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ABBREVIATIONS

FITC: fluorescein isothiocyanate; FRET: Forster d&esice Energy Transfer; Immuno-FRET:
immunofluorescence resonance energy transfer; M@rotubule; NFRET: normalized fluorescence resoranc
energy transfer; FRAP: Fluorescence Recovery Atetobleaching; ROI: region of interest; pSer25e38-,

pSerl6-, pSer63-stathmin: stathmin phosphorylated serine 25, 38, 16, 63, respectively; TRITC:
tetramethylrodhamin isothiocyanate;



ABSTRACT

Stathmin is a prominent destabilizer of microtusu{#Ts). Extensivan vitro studies suggest strongly that
stathmin could act by sequestering tubulin andjobibding to the MT tips. In cells, the moleculaechanisms
of stathmin binding to tubulin and/or MTs and itsplications for the MT dynamics remain unexploréding
immunofluorescence resonance energy transfer alndecence recovery after photobleaching, we ag@lys
the ability of stathmin and its phospho-forms (arl$, 25, 38 and 63) to interact with tubulin an@svin
A549 cells. Consistent withn vitro studies, we detected stathmin-tubulin interact@ainthe MT plus-ends and
in the cytosol. Interestingly, we also observedaeh pool of stathmin bound along the MT. The espren of
truncated stathmin and the use of MT-stabilizingtdurther showed that the C-terminal domain attisinin is
the main contributor to this binding, and that gtesphorylation state of stathmin plays a roletsnbinding
along the MT wall. Our findings demonstrate thattisinin binds directly along the MT wall. This poaf
stathmin would be readily available to participmterotofilament dissociation when the moving pamsd of a
depolymerizing MT reaches the stathmin molecules.

KEYWORDS: stathmin/oncoprotein 18, tubulin, binding, immuARET, FRAP.
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INTRODUCTION

In eukaryotic cells, stathmin or oncoprotein 18m& of the most prominent destabilizers of micrateb
(MT) dynamics (1-3). Recent studies support a fotestathmin in the regulation of cell growth anatitity,
and show its involvement in human malignancies Thg MT-destabilizing action of stathmin remainglear:
the best accepted mechanism is one whereby statteahuices MT polymer by sequestering two soludi[g
tubulin dimers to form a curved complex (T2S) (2,Bhis ternary complex is stable and unable torabe
into MT. Another model holds that stathmin may icdtMT shrinkage (called ‘catastrophe’) directly dxting
on its tips. Gupta et al. have recently shown #tathmin binds tightly to dolastatin-10 tubulings which
mimic curved tubulin protofilaments at MT plus-enasd that stathmin depolymerizes stabilized pratofént-
rich polymers (6). Using computer simulation, tlieynd strong evidence for the promotion of catagdieby
stathmin through binding to the tips of MTs.

Severalin vitro studies have sought to identify the stathmin dos#nat participate in tubulin binding
(6-8). Using structural and biochemical approacl@tejnmetz et al. demonstrated with different taiad
forms of stathmin that (i) under MT polymerizingnetitions, thea-helical domain of stathmin was sufficient to
stabilize tubulin heterodimers, (ii) the 40 N-ten@li amino acid residues of stathmin were necedsagoyevent
further longitudinal stathmin-tubulin complex agga¢ion, and (iii) a precise length of the C-ternhidamain
of stathmin was necessary to form a stable teroamyplex with tubulin heterodimer (9).

Stathmin activity is mainly regulated by phosphatigin on four serines (Serl6, Ser25, Ser38 and
Ser63) (10-12). It has been shown in cells thaR%eand Ser38 are phosphorylated first, followed by
phosphorylation on Serl6 and Ser63 to produce gletety inactive tetra-phosphorylated form (11,43,1
The impact of individual phosphorylation has bdeoroughly studiedn vitro using purified stathmin modified
by directed mutagenesis. Stathmin phosphorylategitiaér Serl6 or Ser63 shows a drastic loss afifffor
tubulin dimers, whereas di-phosphorylated stathfam Ser25 and Ser38) still binds to tubulin, thougth a
reduced affinity (15,16). Immunofluorescence stadi stathmin and MTs in solution have shown thahb
unphosphorylated and double Ser25/Ser38-phosphedytaathmin can bind along the entire MT as welba
free tubulin (16,17). Despite these extensiveitro studies, the molecular mechanisms of stathmin bt
tubulin and/or MTs, and the effect of phosphorgaton this process, remain poorly understood, ésihem
the cell microenvironment.

