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Introduction

Micr otubul es are eukaryot ic cytoskel etal assembl ies involved in cr it ical funct ions ranging from intracellular trafficking t o cil iogenesis and cell division. To achieve t hese differ ent funct ions, cell s constantly r eorganize their micr otubul e net work, r egulat ing micr otubul e nucl eat ion and dyna mics. Microtubul es ar e hollow t ubes made of parallel pr otofila ment s for med by t he head-t o-tai l assembl y of αβ-t ubul in het erodimer s (t ubul in). As a r esult , microtubul es ar e polar structures, wit h a (-) end wher e α-t ubul in subunits ar e exposed, and a fast er growing (+) end, t er minated by β-t ubul in subunit s [START_REF] Desa I | Microtubul e polymer izat ion dyna mics[END_REF]. Our under standing of micr otubul e dyna mics and of it s r egulat ion is st ill incompl et e, in part icular from a structural point of view, although cont inuous pr ogress has been made over t he pa st t wo decades. Indeed, microtubul e structures are now ava ilabl e at near 3 Å resolut ion from cryo-el ectron micr oscopy data [START_REF] Benoit | Cr yo-EM r eveal s t he structural basis of micr otubul e depol ymer izat ion by kinesin-13s[END_REF][START_REF] Howes | Structural differ ences bet ween yeast and ma mmal ian micr otubul es r eveal ed by cryo-EM[END_REF][START_REF] Zhang | Mechanist ic or igin of microtubul e dyna mic instabil it y and it s modulat ion by EB pr ot eins[END_REF][START_REF] Zhang | Separat ing t he effect s of nucleot ide and EB binding on micr otubul e structur e[END_REF]. In addit ion, crystal structures of non-microtubular t ubul in have been obta ined despit e t he notor ious difficulty t o crystall ize t his pr ot ein, which is relat ed t o it s pr opensit y t o self-assembl e int o het erogeneous species. Two general strategies have been pursued t o circumvent this l imitat ion. In one of t hem, mutat ions t hat diminish l ongit udinal contact s bet ween t ubul in mol ecul es have been introduced t o disfavor sel f-assembl y [START_REF] Johnson | Design, over expr ession, and pur ificat ion of pol ymer izat ion-bl ocked yeast αβ-t ubul in mutant s[END_REF]. Th is t ubul in mutant has been crystall ized in compl ex wit h TOG doma in pr ot eins [START_REF] Ayaz | A t et her ed del ivery mechanism expla ins t he catalyt ic act ion of a micr otubul e pol ymerase[END_REF][START_REF] Ayaz | A TOG:αβ-t ubul in compl ex structure r eveal s confor mation-based mechanisms for a microtubul e pol ymerase[END_REF]. The second a ppr oach is based on pr ot eins t hat make well -defined compl exes wit h t ubul in, unabl e to assembl e further . These pr ot eins ar e eit her vert ebrate stathmin-l ike doma in pr ot eins (SLDs) t hat for m wit h t ubul in a 2:1 t ubul in:SLD a ssembl y (T 2 SLD) [START_REF] Jourda In | St athmin : a t ubul in-sequest er ing pr ot ein which for ms a t ernary T2S compl ex wit h t wo tubul in mol ecul es[END_REF] or art ificial Designed Ankyr in Repeat Pr ot eins (DARPins) [START_REF] Pl Ückthun | Designed ankyr in r epeat proteins (DARPins): binding pr ot eins for r esearch, diagnost ics, and t hera py[END_REF] sel ect ed to bind β-t ubul in [START_REF] Pecqueur | A designed ankyr in r epeat pr ot ein sel ect ed t o bind t o t ubul in ca ps t he micr otubul e pl us end[END_REF], and high r esolut ion crystal structures of tubul in have been obtained wit h SLDs or wit h DARPins used as crystall izat ion cha perones [START_REF] Ah Mad | Destabilizing an int eract ing mot if strengthens t he associat ion of a designed ankyr in r epeat pr ot ein wit h t ubul in[END_REF][START_REF] Mignot | Design and charact er izat ion of modular scaffolds for t ubul in assembl[END_REF][START_REF] Nawrot Ek | The det er minant s that govern microtubul e assembl y from t he atomic structure of GTP-t ubul in[END_REF]}. These pr ot eins have al so pr oven useful t o st udy t he mechanism of microtubul eassociat ed pr ot eins (MAPs) t hat int eract wit h t ubul in, bot h structurally [START_REF] Cao | The structure of a po-kinesin bound t o t ubul in l inks t he nucl eot ide cycl e t o movement[END_REF][START_REF] Gigant | Structure of a kinesin -t ubul in compl ex and impl icat ions for kinesin mot il ity[END_REF]Pr ota et al ., 2013b;[START_REF] Wang | Insight int o microtubul e disassembly by kinesin -13s fr om t he structure of Kif 2C bound t o t ubul in[END_REF] and biochemically [START_REF] Gigant | Mechanism of Tau-pr omot ed micr otubule assembl y as pr obed by NMR spectroscopy[END_REF][START_REF] Li | Tau binds t o mult ipl e t ubul in dimer s wit h hel ical structure[END_REF]. However , both SLDs and DARPins may compet e wit h MAPs for tubul in binding. Indeed, SLDs t arget a t ubul in surface t hat corresponds t o t he ext er ior of t he micr otubul e [START_REF] Gigant | The 4 Å X-ray structure of a tubul in:stathmin-l ike doma in compl ex[END_REF], wher e t he binding sit es of numerous MAPs ar e cl ust ered [START_REF] Nogal Es | Chall enges and opportunit ies in t he h igh-r esolut ion cryo-EM visual izat ion of microtubules and t heir binding partners[END_REF]. Co mpet it ion wit h DARPins has al so been r eport ed (Na wrot ek et al ., 2014;[START_REF] Shar Ma | Centr iolar CPAP/SAS-4 impart s sl ow pr ocessive micr otubul e growth[END_REF]. Ther efore, t her e is a need t o expand the t ool s ava ilabl e t o st udy micr otubul es wit h pr ot eins t hat bind t ubul in differ ently from SLDs or from t he DARPins used so far . In part icular , only a few molecul es t hat stabil ize t ubulin wit hout int eract ing wit h it s β subunit have been descr ibed (e.g ., [START_REF] Cl Ément | N-t erminal stathmin-l ike pept ides bind t ubul in and impede microtubul e assembl[END_REF][START_REF] Wang | Kif 2C min imal funct ional doma in has unusual nucl eot ide binding pr opert ies t hat are ada pt ed t o microtubul e depol ymer izat ion[END_REF]).

We pr esent her e t he sel ection and character izat ion of αReps t hat target t he t ubul in α subunit . αReps ar e art ificial pr ot eins based on a consensus sequence of a HEAT-l ike r epeat ed mot if init ially observed in ther mophil ic microorganisms [START_REF] Guellouz | Sel ect ion of specific pr ot ein binder s for pr e-defined target s from an o pt imized l ibrary of art ificial hel icoidal r epeat pr ot eins (al pha Rep)[END_REF][START_REF] Ur Voas | Design, pr oduct ion and mol ecular structure of a new fa mil y of art ificial al pha -hel icoidal r epeat pr ot eins (αRep) based on t her mostabl e HEAT-l ike r epeat s[END_REF]. We show t hat sel ect ed αReps pr event microtubul e assembl y wit h a specific bl ocking effect at t he (-) end, and we have det er mined t heir structure in compl ex wit h tubul in t o rat ional ize t his inhibit ion. These t ubul in-binding αReps br oaden t he range of t ool s ava ilabl e t o study t ubul in, in part icular its r egulat ion by β-t ubul in-specific pr ot eins.

