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Summary

Microtubules are cytoskeletal filaments of eukaryotic cells made ofp-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 aRep library
that are specific toa-tubulin. Turbidity experiments indicate that these aReps 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 thea-tubulin longitudinal surface. Interestingly, in one of the complexes studied,
the a 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 a-tubulin-specific aReps broaden the range of tools available for the mechanistic study of

microtubule dynamics and its regulation.
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Introduction

Microtubules are eukaryotic cytoskeletal assembhigslved in crtical functions ranging from intreltular
trafficking to ciiogenesis and cell division. Talaeve these different functions, cells constartigrganize
ther microtubule network, regulating microtubulgcheation and dynamics. Microtubules are holloweib
made of parallel protofiaments for med by the heathi assembly obitubulin heterodimers ¢ubulin). As
aresult, microtubules are polar structures, wi(h) @nd wherextubul in subunts are exposed, and a faster
growing (+) end, terminated b@+tubulin subunis (Desai and Michison, 1997). Qurderstanding of
microtubule dynamics and of is regulation is snidompete, in particular froma structural podaftview,
although continuous progress has been made ovematdtdwo decades. Indeed, microtubule structuiees a
now avalable at near 3 A resolution from cryo-ti@e microscopy data (Benoit et al., 2018; Howeal et
2017; Zhang et al ., 2015; Zhang et al ., 2018)diditaon, crystal structures of non-microtubular tlit have
been obtained despte the notorious difficultyitystallize this protein, which is related to t©pensty to
selfassemble into heterogeneous species. Two gesteategies have been pursued to circumvent this
limitation. In one of them, mutations that diminidngitudinal contacts between tubulin molecul egeha
been introduced to disfavor self-assemtdghnson et al ., 2011). This tubulin mutant has lwegstallized in
comgdex with TOG domain proteins (Ayaz et al ., 20Aaz et al ., 2012). The second approach is based
proteinsthat make well -defined comp exes with tilgwnableto assemble further. These proteingaher
vertebrate stathmind ke domain proteins (SLDsjfbamwith tubulin a 2:1tubulin:SLD assembly,SLD)
(Jourdain et al ., 1997) or artificial Designed AnkyRepeat Proteins (DARPINE} Uckthun, 2015) selected
to bind Btubulin (Pecqueur et al ., 2012), and high resoiutrystal structures of tubul in have been obtained
wih SLDs or wih DARPIns used as crystallizat idmperones (Ahmad et al., 2016; Mignot et al., 2012;
Nawrotek et al., 2011)}. These proteins have akrsavgn useful to study the mechanism of microtubul e-
associated proteins (MAPs)that interact wih tirbuboth structurally (Cao et al ., 2014; Giganglet 2013;
Prota et al., 2013b; Wang et al ., 2017) and biodtedhy (Gigant et al ., 2014; Li et al ., 2015). Hovee, both
SLDs and DARPins may compete wih MAPs for tubllinding. Indeed, SLDs target a tubulin surface that
corresponds to the exterior of the microtubule &@iget al., 2000), where the binding sites of nwmsr
MAPs are clustered (Nogales and Kellogg, 2017). @etiion wih DARPins has also been reported
(Nawrotek et al ., 2014; Sharma et al ., 2016). Tioeecthere is a need to expand the tools avaitabseudy
microtubules wih proteins that bind tubulin diféetly from SLDs or from the DARPIins used so far. In
particular, only a few molecules that stabiize ulirb without interacting with t3 subunit have been
described (e.g., (C ément et al ., 2005; Wang eall2)).

We present here the selection and character izaffiarRe ps that target the tubulen subunt.oReps are
artificial proteins based om consensus sequence of a HEATH ke repeated nmdtiélly observed in
thermophiic microorganisms (Guellouz et al., 20LByoas et al., 2010). We show that seleab&k ps
prevent microtubule assembly wih a specific blogkeffect at the (-) end, and we have deter mined th
structure in compex with tubulin to rational izeighnhibition. These tubulin-bindingiReps broaden the

range of toolsavaiableto studytubulin, in peukar isregulation bt ubul n-specific proteins.



Results and discussion.

Selection ofa-tubulin-specific aReps.

The in viro selection of binders froma libraryast ficial proteins is usually performed on an ininhized
target. In the case of a protein target,to presésynative structure, this step often takes atgmof tags,
eg.a biotinylated tagthat interacts wih imméetb stregavidin (Guellouz et al ., 2013). Howeweénereas
systems to express recombinant tubulin are nowablai(Johnson et al ., 2011; Minoura et al ., 2003t

al., 2016; Vemu et al ., 2016), pur fication of tipiotein from natural sources is stil the mosticéght way

to obtain the large quantties needed for biochaln@s periments. We therefore decided to use facsien
the same protein, purified from sheep brain, thitlve used in later experiments. To bias the s&ec
towardsatubulin binders, we immobiized gtubulin-specific biotinylated DARPiIn on a strepn-
coated date (Fig. 1A). In addiion, to increase thsidence time of tubulin on the pate, we usédyh
affinty, slowly dissociating DARPIn (Ahmad et a016). AnaReplibrary (Guellouz et al ., 2013) wasthen
screened through 3rounds of phage dispay aRelps that bind tubulin were identfied in an ELIS#say.
Two aReps, named iE5 and iiH5, which were among thosagtihe highest signal in this assay,and which
comprise 5 and 3 internal repeats, respectivelyrewshosen for further biochemical and structural
characterization.

