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Summary 

Microtubules are cytoskeletal filaments of eukaryotic cells made of αβ-tubulin heterodimers. 

Structural studies of non-microtubular tubulin rely mainly on molecules that prevent its self-assembly 

and are used as crystallization chaperones. Here we identified artificial proteins from an αRep library 

that are specific to α-tubulin. Turbidity experiments indicate that these αReps impede microtubule 

assembly in a dose-dependent manner and total internal reflection fluorescence microscopy further 

shows that they specifically block growth at the microtubule (-) end. Structural data indicate that they 

do so by targeting the α-tubulin longitudinal surface. Interestingly, in one of the complexes studied, 

the α subunit is in a conformation that is intermediate between the ones most commonly observed in 

X-ray structures of tubulin and those seen in the microtubule, emphasizing the plasticity of tubulin. 

These α-tubulin-specific αReps broaden the range of tools available for the mechanistic study of 

microtubule dynamics and its regulation. 
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Introduction 

Microtubules are eukaryot ic cytoskeletal  assembl ies involved in  cr it ical  funct ions ranging from intracellular 

trafficking to cil iogenesis and cell  division. To achieve these different  funct ions, cells constantly reorganize 

their  microtubule network, r egulat ing microtubule nucleat ion and dynamics. Microtubules are hollow tubes 

made of parallel  protofilaments for med by the head-to-tail  assembly of αβ-tubul in het erodimers (tubul in). As 

a result , microtubules are polar  structures, with a (-) end where α-tubul in subunits are exposed, and a  faster  

growing (+) end, t er minated by β-tubul in subunit s (Desa i and Mitchison, 1997). Our  understanding of 

microtubule dynamics and of it s regulat ion is st ill incompl ete, in  part icular  from a  structural  point  of  view, 

although cont inuous progress has been made over  the past  two decades. Indeed, microtubule structures are 

now available at  near  3 Å resolut ion from cryo-electron microscopy data (Benoit  et  al ., 2018; Howes et al ., 

2017; Zhang et  al ., 2015; Zhang et  al ., 2018). In  addit ion, crystal  structures of  non-microtubular  tubul in have 

been obtained despit e the notor ious diff iculty to crystall ize this protein, which is related to it s propensity to 

self-assembl e into heterogeneous species. Two general  strategies have been pursued to circumvent  this 

l imitat ion. In  one of  them, mutat ions that  diminish longitudinal  contacts between tubul in molecules have 

been introduced to disfavor sel f-assembly (Johnson et  al ., 2011). This tubul in mutant  has been crystall ized in 

compl ex with TOG domain proteins (Ayaz et  al ., 2014; Ayaz et  al ., 2012). The second approach is based on 

proteins that  make well -defined compl exes with tubul in, unable to assemble further . These proteins are either 

vertebrate stathmin-l ike domain proteins (SLDs) that  for m with tubul in a  2:1 tubul in:SLD assembly (T2SLD) 

(Jourdain et  al ., 1997) or  art if icial  Designed Ankyr in Repeat  Proteins (DARPins) (Pl ückthun, 2015) selected 

to bind β-tubul in (Pecqueur et  al ., 2012), and high resolut ion crystal  structures of  tubul in have been obtained 

with SLDs or  with DARPins used as crystall izat ion chaperones (Ahmad et  al ., 2016; Mignot  et  al ., 2012; 

Nawrotek et  al ., 2011)}. These proteins have also proven useful  to study the mechanism of  microtubule-

associated proteins (MAPs) t hat  interact  with tubulin, both structurally (Cao et  al ., 2014; Gigant  et  al ., 2013; 

Prota et  al ., 2013b; Wang et  al ., 2017) and biochemically (Gigant  et  al ., 2014; Li et  al ., 2015). However , both 

SLDs and DARPins may compete with MAPs for  tubul in binding. Indeed, SLDs target  a  tubul in surface that 

corresponds to the exter ior of  the microtubule (Gigant  et  al ., 2000), where the binding sit es of numerous 

MAPs are clustered (Nogales and Kellogg, 2017). Compet it ion with DARPins has also been reported 

(Nawrotek et  al ., 2014; Sharma et  al ., 2016). Therefore, t here is a  need to expand the tools available to study 

microtubules with proteins t hat  bind tubul in differently from SLDs or  from the DARPins used so far . In 

part icular , only a  few molecules that  stabil ize tubulin without  interact ing with it s β subunit  have been 

descr ibed (e.g ., (Cl ément  et al ., 2005; Wang et  al ., 2012)). 

We present  here the selection and character izat ion of αReps that  target  the tubul in α subunit . αReps are 

art ificial  proteins based on a  consensus sequence of a  HEAT-l ike repeated mot if  init ially observed in 

ther mophil ic microorganisms (Guellouz et  al ., 2013; Urvoas et  al ., 2010). We show that  selected αReps 

pr event  microtubule assembly with a  specif ic  blocking effect  at  the (-) end, and we have deter mined their  

structure in compl ex with tubul in to rat ional ize this inhibit ion. These tubul in-binding αReps broaden the 

range of tools ava ilable to study tubul in, in  part icular  its r egulat ion by β-tubul in-specif ic proteins. 

 



 3

Results and discussion. 

Selection of α-tubulin-specific αReps. 