Results and discussion.

Selection of α-tubulin-specific αReps.

The in vitro sel ect ion of binder s from a l ibrary of art ificial pr ot eins is usually perfor med on an immobil ized target . In t he case of a pr otein target , t o pr eserve it s nat ive structure, t his st ep often takes advantage of tags, e.g . a biot inylat ed tag t hat int eract s wit h immobil ized streptavidin [START_REF] Guellouz | Sel ect ion of specific pr ot ein binder s for pr e-defined target s from an o pt imized l ibrary of art ificial hel icoidal r epeat pr ot eins (al pha Rep)[END_REF]. However , wher eas syst ems t o expr ess r ecombinant tubul in ar e now ava ilabl e [START_REF] Johnson | Design, over expr ession, and pur ificat ion of pol ymer izat ion-bl ocked yeast αβ-t ubul in mutant s[END_REF][START_REF] Minoura | Over expr ession, pur ificat ion, and funct ional analysis of r ecombinant human t ubul in dimer[END_REF][START_REF] Ti | Mutat ions in human t ubul in pr oximal t o t he kinesin-binding sit e alt er dyna mic instabil it y at micr otubul e pl us-and minus-ends[END_REF][START_REF] Vemu | Structure and dyna mics of singl e-isofor m r ecombinant neuronal human t ubul in[END_REF], pur ificat ion of t his pr otein from natural sources is st ill t he most efficient way to obta in t he large quant it ies needed for biochemical exper iment s. We t her efor e decided t o use for sel ect ion the sa me pr ot ein, pur ified from sheep bra in, t hat will be used in lat er exper iment s. To bias t he sel ect ion towards α-t ubul in binder s, we immobil ized a β-t ubul in-specific biot inylat ed DARPin on a str eptavidincoat ed plat e (Fig . 1A). In addit ion, t o incr ease t he r esidence t ime of t ubul in on t he plat e, we used a high affinit y, sl owly dissociat ing DARPin [START_REF] Ah Mad | Destabilizing an int eract ing mot if strengthens t he associat ion of a designed ankyr in r epeat pr ot ein wit h t ubul in[END_REF]. An αRep l ibrary [START_REF] Guellouz | Sel ect ion of specific pr ot ein binder s for pr e-defined target s from an o pt imized l ibrary of art ificial hel icoidal r epeat pr ot eins (al pha Rep)[END_REF] was t hen scr eened t hrough 3 r ounds of phage display, and αReps t hat bind t ubul in wer e ident ified in an ELISA a ssay.

Two αReps, na med iE5 and iiH5, which wer e a mong those giving t he highest signal in t his assay, and which compr ise 5 and 3 int ernal r epeat s, r espect ivel y, wer e chosen for further biochemical and structural character izat ion.

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

In t he ELISA a ssay, t he int eract ion of t he αReps wit h t ubul in was monitor ed whil e t he latter was immobil ized (Fig . 1A). To ascertain t he int eract ion in sol ut ion, we per for med size excl usion chromatography exper iment s (Fig . 1B). Compar ed t o tubul in alone, a chromatogra phic peak t hat el ut ed earl ier was observed when t ubul in:αRep sa mpl es wer e l oaded on t he column . SDS-PAGE analysis of t he pr ot ein cont ent of t hat peak indicat ed t he pr esence of both t ubul in and eit her of t he αReps (Fig . 1C). These r esults confir m t hat both iE5 and iiH5 for m a complex wit h t ubul in. In addit ion, because t he inject ed sampl es wer e pr epar ed wit h a sl ight molar excess of αRep, and because a peak corresponding t o fr ee αReps (not bound t o t ubul in) was det ect ed (Fig . 1B), t he size excl usion chromatogra phy ex per iment s suggest t hat the st oichiometry of binding is one t ubul in mol ecul e for one αRep in bot h cases.

The gel filtrat ion pr ofil e is charact er ist ic of a t ight int eract ion. For bot h αReps, t he peak of t he compl ex was nearly symmetr ical , and t he t ubul in peak was compl et ely displaced. To charact er ize t he str ength of t he associat ion of t ubul in wit h iE5 and iiH5 further , we st udied t he t ubul in:αRep int eract ion by isother mal t i trat ion calor imetry (ITC). The t itrat ion of t ubul in by iE5 l ed t o a dissociat ion constant (K D ) of 270 ± 75 n M wher eas t he sa me exper iment wit h iiH5 l ed t o a K D of 95 ± 15 n M (Fig . 1D,E; Ta bl e 1). These values are wit hin t he range usually found bet ween sel ect ed αReps and t heir target pr otein [START_REF] Chevr El | Al pha r epeat pr oteins (αRep) a s expr ession and crystall izat ion hel per s[END_REF][START_REF] Guellouz | Sel ect ion of specific pr ot ein binder s for pr e-defined target s from an o pt imized l ibrary of art ificial hel icoidal r epeat pr ot eins (al pha Rep)[END_REF] and correspond t o r easonably t ight int eract ions.

Then we r ecorded t he effect of iE5 and iiH5 on micr otubul e assembl y using a t urbidit y assay. We found t hat the t ur bidit y signal corresponding t o micr otubul e assembl y decr eased in pr esence of bot h αReps (Fig . 1F,G). These exper iment s further support ed t he 1:1 t ubul in:αRep binding st oichiometry, in agr eement wit h t he gel filtrat ion analysis (Fig . 1B) and t he ITC data (Ta bl e 1). For instance, t he t ur bidit y pl ot s of 20 µM t ubul in in pr esence of 5 µM iE5 (Fig. 1F) or iiH5 (Fig . 1G) ar e similar t o t he ones of t he 15 µM t ubul in control . The sa me a ppl ies when compar ing a 10 µM t ubul in sol ut ion and sa mpl es consist ing of 20 µM t ubul in and 10 µM αRep. Finally, when a st oichiometr ic a mount of αRep was added t o 20 µM t ubul in, al most no t urbidit y signal was det ect ed. Taken t oget her , t hese r esult s show t hat both αReps inhibit microtubul e assembl y in a dose-dependent manner . To el ucidat e t he basis of t his mechanism, we det ermined t he structure of t he corresponding t ubul in-αRep compl exes.