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

In the ELISA assay, the interaction of tleReps wih tubulin was montored whie the latter swa
immobi ized (Fig. 1A). To ascertain the interactiorsolution, we perfor med size exclusion chromeapgy
experiments (Fig. 1B). Compared to tubulin aloneheomatographic peak that eluted earlier was wieser
when tubulinaRep samp es were loaded on the column. SDS-PAGIEsinaf the protein content of that
peak indicated the presence of both tubul in ariteedf theaReps (Fig. 1C). Theseresults confr mthat both
iE5 and iiH5 forma complex wih tubulin. In addhi, because the injected samp es were preparecawih
slight molar excess afiRep, and because a peak corresponding todReps (not bound to tubulin) was
detected (Fig. 1B), the size exclusion chromatdgyap periments suggest that the stoichiometry mdiibg

is one tubulin molecule for oreeRep in both cases.

The gel fitration profie is characteristic of gt interaction. For botlxReps, the peak of the compex was
nearly symmetrical, and the tubulin peak was cotglyedispaced. To characterize the strength of the
association of tubulin wih iE5 and iiH5 furthewe studied the tubuliaRep interaction by isother mal
tiration calorimetry (ITC). Thettration of tubol by iE5ledto a dissociation constanp)f 270 + 75nM
whereas the same experiment with iiH5led topoK95 + 15 nM (Fig. 1D,E; Table 1). These values a
wihin the range usually found between selectieps and ther target prote{Chevrel et al., 2018;
Guellouz et al ., 2013) and correspond to reasortagthly int eract ions.

Then we recorded the effect of iE5 and iiH5 on wticbul e assembly using a turbidity assay. We fdiatl
theturbidiy signal corresponding to microtubuss@mbly decreased in presence of lwdRaps (Fig. 1F,G).
These experiments further supported the 1:1 tulmiRiap binding stoichiometry, in agreement with thie ge
fitration analysis (Fig. 1B) and the ITC data (e ). For instance,the turbidiy plots of 20 pibtl in in



presence of 5 uM iE5 (Fig. 1F) or iiH5 (Fig. 1Geasimiar to the ones of the 15 uM tubul in contiidie
same app ies when comparing a 10 uM tubulin sahuiod samg es consisting of 20 uMtubulin and 10 uM
oRep. Finally, when a stoichiometric amount alRep was added to 20 pM tubulin, almost no turbidiy
signal was detected. Taken together,these reshubhg that bothoReps inhibt microtubule assembly in a
dose-dependent manner. To elucidate the basis i®friechanism, we determined the structure of the
corresponding tubulinxRep comp exes.

iE5 and iiH5 target the longitudinal surface ofa-tubulin.

The X+ay structure of tubuln—E5 was deter mingdniml ecular repdacement at a resolution of 2.6 &€

2). The structure confrmed the 1:1 tubulin:iE5ishametry (Fig. 2A) and there was one compex per
asymmetric unt. In agreement with the selectioategy (Fig. 1A), th@Rep bindstaxtubulin. It targetsa
mostly acidic surface (Fig. 2B) that is involved irbul in—tubul in longtudinal contacts within mididul es
(Nogales et al., 1999) (Fig. 2C). k interacts artjgular with theatubulin T7 loop and the following H8
helx, and with the H10-S9 loop and the BStrand (Fig. 2A,D) (see (Lowe et al., 2001) ang. B1 for
tubulin secondary structure nomenclature and dodefimiion). On theaRep side, the binding surface is
electropostive (Fig. 2D) and formed by many resi&ldrom randomized postions but also by some
(invariant)residues of the framework (Fig. 2E)casnmonly observed iRep selectioGuellouz et al .,
2013).

The structure of tubulin—iiH5 was simiarly deteneil to 3.2 Aresolution (Table 2, Fig. 3A). There 8,
vrtually identical,comp exes in the asymmetrid uparwise root mean square deviations {.m.sahying
from 0.39to 0.50 A; about 10100€ compared). In the crystal ,tubul in—iiH5 formebeical structure wih

6 complexes per turn and a pich of 54 A, i.e.whdth of one tubulin (Fig. 3B). Several featurestbé
tubul in—HES5 structure also appy to tubulin—iHBdEeed, iiH5 makes a 1:1 assembly with tubul inifdb to

the @cidic) longtudinal surface of tleesubunt (Fig. 3C). It interacts in particular wite T7 and the S8-
H10 loops and wih the S9 strand (Fig. 3A,D). iiblso interacts wih the Nterminal H1-S2 loop. In
addtion, the iiH5 binding surface is basic (Figo)3&and is mostly formed by residues at randomized
postions (Fig. 3E). The binding tothelongtudisarface ofatubulin, which is exposed at the microtubule
(-) end (Fig. S2), suggeststhat thefeps may affect thetwo ends of the microtubulfedsitly.