The in  vitro select ion of binders from a  l ibrary of art ificial  proteins is usually perfor med on an immobil ized 

target . In the case of a  protein target , to pr eserve it s nat ive structure, this st ep often takes advantage of tags, 

e.g. a  biot inylated tag that  interacts with immobilized streptavidin (Guellouz et  al ., 2013). However , whereas 

systems to express recombinant  tubul in are now available (Johnson et  al ., 2011; Minoura et  al ., 2013; Ti et  

al ., 2016; Vemu et  al ., 2016), pur if icat ion of this protein from natural  sources is st ill  the most  efficient  way 

to obtain the large quant it ies needed for  biochemical  exper iments. We therefore decided to use for  select ion 

the same protein, pur if ied from sheep brain, that  will be used in  later  exper iments. To bias the select ion 

towards α-tubul in binders, we immobil ized a  β-tubul in-specif ic  biot inylated DARPin on a  streptavidin-

coated plate (Fig . 1A). In addit ion, to increase the residence t ime of  tubul in on the plate, we used a high 

affinity, slowly dissociat ing DARPin (Ahmad et  al ., 2016). An αRep l ibrary (Guellouz et  al ., 2013) was then 

screened through 3 rounds of phage display, and αReps that  bind tubul in were ident if ied in an ELISA assay. 

Two αReps, named iE5 and iiH5, which were among those giving the highest  signal  in this assay, and which 

compr ise 5 and 3 internal  repeats, r espect ively, were chosen for  further  biochemical  and structural  

character izat ion. 

The iE5 and iiH5 αReps bind tubulin and inhibit microtubule assembly. 

In  the ELISA assay, the interact ion of the αReps with tubul in was monitored whil e the latter  was 

immobil ized (Fig . 1A). To ascertain the interact ion in solut ion, we per for med size exclusion chromatography 

exper iments (Fig . 1B). Compared to tubul in alone, a chromatographic peak that  eluted earl ier  was observed 

when tubul in:αRep sampl es were loaded on the column. SDS-PAGE analysis of the protein content  of that  

peak indicated the pr esence of  both tubul in and either  of the αReps (Fig . 1C). These results confir m that  both 

iE5 and iiH5 for m a  complex with tubul in. In  addit ion, because the injected sampl es were prepared with a 

sl ight  molar  excess of αRep, and because a  peak corresponding to free αReps (not  bound to tubul in) was 

detected (Fig. 1B), t he size exclusion chromatography exper iments suggest  that  the stoichiometry of binding 

is one tubul in molecule for  one αRep in both cases. 

The gel  f iltrat ion profil e is character ist ic of a  tight  interact ion. For  both αReps, the peak of the compl ex was 

nearly symmetr ical , and the tubul in peak was compl etely displaced. To character ize the strength of the 

associat ion of tubul in with iE5 and iiH5 further , we studied the tubul in:αRep int eract ion by isothermal  

t itrat ion calor imetry (ITC). The t itrat ion of  tubulin by iE5 l ed to a  dissociat ion constant  (KD) of  270 ± 75 nM 

whereas the same exper iment  with iiH5 l ed to a  KD of  95 ± 15 nM (Fig. 1D,E; Table 1). These values are 

within the range usually found between selected αReps and their  target  protein (Chevrel  et  al ., 2018; 

Guellouz et  al ., 2013) and correspond to reasonably t ight  interact ions. 

Then we recorded the effect  of  iE5 and iiH5 on microtubule assembly using a  turbidity assay. We found that 

the turbidity signal  corresponding to microtubule assembly decreased in presence of  both αReps (Fig . 1F,G). 

These exper iments further  supported the 1:1 tubul in:αRep binding stoichiometry, in  agreement  with the gel  

filtrat ion analysis (Fig . 1B) and the ITC data (Table 1). For  instance, the turbidity pl ots of 20 µM tubul in in 
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pr esence of 5 µM iE5 (Fig. 1F) or  iiH5 (Fig . 1G) are similar  to the ones of the 15 µM tubul in control . The 

same a ppl ies when compar ing a  10 µM t ubul in solut ion and sampl es consist ing of 20 µM t ubul in and 10 µM 

αRep. Finally, when a  stoichiometr ic amount  of αRep was added to 20 µM t ubul in, al most  no turbidity 

signal  was detected. Taken t ogether , these results show that  both αReps inhibit  microtubule assembly in a  

dose-dependent  manner . To elucidate the basis of  this mechanism, we determined the structure of the 

corresponding tubul in–αRep compl exes. 

iE5 and iiH5 target the longitudinal surface of α-tubulin. 

The X-ray structure of tubul in–iE5 was deter mined by molecular  replacement  at  a  resolut ion of  2.6 Å (Table 

2). The structure confir med the 1:1 tubul in:iE5 stoichiometry (Fig . 2A) and there was one compl ex per  

asymmetr ic unit . In agreement  with the select ion strategy (Fig . 1A), the αRep binds to α-tubul in. It  targets a  

mostly acidic surface (Fig. 2B) that  is involved in tubul in–tubul in longitudinal  contacts within microtubules 

(Nogales et  al ., 1999) (Fig. 2C). It  interacts in part icular  with the α-tubul in T7 loop and the following H8 

hel ix, and with the H10-S9 l oop and the S9 β-strand (Fig . 2A,D) (see (Löwe et al ., 2001) and Fig . S1 for  

tubul in secondary structure nomenclature and domain def init ion). On the αRep side, the binding surface is 

electroposit ive (Fig . 2D) and for med by many residues from randomized posit ions but  also by some 

(invar iant ) r esidues of  the framework (Fig. 2E), as commonly observed in αRep sel ect ion (Guellouz et  al ., 

2013). 