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

The X-ray structure of t ubul in-iE5 was det er mined by mol ecular r eplacement at a resolut ion of 2.6 Å (Ta bl e 2). The structure confir med t he 1:1 t ubul in:iE5 st oichiometry (Fig . 2A) and t her e was one compl ex per asymmetr ic unit . In agr eement wit h t he sel ect ion strat egy (Fig . 1A), t he αRep binds t o α-t ubul in. It target s a mostly acidic surface (Fig . 2B) t hat is involved in t ubul in-t ubul in l ongitudinal contact s wit hin microtubules [START_REF] Nogal Es | High-r esolut ion model of the micr otubul e[END_REF] (Fig. 2C). It int eract s in part icular wit h t he α-t ubul in T7 l oop and t he following H8 hel ix, and wit h t he H10-S9 l oop and t he S9 β-strand (Fig . 2A,D) (see [START_REF] Löwe | Ref ined structure of αβ-t ubul in at 3.5 Å resolut ion[END_REF] and Fig . S1 for tubul in secondary structure nomenclature and doma in definit ion). On t he αRep side, t he binding surface is el ectroposit ive (Fig . 2D) and for med by many r esidues from randomized posit ions but al so by some (invar iant ) r esidues of t he framework (Fig . 2E), a s commonl y observed in αRep sel ect ion [START_REF] Guellouz | Sel ect ion of specific pr ot ein binder s for pr e-defined target s from an o pt imized l ibrary of art ificial hel icoidal r epeat pr ot eins (al pha Rep)[END_REF].

The structure of t ubul in-iiH5 was similarly det er mined t o 3.2 Å r esol ut ion (Ta ble 2, Fig . 3A). Ther e ar e 3, virtually ident ical , compl exes in t he asymmetr ic unit (pair wise r oot mean square deviat ions (r .m.s.d .) ranging from 0.39 t o 0.50 Å; a bout 1010 Cαs compar ed). In t he crystal , t ubul in-iiH5 formed a hel ical structure wit h 6 compl exes per t urn and a pit ch of 54 Å, i.e. t he widt h of one t ubul in (Fig . 3B). Several features of t he tubul in-iE5 structure al so appl y t o t ubul in-iiH5. Indeed, iiH5 makes a 1:1 a ssembly wit h t ubul in. It binds t o the (acidic) l ongit udinal surface of t he α subunit (Fig . 3C). It int eract s in part icular wit h t he T7 and t he S8-H10 l oops and wit h t he S9 strand (Fig . 3A,D). iiH5 al so int eracts wit h t he N-t er minal H1-S2 l oop. In addit ion, t he iiH5 binding surface is basic (Fig . 3D) and is mostly for med by r esidues at randomized posit ions (Fig . 3E). The binding t o t he l ongit udinal surface of α-t ubul in, which is exposed at t he microtubule (-) end (Fig . S2), suggest s that t hese αReps may affect the t wo ends of t he micr otubul e differ ently.

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

To d iscr iminat e bet ween effect s t he αReps have on t he growth of t he t wo different microtubul e ends, we imaged individual microtubul es using a t otal int ernal r efl ect ion fl uor escence microscopy (TIRFM) assay [START_REF] Roostalu | Co mpl ementary act ivit ies of TPX2 and chTOG const it ut e an efficient import in-r egulat ed microtubul e nucl eat ion modul e[END_REF], in which dyna mic micr otubul es gr ew in t he pr esence of 15 µM t ubul in from immobil ized GMPCPP-microtubul e 'seeds'. In t he absence of αReps, microtubul e (+) and (-) ends el ongated wit h speeds of ~ 20 n m s -1 and 4 n m s -1 , r espect ivel y (Fig . 4). The addit ion of 1 µM of iE5 (Fig . 4C,H) or of iiH5 (Fig . 4E,I) substant ially r educed t he (-) end growth speed, wher eas t he (+) end growth speed was unaffect ed. To t est if t his sel ect ive inhibit ory effect of (-) end growth can be incr eased, we construct ed a tandem r epeat ver sion of t he iiH5 αRep (Fig . S2), t ermed (iiH5) 2 , a s it was done pr eviousl y wit h a β-t ubul in target ing DARPin [START_REF] Pecqueur | A designed ankyr in r epeat pr ot ein sel ect ed t o bind t o t ubul in ca ps t he micr otubul e pl us end[END_REF]. We f ir st ver ified using a t ur bidit y assay t hat the inhibit ion of micr otubul e assembl y by (iiH5) 2 (Fig . 1H) agr ees wit h t he for mat ion of a 2:1 t ubul in:(iiH5) 2 compl ex (Ca mpanacci et al , submitted). TIRFM ex per iment s then demonstrated t hat (iiH5) 2 indeed inhibit ed (-) end growth mor e efficiently t han t he monomer ic αReps (Fig . 4F,G,J). The microtubul e (-) end growth was sl owed down already in t he pr esence of only 10 nM (iiH5) 2 and compl et ely bl ocked at 100 n M (iiH5) 2 .

Str ikingl y, as in t he case of t he monoval ent αReps, t he growth of t he (+) end rema ined unaffect ed u p t o 1 µM (iiH5) 2 . At 10 µM (iiH5) 2 , (+) end growth finally al so stopped , i.e. at a concentrat ion about 2 or ders of magnit ude higher t han t hat needed t o bl ock (-) end growt h.

Fr om t hese r esult s, t he mechanism of micr otubul e assembl y inhibit ion by t hese αReps can be deduced (Fig . 4K). Tubul in-αRep compl exes cannot be incor porat ed at t he microtubul e (+) end because t he l ongitudinal surface of t he α subunit of the incoming t ubul in is ma sked by t he αRep. Ther efor e, at t hat end, t he αReps act as t ubul in-sequest er ing pr oteins and high αRep concentrat ions ar e r equir ed t o exert an effect . In contrast, αReps may bind at t he microtubul e (-) end, wher e α-tubul in subunit s are exposed. They may bind on t heir own but al so as a compl ex wit h t ubul in because t he β-tubul in l ongit udinal surface r ema ins accessibl e in t his compl ex. In t his case, t he t arget ed pr otofila ment s become ca pped and cannot el ongat e further . Ther efor e, as long as an αRep ca ps t he pr otofila ment (-) end, it bl ocks t he associat ion of many incoming t ubul ins (eit her in compl ex wit h αReps or not ). This mechanism ex pla ins why t he αReps int erfere wit h micr otubul e growth mor e drast ically at (-) t han at (+) ends and int erfer e sel ect ivel y wit h (-) end growth at l ower αRep concentrat ions. Th is mechanism is r eminiscent of t hat of β-t ubul in-target ing DARPins [START_REF] Pecqueur | A designed ankyr in r epeat pr ot ein sel ect ed t o bind t o t ubul in ca ps t he micr otubul e pl us end[END_REF], but wit h r ever se outcomes at bot h ends of t he micr otubul e.

The plasticity of α-tubulin.