iE5, iiH5 and a tandem repeaiRep stop growth at the microtubule (-) end

To discriminate between effects thi®eps have on the growth of the two different migbole ends, we
imaged individual microtubules using a total intdrneflection fluorescence microscopy (TIRFM) assay
(Roostalu et al., 2015), in which dynamic microt@sugrew in the presence of 15 pyM tubulin from
immobi ized GMPCPP-microtubule ‘seeds’. In the atageofaReps, microtubule (+) and (-) ends elongated
wih speeds of ~ 20 nm'sand 4 nm 8, respectively (Fig. 4). The addiion of 1 uM oBilFig. 4C,H) or of
iiH5 (Fig. 4E,l) substantially reduced the (-) egbwth speed, whereas the (+) end growth speed was
unaffected. To test if this selective inhibitoryest of (-) end growth can be increased, we conttdia
tandemrepeat version of the iildRep (Fig. S2),termed (iiHg)as it was done previously with@tubulin
targeting DARPIn (Pecqueur et al., 2012). We fyatified using a turbidiy assay that the inhili iof
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microtubule assembly by (iiH5)(Fig. 1H) agrees wih the formation of a 2:1 tubifliH5), compex
(Campanacci et al, submited). TIRFM ex perimenentbdemonstrated that (iH5hdeed inhibted (-) end
growth more efficiently than the monomeraReps (Fig. 4F,G,J). The microtubule (-) end growids
slowed down already in the presence of only 10 miM5], and competely blocked at 100 nM (iiH5)
Srikingly, as in the case of the monovalefReps, the growth of the (+) end remained unaffeaeto 1
MM (iiH5),. At 10 pM (iiH5),, (+) end growth finally also stopped, i.e. at a@entration about 2 orders of
magntude higher thanthat needed to block (-)grogth.

Fromthese results, the mechanism of microtubuerally inhibition by thesaReps can be deduced (Fig.
4K). Tubulin-aRep comgdexes cannot be incor porated at the mioubeu(+) end because the longiudinal
surface of thex subunt of the incoming tubulin is masked by tiRep. Therefore, at that end, thRe ps act
as tubulin-sequestering proteins and higkep concentrations are requied to exert an effeatontrast,
oReps may bind at the microtubule (-) end, wherteibul in subunis are exposed. They may bind om the
own but also as a compex with tubulin becausg3habul in longtudinal surfaceremains accessibléhia
compex. In this case,thetargeted protofilaméetsome capped and cannot elongate further. Ther,efer
long as armRep capsthe protofiament (-) end, it blocks tesoeiation of many incoming tubulins (either in
comdex withaReps or not). This mechanism exgains why tiReps interfere with microtubule growth
more drastically at (-) than at (+) ends and imefselectively wih (-) end growth at loweRep
concentrations. This mechanism is reminiscent af @f Btubulintargeting DARPingPecqueur et al .,
2012), but withreverse outcomes at both endseficrotubule.

The plasticity of a-tubulin.

Athough the iE5 and iiH®Reps share the same mechanism of microtubule tifdmb(Fig. 4) and ther
epitopes on tubulin overlap, the binding modes lod two aReps also clearly differ (Fig. 3F). One
consequence was the possibity to engineer (iHBly. S2) whereas the design of an iE5-based tande
repeatoRep would have been more difficult. The differemding modes also result in an overall surface
area buried upon compex formation of about 165n&he case of tubulin—iiH5 vs about 2478 iAthe
case of tubulin—ES5. Interestingly, this larger ibdrsurface does not translate into a higher &§fiHig. 1D,

E). Atubulin confor mational change might exdatista pparent discrepanéifastriis et al ., 2011). Indeed,
in the compex wih iE5, a different confor matiofitbe atubulin T7 loop, which interacts with th@sRep,

is observed. This structural variation propagaiestte adjacent H7 and H8 helices (Fig. 5A), whie
remaining compatible with the binding to tubulin, efg ., kinesin-1 and colchicine (Fig. S3). Tareubul in
structural change is best pictured by comparingHiieentral hel ix, which translates when tubul int sies
froma straight microtubular confor mation to a calsoluble one (Ravelliet al., 2004). After suparifon

of the secondary structural elements of the Nteamilomain, a translation of about 1 A is needed to
superimpose the subuni H7 helices of tubul in—iiH5 and tubul n—iE&hich is about half of the translation
value when compar ing the iiH5 comgex and the nhidpale (Fig. 5B). This translation is accompanigd b
changes in the intermediate domain (Fig. 5C). Wihencomparison is extended to other structuresof n
microtubular tubulin, addtional postions of th& Helix that are inter mediate between the oneablin—
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iiH5 and tubulin—E5 are found (Fig. 5D). Therefaiteea subunt in tubulin—ES5 is in a confor mation thstt i
onthe waytothe ones observed in the microtubule.