The structure of tubul in–iiH5 was similarly deter mined to 3.2 Å r esolut ion (Table 2, Fig . 3A). There are 3, 

virtually ident ical , compl exes in the asymmetr ic unit  (pairwise root  mean square deviat ions (r .m.s.d .) ranging 

from 0.39 to 0.50 Å; about  1010 Cαs compared). In the crystal , tubul in–iiH5 formed a  hel ical  structure with 

6 compl exes per  turn and a pit ch of 54 Å, i.e. the width of one tubul in (Fig . 3B). Several  features of the 

tubul in–iE5 structure also appl y to tubul in–iiH5. Indeed, iiH5 makes a  1:1 assembly with tubul in. It  binds to 

the (acidic) longitudinal  surface of the α subunit  (Fig . 3C). It  interacts in part icular  with the T7 and the S8-

H10 loops and with the S9 strand (Fig . 3A,D). iiH5 also interacts with the N-t er minal  H1-S2 loop. In 

addit ion, the iiH5 binding surface is basic (Fig. 3D) and is mostly for med by residues at  randomized 

posit ions (Fig . 3E). The binding to the longitudinal  surface of α-tubul in, which is exposed at  the microtubule 

(-) end (Fig . S2), suggests that  these αReps may affect  the two ends of  the microtubule differently. 

iE5, iiH5 and a tandem repeat αRep stop growth at the microtubule (-) end. 

To discr iminate between effects the αReps have on the growth of the two different  microtubule ends, we 

imaged individual  microtubules using a  total  internal  reflect ion fluorescence microscopy (TIRFM) assay 

(Roostalu et  al ., 2015), in which dynamic microtubules grew in the presence of 15 µM tubul in from 

immobil ized GMPCPP-microtubule ‘seeds’. In  the absence of  αReps, microtubule (+) and (-) ends elongated 

with speeds of ~ 20 nm s-1 and 4 nm s-1, r espect ively (Fig . 4). The addit ion of  1 µM of  iE5 (Fig . 4C,H) or  of 

iiH5 (Fig. 4E,I) substant ially reduced the (-) end growth speed, whereas the (+) end growth speed was 

unaffected. To test  if  this select ive inhibitory effect  of  (-) end growth can be increased, we constructed a 

tandem repeat  version of the iiH5 αRep (Fig . S2), t ermed (iiH5)2, as it  was done pr eviously with a   β-tubul in 

target ing DARPin (Pecqueur  et  al ., 2012). We f ir st  ver ified using a  turbidity assay that  the inhibit ion of 
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microtubule assembly by (iiH5)2 (Fig . 1H) agrees with the for mat ion of  a  2:1 tubulin:(iiH5)2 compl ex 

(Campanacci et  al , submitted). TIRFM exper iments then demonstrated that  (iiH5)2 indeed inhibit ed (-) end 

growth more efficiently than the monomer ic αReps (Fig . 4F,G,J). The microtubule (-) end growth was 

slowed down already in the pr esence of only 10 nM (iiH5)2 and compl etely blocked at  100 nM (iiH5)2. 

Str ikingly, as in the case of the monovalent  αReps, the growth of the (+) end rema ined unaffected up to 1 

µM (iiH5)2. At  10 µM (iiH5) 2, (+) end growth f inally al so stopped, i.e. at  a  concentrat ion about  2 orders of  

magnitude higher  than that  needed to block (-) end growth. 

From these results, the mechanism of  microtubule assembly inhibit ion by these αReps can be deduced (Fig. 

4K). Tubul in–αRep complexes cannot  be incor porated at  the microtubule (+) end because the longitudinal  

surface of the α subunit  of  the incoming tubul in is masked by the αRep. Therefore, at  that  end, the αReps act  

as tubul in-sequester ing proteins and high αRep concentrat ions are required to exert  an effect . In contrast, 

αReps may bind at  the microtubule (-) end, where α-tubul in subunit s are exposed. They may bind on their  

own but  also as a  compl ex with tubul in because the β-tubul in longitudinal  surface r ema ins accessible in this 

compl ex. In  this case, the targeted protofilaments become capped and cannot  elongate further . Therefore, as 

long as an αRep caps the protofilament  (-) end, it  blocks the associat ion of  many incoming tubul ins (either  in 

compl ex with αReps or  not ). This mechanism explains why the αReps interfere with microtubule growth 

more drast ically at  (-) t han at  (+) ends and interfere select ively with (-) end growth at  lower  αRep 

concentrat ions. This mechanism is reminiscent  of  that  of β-tubul in-target ing DARPins (Pecqueur  et  al ., 

2012), but  with reverse outcomes at  both ends of  the microtubule. 

The plasticity of α-tubulin. 

Although the iE5 and iiH5 αReps share the same mechanism of microtubule inhibit ion (Fig . 4) and their  

epitopes on tubul in overlap, the binding modes of the two αReps also clearly differ  (Fig. 3F). One 

consequence was the possibil ity to engineer  (iiH5)2 (Fig. S2) whereas the design of an iE5-based tandem 

repeat  αRep would have been more diff icult . The different  binding modes also result  in an overall  surface 

area bur ied upon compl ex for mat ion of about  1650 Å2 in  the case of tubul in–iiH5 vs about  2470 Å2 in  the 

case of  tubul in–iE5. Interest ingly, this larger  buried surface does not  translate into a  higher  affinity (Fig . 1D, 

E). A tubul in confor mat ional  change might  explain this a pparent  discrepancy (Kastr it is et  al ., 2011). Indeed, 

in the compl ex with iE5, a  different  confor mat ion of  the α-tubul in T7 loop, which interacts with this αRep, 

is observed. This structural  var iat ion propagates to the adjacent  H7 and H8 hel ices (Fig . 5A), while 

rema ining compat ible with t he binding to tubul in of, e.g., kinesin-1 and colchicine (Fig . S3). The α-t ubul in 

structural  change is best  pictured by compar ing the H7 central  hel ix, which translates when tubul in switches 

from a  straight  microtubular  confor mat ion to a  curved soluble one (Ravell i et  al ., 2004). Aft er  super posit ion 

of the secondary structural  elements of  the N-t er minal  domain, a  translat ion of about  1 Å is needed to 

super impose the α subunit  H7 hel ices of  tubul in–iiH5 and tubul in–iE5, which is about  half of  the translat ion 

value when compar ing the iiH5 compl ex and the microtubule (Fig . 5B). This translat ion is accompanied by 

changes in the inter mediate doma in (Fig . 5C). When the compar ison is extended to other  structures of non-

microtubular  tubul in, addit ional  posit ions of  the H7 hel ix that  are inter mediate between the ones in  tubul in–
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iiH5 and tubul in–iE5 are found (Fig . 5D). Therefore, the α subunit  in tubul in–iE5 is in a  confor mat ion that  is 

on the way to the ones observed in the microtubule. 