Forster resonance energy transfer (FRET) can ki tosgetect the proximity between two fluorophores
separated by distances of 1-10 nm (18). Classioadigsured by fluorescence spectroscopy, FRET sanbal
measured by fluorescence microscopy. Since FREUrs@ver distances similar to the size of proteinsan
be used to extend the resolution of the fluoreseemicroscope (typically > 250 nm) to detect profaiatein

interactions. FRET microscopy is thus a powerfahteque to determine whether proteins that areocatized
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at light resolution microscopy interact with oneotirer in cells. In this way, Niethammer et al. deped an
interesting FRET-based sensor with the expressica double fluorescent stathmin fused to CFP oriNis
terminal end and YFP on its C-terminus in Xenop a&lls (19). The FRET signal is scattered for free
stathmin, owing to its high flexibility, but decisss when stathmin interacts with tubulin. In threadel, they
observed an anterograde gradient of the FRET sifjoah the perinucleus to the lamellipodia of cells,
presumed to reflect differential phosphorylationstdthmin. However, direct labeling of proteinsfbging to
fluorescent tags alters the protein itself and®endogenous level in the cell.

By examining several methodological aspects, nuogerecent studies demonstrate that indirect double-
labeling immunofluorescence of proteins combinethwluorescence microscopy is a valid method taiide
association of proteins by FRET in cells (20-28).olr study, we mapped and characterized the stathm
tubulin/MT interactions directly in cells using inumofluorescence resonance energy transfer (immRFF
and fluorescence recovery after photobleaching EReicroscopy. Consistent with the vitro studies, we
detected stathmin-tubulin interactions in the cgt@nd at the plus-ends of the MTs. Interestinglg,observed
stathmin puncta along the MT length. We also fotimat this interaction occurred mostly through the C
terminal domain of stathmin. Focusing on the phosylhation state of stathmin, we observed that SeaP8/or
Ser38-phosphorylated stathmin were bound to thewdIl. Based on our results, we propose a novel myna
model for the role played by stathmin in MT disasbby.
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MATERIALS AND METHODS
Cell culture, cDNA cloning

The human non-small lung carcinoma cell line (AT@©®ne A549; CCL2, MD, USA) was routinely
grown at 37 °C in a humidified atmosphere of 5%.Cé&nhd maintained by regular passage in a complete
medium composed of RPMI 1640 (Lonza, France) supghted with 10% heat-inactivated fetal bovine serum
(Invitrogen, France). Cells were free of mycoplasasaevidenced by mycoalert tests (Lonza). Forrireat
with taxol (M; = 853.91 g/mol, in DMSO; Seripharm, France), ceMse incubated with 1-50 nM taxol for 4 h
at 37 °C before observations. For plasmids, fdthshin was initially subcloned into pEGFP-C1 vedtaigh
expression pCMV promotor, ClonTech, CA, USA) betwe¢he Xhol site (forward primer: 5'-
CCGCTCGAGCGGGTGGCTTCTTCTGATATCCAGG-3) and the Psdite (reverse primer: 5'-
GCTGACGAGACTGAAGCTGACTAAGCTGCAGC-3). Two mutantsf cstathmin were constructed: the
‘ACter-stathmin’ insert encoding for stathmin deletexdn Lys100 to Glul47 and mutated on Serl6, Ser25,
Ser38 and Ser63 to Ala (7); and tlNter-stathmin’ insert encoding for stathmin delebtexn Metl to Ser40
plus from Glul41 to Asp149 and mutated on Ser68la0(9). The two genes were subcloned into a pEGEP-

vector as for the full stathmin, between the Bglifforward primer, respectively: 5'-

TTAGATCTCCACCATGGCTTCTTCTGATATCC-3 and 5'-
TTAGATCTCCACCATGAAGAAGAAGGATCTTTCCCTG-3) and BamHI site (reverse primer,
respectively: 5-TTTGGATCCCTAGTCGGCCTCTTCTGCCATTTING-3’ and 5'-

TTTGGATCCTTATTATTTGGATTCTTTGTTCTTCCGC-3’). The pEGFtubulin plasmid was purchased
from Invitrogen (Cergy-Pontoise, France). The pm@haubulin plasmid encoding for wild-typelB isotype
was a gift from Dr Saudou (24).

Antibodies and immuno-blotting

We used, according to supplier's instructions, neomsonoclonal antix-tubulin antibody (Sigma-
Aldrich, 1 mg/mL, clone DM1A recognizing epitopetlveen amino acids 426 to 430), mouse monoclonal ant
vinculin antibody (Sigma-Aldrich, 1 mg/ml, clone IN£1), rabbit polyclonal anti-stathmin antibody ¢8&a-
Aldrich, 1 mg/mL) targeting the sequence of stathimetween amino acids 132 and 149, and recognaing
phosphorylated and unphosphorylated forms of stathamd rabbit monoclonal anti-pSer63 stathmin (@b¢
1 mg/mL). Antisera containing rabbit polyclonal igp®erl6, anti-pSer25 and anti-pSer38 antibodiesewe
kindly given by Prof. Sobel (Institut du Fer a MoylUPMC, Paris, France) (25).