Although t he iE5 and iiH5 αReps shar e t he sa me mechanism of microtubul e inhibit ion (Fig . 4) and t heir epit opes on t ubul in overla p, t he binding modes of t he t wo αReps al so cl early differ (Fig . 3F). One consequence was t he possibil it y t o engineer (iiH5) 2 (Fig . S2) wher eas t he design of an iE5-based tandem repeat αRep woul d have been mor e difficult . The different binding modes al so result in an overall surface area bur ied u pon compl ex for mat ion of about 1650 Å 2 in t he case of t ubul in-iiH5 vs about 2470 Å 2 in t he case of t ubul in-iE5. Int erest ingly, t his larger bur ied surface does not translat e int o a higher affinit y (Fig . 1D,E). A t ubul in confor mat ional change might expla in t his a ppar ent discr epancy (Kastr it is et al ., 2011). Indeed, in t he compl ex wit h iE5, a differ ent confor mat ion of the α-t ubul in T7 l oop, which int eract s wit h t his αRep, is observed. Th is structural var iat ion pr opagat es t o t he adjacent H7 and H8 hel ices (Fig . 5A), whil e rema ining compat ibl e wit h t he binding t o t ubul in of , e.g., kinesin-1 and colchicine (Fig . S3). The α-t ubul in structural change is best pictured by compar ing t he H7 central hel ix, which translates when t ubul in swit ches from a straight microtubular confor mat ion t o a curved sol ubl e one [START_REF] Ravell I | Insight int o t ubul in r egulat ion from a compl ex wit h colchicine and a stathmin-l ike doma in[END_REF]. Aft er super posit ion of t he secondary structural el ement s of t he N-t er minal doma in, a translat ion of about 1 Å is needed to super impose t he α subunit H7 hel ices of t ubul in-iiH5 and t ubul in-iE5, which is about half of t he translat ion value when compar ing t he iiH5 compl ex and t he microtubul e (Fig . 5B). Th is translat ion is accompanied by changes in t he int er mediat e doma in (Fig . 5C). When t he compar ison is ext ended to ot her structures of nonmicr otubular t ubul in, addit ional posit ions of t he H7 hel ix t hat ar e int er mediat e between t he ones in t ubul in-iiH5 and t ubul in-iE5 ar e found (Fig . 5D). Ther efor e, t he α subunit in t ubul in-iE5 is in a confor mat ion t hat is on t he way t o t he ones observed in t he micr otubul e.

We t hen quest ioned whet her t he structural differ ences wit hin t he α subunit in t he compl exes wit h αReps ext end t o t he overall confor mat ion of t ubul in. In bot h compl exes, t ubul in is in a curved confor mat ion. We calculat ed angl es bet ween the α and β subunit s ranging from 10.7° t o 12° for the t hr ee mol ecul es of t he asymmetr ic unit in t he compl ex wit h iiH5. In t he case of t ubul in-iE5, t he angl e is sl ightly larger (about 18°), being in t he u pper range of values found in crystal structures of t ubul in (Fig. 5E, Ta bl e 3). Ther efore, wher eas t ubul in has a straight confor mat ion in t he microtubul e cor e [START_REF] Nogal Es | High-r esolut ion model of the micr otubul e[END_REF][START_REF] Zhang | Mechanist ic or igin of microtubul e dyna mic instabil it y and it s modulat ion by EB pr ot eins[END_REF] and adopt s int er mediat e sha pes at microtubul e ends [START_REF] At Herton | A structural model for microtubul e minus-end r ecognit ion and pr ot ect ion by CAMSAP pr ot eins[END_REF]Chr étien et al ., 1999;[START_REF] Guesdon | EB1 int eracts wit h outwardly curved and straight r egions of t he micr otubul e latt ice[END_REF], t he structural results pr esent ed her e agr ee wit h t he general view that t ubul in is curved when disassembl ed [START_REF] Gigant | The 4 Å X-ray structure of a tubul in:stathmin-l ike doma in compl ex[END_REF][START_REF] Mel Ki | Col d depolymer izat ion of micr otubul es to doubl e r ings: geometr ic stabil izat ion of assembl ies[END_REF], wit h a curvature angl e t hat is at l east about 10° (Ta bl e 3). Int erest ingly, although the α subunit in t ubul in-iE5 is in a confor mat ion int er mediat e bet ween t hat seen in t ubul in-iiH5 and t he microtubular ones, t his compl ex displays t he largest t ubul in curvature. This observat ion suggest s t hat , out side t he microtubul e cont ext , confor mat ional changes wit hin t he subunit s ar e uncorrelated t o t he var iat ion of t he αβ-t ubul in curvature.

Conclusion.

In t his work, we have sel ect ed α-t ubul in specific αReps. These binder s pr event t ubul in self-associat ion by target ing a surface t hat is involved in l ongit udinal int eract ions in t ubul in assembl ies, wit h differ ent impl icat ions for t he t wo micr otubul e ends (Fig . 4). Their binding mode is r emin iscent of t hat of t he Nter minal β-ha ir pin of SLDs [START_REF] Cl Ément | N-t erminal stathmin-l ike pept ides bind t ubul in and impede microtubul e assembl[END_REF][START_REF] Wang | Kif 2C min imal funct ional doma in has unusual nucl eot ide binding pr opert ies t hat are ada pt ed t o microtubul e depol ymer izat ion[END_REF], which al so int eract s wit h t his t ubul in surface [START_REF] Ravell I | Insight int o t ubul in r egulat ion from a compl ex wit h colchicine and a stathmin-l ike doma in[END_REF]. But SLDs stabil ize in addit ion a second t ubul in mol ecul e t hrough t heir Cter minal hel ix t o for m a T 2 SLD compl ex [START_REF] Gigant | The 4 Å X-ray structure of a tubul in:stathmin-l ike doma in compl ex[END_REF]. Differ ent from t his case, t he binding sit e of iE5 and iiH5 αReps is r estr ict ed t o t he α-t ubul in l ongit udinal surface. Ther efore, when bound t o t ubul in, they l eave t he surface t hat corresponds t o t he ext er ior of t he microtubul e accessibl e [START_REF] Nogal Es | High-r esolut ion model of the micr otubul e[END_REF].

We ant icipat e t hat these α-t ubul in-specific αReps will be useful for mechanist ic and structural st udies of micr otubul e dyna mics and of t ubul in:MAPs int eract ions, and compl ementary to DARPins t hat target t he β subunit [START_REF] Pecqueur | A designed ankyr in r epeat pr ot ein sel ect ed t o bind t o t ubul in ca ps t he micr otubul e pl us end[END_REF].

Finally, our r esults enl ighten t he plast icit y of t he t ubul in subunit s. Int er est ingly, in micr otubul es, t he α subunit undergoes t he most substant ial structural var iat ions associat ed wit h GTP hydrolysis [START_REF] Manka | The r ol e of t ubul in-t ubul in latt ice contact s in t he mechanism of micr otubul e dyna mic instabil it[END_REF][START_REF] Zhang | Mechanist ic or igin of microtubul e dyna mic instabil it y and it s modulat ion by EB pr ot eins[END_REF][START_REF] Zhang | Separat ing t he effect s of nucleot ide and EB binding on micr otubul e structur e[END_REF]. Our data indicat e t hat a confor mat ional change of αtubul in t owards t he micr otubul e structure may be in it iated out side t he microtubul e cont ext . However , the full micr otubular confor mat ion has been seen only in microtubul es and r elat ed assembl ies [START_REF] Löwe | Ref ined structure of αβ-t ubul in at 3.5 Å resolut ion[END_REF][START_REF] Zhang | Mechanist ic or igin of microtubul e dyna mic instabil it y and it s modulat ion by EB pr ot eins[END_REF] and r emains t o be ca pt ured in sol uble tubul in compl exes. (D,E) ITC analysis of t he int eract ion bet ween t ubul in and iE5 (D) or iiH5 (E). Exper iment s wer e per for med by st epwise t itrat ion of t he αRep (160 µM concentrat ion) int o 15 µM t ubul in. Upper panel s display raw data; lower panel s show t he int egrated heat changes and associat ed curve fit s, from which t he indicat ed K D values wer e extract ed. (F,G) iE5 a nd iiH5 inhibit micr otubul e a ssembl y in a dose-dependent manner . The assembl y of 20 µM t ubul in in pr esence of incr easing concentrations of iE5 (F) or iiH5 (G), a s indicat ed, is compar ed wit h t he assembl y of 10, 15 and 20 µM t ubul in alone. Micr otubul e assembl y was monit or ed by t ur bidity.