We then questioned whether the structural diffeesngithin thea subuni in the compd exes witiReps
extend to the overall conformation of tubulin. lath comp exes, tubulin is in a curved confor mat idve
calculated angles between theand 3 subunis ranging from 10.7°to 12° for the thred enules of the
asymmetric unt inthe comp ex wih iiH5. In thesesof tubulin—E5, the angle is slightly larger dab 18°),
being in the upper range of values found in crystalictures of tubulin (Fig. 5E, Table 3). Therefor
whereastubulin has a straight confor mation inrtfice ot ubul e cor éNogales et al ., 1999; Zhang et al ., 2015)
and adopts intermediate shapes at microtubule @tsrton et al ., 2017; Chr &ien et al ., 1999; Gloeset
al., 2016), the structural results presented hgreeawih the general view that tubulin is curvedew
disassembled (Gigant et al ., 2000; Melki et al899wth a curvature anglethat is at least ali@it(Table
3). Interestingly, although the subuntin tubulin—ES5 is ina conformation intermediate between that seen
in tubulin—iH5 and the microtubular ones, this qbex dispays the largest tubulin curvature. This
observation suggests that, outside the microtubohtext, confor mational changes within the subuaries
uncorrelated to the variation of th@tubul in curvature.

Conclusion.

In this work, we have selectedtubulin specificaReps. These binders prevent tubulin self-assoaidiyo
targeting a surface that is involved in longtudinateractions in tubulin assemblies, wih differen
implications for the two microtubule ends (Fig. #her binding mode is reminiscent of that of the N
terminal B-har pin of SLDs (Cl ément et al ., 2005; Wang et al ., 2012)clvtal so interacts with this tubulin
surface(Ravelli et al., 2004). But SLDs stabiize in adutt a second tubulin molecule through ther C-
terminal helix to forma FSLD comp ex(Gigant et al., 2000). Different fromthis cases thinding ste of
iE5 and iiH5aReps is restricted to thetubulin longtudinal surface. Therefore, when bduo tubulin,
they leave the surface that corresponds to the iextod the microtubul@ccessible (Nogales et al ., 1999).
We anticipate that thesetubul in-specificaReps will be useful for mechanistic and structtaidies of
microtubule dynamics and of tubulin:MAPs interansipand compementary to DARPIns that targetfihe
subunt (Pecqueur et al ., 2012).

Finally, our results enlighten the pasticty ofettubulin subunts. Interestingly, in microtubulgse o
subunt undergoes the most substantial structasabions associated wih GTP hydrolygidanka and
Moores, 2018; zZhang et al ., 2015; Zhang et al .820Qur data indicate that a confor mational chasfge-
tubulin towards the microtubul e structure may higaited out side the microtubul e context . Howeviee, tull
microtubular confor mation has been seen only inrobidbul es and related assemblies (Léwe et al ., ;2001

Zhang et al ., 2015) and remainsto be capturedl bk tubul in comp exes.
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Figure legends



Figure 1. The iE5 and iiH5aReps bind tubulin and inhibit microtubule assembly (A) Strategy for the
selection of atubulin-specific aReps. A biotinylated version of th@tubulin-specific DARPIn A-C2
(Ahmad et al ., 2016) wastrapped on a strepavidated pate, making tleesubuni of bound tubulin most
exposed. (BiGel fitration profie of 20puMtubulin alone or in presence of @M of either iE5 or iiH5. See
also Fig. S3A. (C) Fractions defined at the topaifiel B were submited to SDS-PAGE, which confiines
formation of tubulineRep complexes. Irrelevant lanes have been remawoedthe upper gel. T, tubulin.
(D,E) ITC analysis of the interaction between tubelnd iE5 (D) or iiH5 (E). Experiments were penfed

by stepwisetiration of theRep (160 M concentration) into 15 pMtubulin. Uppanels disday raw data;
lower panels show the integrated heat changesssutated curve fis, from which the indicat egélues
were extracted. (F,G) iE5 and iiH5 inhibit microtldassembly in a dose-dependent manner. The agsemb
of 20 uM tubulin in presence of increasing concains of iE5 (F) or iiH5 (G), as indicated, is camed
wih the assembly of 10, 15 and 20 uM tubulin alad&rotubule assembly was montored by turbidiy.
The temperature was swiched from 5to 37 °C dlftenin of recording time in each case and the arsawh
indicates the reversetemperature swich. In tise od iiH5, the assembly buffer was supp ement et W%
mM Kd to avoid aggregation. (H) The (iiHS5)andem repeatiRep (see Fig. S2) inhibits microtubule
assembly. The assembly of tubulin (20 or 30 pMpriesence of (iiH3)at the indicated concentrations was
montored by turbidiy inthe condiions used impaG, fromwhich the tubulin control curves arkda.
Figure 2. The tubulin—E5 structure. (A) Overview of the comdex crystallized. The iE&drnal repeats
are in orange, and the N-cap and C-capare inwellaeatubulin secondary structural elements (defined
in Fig. S1)that interact with iE5 are in mager(B). B ectrostatic potential surface of tubulin, wbound
iIES shown as a cartoon model. (C) iE5 preventsrintleulin longitudinal interactions. iE5 (surface
representation) has been modeled on a microtubidebunt (magenta) after super post ioncefubulin
from tubulin—E5. iE5 would clash wih th@ subunt (bright green) of a neighboring tubul rorzg a
protofiament. View from the outside of the micrbtlie (pdb id 3JAK (Zhang et al., 2015); 2 tubulin
segments of 3 protofiaments are traced). (D) Ebsthtic potential surface of iE5, with the int énag o-
tubulin elements shown in magenta. (E) SequenéE®mfThe residues at randomized postions aredn re
The residues that are less than 5 A distant frawliu residues in the compex are highlighted immy
(invariant residues) or in green (fandomized poiss).