Phosphorylation of stathmin was analyzed by Wedstatiing in denaturing conditions (Fig. S3A): eell
were lyzed by re-suspension in RIPA buffer (150 m&ICI, 0.1% Triton X-100, 0.5% sodium deoxycholate,
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0.1% SDS, 50 mM Tris-HCI pH 8.0), and lysates weetrifuged at 14,000 rpm for 20 min at 4 °C; eqlent
guantities of proteins from the supernatant fractimderwent 15% denaturing in SDS-PAGE; proteinsewe
blotted with anti-stathmin antibody (dilution 1:20)0 anti-pSer25/pSer38/pSerl6-stathmin antibodidstion
1:800 each) or anti-pSer63 antibody (dilution 1@)00rhe anti-vinculin antibody (dilution 1:1000) svéhe
reference. For analysis of phospho-stathmin bydematuring Western blotting (Fig. S2B), cells wigwed by
re-suspension in extraction buffer (50 mM Hepes#6 150 mM NaCl, 5 mM EDTA, 10% glycerol, 0.1%
Triton X-100, 10 mM 2-mercaptoethanol) and lysatee centrifuged at 12,000 rpm for 10 min at 4 °C.
Equivalent quantities of proteins from the supantfraction underwent 15% non-denaturing PAGE.bdlts
were visualized using chemiluminescent HRP sulestramobilon Western kit (Millipore) with G:Box drén

by GeneSys software (Syngene, UK), and quantifiedémsitometry with ImageJ.

Immunofluorescence and transfection of cells

Cells were fixed with 4% paraformaldehyde in PBS pH for 20 min at room temperature, and
permeabilized with Triton X-100 0.5% (Sigma-Aldrjckrance) in PBS for 10 min at room temperature.
Immunostaining was carried out overnight with pnignanti-a-tubulin (dilution 1:1000) and anti-total-stathmin
antibodies (dilution 1:2000), anti-pSerl6, pSed@j-pSr38 antibodies (dilution 1:1000 each). Negt|s were
incubated for 1 h at room temperature in darknegls secondary FITC- and TRITC-conjugated antibodies
(dilution 1:200 each from 1.5 mg/mL; Jackson Immmesearch, USA). For direct immunofluorescence,
primary anti-total-stathmin antibody was chemicallyupled to the Atto532 fluorophore using a Liglegn
Link™ Atto532 kit as recommended by Innova Bioscienck, Qoverslips were mounted with a drop of
ProLong® anti-fade solution (Invitrogen). For FREIhd FRAP performed on living cells, the transient
overexpression of the full stathmin, tA€ter-stathmin and thANter-stathmin coupled to EGFP protein was
performed using the lipofection of cells with lipatamine 2000 according to the Invitrogen protoCQ#lls
were also transfected to overexpress mCherry-takials acceptor). Here, 0.4 pg plasmid (0.2 pg +u@2

coding for the donor and acceptor, respectivelyy used.

Instrumentation and image acquisition

Imaging was performed on a Leica SP5 confocal Iasanning microscope (CLSM) with a Leica
inverted microscope, equipped with a Plan-Apochito3a oil immersion objective (NA = 1.4). For all FRET
experiments (immuno-FRET on fixed cells and FRETIiwimg cells), images were recorded with the CLSM
spectral mode selecting specific domains of thessimmn spectrum (26). The FRAP experiments wereddd/i
into three sequences as described elsewhere (B6)photobleaching of stathmin was carried out @jpanm
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radius circular area of the lamellipodium regionsitaining MTs. This step used the 488 nm waveletagar
with 10 iterations of 2 ps/pixel. To determine Myndmics, materials, acquisition of time-lapse sened
analysis of the MT dynamic instability are descdlgtdsewhere (26).

The surface area of the microtubule network in26@ um? regions of interest (ROI) was measured by
systematically executing Otsu’s metheth the plugin ‘Otsu threshold’ of ImageJ. This algjom is an
implementation of the Otsu thresholding technicgi®).(The histogram of pixel intensities is dividetb two
classes and the inter-class variance is minimiZéds plugin outputs a binary image of MT and theosaof
MT on ROI surfaces are then calculated as percestlyith untreated cells, we found that 31 + 4 %hefcell
interior was occupied by the fluorescent microteboétwork. As expected there was no impact of 1tahbl
on the ratio of MT to ROI surface areas in treatells. All these values come close to the rangéde#1% of

tubulin in microtubules in tissue cultured celleyipbusly determined by Ostlund et al. (28).