The t emperature was swit ched from 5 t o 37 °C aft er 1 min of r ecording t ime in each case and t he arrowhead indicat es t he r ever se t emperature swit ch. In t he case of iiH5, t he assembl y buffer was suppl ement ed wit h 75 mM KCl t o avoid aggr egat ion. (H) The (iiH5) 2 t andem r epeat αRep (see Fig. S2) inhibit s micr otubul e assembl y. The a ssembl y of t ubul in (20 or 30 µM) in presence of (iiH5) 2 at t he indicat ed concentrat ions was monit or ed by t ur bidit y in t he condit ions used in panel G, fr om which t he t ubul in control curves ar e taken. pr otofila ment . View from the out side of t he microtubul e (pdb id 3JAK [START_REF] Zhang | Mechanist ic or igin of microtubul e dyna mic instabil it y and it s modulat ion by EB pr ot eins[END_REF]; 2 t ubul in segment s of 3 pr otofila ment s ar e traced). (D) El ectrostat ic pot ent ial surface of iE5, wit h t he int eract ing αtubul in el ement s shown in magenta . (E) Sequence of iE5. The r esidues at randomized posit ions ar e in r ed.

The r esidues t hat ar e l ess than 5 Å distant from t ubul in r esidues in t he compl ex ar e highl ight ed in cyan (invar iant r esidues) or in green (randomized posit ions). Ex per iment s wer e per for med at 30 °C in pr esence of 15 µM CF640R-l abel ed tubul in. Scal e bar s, 6 µm (hor izontal ), 2 min (vert ical ). (H-J) Mean growth vel ocit ies of micr otubul e (+) and (-) ends (black and magenta symbol s, r espect ivel y) as a funct ion of iE5 (H), iiH5 (I) and (iiH5) 2 (J) Rep concentrat ion. At l east 20 microtubul es per condition wer e used for growth speed measur ement s. Error bars are SD. (K) Model of micr otubul e assembl y inhibit ion by t he (iiH5) 2 t andem r epeat αRep. The t ubulin -(iiH5) 2 compl ex is not incor porat ed at the (+) end, which cont inues growing as l ong as enough fr ee t ubul in is ava ilabl e. By contrast , (iiH5) 2 or t he compl ex it for ms wit h t ubul in associates at t he (-) end but t hen bl ocks addit ion of t ubul in het erodimer s t o ca pped pr otofila ment s.

Figure 5. The α-tubulin plasticity. (A) α-t ubul in differ ences in t he iE5 and iiH5 compl exes. The α subunit of t ubul in-iE5 has been super imposed t o t hat of t ubul in-iiH5, taking t he secondary structural el ement s of t he N-t er minal doma in as a r efer ence (see Fig . S1). α-t ubul in bound t o iE5 is in pink, wit h t he r egions t hat int eract wit h t he αRep in magenta ; iE5 is in orange. α-tubul in from t ubul in-iiH5 is in cyan, wit h t he H7-T7-H8 r egion in br ight er color and int er mediat e doma in structural el ement s in bl ue; iiH5 is not shown. For clar i ty, t he α-t ubul in N-t erminal H1-S2 l oop is not traced. (B) Co mpar ison of α-t ubul in in t he iiH5 compl ex (cyan and bl ue), in t ubul in-iE5 (pink and magenta ) and in t he microtubul e (gr ey; pdb id 3JAK), cent ered on the H7 hel ix. The α subunits have been al igned as in panel A. (C) Sa me as in panel B, but onl y t he α-t ubul in int er mediat e doma in β sheet is depict ed. (D) Co mpar ison of α-t ubul in H7 posit ion in differ ent structures aft er super posit ion as in panel A, t aking t ubul in-iiH5 a s a r efer ence. The compar ison is wit h microtubular tubul in (pdb id 3JAK) and w it h T 2 SLD (pdb id 3RYC; [START_REF] Nawrot Ek | The det er minant s that govern microtubul e assembl y from t he atomic structure of GTP-t ubul in[END_REF]. (E) Compar ison of t he overall confor mat ion of αβ-t ubul in bound t o iiH5 (gr ey) and t o iE5 (pink and gr een). Aft er super posing t he α subunit s, t he β subunit s are misal igned by a bout 7°. As t he t ubul in β subunit is the part of t his pr ot ein t hat is most distant from t he αRep in t he compl exes descr ibed her e, t his misal ignment is most l ikel y sol ely due t o the crystal packing. Data wer e coll ected on a singl e crystal . Val ues in parent heses ar e for t he highest-r esol ut ion shell .

Table 3. Angl e bet ween t he α and β subunit s in a subset of t ubul in structures (a ) . Angl e value pdb id Micr otubul e 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 ) 18.2° 6GWC (c ) (a ) Obta ined by super posing t he secondary structural element s of t he N-t er minal doma in of α-t ubul in t o t hose of β-t ubul in, as defined in Fig . S1. (b) Average value for t he 3 mol ecul es of t he asymmetr ic unit . (c ) Th is work.
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Further infor mat ion and r equest s for r esources and r eagent s should be dir ect ed to and will be fulfill ed by t he Lead Contact , Benoît Gigant (benoit .gigant @i2bc .par is-saclay.fr )

EXPERIMENTAL MODEL AND SUBJECT DETAILS

αRep library. Ant i-t ubul in αReps wer e sel ect ed from t he 2.1 o pt imized αRep l ibrary (Guellouz et al ., 2013). Bacteria strains. XL1-Bl ue, Bl 21(DE3) and Bl 21(DE3)STAR cell s wer e cultured in 2YT medium in t he pr esence of a ppr opr iat e ant ibiot ics.

METHOD DETAILS

αRep selection. αRe p sel ect ion was per for med by phage display essent ially following publ ished pr ocedur es [START_REF] Guellouz | Sel ect ion of specific pr ot ein binder s for pr e-defined target s from an o pt imized l ibrary of art ificial hel icoidal r epeat pr ot eins (al pha Rep)[END_REF]. To immobil ize t ubul in, t he gene coding for t he high-affinity t ubul in-binding DARPin A-C2 [START_REF] Ah Mad | Destabilizing an int eract ing mot if strengthens t he associat ion of a designed ankyr in r epeat pr ot ein wit h t ubul in[END_REF] was modified t o introduce an Av iTag biot inylat ion coding sequence at the Cter minal end of t he pr ot ein. Modified A-C2 was expressed in E. coli Bl 21(DE3)STAR co-transfor med wit h the pBir Acm pl asmid (Avid it y, LLC, USA) for in vivo biot inylat ion and pur ified as descr ibed for nonbiot inylat ed A-C2 (Ahmad et al ., 2016). Tubul in was trapped t hrough it s int eraction wit h biot inylat ed A-C2 that was immobil ized on a streptavidin-coat ed plat e (Fig . 1A). Aft er each round of sel ect ion, bound phages el ut ed eit her in acidic condit ions or mor e specifically by adding DARPin or t ubul in wer e a mpl ified in XL1-Bl ue cell s and used for t he following sel ect ion r ound. Aft er 3 r ounds, individual cl ones wer e scr eened for tubul in binding by phage-ELISA [START_REF] Guellouz | Sel ect ion of specific pr ot ein binder s for pr e-defined target s from an o pt imized l ibrary of art ificial hel icoidal r epeat pr ot eins (al pha Rep)[END_REF].

