 µm, which suggested up to several 85 

hundreds of dimers were included (Fig. 1b). For dynamic microtubules, the law of mass action 86 

requires that the polymerization speed at the growing microtubule end depends on the 87 

concentration of free tubulin (Mitchison and Kirschner, 1984). We therefore hypothesized that 88 

tubulin incorporation into the lattice would also depend on the concentration of free tubulin. To test 89 

this hypothesis, microtubules generated in the tubulin-growth process were exposed to different 90 

concentrations of free-tubulin in the tubulin-exchange process. Sites of incorporated tubulin were 91 

identified using line scans of green-fluorescence intensity along the microtubule and corresponded 92 

to zones of fluoresecence intensity that were at least 2.5-fold higher than the background 93 

fluorescence. At subcritical (7 µM) and critical concentrations (14 µM), the frequencies of tubulin-94 

incorporation sites were 0.02/µm and 0.03/µm, respectively. At 20 µM, the frequency increased to 95 

0.09/µm (see Fig. 1c). Therefore, tubulin incorporation into the shaft is dependent on the 96 

concentration of free tubulin, as has been found at end of the microtubule. 97 
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 5 

 A genuine turnover process would imply that some dimers also leave the lattice. This means 98 

that, if no incorporation occurs, microtubules should exhibit marked dimer loss. To verify this, we 99 

monitored end-capped microtubules in the absence of free tubulin in the solution. We found that 100 

microtubules developed soft, flexible regions a few micrometers in length, which continued to 101 

spread along the microtubule shafts. The highly bent regions eventually broke after 10 ± 5 min, 102 

followed by rapid shortening of the remaining microtubule ends (Fig. 1d). This indicated that tubulin 103 

is lost preferentially in a longitudinal direction and in a cooperative process, as expected for an 104 

anisotropic lattice where longitudinal bonds are stronger than lateral bonds (Sept et al., 2009). 105 

 The incorporation and loss of tubulin in microtubules in the absence of external constraints 106 

suggested a genuine spontaneous and continuous process of tubulin turnover that depended on the 107 

concentration of free tubulin, similar to the gain and loss of tubulin at microtubule ends. However, 108 

previous work has suggested that the lattice energy is too high to permit a spontaneous turnover 109 

(VanBuren et al., 2002; VanBuren et al., 2005; Sept et al., 2009). We re-investigated this question by 110 

performing Monte-Carlo simulations of the canonical microtubule lattice (13 protofilaments and 3 111 

start left-handed helix) (Mandelkow et al., 1986; Chrétien and Wade, 1991) in a comparable 112 

approach to what has previously been modelled (VanBuren et al., 2002; Wu et al., 2009; Gardner et 113 

al. 2011 and Methods). However, we specifically allowed for the exchange of dimers between the 114 

microtubule shaft and the surrounding solution, a possibility which was not considered previously. 115 

Also, exchange depended critically on the presence of nearest neighbors in the lattice, via Arrhenius 116 

type kinetics (Fig. 2a and Methods). The parameters for the modelling were adapted from Gardner 117 

et al. (Gardner et al., 2011) to approximately match experimentally measured polymerization and 118 

depolymerization speeds, such that microtubules exhibited a dynamic instability for tubulin 119 

concentrations close to the critical concentration (see Fig. 2b, Table S1 and Supplementary Fig. S1). 120 

To model the experiments of end-stabilized microtubules (Fig. 1b), we simulated the exchange of 121 

dimers between 20 m long microtubule shafts and the solution containing 20 M free tubulin. The 122 

frequency of dimer exchange between the lattice and pool of free dimers during the first 15 minutes 123 

was considered too low to be detectable experimentally (Fig. 2c). The simulation showed an 124 

exchange of about 1 dimer per helical turn would rather take several hours and be distributed nearly 125 

homogeneously along the microtubule (Fig. 2d). We concluded that this model of a regular lattice, 126 

where all dimers interact with four neighbors, was not sufficient to explain the localized exchange 127 

patterns. 128 

The experimentally observed incorporation patterns, made of few long stretches rather than 129 

numerous dispersed spots (Figs. 1b,c), suggested that some lattice sites might be structurally 130 

different from other parts of the lattice and favor the local exchange of tubulin. As a matter of fact, 131 