We then quest ioned whether  the structural  differences within the α subunit  in the compl exes with αReps 

extend to the overall  conformat ion of  tubul in. In  both compl exes, tubul in is in  a curved confor mat ion. We 

calculated angles between the α and β subunit s ranging from 10.7° to 12° for  the three molecules of the 

asymmetr ic unit  in the compl ex with iiH5. In  the case of tubul in–iE5, the angle is sl ightly larger  (about  18°), 

being in the upper  range of values found in crystal structures of tubul in (Fig. 5E, Table 3). Therefore, 

whereas tubul in has a  straight  confor mat ion in the microtubule core (Nogales et  al ., 1999; Zhang et  al ., 2015) 

and adopts inter mediate shapes at  microtubule ends (At herton et  al ., 2017; Chr étien et  al ., 1999; Guesdon et  

al ., 2016), t he structural  results presented here agree with the general  view that  tubul in is curved when 

disassembled (Gigant  et  al ., 2000; Melki et  al ., 1989), with a  curvature angle that  is at  least  about  10° (Table 

3). Int erest ingly, although the α subunit  in tubul in–iE5 is in  a  confor mat ion intermediate between that  seen 

in tubul in–iiH5 and the microtubular  ones, this compl ex displays the largest  tubul in curvature. This 

observat ion suggests that , outside the microtubule context , confor mat ional  changes within the subunit s are 

uncorrelated to the var iat ion of the αβ-tubul in curvature. 

Conclusion. 

In  this work, we have selected α-tubul in specif ic  αReps. These binders pr event tubul in self-associat ion by 

target ing a  surface that  is involved in longitudinal  interact ions in tubul in assembl ies, with different 

impl icat ions for  the two microtubule ends (Fig. 4). Their  binding mode is reminiscent  of that  of the N-

ter minal   β-ha ir pin of SLDs (Cl ément  et  al ., 2005; Wang et  al ., 2012), which also interacts with this tubul in 

surface (Ravell i et  al ., 2004). But  SLDs stabil ize in addition a  second tubul in molecule through their  C-

ter minal  hel ix to for m a  T2SLD compl ex (Gigant  et  al., 2000). Different  from this case, the binding sit e of 

iE5 and iiH5 αReps is restr icted to the α-tubul in longitudinal  surface. Therefore, when bound to tubul in, 

they leave the surface that  corresponds to the exter ior of  the microtubule accessible (Nogales et  al ., 1999). 

We ant icipate that  these α-t ubul in-specif ic  αReps will  be useful  for  mechanist ic and structural  studies of 

microtubule dynamics and of tubul in:MAPs interact ions, and compl ementary to DARPins that  target  the β 

subunit  (Pecqueur  et  al ., 2012). 

Finally, our  results enl ighten the plast icity of the tubul in subunit s. Int erest ingly, in microtubules, the α 

subunit  undergoes the most  substant ial  structural  var iat ions associated with GTP hydrolysis (Manka and 

Moores, 2018; Zhang et  al ., 2015; Zhang et  al ., 2018). Our  data indicate that  a  confor mat ional  change of α-

tubul in towards the microtubule structure may be init iated outside the microtubule context . However , the full  

microtubular  confor mat ion has been seen only in microtubules and related assembl ies (Löwe et  al ., 2001; 

Zhang et  al ., 2015) and remains to be captured in soluble tubul in compl exes. 
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Figure 1. The iE5 and iiH5 αReps bind tubulin and inhibit microtubule assembly. (A) Strategy for  the 

select ion of α-tubul in-specif ic  αReps. A biot inylated version of  the β-tubulin -specif ic DARPin A-C2 

(Ahmad et  al ., 2016) was trapped on a  streptavidin-coated plate, making the α subunit  of  bound tubul in most  

exposed. (B) Gel  f iltrat ion profil e of  20  µM tubul in alone or  in presence of 40 µM of  either  iE5 or  iiH5. See 

also Fig . S3A. (C) Fract ions defined at  the top of panel  B were submitted to SDS-PAGE, which confir ms the 

for mat ion of tubul in–αRep complexes. Irrelevant  lanes have been removed from t he upper  gel . T, tubul in. 

(D,E) ITC analysis of  the interact ion between tubulin and iE5 (D) or  iiH5 (E). Exper iments were per formed 

by st epwise t itrat ion of  the αRep (160 µM concentrat ion) into 15 µM t ubul in. Upper  panels display raw data; 

lower  panels show the integrated heat  changes and associated curve f it s, from which the indicated KD values 

were extracted. (F,G) iE5 and iiH5 inhibit  microtubule assembly in a  dose-dependent  manner . The assembly 

of 20 µM t ubul in in pr esence of increasing concentrations of  iE5 (F) or  iiH5 (G), as indicated, is compared 

with the assembly of 10, 15 and 20 µM t ubul in alone. Microtubule assembly was monitored by turbidity. 

The t emperature was switched from 5 to 37 °C after  1 min of recording t ime in  each case and the arrowhead 

indicates the reverse t emperature switch. In  the case of iiH5, the assembly buffer was suppl emented with 75 

mM KCl  to avoid aggregat ion. (H) The (iiH5)2 tandem repeat  αRep (see Fig. S2) inhibit s microtubule 

assembly. The assembly of tubul in (20 or  30 µM) in presence of (iiH5)2 at  the indicated concentrat ions was 

monitored by turbidity in the condit ions used in panel  G, from which the tubul in control  curves are taken. 