Figure 3. The tubulin—iiH5 structure. (A) Overview of the comp ex crystallized. (B) TuluHiH5 for ms a
helical assembly of 6 complexes per turn in thestaly (C) Hectrostatic potential surface of tubulith
bound iiH5 shown as a cartoon model. (D) Hecttastpotential surface of iiH5, with thetubulin
elements that interact with iiH5 shown in mager{g) Sequence of iiH5. See Fig. 2E for color code
exfdanations. (F) Comparison of the tubulin bindimgdes of iE5 and iiH®Reps. Thea subunt from
tubul in—iH5 has been superimposed to that fromtinbiES5; only the latter is shown.

Figure 4. The aReps selectively inhibit microtubule (-) end growth (A-G) Representative TIRFM
kymographs showing individual microtubules growingm surface-immobiized GMPCPP ‘seeds’ in the
absence (A) or presence of iE5 (B,C), iiH5 (D,E)giH5), (F,G) IReps at the indicated concentrations.
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Experiments were performed at 30 °C in presencéfiM CF640R{abeled tubulin. Scale bars, 6 pum
(horizontal), 2 min (vertical). (H-J) Mean growtlelacties of microtubule (+) and (-) ends (blacikdan
magenta symbols,respectively)as a function of(H5iiH5 (1) and (iiH5) (J)IRep concentration. At least
20 microtubules per condtion were used for grospbed measurements. Eror bars are SD. (K) Model of
microtubule assembly inhibtion by the (iiH3andem repeatiRep. The tubulin—(iiH3)compex is not
incor porated at the (+) end, which continues groveis long as enough freetubulin is avalable. @ytag,
(iiH5), or the compex i forms with tubulin associatedla (-) end but then blocks addition of tubulin
heterodimersto capped protofiaments.

Figure 5. Thea-tubulin plasticity. (A) atubulin differences in the iE5and iiH5 comp exése a subunit

of tubulin—ES5 has been superimposed to that dfitinkiiH5, taking the secondary structural elemaritthe
N+terminal domain as a reference (see Fig. 81)bulin bound to iE5 is in pink, with the regiotisat
interact withthexRep in magenta;iE5 is in orangetubul in fromtubul n—iH5 is in cyan, with the Hr7-
H8 region in brighter color and intermediate domstructural elements in blue; iiH5 is not shownr Fo
clarty,theatubulin Nterminal H1-S2loop is not traced. (B) i@parison ofatubulin in the iiH5 compex
(cyan and blue), in tubulin—E5 (pink and magetiad in the microtubule (grey; pdb id 3JAK), centiepa
the H7 helix. Thex subunis have been aligned as in panel A. (C) Sastie panel B, but only theetubul in
inter mediate domaifs sheet is depicted. (D) Comparisonafubulin H7 position in different structures
after superpostion as in panel A, taking tubulid5ias a reference. The comparison is wih micraiab
tubulin (pdb id 3JAK) and with ;.BLD (pdb id 3RYC; (Nawrotek et al., 2011)). (E) Quoanison of the
overall confor mation ofitubulin bound to iiH5 (grey)and to iE5 (pink agdeen). After super posing the
o subunts,th@ subunis are misaligned by about 7°. As the tulfBilsubunt is the part of this protein that
is most distant fromtheRep in the comp exes described here,this misalagiis most | kely solely dueto

the crystal packing.

11



Table 1 Ther modynamic binding parameters deter mined 6y IT

aReps| n | Kp(nM) | AH (kcal mol®) | TAS (kcal mol) | AG (kcal mol')

iE5 08| 270+ 75 -8 -0.4 -8.4

iiH5 1 95+ 15 -16 7 -9

Table 2 Data collection and refinement statistics.