the microtubule lattice is not perfect but exhibits defects (Chrétien and Fuller, 2000; Chrétien et al., 132 
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1992; Vitre et al., 2008; Doodhi et al., 2016; Schaap et al., 2004), such as missing dimers, lateral 133 

cracks and dislocation defects. The most common defect is the dislocation defect, where the 134 

protofilament number and/or the helix start number change along the shaft of the microtubule and 135 

which are typically separated by several micrometers (Chrétien et al., 1992). We hypothesized that 136 

the elastic stress, associated with dislocation defects, might be sufficient to promote spontaneous 137 

tubulin turnover at that site in the microtubule shaft and to explain the localized exchange pattern. 138 

We therefore extended our Monte-Carlo model to simulate the microtubule dynamics at transitions 139 

between 12 and 13 protofilament lattice conformations via dislocation defects. Thereby we 140 

postulated (i) that a passive lattice breathing mechanism occurs at the defect site (Fig. 2e); (ii) that 141 

there is an elastic strain energy GS associated with the defect; and (iii) that the 13 protofilament 142 

lattice is slightly more stable than the 12 protofilament lattice (Hunyadi et al., 2005, see also 143 

Methods). We simulated the exchange of dimers for microtubule shafts containing two dislocation 144 

defects, a 1312 and a 1213 transition (in the direction of the microtubule plus end). For a high 145 

free tubulin concentration (Fig. 2f), we found that free protofilaments at the dislocation site 146 

elongated by dimer addition, albeit in the sense that free plus ends were elongating faster than free 147 

minus ends. Elongation occured with a speed of 1-2 m within 15 min. At a low tubulin 148 

concentration (Fig. 2g), the elongation of the free protofilament ends was below the detection limit. 149 

Growth speed of plus and minus protofilament ends at the dislocation defect was dependent on the 150 

dislocation energy penalty Gs and the free tubulin concentration (Fig. 2h). Overall, rapid tubulin 151 

turnover at the defect was a robust behavior, which can be simulated over a broad range of 152 

parameters in the Monte Carlo model (see Supplementary Fig. S1). Hence the numerical simulations 153 

show that small lattice imperfections with little impact on overall microtubule appearance (width 154 

and curvature) are sufficient to promote turnover. They also predict that the frequency of 155 

dislocation defects should directly impact the frequency of the sites of tubulin turnover. 156 

Lattice defects have been previously observed by cryo-electron microscopy on microtubules 157 

assembled from purified tubulin (Chrétien et al., 1992; Chrétien and Fuller, 2000). Here, we 158 

investigated the effect of tubulin concentration, and hence of microtubule growth rate, on the 159 

frequency of lattice defects (Fig. 3). Microtubules were nucleated from centrosomes to facilitate 160 

visualization of their elongating plus ends. They were assembled at three tubulin concentrations (6.5 161 

µM, 13 µM and 19.5 µM) and were vitrified at different times during the assembly process. We could 162 

characterize the growth rate and the lattice-defect frequency as a function of tubulin concentration 163 

after 3 min of assembly (Fig. 3a). Transitions types were preferentially 13⇒12, 13⇒14 and 14⇒13, 164 

although transitions that involved the loss of two protofilaments or only a change in the helix-start 165 

number were also observed (Supplementary Table S2). At the lowest tubulin concentration the 166 
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microtubule growth rate was 0.8 ± 0.4 µm.min-1 and the defect frequency was about 0.006 µm-1 (Fig. 167 

3a and supplementary Table S2). At a two- and threefold higher tubulin concentration, microtubules 168 

grew at 2.2 ± 0.9 µm.min-1 and 3.5 ± 0.9 µm.min-1 respectively, and the dislocation frequency 169 

increased to 0.014 µm-1 and 0.45 µm-1, respectively. These results demonstrated that the lattice-170 

defect frequency increased with increased free-tubulin concentration, and hence with increased 171 

microtubule growth rate.  172 

Changes in protofilament number necessitate the opening of the microtubule lattice. This 173 

can be visualized in three dimensions (3D) based on microtubule reconstructions from cryo-electron 174 

tomography at medium resolution and in the absence of averaging methods (Coquelle et al., 2011). 175 