Figure 2. The tubulin–iE5 structure. (A) Overview of  the compl ex crystall ized. The iE5 int ernal  repeats 

are in orange, and the N-cap and C-cap are in yellow. The α-tubul in secondary structural  elements (defined 

in Fig . S1) that  interact  with iE5 are in magenta. (B) El ectrostat ic potent ial  surface of  tubul in, with bound 

iE5 shown as a  cartoon model . (C) iE5 pr events inter -tubul in longitudinal  interact ions. iE5 (surface 

representat ion) has been modeled on a  microtubule α subunit  (magenta) after super posit ion of α-tubul in 

from tubul in–iE5. iE5 would clash with the β subunit  (br ight  green) of  a  neighbor ing tubul in along a  

protofilament . View from the outside of  the microtubule (pdb id 3JAK (Zhang et  al ., 2015); 2 tubul in 

segments of 3 protofilaments are traced). (D) El ectrostat ic potent ial  surface of iE5, with the interact ing α-

tubul in elements shown in magenta. (E) Sequence of iE5. The residues at  randomized posit ions are in red. 

The residues that  are l ess than 5 Å distant  from tubul in residues in the complex are highl ighted in cyan 

(invar iant  residues) or  in green (randomized posit ions). 

Figure 3. The tubulin–iiH5 structure. (A) Overview of the compl ex crystall ized. (B) Tubulin–iiH5 for ms a  

hel ical  assembly of  6 compl exes per  turn in the crystal . (C) El ectrostat ic potent ial  surface of tubul in, with 

bound iiH5 shown as a  cartoon model . (D) El ectrostat ic potent ial  surface of iiH5, with the α-tubul in 

elements that  interact  with iiH5 shown in magenta. (E) Sequence of iiH5. See Fig. 2E for  color  code 

explanat ions. (F) Compar ison of the tubul in binding modes of iE5 and iiH5 αReps. The α subunit  from 

tubul in–iiH5 has been super imposed to that  from tubulin–iE5; only the latter  is shown. 

Figure 4. The αReps selectively inhibit microtubule (-) end growth. (A-G) Representat ive TIRFM 

kymographs showing individual  microtubules growing from surface-immobil ized GMPCPP ‘seeds’ in  the 

absence (A) or  pr esence of iE5 (B,C), iiH5 (D,E) and (iiH5)2 (F,G) �Reps at  the indicated concentrat ions. 
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Exper iments were per for med at  30 °C in  presence of 15 µM CF640R-labeled tubul in. Scale bars, 6 µm 

(hor izontal ), 2 min  (vert ical ). (H-J) Mean growth velocit ies of microtubule (+) and (-) ends (black and 

magenta symbols, respect ively) as a  funct ion of iE5 (H), iiH5 (I) and (iiH5)2 (J) �Rep concentrat ion. At  l east 

20 microtubules per  condit ion were used for  growth speed measurements. Error  bars are SD. (K) Model  of 

microtubule assembly inhibit ion by the (iiH5)2 tandem r epeat  αRep. The tubulin–(iiH5)2 compl ex is not  

incor porated at  the (+) end, which cont inues growing as long as enough free tubul in is ava ilable. By contrast , 

(iiH5)2 or  the compl ex it  for ms with tubul in associates at the (-) end but  then blocks addit ion of tubul in 

heterodimers to capped protofilaments. 

Figure 5. The α-tubulin plasticity. (A) α-t ubul in differences in the iE5 and iiH5 compl exes. The α subunit  

of  tubul in–iE5 has been super imposed to that  of tubul in–iiH5, taking the secondary structural  elements of the 

N-t er minal  domain as a  reference (see Fig . S1). α-t ubul in bound to iE5 is in pink, with the regions that  

interact  with the αRep in  magenta; iE5 is in orange. α-tubul in from tubul in–iiH5 is in cyan, with the H7-T7-

H8 r egion in br ighter  color  and inter mediate domain structural  elements in blue; iiH5 is not  shown. For  

clar ity, the α-tubul in N-t erminal  H1-S2 l oop is not  traced. (B) Compar ison of α-tubul in in the iiH5 complex 

(cyan and blue), in  tubul in–iE5 (pink and magenta) and in the microtubule (grey; pdb id  3JAK), centered on 

the H7 hel ix. The α subunits have been al igned as in  panel  A. (C) Sa me as in  panel  B, but  only the α-tubul in 

inter mediate domain β sheet  is depicted. (D) Compar ison of α-tubul in H7 posit ion in different  structures 

after  super posit ion as in panel  A, taking tubul in–iiH5 as a  reference. The compar ison is with microtubular 

tubul in (pdb id  3JAK) and with T2SLD (pdb id  3RYC; (Nawrotek et  al ., 2011)). (E) Compar ison of the 

overall  confor mat ion of αβ-tubul in bound to iiH5 (grey) and to iE5 (pink and green). After  super posing the 

α subunit s, the β subunit s are misal igned by about  7°. As the tubul in β subunit  is the part  of  this protein that  

is most  distant  from the αRep in  the compl exes descr ibed here, this misal ignment  is most  l ikely solely due to 

the crystal  packing. 
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Table 1. Ther modynamic binding parameters deter mined by ITC 

αReps n KD (nM) ∆H (kcal  mol-1) T∆S (kcal  mol-1) ∆G (kcal  mol-1) 
iE5 0.8 270 ± 75 -8 -0.4 -8.4 
iiH5 1 95 ± 15 -16 7 -9 
 
Table 2. Data collect ion and refinement  stat ist ics. 