Tubulin—HE5 Tubul in—iH5
Data collectiort®
Spacegroup R31 C2
Cell dimensions
a,b,c (A) 102.3,102.3, 216.2 450.8, 53.8.82
a, B y(©®) 90.0, 90.0, 120.0 90.0, 118.8, 90.0
Resolution (A) 46.2-2.60 (2.69-2.60) 36.8-3.20 133320)
Rmeas 0.169 (1.95) 0.321 (1.05)
I/ ol 14.6 (1.2) 4.17 (1.02)
CCy; 0.€9¢ (0.446) 0.954 (0.56¢
Comp eteness 99.9 (100) 98.9 (98.2)
Multidicty 13.2 (12.5) 3.2(3.3)
Refinement
Resolution (A) 46.2-2.60 36.85-3.20
No.reflections 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 706 906
Ligands 75.3 894
Solvent 60.2
Coordinate error (A) 0.31 0.61
R.m.s.d.
Bond lengths (A) 0.010 0.010
Bond angles’f 1.16 1.20
Ramachandran (%)
Favoredregion 97.15 94.03
Alowed region 2.6€ 4.9¢
Outliers 0.19 0.99

@Data were collected on a single crystal . Valugsmirentheses are for the highest+ esol ution shell .
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Table 3. Angle between tha andp subunts in a subset of tubulin struct tes

Angle value pdb id
Microtubul e 1.1° 3JAK
Tubul inkinesin-DARPIn 9.2° 4AHNA
Tubul in—SLD-TTL 10.5° 414T
Tubul in—SLD 10.6° 3RYC
Tubul in-SLD-DARPIn 10.€° AF6F
Tubul in—iiH5® 11.2° 6GWD®
Tubul inkinesin-DARPIn 11.6° 4LNU
Tubul in-DARPIn 11.9° 4ADRX
Tubul in-TOG 12.2° 4U3J
Tubul in-TOG 13.5° AFFB
Tubul in-DARPIn 13.5° 5EYP
Tubul in—-CPAF-DARPIN 14 .4 51TZ
Tubul inkinesin-DARPIn 14.7° 5MIO
Tubul in—HE5 18.2° 6GWC?

@) Obtained by super posing the secondary structlegatants of the Nt er minal domain atubulin to those
of Btubulin,as defined in Fig. S1.

®) Average value for the 3 molecul es of the asy mmetni .

© This work.
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STAR METHODS.

CONTACT FOR REAGENT AND RESOURCE SHARING

Further infor mation and requests for resourcesaadents should be drected to and wil be fuldibg the
Lead Contact, Benot Gigartghoi gigant @i2bc.paris-saclay fr)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

aRep library. AntitubulinaReps were selected fromthe 2.1 optimiedEplibrary (Guellouz et al ., 2013).
Bacteria strains. XL1-Blue, Bl 21(DE3) and B 21(DE3)STAR cells weceltured in 2YT medium in the
presence of appropriate antibiotics.

METHOD DETAILS

aRep selection. aRep sel ection was perfor med by phage dispay eaigribllowing published procedures
(Guellouz et al ., 2013). To immobi ize tubul in, thene coding for the high-affinty tubul in-bind IMARPIN
A-C2 (Ahmad et al., 2016) was modified to introd@e AviTag biotinylation coding sequence at the C-
terminal end of the protein. Modified A-C2 was exgsed inE. coli Bl 21(DE3)STAR co+transformed wih
the pBr Acm pgasmid (Avidity, LLC, USA) for in vivdbiotinylation and purified as described for non-
biotinylated A-C2 (Ahmad et al., 2016). Tubul in wiaapped through its interaction with biot inylat&eC2
that was immobiized on a strepavidin-coated pi@&ig. 1A). After each round of selection, bouncghs
eluted ether in acidic conditions or more spealfic by adding DARPin or tubulin were amp ified XL1-
Blue cells and used for the following selectionmduAfter 3 rounds, individual clones were scr eefoed
tubulin binding by phage-ELISA (Guellouz et al .130).

Protein purification. aRep genes were subcloned in pQE-81L plasmid (Qipfperexpression irE. coli

Bl 21(DE3) in 2YT medium at 37 °C. After sonicatiohthe bacteria suspensiomReps were pur fied from
the soluble fraction by Ni-affinty chromatography (Histrap HP, GE Healthddiotowed by gel fitration
(Superdex 75 16/60 HL, GE Healthcare) in 20 mM ®ige pH 6.8, 1 mM Mg, 0.5 mM EGTA and 150
mM Kd. In the case of iiH5, the storage buffer taoned 500 mM KC . The (iiH3Xandem repeatiRep
(Fig. S2; Campanacci et al, submited) was prodecetipur ified as iiH5. The concentrationafReps was
estimated by UV spectrophotometry using theoretddinction coefficients at 280 nm (Gasteiger ef al
2005). Tubulin was purified by two cycles of assinib a high-molarty buffer followed by disassembl
(Castoldiand Popov, 2003). Sheep brain tubulin wsesd throughout, except for the TIRFM experiments
which were performed with porcine brain tubulin.f®@e® use, an addtional cycle of assembly and
disassembly was performed to remove inactive pnofEd prepare the tubulin—colchicine compex used i
Fig. S3, colchicine was included in the disasserllffer (Dorléans et al., 2007). The motor domdithe
human kinesin-1 Kif5B (cysdight construct, commgsresidues 1to 349) was produced and purified as
described (Cao et al ., 2014).