With this approach, the characteristic transition from 13 to 14 protofilaments can be observed (Fig. 176 

3b), with the transition region marked as a ~75 nm length gap in the microtubule lattice (Fig.3b). 177 

Also, small protofilament extensions can occasionally be observed in the transition region (Fig. 3c, 178 

and Chrétien and Fuller, 2000). The structure of these extensions is similar to that of the tubulin 179 

sheets observed at growing microtubule ends (Chrétien et al., 1995; Guesdon et al., 2016). These 180 

observations suggest that tubulin can indeed be added at the end of free protofilaments at the 181 

transition regions. 182 

 We then took advantage of the relationship between microtubule growth rate and lattice-183 

defect frequency to modulate the latter and test its direct contribution to the regulation of tubulin 184 

turnover along the microtubule shaft. Thus, red microtubules were grown in the presence 14 µM, 20 185 

µM and 26 µM of free tubulin, capped with GMPCPP (Fig. 4a, steps I and II) and exposed to the same 186 

concentration of green tubulin (20 µM) for 15 min (step III) before washout of the free tubulin (step 187 

IV). Sites of incorporated tubulin were quantified: microtubules grown at 14, 20 and 26 µM had on 188 

average, 0.05, 0.09 and 0.17 sites of tubulin incorporation per micrometer, respectively (Fig. 4b), the 189 

latter corresponding to 1 incorporation site every 6 µm. This demonstrated that higher defect 190 

frequencies were associated with increased tubulin turnover. 191 

 192 

DISCUSSION 193 

 Taken together, our results revealed that, in a similar way to the microtubule end, the 194 

microtubule shaft can spontaneously incorporate and shed dimers (Fig 4c). Such incorporations 195 

have been observed in living cells and attributed to the effect of mechanical stress on the lattice 196 

(Aumeier et al., 2016; de Forges et al., 2016). Our results now suggest that they may occur 197 

spontaneously if the microtubule exists long enough, ie more than a dozen of minutes, which is the 198 

case in most cells in interphase and notably differentiated cells in which microtubules can exist for 199 

hours (Gelfand and Bershadsky, 1991; Li and Black, 1996). Our results also showed that turnover 200 
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depends on the presence of lattice defects, which remain difficult technically to identify in living 201 

cells. However, lattice defects may be more frequent in vivo than in vitro given that the growth rate 202 

of microtubules is typically 10-fold higher in vivo (Zanic et al., 2013). On the other hand, the 203 

frequency of lattice defects in vivo may be reduced by other proteins that support tubulin assembly 204 

at the microtubule end (Akhmanova and Steinmetz, 2008), which could eliminate defects and 205 

enforce a homogeneous lattice. Nevertheless, lattice defects occur in vivo and have been shown to 206 

impact the motion of microtubule motors (Gramlich et al., 2017; Liang et al., 2016), microtubule-207 

severing enzymes (Díaz-Valencia et al., 2011; Davis et al., 2002), and the recruitment of 208 

microtubule-associated proteins (de Forges et al., 2016). Our results suggest that dimer turnover 209 

promotes the remodeling of the microtubule’s conformation around sites of lattice defects and 210 

thereby confers on it an unexpected degree of structural plasticity. Furthermore, dimer turnover, by 211 

promoting the incorporation of new GTP-bound tubulin along the lattice, is likely to promote the 212 

recruitment of specific proteins with affinity for this tubulin state and thereby potentially impact 213 

also the biochemical regulation of the microtubule network.   214 
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Figure Legends 331 

 332 

Figure 1: (a) The schematic representation of the experimental setup used to test microtubule-333 

lattice turnover in the absence of external forces. Microtubules were grown with red-fluorescent 334 

tubulin at a concentration of 20 M before they were capped with GMPCPP and exposed to varying 335 

concentrations of green-fluorescent free tubulin. After 15 min, the green tubulin was washed out to 336 

reveal spots of green tubulin along the red microtubule. (b) Examples of red microtubules showing 337 

spots of incorporated green tubulin along the lattice. The graphs represent line scans along the 338 

microtubule (red curve: red fluorescent channel, green curve: green fluorescent channel). Sites of 339 

incorporated tubulin were identified as zones of fluorescence intensity, which were at least 2.5-fold 340 

higher than the background fluorescence (see yellow stars). The graph on the right shows the length 341 

of the incorporated tubulin stretches. The bar represents the mean length. Scale bars: 3 m. (c) 342 