Protein purification. αRep genes wer e subcloned in pQE-81L pl asmid (Qiagen) for expr ession in E. coli Bl 21(DE3) in 2YT medium at 37 °C. Aft er sonicat ion of t he bact er ia suspension, αReps wer e pur ified from the sol ubl e fract ion by Ni 2+ -affinit y chromatogra phy (Histra p HP, GE Healthcare) followed by gel filtrat ion (Su per dex 75 16/60 HL, GE Healthcare) in 20 mM Pipes-K, pH 6.8, 1 mM Mg Cl 2 , 0.5 mM EGTA and 150 mM KCl . In t he case of iiH5, t he st orage buffer contained 500 mM KCl . The (iiH5) 2 t andem r epeat αRep (Fig . S2; Ca mpanacci et al , submitt ed) was pr oduced and pur ified as iiH5. The concentrat ion of αReps was est imat ed by UV spectrophotometry using t heoret ical ext inct ion coefficient s at 280 nm [START_REF] Ga St Eiger | Pr ot ein ident ificat ion and analysis t ool s on t he Ex PASy server[END_REF]. Tubul in was pur ified by t wo cycl es of assembly in a high-molar it y buffer followed by disassembl y [START_REF] Ca St Oldi | Pur ificat ion of bra in t ubul in t hrough t wo cycl es of pol ymer izat iondepol ymer izat ion in a high-molar it y buffer[END_REF]. Sheep bra in t ubul in was used t hroughout , except for t he TIRFM exper iment s which wer e perfor med wit h por cine bra in t ubul in. Befor e use, an addit ional cycl e of assembl y and disassembl y was perfor med t o r emove inact ive pr ot ein. To pr epare t he t ubul in-colchicine compl ex used in Fig . S3, col chicine was included in t he disassembl y buffer [START_REF] Dorl Éans | St udying drug-t ubul in int eract ions by X-ray crystallogra phy[END_REF]. The mot or doma in of t he human kinesin-1 Kif 5B (cys-l ight construct , compr ising r esidues 1 t o 349) was pr oduced and pur ified as descr ibed [START_REF] Cao | The structure of a po-kinesin bound t o t ubul in l inks t he nucl eot ide cycl e t o movement[END_REF].

Size exclusion chromatography.

Sa mpl es wer e analyzed on a Superdex 200 10/300 GL col umn (GE Healthcare) equil ibrat ed wit h 20 mM Pipes-K, pH 6.8, 1 mM Mg Cl 2 , 0.5 mM EGTA and 150 mM KCl , unl ess ot herwise ment ioned. The cont ent of t he chromat ogra phic peaks was analyzed by SDS-PAGE wit h Coomassie Bl ue sta ining.

Isothermal titration calorimetry.

Calor imetr ic experiment s wer e conduct ed at 20 °C wit h a Micr oCal ITC200 instrument (Mal vern). All pr ot eins wer e buffer-exchanged t o 20 mM Pipes-K pH 6.8, 1 mM Mg Cl 2 , 0.01 mM EGTA, 0.01 mM GDP and 75 mM KCl . Al iquot s (2 µL) of iE5 or iiH5 at 160 µM wer e inject ed int o a 15 µM t ubul in solut ion (cell volume, 0.24 mL). Analysis of t he data was perfor med using t he Micr oCal Or igin soft ware provided by t he manufactur er according t o t he one-binding-sit e model .

Microtubule assembly inhibition.

Microtubul e assembl y was perfor med in a buffer consist ing of 50 mM Mes-K, pH 6.8, 6 mM MgCl 2 , 1 mM EGTA, 30% (v /v ) gl ycerol , and 0.5 mM GTP. It was init iat ed by raising t he t emperature from 5 °C t o 37 °C and monit or ed at 350 nm wit h a Cary 50 spectrophotomet er (Ag il ent Technologies), using a 0.7-c m pat h l ength cuvett e. In pr esence of iiH5 and of (iiH5) 2 , t o avoid aggr egat ion, t he assembl y buffer was suppl ement ed wit h 75 mM KCl .

Total internal reflection fluorescence microscopy.

Tubul in was label ed wit h CF640R-N-hydroxysuccinimide est er (NHS, Sig ma -Aldr ich) or biot in-NHS est er (Ther mo scient ific) (Hyman et al ., 1991). Fl ow cha mber s for TIRF ex per iment s wer e assembl ed from pol yethyl ene gl ycol (PEG)-pa ssivat ed funct ional ized glass and pol y(L-l ysine)-PEG (Su So S)-pa ssivat ed count er glass [START_REF] Biel Ing | Fl uor escence microscopy a ssays on chemically funct ional ized surfaces for quant itat ive imaging of micr otubul e, motor , and +TIP dyna mics[END_REF]. Biot in-PEG-coat ed glass was pr epared by mixing 91% hydroxyl -PEG-3000-a mine and 9% biot in-PEG-3000-a mine (both from RAPP Pol ymer e) and coupl ing t his mixt ur e t o glass.

Fl uor escently-label ed biot inylat ed GMPCPP-stabil ized microtubul e 'seeds' (containing 20% CF640Rlabel ed t ubul in) for assays wit h dyna mic micr otubules wer e pr epar ed as described [START_REF] Biel Ing | Fl uor escence microscopy a ssays on chemically funct ional ized surfaces for quant itat ive imaging of micr otubul e, motor , and +TIP dyna mics[END_REF][START_REF] Roostalu | Co mpl ementary act ivit ies of TPX2 and chTOG const it ut e an efficient import in-r egulat ed microtubul e nucl eat ion modul e[END_REF].