 Tubul in–iE5 Tubul in–iiH5 
Data collection(a )   
Space group P3221 C2 
Cell  dimensions   
    a , b, c  (Å) 102.3, 102.3, 216.2 450.8, 53.8, 229.6 

α, β, γ (°) 90.0, 90.0, 120.0 90.0, 118.8, 90.0 
Resolut ion (Å) 46.2-2.60 (2.69-2.60) 36.8-3.20 (3.31-3.20) 
Rmea s  0.169 (1.95) 0.321 (1.05) 
I / σI 14.6 (1.2) 4.17 (1.02) 
CC1/2 0.999 (0.446) 0.954 (0.569) 
Compl eteness  99.9 (100) 98.9 (98.2) 
Mult ipl icity 13.2 (12.5) 3.2 (3.3) 
Refinement   
Resolut ion (Å) 46.2-2.60 36.85-3.20 
No . reflect ions 41238 80684 
Rwork / Rfree 0.173 / 0.223 0.230 (0.270) 
Number  of non-hydrogen atoms  
    Protein 8202 23796 
    Ligands 100 183 
    Solvent 176 0 
B factors   
    Protein 70.6 90.6 
    Ligands 75.3 89.4 
    Solvent 60.2  
Coordinate error  (Å) 0.31 0.61 
R.m.s.d.   
    Bond l engths (Å) 0.010 0.010 
    Bond angles (°) 1.16 1.20 
Ramachandran (%)   
    Favored region  97.15 94.03 
    Allowed region  2.66 4.98 
    Outl iers  0.19 0.99 
 (a )Data were collected on a  single crystal . Values in parentheses are for  the highest-r esolut ion shell . 
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Table 3. Angle between the α and β subunit s in a  subset  of tubul in structures(a ). 
 
 Angle value pdb id 
Microtubule 1.1° 3JAK 
Tubul in–kinesin–DARPin 9.2° 4HNA 
Tubul in–SLD–TTL 10.5° 4I4T 
Tubul in–SLD 10.6° 3RYC 
Tubul in–SLD–DARPin 10.6° 4F6R 
Tubul in–iiH5(b) 11.2° 6GWD(c) 
Tubul in–kinesin–DARPin 11.6° 4LNU 
Tubul in–DARPin 11.9° 4DRX 
Tubul in–TOG 12.2° 4U3J 
Tubul in–TOG 13.5° 4FFB 
Tubul in–DARPin 13.5° 5EYP 
Tubul in–CPAP–DARPin 14.4° 5ITZ 
Tubul in–kinesin–DARPin 14.7° 5MIO 
Tubul in–iE5 18.2° 6GWC(c) 
(a ) Obtained by super posing t he secondary structural  elements of the N-t er minal  domain of  α-tubul in to those 
of β-tubul in, as defined in Fig . S1. 
(b) Average value for  the 3 molecules of  the asymmetr ic unit . 
(c ) This work. 
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STAR METHODS. 

CONTACT FOR REAGENT AND RESOURCE SHARING 

Further  infor mat ion and requests for  resources and reagents should be directed to and will  be ful filled by the 

Lead Contact , Benoît  Gigant  (benoit .gigant @i2bc.par is-saclay.fr ) 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

αRep library. Ant i-tubul in αReps were selected from the 2.1 opt imized αRep l ibrary (Guellouz et  al ., 2013). 

Bacteria strains. XL1-Blue, Bl 21(DE3) and Bl 21(DE3)STAR cells were cultured in 2YT medium in  the 

pr esence of  appropr iate ant ibiot ics. 

METHOD DETAILS 

αRep selection. αRep sel ect ion was per for med by phage display essentially following publ ished procedures 

(Guellouz et  al ., 2013). To immobil ize tubul in, the gene coding for  the high-affinity tubul in-binding DARPin 

A-C2 (Ahmad et  al ., 2016) was modif ied to introduce an AviTag biot inylat ion coding sequence at  the C-

ter minal  end of  the protein. Modif ied A-C2 was expressed in E. coli Bl 21(DE3)STAR co-transfor med with 

the pBir Acm plasmid (Avid ity, LLC, USA) for  in vivo biot inylat ion and pur ified as descr ibed for  non-

biot inylated A-C2 (Ahmad et  al ., 2016). Tubul in was trapped through it s interaction with biot inylated A-C2 

that  was immobil ized on a  streptavidin-coated plate (Fig . 1A). Aft er  each round of select ion, bound phages 

eluted either  in acidic condit ions or  more specif ically by adding DARPin or  tubul in were ampl if ied in XL1-

Blue cells and used for  the following select ion round. After  3 rounds, individual clones were screened for  

tubul in binding by phage-ELISA (Guellouz et  al ., 2013). 

Protein purification. αRep genes were subcloned in pQE-81L plasmid (Qiagen) for  expression in E. coli 

Bl 21(DE3) in 2YT medium at  37 °C. After  sonicat ion of the bacter ia  suspension, αReps were pur if ied from 

the soluble fract ion by Ni2+-aff inity chromatography (Histrap HP, GE Healthcare) followed by gel  f iltrat ion 

(Superdex 75 16/60 HL, GE Healthcare) in  20 mM Pipes-K, pH 6.8, 1 mM MgCl2, 0.5 mM EGTA and 150 

mM KCl . In the case of  iiH5, t he storage buffer  contained 500 mM KCl . The (iiH5)2 tandem r epeat  αRep 

(Fig. S2; Ca mpanacci et  al , submitted) was produced and pur if ied as iiH5. The concentrat ion of αReps was 

est imated by UV spectrophotometry using theoret ical ext inct ion coefficients at 280 nm (Gasteiger  et  al., 

2005). Tubul in was pur if ied by two cycles of  assembly in a  high-molar ity buffer  followed by disassembly 

(Castoldi and Popov, 2003). Sheep brain tubul in was used throughout , except  for  the TIRFM exper iments 

which were perfor med with porcine brain tubul in. Before use, an addit ional  cycle of assembly and 

disassembly was perfor med to remove inact ive protein. To  pr epare the tubul in–colchicine compl ex used in 

Fig. S3, colchicine was included in the disassembly buffer  (Dorl éans et  al ., 2007). The motor  domain of  the 

human kinesin-1 Kif5B (cys-l ight  construct , compr ising residues 1 to 349) was produced and pur if ied as 

descr ibed (Cao et  al ., 2014). 