Microtubules grown at 20 M tubulin concentration were exposed to 7 M, 14 M and 20 M of 343 

green-fluorescent free tubulin. The images and line scans represent typical examples for every 344 

concentration. The average frequency of incorporation spots is indicated below. Scale bars: 3 m. 345 

(d) Sequence of images showing a capped microtubule in the absence of free tubulin, which 346 

develops a soft region that extends along the microtubule before breakage. The graph on the right 347 

shows the time that microtubules survive before breaking, the bar represents the mean survival 348 

time. 349 

 350 

Figure 2: Monte-Carlo simulations of microtubule lattice dynamics. (a) Lattice scheme for a 13_3 351 

protofilament lattice with a seam and possible lattice transitions. (b) Tip dynamics for various 352 

concentrations of free tubulin as indicated in the legends. (c,d) Exchange of tubulin dimers between 353 

the microtubule shaft of end-stabilized 13_3 microtubules and the surrounding medium with 20 M 354 

free tubulin at short (c) and long (d) time scales. (e) Scheme of the breathing mechanism of the 355 

microtubule lattice at a dislocation defect. (f,g) Exchange of tubulin dimers between the 356 

microtubule shaft and the surrounding medium with 20 M (f) and 14 M (g) free tubulin at sites of 357 

dislocation defects. The initial position of the defect is marked by a white star. GS=2 kBT. The bar 358 

on the right of (c,d,f,g) shows at snapshot of the exchange pattern after 15 min as it would be 359 

observed experimentally. The color code of (c,d,f,g) indicates the number of exchanged dimers per 360 

helical turn. (h) Observable size of incorporation spots in m of 1213 (top) and 1312 transitions 361 

after 15 min as a function of the free tubulin concentration and the defect strain energy GS.  362 

 363 

Figure 3: (a) Growth rate (left) and dislocation frequency after 3 min of assembly (right) in 364 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted January 16, 2018. ; https://doi.org/10.1101/249144doi: bioRxiv preprint 

https://doi.org/10.1101/249144
http://creativecommons.org/licenses/by/4.0/


 14 

centrosome-nucleated microtubules as a function of the free tubulin concentration. (b) Cryo-365 

electron tomogram of a 13 14 protofilament-number transition. Longitudinal slice through the 366 

tomogram at the transition region (top left). Scale bar: 25 nm. The star indicates the open portion of 367 

the microtubule wall. Transverse slices (top middle) and rotational averaging of these images (top 368 

right) before and after the transition (boxed regions in the left image). Scale bars: 10 nm. 3D 369 

rendering of the dislocation (bottom) visualized under UCSF Chimera (Pettersen et al., 2004). The 370 

arrow points to the dislocation. pfs: protofilaments. (c) Outwardly curved protofilament extension 371 

(arrow) at a 13 14 protofilament number transition (double arrow). Scale bar: 50 nm. 372 

 373 

Figure 4: (a) The schematic representation of the experimental setup to test the role of the 374 

microtubule growth rate/lattice-defect frequency on tubulin turnover in the microtubule lattice. 375 

Microtubules were grown in 14 M, 20 M or 26 M red-fluorescent free tubulin before capping with 376 

GMPCPP. Microtubules were then exposed to 20 M green-fluorescent free tubulin for 15 min 377 

before washout. (b) The images and line scans show examples of microtubules grown at different 378 

tubulin concentrations and the average frequency of sites of tubulin incorporation. Scale bars: 3 m. 379 

(c) Model scheme for lattice dynamics at the microtubule ends and at sites of lattice defects, such as 380 

sites of transition of protofilament number. 381 

 382 

 383 

  384 
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Materials and Methods  385 

 386 

Tubulin purification and labeling 387 

 388 

Tubulin was purified from fresh bovine brain by three cycles of temperature-dependent assembly 389 

and disassembly in Brinkley Buffer 80 (BRB80 buffer; 80 mM PIPES, pH 6.8, 1 mM EGTA, and 1 mM 390 