The a ssay was perfor med essent ially as descr ibed earl ier [START_REF] Roostalu | Co mpl ementary act ivit ies of TPX2 and chTOG const it ut e an efficient import in-r egulat ed microtubul e nucl eat ion modul e[END_REF]. In br ief , fl ow cha mber s wer e incubat ed wit h 5% Pl uronic F-127 in MQ water (Sigma -Al dr ich) for 10 min at r oom t emperature, washed wit h assay buffer (AB: 80 mM Pipes, 75 mM KCl , 1 mM EGTA, 1 mM Mg Cl 2 , 1 mM GTP, 5 mM 2-mer ca pt oethanol , 0.15% (w /v ) met hylcellulose (4,000 c P; Sig ma -Al dr ich), 1% (w /v ) gl ucose, 0.02% (v /v) Br ij-35) su ppl ement ed with 50 µg mL -1 κ-casein (Sigma -Al dr ich). Cha mber s wer e subsequently incubated wit h t he sa me buffer additionally containing 50 µg mL -1 Neutr Avidin (Life Technologies) for 3 min on a metal bl ock on ice, washed wit h AB and t hen incubat ed wit h AB containing an a ppr opr iat e dil ut ion of fluor escently-label ed GMPCPP-microtubul e 'seeds' for 3 min at r oom t emperatur e. Unbound 'seeds' wer e removed by addit ional washes wit h AB followed by t he final assay mixt ur e: 50% (v /v ) 2x AB, 48.18% BRB80 (80 mM Pipes, 1 mM EGTA, 1 mM Mg Cl 2 ) suppl ement ed wit h oxygen scavenger s (682 µg /mL -1 glucose oxidase (Ser va ), 164 µg /mL -1 catalase (Sigma -Al dr ich)) and 15 µM CF640R-l abel ed t ubul in (l abel ing rat io: 6.5%), and 1.8% of varying concentrations of -Reps d il ut ed in t heir st orage buffer s. Fl ow cha mber s wer e seal ed with vacuum gr ease (Beckman) and imaging was started 90 s aft er placing t he cha mber on t he micr oscope. Ex per iment s wer e performed at 30 °C ± 1 °C on a TIRF microscope (iMIC, FEI Munich) descr ibed in detail pr eviousl y [START_REF] Duell Berg | Reconst it ut ion of a hierarchical +TIP int eract ion net work controll ing microtubul e end tracking of dynein[END_REF][START_REF] Maur Er | EB1 accel erates two confor mat ional transit ions important for microtubul e mat urat ion and dyna mics[END_REF]. Image acquisit ion was carr ied out as descr ibed before [START_REF] Duell Berg | Reconst it ut ion of a hierarchical +TIP int eract ion net work controll ing microtubul e end tracking of dynein[END_REF][START_REF] Maur Er | EB1 accel erates two confor mat ional transit ions important for microtubul e mat urat ion and dyna mics[END_REF]. All t ime-la pse movies were recorded at 1 fra me per 5 s w it h a 200-ms ex posur e t ime. CF640R-l abel ed microtubul es wer e excit ed at 640 nm keeping t he laser power constant for all exper iment s. Mean micr otubul e growt h speeds wer e calculat ed from kymogra phs generated using ImageJ. panel B, but only t he t wo iiH5 mol ecul es ar e shown. (D) Design of (iiH5) 2 . To buil d t he tandem r epeat αRep, t he C-ca p of one αRep was r emoved and t he C-t er minal end of it s last int ernal HEAT r epeat was l inked t o t he N-t er minal end of t he N-ca p of t he second one using a (GGGGS) 3 -GGS mot if (dashed l ine). 1B and5.

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

(A) iE5 and iiH5 int eract wit h t he t ubul in-colchicine compl ex. Gel filtrat ion profil e in 20 mM Pipes-K, pH 6.8, 1 mM Mg Cl 2 , and 0.5 mM EGTA, of 20 µM t ubul in-colchicine alone (black l ines) or wit h 80 µM iE5 (bl ue) or iiH5 (magenta ). The absor bance signal of colchicine at 351 nm is al so shown (dashed l ines). (B,C) iE5 makes a t ernary compl ex wit h t ubul in and kinesin-1. (B) Gel filtrat ion pr ofil e in t he buffer used in panel A of t ubul in (20 µM), of kinesin -1 mot or doma in (30 µM), or of different mixt ures of t ubul in, kinesin , and iE5 (80 µM), a s indicat ed. The ma in phic peak of t he t ubul in:iE5:k inesin sa mpl e is shift ed compar ed t o t hose of t ubulin :kinesin and t ubul in:iE5, indicat ing t he for mat ion of t he t ernary compl ex. (C)

Fract ions defined at the t op of panel B wer e submitted t o SDS-PAGE in t he case of t ubul in:kinesin (Left ) and t ubul in:iE5:kinesin (Right ), confir ming t he for mation of a t ernary compl ex in this last case.

Figure 1 .

 1 Figure1. The iE5 and iiH5 αReps bind tubulin and inhibit microtubule assembly. (A) Strategy for t he sel ect ion of α-t ubul in-specific αReps. A biot inylated ver sion of t he β-t ubulin -specific DARPin A-C2[START_REF] Ah Mad | Destabilizing an int eract ing mot if strengthens t he associat ion of a designed ankyr in r epeat pr ot ein wit h t ubul in[END_REF] was tra pped on a str eptavidin -coated plat e, making t he α subunit of bound t ubul in most exposed. (B) Gel filtrat ion pr ofil e of 20 µM t ubul in alone or in pr esence of 40 µM of eit her iE5 or iiH5. See al so Fig .S3A. (C) Fract ions defined at t he t op of panel B wer e submitt ed t o SDS-PAGE, which confir ms t he for mat ion of t ubul in-αRep compl exes. Irr el evant lanes have been r emoved from t he u pper gel . T, t ubul in.

Figure 2 .

 2 Figure 2. The tubulin-iE5 structure. (A) Over view of t he compl ex crystall ized. The iE5 int ernal r epeat s are in orange, and t he N-cap and C-ca p ar e in yellow. The α-t ubul in secondary structural el ement s (defined in Fig . S1) t hat int eract with iE5 ar e in magenta . (B) El ectrostat ic pot ent ial surface of t ubul in, wit h bound iE5 shown as a cartoon model . (C) iE5 pr event s int er -t ubul in l ongitudinal int eract ions. iE5 (surface repr esentat ion) has been model ed on a microtubul e α subunit (magenta ) aft er super posit ion of α-t ubul in from t ubul in-iE5. iE5 would clash wit h t he β subunit (br ight gr een) of a neighbor ing t ubul in al ong a

Figure 3 .

 3 Figure 3. The tubulin-iiH5 structure. (A) Over view of t he compl ex crystall ized. (B) Tubul in-iiH5 for ms a hel ical assembl y of 6 compl exes per t urn in t he crystal . (C) El ectrostat ic pot ent ial surface of t ubul in, wit h bound iiH5 shown as a cartoon model . (D) El ectrostat ic pot ent ial surface of iiH5, wit h t he α-t ubul in el ement s t hat int eract with iiH5 shown in magenta. (E) Sequence of iiH5. See Fig . 2E for color code explanat ions. (F) Co mpar ison of t he t ubul in binding modes of iE5 and iiH5 αReps. The α subunit from tubul in-iiH5 has been super imposed t o t hat from t ubulin -iE5; onl y t he latter is shown.

Figure 4 .

 4 Figure 4. The αReps selectively inhibit microtubule (-) end growth. (A-G) Repr esentat ive TIRFM kymogra phs showing individual microtubul es growing from surface-immobil ized GMPCPP 'seeds' in t he absence (A) or pr esence of iE5 (B,C), iiH5 (D,E) and (iiH5) 2 (F,G) Reps at t he indicat ed concentrat ions.

  

  

  

  

  

Table 1 .

 1 Ther modyna mic binding para met ers det er mined by ITC

	αReps	n	K D (n M) ∆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 .