Size exclusion chromatography. Sa mpl es were analyzed on a  Superdex 200 10/300 GL column (GE 

Healthcare) equil ibrated with 20 mM Pipes-K, pH 6.8, 1 mM MgCl2, 0.5 mM EGTA and 150 mM KCl , 

unless otherwise ment ioned. The content  of the chromatographic peaks was analyzed by SDS-PAGE with 

Coomassie Blue staining. 
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Isothermal titration calorimetry. Calor imetr ic experiments were conducted at 20 °C with a  MicroCal  

ITC200 instrument  (Malvern). All  proteins were buffer-exchanged to 20 mM Pipes-K pH 6.8, 1 mM MgCl2, 

0.01 mM EGTA, 0.01 mM GDP and 75 mM KCl . Al iquots (2 µL) of  iE5 or  iiH5 at  160 µM were injected 

into a  15 µM t ubul in solut ion (cell  volume, 0.24 mL). Analysis of the data was perfor med using the 

MicroCal  Or igin software provided by the manufacturer  according to the one-binding-sit e model . 

Microtubule assembly inhibition. Microtubule assembly was perfor med in a  buffer  consist ing of 50 mM 

Mes-K, pH 6.8, 6 mM MgCl2, 1 mM EGTA, 30% (v/v) glycerol , and 0.5 mM GTP. It was init iated by 

raising the t emperature from 5 °C to 37 °C and monitored at  350 nm with a  Cary 50 spectrophotometer  

(Agil ent  Technologies), using a  0.7-cm path length cuvette. In  presence of iiH5 and of (iiH5)2, t o avoid 

aggregat ion, the assembly buffer  was suppl emented with 75 mM KCl . 

Total internal reflection fluorescence microscopy.  

Tubul in was labeled with CF640R-N-hydroxysuccinimide ester  (NHS, Sigma -Aldr ich) or  biot in-NHS ester 

(Ther mo scient ific) (Hyman et  al ., 1991). Flow chambers for  TIRF exper iments were assembled from 

polyethylene glycol  (PEG)-passivated funct ional ized glass and poly(L-l ysine)-PEG (SuSoS)-passivated 

counter  glass (Biel ing et  al., 2010). Biot in-PEG-coated glass was prepared by mixing 91% hydroxyl -PEG-

3000-a mine and 9% biot in-PEG-3000-a mine (both from RAPP Polymere) and coupl ing this mixture to glass. 

Fl uorescently-labeled biot inylated GMPCPP-stabil ized microtubule ‘seeds’ (containing 20% CF640R-

labeled tubul in) for  assays with dynamic microtubules were prepared as described (Biel ing et  al ., 2010; 

Roostalu et  al ., 2015). 

The assay was perfor med essent ially as descr ibed earl ier  (Roostalu et  al ., 2015). In br ief , flow chambers 

were incubated with 5% Pl uronic F-127 in MQ water  (Sigma-Aldr ich) for  10 min at  room t emperature, 

washed with assay buffer  (AB: 80 mM Pipes, 75 mM KCl , 1 mM EGTA, 1 mM MgCl2, 1 mM GTP, 5 mM 

2-mercaptoethanol , 0.15% (w/v) methylcellulose (4,000 cP; Sigma -Aldr ich), 1% (w/v) glucose, 0.02% (v /v) 

Br ij-35) suppl emented with 50 µg mL-1 κ-casein (Sigma-Aldr ich). Chambers were subsequently incubated 

with the same buffer  addit ionally containing 50 µg mL-1 Neutr Avidin (Life Technologies) for  3 min on a 

metal  block on ice, washed with AB and then incubated with AB containing an a ppropr iate dilut ion of 

fluorescently-labeled GMPCPP-microtubule ‘seeds’ for  3 min at  room temperature. Unbound ‘seeds’ were 

removed by addit ional  washes with AB followed by t he f inal  assay mixture: 50% (v /v) 2x AB, 48.18% 

BRB80 (80 mM Pipes, 1 mM EGTA, 1 mM MgCl2) suppl emented with oxygen scavengers (682 µg /mL-1 

glucose oxidase (Serva), 164 µg /mL-1 catalase (Sigma-Aldr ich)) and 15 µM CF640R-labeled tubul in 

(label ing rat io: 6.5%), and 1.8% of  varying concentrations of  �-Reps diluted in their  storage buffers. Flow 

chambers were sealed with vacuum grease (Beckman) and imaging was started 90 s after  placing the 

chamber  on the microscope. Exper iments were performed at  30 °C ± 1 °C on a  TIRF microscope (iMIC, FEI 

Munich) descr ibed in detail  previously (Duellberg et  al ., 2014; Maurer  et  al ., 2014). Image acquisit ion was 

carr ied out  as descr ibed before (Duellberg et  al ., 2014; Maurer  et  al ., 2014). All  t ime-lapse movies were 

recorded at  1 frame per  5 s with a  200-ms exposure t ime. CF640R-labeled microtubules were excit ed at  640 

nm keeping the laser  power  constant  for  all  exper iments. Mean microtubule growth speeds were calculated 

from kymographs generated using ImageJ. 
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Crystallization and structure determination. 