MgCl2 plus 1 mM GTP; Shelanski, 1973). MAP-free neurotubulin was purified by cation-exchange 391 

chromatography (EMD SO, 650 M, Merck) in 50 mM PIPES, pH 6.8, supplemented with 1 mM MgCl2, 392 

and 1 mM EGTA (Malekzadeh-Hemmad et al., 1993). Purified tubulin was obtained after a cycle of 393 

polymerization and depolymerization. Fluorescent tubulin (ATTO-488 and ATTO-565-labeled 394 

tubulin) and biotinylated tubulin were prepared as previously described (Hyman et al., 1991). 395 

Microtubules from neurotubulin were polymerized at 37°C for 30 min and layered onto cushions of 396 

0.1 M NaHEPES, pH 8.6, 1 mM MgCl2, 1 mM EGTA, 60% v/v glycerol, and sedimented by high 397 

centrifugation at 30°C. Then microtubules were resuspended in 0.1 M NaHEPES, pH 8.6, 1 mM 398 

MgCl2, 1 mM EGTA, 40% v/v glycerol and labeled by adding 1/10 volume 100 mM NHS-ATTO (ATTO 399 

Tec), or NHS-Biotin (Pierce) for 10 min at 37°C. The labeling reaction was stopped using 2 volumes 400 

of 2X BRB80, containing 100 mM potassium glutamate and 40% v/v glycerol, and then microtubules 401 

were sedimented onto cushions of BRB80 supplemented with 60% glycerol. Microtubules were 402 

resuspended in cold BRB80. Microtubules were then depolymerised and a second cycle of 403 

polymerization and depolymerization was performed before use. 404 

 405 

Cover-glass micropatterning 406 

 407 

The micropatterning technique was adapted from Portran et al. (2013). Cover glasses were cleaned 408 

by successive chemical treatments: 30 min in acetone, 15 min in ethanol (96%), rinsing in ultrapure 409 

water, 2 h in Hellmanex III (2% in water, Hellmanex), and rinsing in ultrapure water. Cover glasses 410 

were dried using nitrogen gas flow and incubated for three days in a solution of tri-ethoxy-silane-411 

PEG (30 kDa, PSB-2014, creative PEG works) 1 mg/ml in ethanol 96% and 0.02% of HCl, with gentle 412 

agitation at room temperature. Cover glasses were then successively washed in ethanol and 413 

ultrapure water, dried with nitrogen gas, and stored at 4°C. Passivated cover glasses were placed 414 

into contact with a photomask (Toppan) with a custom-made vacuum-compatible holder and 415 

exposed to deep UV (7 mW/cm2 at 184 nm, Jelight) for 2 min 30 s. Deep UV exposure through the 416 

transparent micropatterns on the photomask created oxidized micropatterned regions on the PEG-417 

coated cover glasses.  418 
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 419 

 420 

Microfluidic circuit fabrication and flow control 421 

 422 

The microfluidic device was fabricated in PDMS (Sylgard 184, Dow Corning) using standard 423 

photolithography and soft lithography. The master mold was fabricated by patterning 50-µm thick 424 

negative photoresist (SU8 2100, Microchem, MA) by photolithography (Duffy et al., 1998). A 425 

positive replica was fabricated by replica molding PDMS against the master. Prior to molding, the 426 

master mold was silanized (trichloro(1H,1H,2H,2H-perfluorooctyl)silane, Sigma) for easier lift-off. 427 

Four inlet and outlet ports were made in the PDMS device using 0.5 mm soft substrate punches 428 

(UniCore 0.5, Ted Pella, Redding, CA). Connectors to support the tubing were made out of PDMS 429 

cubes (0.5 cm side length) with a 1.2 mm diameter through hole. The connectors were bonded to 430 

the chip ports using still liquid PDMS as glue, which was used to coat the interface between the chip 431 

and the connectors, and was then rapidly cured on a hotplate at 120°C. Teflon tubing (Tefzel, inner 432 

diameter: 0.03'', outer diameter: 1/16'', Upchurch Scientific) was inserted into the two ports serving 433 

as outlets. Tubing with 0.01'' inner and 1/16'' outer diameter was used to connect the inlets via two 434 

three-way valves (Omnifit labware, Cambridge, UK) that could be opened and closed by hand to a 435 

computer-controlled microfluidic pump (MFCS-4C, Fluigent, Villejuif, France). Flow inside the chip 436 

was controlled using the MFCS-Flex control software (Fluigent). Custom rubber pieces that fit onto 437 

the tubing were used to close the open ends of the outlet tubing when needed.  438 