 2 Data coll ect ion and r efinement stat ist ics.

		Tubul in-iE5	Tubul in-iiH5
	Data collection (a )		
	Space group	P3 2 21	C2
	Cell dimensions		
	a , b, c (Å) α, β, γ (°)	102.3, 102.3, 216.2 90.0, 90.0, 120.0	450.8, 53.8, 229.6 90.0, 118.8, 90.0
	Resol ut ion (Å)	46.2-2.60 (2.69-2.60)	36.8-3.20 (3.31-3.20)
	R me a s I / σI	0.169 (1.95) 14.6 (1.2)	0.321 (1.05) 4.17 (1.02)
	CC 1/2	0.999 (0.446)	0.954 (0.569)
	Co mpl et eness	99.9 (100)	98.9 (98.2)
	Mult ipl icit y	13.2 (12.5)	3.2 (3.3)
	Refinement		
	Resol ut ion (Å)	46.2-2.60	36.85-3.20
	No . r efl ect ions	41238	80684
	Rwork / Rfr ee	0.173 / 0.223	0.230 (0.270)
	Nu mber of non-hydrogen atoms	
	Pr ot ein	8202	23796
	Ligands	100	183
	Sol vent	176	0
	B factors		
	Pr ot ein	70.6	90.6
	Ligands	75.3	89.4
	Sol vent	60.2	
	Coordinat e error (Å)	0.31	0.61
	R.m.s.d .		
	Bond l engths (Å)	0.010	0.010
	Bond angl es (°)	1.16	1.20
	Ra machandran (%)		
	Favored r egion	97.15	94.03
	All owed r egion	2.66	4.98
	Outl ier s	0.19	0.99
	(a )		

Acknowledgements

We t hank M. Knossow (I2BC, Gif -sur -Yvett e) for d iscussions and cr it ical reading of t he manuscr ipt .

Diffract ion data wer e collect ed at t he SOLEIL synchrotron (PX1 and PX2 bea m l ines, Sa int -Aubin, France) and at t he European Synchrotron Radiat ion Facil it y (ID30 bea m l ine, Gr enobl e, France). We ar e most grateful t o t he machine and bea m l ine groups for making t hese exper iment s possibl e. We t hank D. Mauchand (Un it é Commune d 'Ex pér imentat ion Animal e, Inst itut Nat ional de la Recherche Agr onomique, Jouy en Josas, France) for pr oviding us wit h t he mat er ial from which t ubul in was pur ified. Th is work has benefit ed from t he facil it ies and expert ise of t he I2BC crystall izat ion and biophysics platfor ms. This work has been support ed by t he Fondat ion ARC pour la r echerche sur l e cancer (t o B.G.), by CNRS, and by t he Fr ench Infrastructure for Int egrated Structural Biol ogy (FRISBI) ANR-10-INSB-05-01. T.C. and T.S. wer e support ed by t he Francis Cr ick Inst it ut e, which r eceives it s core funding from Cancer Research UK (FC001163), t he UK Medical Research Council (FC001163), and t he Wellcome Tr ust (FC001163), and by the Eur opean Research Council (Advanced Grant , pr oject 323042).

Author contributions

P.M. and B.G. designed r esearch; V.C., A.U., S.C.F. and M.A.N. perfor med r esearch; V.C., A.U., M.V.L., P.M. and B.G. analyzed data ; T.C. and T.S. designed and perfor med t he TIRFM exper iment s; B.G. wrot e t he manuscr ipt wit h in put from all author s.

Declaration of Interests

The authors declare no compet ing int erest s.

Crystallization and structure determination.

Tubul in-iE5 was crystall ized at 293 K by va por diffusion in a crystall izat ion buffer consist ing of 13% (v /v) PEG 400, 0.1 M Mes-K pH 6.8. Cr ystal s wer e harvest ed in a mot her l iquor containing 20% PEG 400 and flash-cool ed in l iquid nitrogen. Tubul in-iiH5 cr ystal s wer e obta ined at 277 K in 0.2 M Na tartrate, 12% (w /v ) PEG 3350 and cryopr ot ect ed in mother l iquor suppl ement ed wit h 20% gl ycerol . Dataset s were coll ect ed at 100 K at t he Pr oxima -1 bea ml ine (SOLEIL Synchrotron, Sa int -Aubin, France). Data were pr ocessed wit h XDS (Ka bsch, 2010) using t he XDSME package [START_REF] Legrand | XDSME: XDS Made Ea sier[END_REF]. Structures wer e sol ved by mol ecular r eplacement with Phaser [START_REF] Mc Coy | Phaser crystallogra phic softwar e[END_REF] 

QUANTIFICATION AND STATISTICAL ANALYSIS

Ta bl e 2 contains quant itat ive para met ers r elat ed t o data and r efinement stat ist ics. The uncertaint y on t he K D det er mined by ITC (Ta ble 1) was est imat ed by t he Or igin soft ware using t he Levenberg-Marquardt algor i t hm. Error bars in t he TIRFM ex per iment s (Fig. 4 H-J) ar e SD fr om measur ement s of at l east 20 micr otubul es.

DATA AND SOFTWARE AVAILABILITY

Coordinat es and structure factors have been deposited in t he Pr ot ein Data Bank under accession codes 6GWC (t ubul in-iE5) and 6GWD (t ubul in-iiH5).

Supplemental Legend

Figure S1. Sequences of αand β-tubulin, secondary structure assignments and domain definition, Related to Figures 2, 3 and5. (To p) The sequences of t he Bos taurus α1B and β2B t ubul in isot ypes have been al igned as in [START_REF] Löwe | Ref ined structure of αβ-t ubul in at 3.5 Å resolut ion[END_REF]. These sequences wer e used t o r efine t he t ubul in-iE5 and tubul in-iiH5 structures because, t o t he best of our knowl edge, t hose of Ovis aries t ubul in ar e not known. The secondary structure nomenclature is as in [START_REF] Löwe | Ref ined structure of αβ-t ubul in at 3.5 Å resolut ion[END_REF] and t he boundar ies of t he helices (highl ight ed in cyan) and strands (yellow) wer e det er mined wit h Pymol from t he following structures: pdb id 6GWC (t his work), 5EYP [START_REF] Ah Mad | Destabilizing an int eract ing mot if strengthens t he associat ion of a designed ankyr in r epeat pr ot ein wit h t ubul in[END_REF]4I4T (Pr ota et al ., 2013a ), which compr ises a hel ical mot if in t he M l oop as shown her e. (Bottom) Tubul in doma ins. The α subunit (pdb id 5EYP) is shown. The secondary structure el ement s of it s N-t er minal doma in ar e in gr een, wit h the strands in br ight er color; t hose of t he int er mediate doma in ar e in pink; and t he hel ices of t he C-t er minal doma in ar e in cyan. The H7 hel ix is in yellow and t he M l oop in magenta . iiH5 bound at t he (-) end of a micr otubul e. Th is model was obta ined by superposing α-t ubul in in t ubul in-iiH5 t o α-t ubul in in t he microtubul e structur e (pdb id 3JAK). Four pr otofila ments ar e drawn, t wo of t hem being decorated by a iiH5 mol ecul e. Views from t he inside of t he microtubul e (A) and along t he microtubul e axis (B). Col or code as in Fig . 3A except t hat t he C-cap of iiH5 is in l ight er cyan. (C) Sa me or ientat ion as in