Tubul in–iE5 was crystall ized at  293 K by vapor  diffusion in a  crystall izat ion buffer  consist ing of 13% (v /v) 

PEG 400, 0.1 M Mes-K pH 6.8. Crystals were harvested in a  mother  l iquor  containing 20% PEG 400 and 

flash-cooled in l iquid nitrogen. Tubul in–iiH5 crystals were obtained at  277 K in 0.2 M Na  tartrate, 12% 

(w/v) PEG 3350 and cryoprotected in mother  l iquor  suppl emented with 20% glycerol . Datasets were 

collected at  100 K at  the Proxima-1 beaml ine (SOLEIL Synchrotron, Sa int -Aubin, France). Data were 

processed with XDS (Kabsch, 2010) using the XDSME package (Legrand, 2017). Structures were solved by 

molecular  replacement  with Phaser  (McCoy et  al ., 2007) using tubul in (pdb id 4DRX) and �Rep-n4-a  (pdb 

id 3LTJ) as search models, and refined with BUSTER (Br icogne et  al ., 2017) with it erat ive model  building 

in Coot  (Emsl ey et  al ., 2010). Data collect ion and refinement  stat ist ics are reported in Table 2. Figures of 

structural  models were generated with PyMOL (www.pymol .org). The electrostat ic potent ial  surface was 

calculated using APBS (Baker  et  al ., 2001) and rendered in PyMOL.  

QUANTIFICATION AND STATISTICAL ANALYSIS 

Table 2 contains quant itat ive parameters related to data and refinement  stat ist ics. The uncertainty on the KD 

deter mined by ITC (Table 1) was est imated by the Origin software using t he Levenberg-Marquardt  

algor ithm. Error  bars in the TIRFM exper iments (Fig. 4 H-J) are SD from measurements of at  l east  20 

microtubules. 

DATA AND SOFTWARE AVAILABILITY 

Coordinates and structure factors have been deposited in the Protein Data Bank under  accession codes 

6GWC (tubul in–iE5) and 6GWD (t ubul in–iiH5). 

 

Supplemental Legend 

Figure S1. Sequences of α- and β-tubulin, secondary structure assignments and domain definition, 

Related to Figures 2, 3 and 5. (Top) The sequences of  the Bos taurus α1B and β2B tubul in isotypes have 

been al igned as in (Löwe et al ., 2001). These sequences were used to refine the tubul in–iE5 and tubul in–iiH5 

structures because, to the best  of our  knowledge, those of  Ovis aries t ubul in are not  known. The secondary 

structure nomenclature is as in  (Löwe et  al ., 2001) and the boundar ies of  the helices (highl ighted in cyan) 

and strands (yellow) were deter mined with Pymol  from the following structures: pdb id 6GWC (this work), 

5EYP (Ahmad et  al ., 2016), and 4I4T (Prota et  al ., 2013a ), which compr ises a  hel ical  mot if  in  the M loop as 

shown here. (Bottom) Tubul in domains. The α subunit  (pdb id 5EYP) is shown. The secondary structure 

elements of it s N-t er minal  domain are in green, with the strands in br ighter  color; t hose of the intermediate 

domain are in pink; and the hel ices of  the C-t er minal  domain are in cyan. The H7 hel ix is in  yellow and the 

M l oop in  magenta. 

Figure S2. Design of the (iiH5)2 tandem repeat αRep, Related to Figures 1H, 3 and 4. (A,B) Model  of 

iiH5 bound at  the (-) end of a  microtubule. This model  was obtained by superposing α-tubul in in tubul in–

iiH5 to α-tubul in in the microtubule structure (pdb id 3JAK). Four  protofilaments are drawn, two of them 

being decorated by a  iiH5 molecule. Views from the inside of  the microtubule (A) and along the microtubule 

axis (B). Color  code as in Fig . 3A except  that  the C-cap of  iiH5 is in  l ighter  cyan. (C) Sa me or ientation as in 
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panel  B, but  only the two iiH5 molecules are shown. (D) Design of (iiH5)2. To build the tandem repeat  

αRep, the C-cap of  one αRep was removed and the C-t er minal  end of it s last int ernal  HEAT repeat  was 

l inked to the N-t er minal  end of the N-cap of the second one using a  (GGGGS)3-GGS mot if  (dashed l ine). 

Figure S3. iE5 interacts with tubulin bound to colchicine or to kinesin-1, Related to Figures 1B and 5. 

(A) iE5 and iiH5 int eract  with the tubul in–colchicine compl ex. Gel  f iltrat ion profile in 20 mM Pipes-K, pH 

6.8, 1 mM MgCl2, and 0.5 mM EGTA, of 20 µM tubul in–colchicine alone (black l ines) or  with 80 µM iE5 

(blue) or  iiH5 (magenta). The absorbance signal  of  colchicine at  351 nm is al so shown (dashed l ines). (B,C) 

iE5 makes a  ternary complex with tubul in and kinesin-1. (B) Gel  f iltrat ion profile in  the buffer  used in panel  

A of  tubul in (20 µM), of  kinesin-1 motor  domain (30 µM), or  of  different  mixtures of tubul in, kinesin, and 

iE5 (80 µM), as indicated. The ma in chromatographic peak of the tubul in:iE5:k inesin sampl e is shifted 

compared to those of tubulin :kinesin and tubul in:iE5, indicat ing the for mat ion of the t ernary compl ex. (C) 

Fract ions defined at  the top of  panel  B were submitted to SDS-PAGE in  the case of tubul in:kinesin (Left ) 

and tubul in:iE5:kinesin (Right ), confir ming the for mation of a  t ernary compl ex in this last  case. 

 

 
