 439 

Microtubule growth on micropatterns 440 

 441 

Microtubule seeds were prepared at 10 µM tubulin concentration (30% ATTO-488-labeled or ATTO-442 

565-labeled tubulin and 70 % biotinylated tubulin) in BRB80 supplemented with 0.5 mM GMP-CPP 443 

at 37°C for 1 h. The seeds were incubated with 1 µM Taxotere (Sigma) at room temperature for 30 444 

min and were then sedimented by high centrifugation at 30°C and resuspended in BRB80 445 

supplemented with 0.5 mM GMP-CPP and 1 µM Taxotere. Seeds were stored in liquid nitrogen and 446 

quickly warmed to 37°C before use. 447 

The PDMS chip was placed on a micropatterned cover glass and fixed on the microscope stage. The 448 

chip was perfused with neutravidin (25 µg/ml in BRB80; Pierce), then washed with BRB80, 449 

passivated for 20 s with PLL-g-PEG (Pll 20K-G35-PEG2K, Jenkam Technology) at 0.1 mg/ml in 10 450 

mM Na-Hepes (pH = 7.4), and washed again with BRB80. Microtubule seeds were flowed into the 451 

chamber at high flow rates perpendicularly to the micropatterned lines to ensure proper orientation 452 

of the seeds. Non-attached seeds were washed out immediately using BRB80 supplemented with 453 
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1% BSA. Seeds were elongated with a mix containing 14, 20 or 26 µM of tubulin (30% labeled) in 454 

BRB80 supplemented with 50 mM NaCl, 25 mM NaPi, 1 mM GTP, an oxygen scavenger cocktail (20 455 

mM DTT, 1.2 mg/ml glucose, 8 µg/ml catalase and 40 µg/ml glucose oxidase), 0.1% BSA and 0.025% 456 

methyl cellulose (1500 cp, Sigma). GMPCPP caps were grown by supplementing the before-457 

mentioned buffer for with 0.5 mM GMPCPP (Jena Bioscience) and using 10 µM tubulin (100% 458 

labeled with a red fluorophore). For fracture experiments, this buffer was then replaced by a buffer 459 

containing the same supplements, but without free tubulin and GTP (“washing buffer”). For 460 

incorporation experiments, the same buffer as for seed elongation was used, using 7 µM, 14 µM or 461 

20 µM tubulin (100% labelled, green fluorescent). Microtubules were incubated in this buffer for 15 462 

min before replacing it with washing buffer for imaging. 463 

 464 

Imaging 465 

 466 

Microtubules were visualized using an objective-based azimuthal ilas2 TIRF microscope (Nikon 467 

Eclipse Ti, modified by Roper Scientific) and an Evolve 512 camera (Photometrics). The microscope 468 

stage was kept at 37°C using a warm stage controller (LINKAM MC60). Excitation was achieved 469 

using 491 and 561 nm lasers (Optical Insights). Time-lapse recording was performed using 470 

Metamorph software (version 7.7.5, Universal Imaging). Movies were processed to improve the 471 

signal/noise ratio (smooth and subtract background functions of ImageJ, version 1.47n5). To 472 

visualize incorporation, images were typically taken every 150 ms and 30 images were overlain and 473 

averaged. For fracture experiments, images were taken every 10 s.  474 

 475 

Cryo-electron microscopy 476 

 477 

Analysis of lattice-defect frequency as a function of tubulin concentration was performed on 478 

microtubules assembled from phosphocellulose-purified bovine-brain tubulin nucleated by 479 

centrosomes isolated from KE-37 human lymphoid cells (Chrétien et al. 1995). Briefly, centrosomes 480 

and tubulin at the desired concentration (6.5 µM, 16 µM and 19 µM) were mixed and incubated 481 

directly on the EM grid under controlled humidity and temperature conditions (Chrétien at al., 482 