Size excluson chromatography. Samples were analyzed on a Superdex 200 10/30@dBimn (GE
Healthcare) equiibrated with 20 mM Pipes-K, pH,618mM Mgd,, 0.5 mM EGTA and 150 mM Kd,
unless otherwise mentioned. The content of thernatographic peaks was analyzed by SDS-PAGE wih
Coomassie Blue staining.
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Isothermal titration calorimetry. Calorimetric experiments were conducted at 20wih a MicroCal
ITC200 instrument (Malvern). All proteins were berlexchanged to 20 mM Pipes-K pH 6.8, 1 mM Mgd
0.01 mM EGTA, 0.01 mM GDP and 75 mM KO . Aliquota |iL) of iE5 or iiH5 at 160 uM were injected
into a 15 uM tubulin solution (cell volume, 0.24 mlAnalysis of the data was performed using the
MicroCal Origin software provided by the manufaermccording tothe one-binding-sie model .
Microtubule assembly inhibition. Microtubule assembly was performed in a buffer sisiting of 50 mM
Mes-K, pH 6.8, 6 mM MgQ, 1 mM EGTA, 30% (vA/) glycerol, and 0.5 mM GTP.wWas intiated by
raising the temperature from 5 °C to 37 °C and teoed at 350 nm with a Cary 50 spectrophotometer
(Agient Technologies), using a 0.7-cm path lengtivette. In presence of iiH5 and of (iiH5)o avoid
aggregation,the assembly buffer was supp ementédAy mM KO .

Total internal reflection fluorescence microscopy.

Tubulin was labeled wih CF640R-N-hydroxysuccinisidster (NHS, Sigma-Aldrich) or biotin-NHS ester
(Thermo scientific) (Hyman et al., 1991). How chazens for TIRF experiments were assembled from
polyethylene glycol (PEG)-passivated functionalizgldss and poly(Ldysine)-PEG (SuSoS)-passivated
counter glass (Bieling et al., 2010). Biotin-PEGad glass was prepared by mixing 91% hydroxyl -PEG-
3000-amine and 9% biot in-PEG-3000-amine (both fRAPP Polymere)and coud ing this mixtureto glass.
Huorescently{abeled biotinylated GMPCPP-stakd izmicrotubule ‘seeds’ (containing 20% CF640R-
labeled tubulin) for assays with dynamic microt@sulwere prepared as described (Bieling et al., ;2010
Roostalu et al ., 2015).

The assay was performed essentially as describere@Roostalu et al., 2015). In brief, flow chambers
were incubated with 5% Pluronic F-127 in MQ wat8ig(a-Adrich) for 10 min at room temperature,
washed wih assay buffer (AB: 80 mM Pipes, 75 mM KCmM EGTA, 1 mM MgQG,, 1 mM GTP, 5 mM
2-mercapoethanal, 0.15% (wA) methylcellulose @3,0P; Sigma-Adrich), 1% (wA’) glucose, 0.02% v/
Brij-35) supp emented wih 50 pg mik-casein (Sigma-Aldrich). Chambers were subsequémtiybated
wih the same buffer addtionally containing 50 md.™ Neutr Avidin (Life Technologies) for 3 min on a
metal block on ice, washed wth AB and then incetatvth AB containing an appropriate diution of
fluorescently{abeled GMPCPP-microtubule ‘seeds’3aomin at roomtemperature. Unbound ‘seeds’ were
removed by addtional washes wih AB followed bettinal assay mixture: 50% (Vi) 2x AB, 48.18%
BRB80 (80 mM Pipes, 1 mM EGTA, 1 mM Mgfisuppemented wih oxygen scavengers (682 ug/mL
glucose oxidase (Serva), 164 ug/mtatalase (Sigma-Adrich)) and 15 uM CF640R4abdebulin
(abeling ratio: 6.5%), and 1.8% of varying concatibns of[-Reps diuted in ther storage buffefsow
chambers were sealed wih vacuum grease (Becknmh)raaging was started 90 s after pdacing the
chamber on the microscope. Experiments were peefdrah 30 °C £ 1 °C on a TIRF microscope (iMIC, FEI
Munich) described in detail previous(fpuellberg et al., 2014; Maurer et al., 2014). lmagquist ion was
carried out as described before (Duellberg et2014; Maurer et al., 2014). All timedapse moviesr&
recorded at 1frame per 5s with a 200-ms expdgmee CF640R1abel ed microtubules were excied4l 6
nm keeping the laser power constant for all expenis. Mean microtubule growth speeds were calallate

fromkymographs generated using ImageJ.



Crystallization and structure determination.

Tubulin—HES was crystallized at 293 K by vapor d€ion in a crystallization buffer consisting of 1394v)
PEG 400, 0.1 M Mes-K pH 6.8. Crystals were harvkesea mother liquor containing 20% PEG 400 and
flashcooled in liquid ntrogen. Tubulin—iH5 cryss were obtained at 277 K in 0.2 M Na tartratéo12
(wA) PEG 3350 and cryopotected in mother liquapgemented wih 20% glycerol. Datasets were
collected at 100 K at the Proxima-1 beamine (SQLBEYnchrotron, Saint-Aubin, France). Data were
processed with XDS (Kabsch, 2010) using the XDSMEkpge(Legrand, 2017). Structures were solved by
molecular redacement with Phaser (McCoy et al072@ising tubulin (pdb id 4DRX) anldRep-n4-a (pdb

id 3LTJ) as search models, and refined with BUSTBRcogne et al ., 2017) with terative model buidi

in Coot (Emsley et al., 2010). Data collection aefinement statistics are reported in Table 2. iegLof
structural models were generated wih PyMOL (wwwmpl.org). The electrostatic potential surface was
calculated using APBS (Baker et al ., 2001) and esedlin Py MOL.