1992), blotted with a filter paper to form a thin film of suspension, and quickly plunged into liquid 483 

ethane. Microtubules were visualized with a EM 400 electron microscope (Philips) operating at 80 484 

kV. Images were taken at ~1.5 µm underfocus on negatives (SO-163, Kodak). Sites of transition of 485 

protofilament and/or helix-start numbers were determined on printed views of the negatives 486 

(Chrétien et al., 1992; Chrétien and Fuller, 2000).  487 
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Cryo-electron tomography was performed on microtubules self-assembled from phosphocellulose-488 

purified porcine brain tubulin (Weiss et al., 2010). Ten nm gold nanoparticles coated with BSA 489 

(Aurion) were added to the suspension to serve as fiducial markers (Coquelle et al., 2011). Specimens 490 

in 4 µl aliquots were pipetted at specific assembly times and vitrified as described above. Specimen 491 

grids were observed with a Tecnai G2 T20 Sphera (FEI) operating at 200 kV. Tilt series, typically in 492 

the angular range ±60°, were acquired in low electron-dose conditions using a 2k x 2k CCD camera 493 

(USC1000, Gatan). Three-dimensional reconstructions were performed using the eTomo graphical 494 

user interface of the IMOD software package (Mastronarde, 1997). 495 

 496 

Monte-Carlo Simulations 497 

 498 

Kinetic Monte-Carlo simulations were performed using a rejection-free random-selection method 499 

(Lukkien et al., 1998). 500 

 501 

Lattice Structure: We used the same lattice structure as van Buren et al. (vanBuren et al., 2002) or 502 

Gardner et al. (Gardner et al., 2011). Briefly, the microtubule is modeled on the scale of the tubulin 503 

dimer as the canonical 13-3 (13 protofilament, 3 start left-handed helix) structure. In addition, we 504 

postulated the existence of a less stable 12-3 (12 protofilament, 3 start helix) (Chrétien and Wade, 505 

1991; Sui and Downing, 2010). The 13-3 lattice and the 12-3 lattice were connected via dislocation 506 

defects, where a single protofilament was lost or added (Chrétien et al., 1992). All lattice structures 507 

were modeled as square lattices, i.e. each dimer has two longitudinal and two lateral neighbors. 508 

Individual lattice sites on the square lattice were identified by a doublet of integers (i,j). The lattice 509 

was periodic in a direction perpendicular to the long axis of the microtubule with an offset of 3/2 510 

lattice sites to reproduce the seam structure. Therefore lattice sites at the seam have 2 nearest 511 

“half” neighbors across the seam, i.e. dimers at the left seam in Fig. 2a with the doublet (1,j) are in 512 

contact with dimers (13,j+2) and (13,j+1) and dimers at the right seam with doublet (13,j) are in 513 

contact with dimers (1,j-1) and(1,j-2) for a 13 protofilament lattice. At a dislocation defect a lattice 514 

site has only one longitudinal neighbor site. 515 

 516 

Lattice transitions and rate constants: Lattice sites can be either empty or occupied by GTP-bound 517 

(T) or GDP-bound (D) dimers. Dimers interact with other dimers on nearest neighbor lattice sites via 518 

attractive interactions, characterized by bond energies G1 and G2 for longitudinal and lateral 519 

bonds, respectively. 520 
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We assumed that longitudinal bonds of T-T contacts were further stabilized by the energy, GTT, 521 

following the allosteric model proposed by Alushin et al. (Alushin et al., 2014) and that independent 522 

of the occupation of the neighbor lattice site, GDP-dimers in the kinked deformation are less stable 523 

in the lattice compared with GTP dimers by the (small) energy, GD (Alushin et al. 2014). 524 

Furthermore, we assumed a small destabilizing energy,GC, for dimers in the 12 protofilament 525 

lattice compared with the 13 protofilament lattice, and a destabilizing energy, GS, for the dimer 526 

located directly at the dislocation defect. 527 

For the passive process of polymerization and depolymerization, the principle of detailed balance 528 

was assumed to hold and therefore on and off rate constants were coupled by the relation (De Groot 529 

and Mazur, 1984) 530 

 𝑘𝑜𝑓𝑓

𝑘𝑜𝑛𝑐0
= 𝑒

∆𝐺
𝑘𝐵𝑇 , (1) 

where c0 denotes the standard concentration of free tubulin in solution, G denotes the change in 531 

free energy upon transferring a free dimer from the solution into the lattice. Δ𝐺 =Δ𝐺𝐵 +Δ𝐺𝐸+⋯ 532 

contained contributions from binding of the dimer to nearest neighbors GB, the loss of entropy due 533 

to immobilization of the free dimer in the lattice  GE, and further contributions related to the 534 

conformation of the lattice, GC, and the presence of defects GS. For practical reasons, we rewrote 535 

equation (1) into 536 

 
𝑘𝑜𝑓𝑓 = 𝑘𝑜𝑓𝑓

∗ 𝑒
∆𝐺∗

𝑘𝐵𝑇  (2) 

with 𝑘𝑜𝑓𝑓
∗ = 𝑘𝑜𝑛𝑐0𝑒

Δ𝐺𝐸
𝑘𝐵𝑇  and where Δ𝐺∗ contains now only binding and conformational 537 

contributions. For the off-rate constant of a GDP dimer we assumed 538 

 
𝑘𝑜𝑓𝑓 = 𝑘𝑜𝑓𝑓

∗ 𝑒
∆𝐺∗+Δ𝐺𝐷

𝑘𝐵𝑇 . (3) 

And we assumed GTP dimers are irreversibly hydrolyzed into GDP dimers by the rate constant 𝑘ℎ𝑦 if 539 

their hydrolysable  subunit is in contact with the  subunit of another dimer (i.e. if the top-next 540 

longitudinal lattice site is occupied). Hence our modelling permitted the following transitions: GTP 541 

dimers that can polymerize into a lattice structure and depolymerize or hydrolyze into GDP dimers; 542 

and GDP dimers that can depolymerize from the lattice. 543 

At dislocation defects, the lattice can breathe (i.e. open with rate constant kbr to create an 544 

empty lattice site and close with rate constant kcl to annihilate an empty lattice site) as shown in Fig. 545 

2e. Because breathing is a reversible process kbr and kcl are related by 546 

 𝑘𝑏𝑟
𝑘𝑐𝑙

= 𝑒
∆𝐺𝐵𝑅
𝑘𝐵𝑇 , (4) 

where GBR denotes the difference in lattice free energy between the closed and open lattice state 547 
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and it contains contributions from the conformational energy penalty for a 12 protofilament lattice, 548 

which accelerates opening because a less favorable 12 protofilament lattice is receding in favor of a 549 

more stable 13 protofilament lattice, and contributions from the lateral binding energy of the bond 550 

which will be opened and the release in defect strain energy. GBR depends on the occupation of the 551 

lattice sites in proximity to the defect. 552 

Monte-Carlo simulations were performed using a custom-written C code. Unless stated otherwise, 553 

we used the following parameters listed in Table S1. 554 

 555 

Parameter Value References/Remarks 

G1 -14.4 kBT G1+GTT+GE=-8.8 kBT  (Gardner et al., 2011) 

GTT -5.6 kBT adapted for our model (van Buren et al., 2002) 

G2 -5 kBT Gardner et al., 2011 

GE 11.2 kBT lowest estimate is 10 kBT (Howard et al., 2001, vanBuren et 

al., 2002, Erickson, 1989) 

GD 1 kBT adapted for our model 

GC 0.2 kBT adapted for our model (Hunyadi et al. , 2005) 

GS 0-3.75 kBT adapted for our model  

kon 0.4 M-1s-1 adapted for our model to give an approximate microtubule 

elongation rate of 2 m.min-1, overall on-rate per 13_3 

microtubule is  

𝑘𝑜𝑛
𝑀𝑇 =5.2 M-1s-1 (Gardner et al. 2011, vanBuren et al. 

2002, Melki et al. 1996, Walker et al. 1988) 

k*
off 2.86 x 1010 s-1  

koff 0.4 s-1 for a GTP dimer with one lateral and one longitudinal GTP-

bound neighbor for a GTP dimer with one longitudinal 

GTP-bound neighbor  

koff=60 s-1 

khy 0.4 s-1 Melki et al. 1996 

kcl 0.7 s-1 fully occupied lattice at the dislocation 

kbr 0.4 s-1 fully occupied lattice at the dislocation 

Table S1: Parameter values used for the Monte-Carlo simulations unless stated otherwise. 556 

 557 
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