QUANTIFICATION AND STATISTICAL ANALYSIS

Table 2 contains quantitative parametersrelatethta and refinement statistics. The uncertaintihenky
determined by ITC (Table 1) was estimated by thegi@rsoftware using the Levenberg-Marquardt
algorthm. Error bars in the TIRFM experiments (FgH-J)are SD from measurements of at least 20
micr otubul es.

DATA AND SOFTWARE AVAILABILITY

Coordinates and structure factors have been degost the Protein Data Bank under accession codes
6GWC (ubulinHE5)and 6GWD (ubul in—iH5).

Supplemental Legend

Figure S1. Sequences afi- and B-tubulin, secondary structure assignments and domai definition,
Related to Figures 2, 3 and 5(Top) The sequences of tBes taurus alB and(2B tubulin isotypes have
been aligned as in (Lowe et al ., 2001). These sempsawer e used to refine the tubul in—E5 and tabiil5
structures because, to the best of our know edhgset ofOvis ariestubul in are not known. The secondary
structure nomenclature is as in (Léwe et al ., 2@01J the boundaries of the helices (highlightedyian)
and strands (yellow) were deter mined wih Pymohftde following structures: pdb @GWC (this work),
5EYP (Ahmad et al ., 2016), and 414T (Prota et2013a), which comprises a helical motif in tiéoop as
shown here. (Bottom) Tubulin domains. Thesubunt (pdb id 5EYP) is showihe secondary structure
elements of is Nterminal domain are in greenhwfie strands in brighter color; those of the inieliate
domain are in pink; and the helices of the Cteaiftomain are in cyan. The H7 hel i is in yellowdahe
Mloopin magenta.

Figure S2. Design of the (iiH5)tandem repeataRep, Related to Figures 1H, 3 and 4(A,B) Model of
iiH5 bound at the (-) end of a microtubule. Thisdabwas obtained by superposiagubulin in tubulin—
iiH5 to atubulin in the microtubule structure (pdb id 3JAKpur protofiaments are drawn,two of them
being decorated by a iiH5 molecule. Views fromiredde of the microtubule (A) and along the micitmile

axis (B). Color code as in Fig. 3A excep that @eap of iiH5 is in lighter cyan. (C) Same or ielatas in

16



panel B, but only the two iiH5 molecules are sho{®). Design of (iiH5). To buid the tandem repeat
oRep the C-cap of oneRep was removed and the Cierminal end of isirdstnal HEAT repeat was
linked tothe Nter minal end of the N-cap of them®l onaising a (GGGGS)GGS mot if (dashed line).
Figure S3. iE5 interacts with tubulin bound to colticine or to kinesin-1, Related to Figures 1B and.5
(A) iIE5 and iiH5 interact wih the tubulin—colchig compex. Gel fitration profie in 20 mM Pipes-gH
6.8, 1 mM MgQ,, and 0.5 mM EGTA, of 20 uM tubulin—colchicine akofblack lines) or wih 80 uM iE5
(blue) or iiH5 (magenta). The absor bance signaabthicine at 351 nm is al so shown (dashed | in@&Y)
iE5 makes a ternary compex with tubulin and kineki(B) Gel fitration profie in the buffer useul panel
A of tubulin (20 uM), of kinesin-1 motor domain (30/), or of different mixtures of tubulin, kinesiand
iE5 (80 uM), as indicated. The main chromatograpgteek of the tubulin:iE5Skinesin sampe is shifted
compared to those of tubulin kinesin and tubul iB;ilBdicating the for mation of the ternary comgd é)
Fractions defined at the top of panel B were sulechto SDS-PAGE in the case of tubulinkinesin f).ef

andtubulin:iE5kinesin (Right,}confr ming the for mation cd ternary compex in thislast case.
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MRGSHHHHHHTDP . e e et ceeeecossecsoossannns Expression tag

EKVEMYIKNLQDDSELV N-cap
GDERAVEPLIKALKDEDS

GDERAVEPLIKALKDED Internal

Repeats

GDERAVEPLIKALKDED

GDERAVEPLIKALKDED TAARALGEI
GDERAVEPLIKALKDED RRAAAQALGKI
GGERVRAAMEKLAETGTGFARKVAVNYLETHKSLIS. .C-cap



MRGSHHHHHHTDP

EKVEMY IKNLQDDSPBV
42  GDERAVEPLIKALKDED LGKI Internal
73  GDERAVEPLIKALKDEDRYVRS LGKI Repeats
104 GDERAVEPLIKALKDED SAASALGKI

135 GGERVRAAMEKLAETGTGFARKVAVNYLETHKSLIS..C-cap
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