FRET calculation

FRET images were corrected from both backgrountle@ed outside cells on images) and cross-talk
between donor and acceptor channels using Youvaetsod (29):
(1) Fc=lrrer—AxIp-Bxla
wherelrreT, Ip, andla were intensities (after background subtractionR@l of the FRET, donor (FITC or
EGFP) and acceptor (TRITC, Atto532 or mCherry) cieds, respectively. Parametefs and B were
respectively the fraction of donor and acceptok4geiough into the FRET channel, and were calcdldig
guantifying the intensity ratios between imagesfrcells labeled or expressing only the donor orateeptor.
In our study, the values & andB were 0.15 and 0.02 on average, respectively. Hk-tlerough signal from
the donor into the acceptor channeliae versa was observed.
Fc was therefore normalized to the direct acceptpras using Wouters’ method (30):
(2) NFRET =Fc/la
Calculations were performed from the variation ixepresponse with the PixFRET plug-in of ImageR@I
(31). All positive pixels positive were pixels wilFRET intensity greater than 0. The NFRET inteesiof 8-
bit images were initially spread from 0 to 12 anairi O to 30 on the 256-grayscale for respectivieéy EITC-
TRITC/Atto532 pairs and the EGFP-mCherry couple, tiiaximum of which corresponds to 5% and 12% of
NFRET in cells (32). FRET images were filtered wathi-pixel-range median filter to reduce backgrooatse.
For FRET quantifications, images showing the NFRESEributions were merged with the tubulin/MT-laibel
images, and ROIls of 200 |fiwere outlined in the cell periplasm. NFRET hotspmt-localizing with MTs and
outside MTs (‘in the cytosol’) were then countedl axpressed per unit surface area (um?2) of MT atakol

(e.g with untreated cells, ROIs of 200 pm? werdd#ig into [62 pm? and 138 pm? for MT and cytosol,
8
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respectively). We considered a ‘NFRET hotspot’ gv@kel or cluster of pixels with NFRET intensities0%
and surrounded by pixels of with nil intensity.

Fitting of FRAP data

Fluorescence recovery was extracted from imagesrded in the bleached area and corrected for
experimental fluctuations during acquisition. I, §-15 separate FRAP measurements were madee&n thr
independent experiments, and data were indepegdangle-normalized as (33):
(1)  Frapnom(t) = [Frrap(t) — Fog(t)] / Firap-pre
whereFrap(t) corresponds to the fluorescence recovery in thached ROI at tim& Fpg(t), the fluorescence
intensity in a background ROI outside the cellg] Biup-pre the mean fluorescence intensity of bleached ROIs
before the bleach after background subtraction:
(2)  Ftrap-pre= {2(t=0; t leach-1{[ Ftrap(t) = Fog(t)] / forebleach
with forebieachcorresponding to five frames during the pre-blaagiperiod. In FRAP, the rate of fluorescence
recovery reflects diffusion and binding dynamicheThext step in FRAP analysis is to ascertain éspective
contributions of diffusion and binding to the flescence recovery curves.
First of all, we examined whether diffusion could ignored or not (see Fig. S3). The results indi¢hat
diffusion is so fast relative to binding that ithclhe ignored. Hence, the fluorescence recoveryecgflects the
binding interactions. Later, recovery curves wéted using a binding-dominant model given by (34,3
(3)  F(t) = F — Cogexp ot
The kinetic curves were analyzed for single exptiakrby nonlinear least-squares fitting based oa th
Levenberg-Marquardt algorithm to adjust, the fluorescence intensity at infinite tim@sq, the fraction of
fluorescence at equilibrium due to binding, anddissociation rate constakds. This model was applied with
no foreknowledge of either the geometry of the tiéag or the process of fluorescence recovery.
Usingkort from the curve fit, the pseudo first-order bindoanstantk* on, was calculated by:
(4)  Kon=Cegkorr / (1 —Ceq
And the turnover time was calculated by:
(5)  twz=1In 2 [Koit

Statistical analysis

Data are presented as mean = s.e.m, except foFREET experiments performed with stathmin mutants
presenting mean = SD. The NFRET hotspots countpéineentage of MT plus-ends with NFRET hotspots and
the quantification of stathmin phosphoforms by Wastlot were analyzed by Student’s t test. Repopte

9



1 values are two-sided and < 0.01 was considered statistically significantstekisks in graphs indicate
2 significant levelvs control (*) p < 0.01, (**) p < 0.001. Statistical analyses weerformed using Microsoft
3 Excel software.
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RESULTS
Immuno-FRET reveals that stathmin interacts with microtubules and cytosolic tubulin.

The spatial distribution of the interaction betweebulin and MT with endogenous stathmin was
determined in A549 cells fixed with paraformaldetéytiere, we performed immuno-FRETosfubulin using a
secondary antibody coupled to FITC as FRET don@athg&in was detected using a primary antibody $igeci
to unphosphorylated and phosphorylated stathmotaftstathmin’ on figures), and then with a secopda
antibody coupled to TRITC as FRET acceptor (Fig.).1Ahe immunolocalization of stathmin yielded
punctuated staining in the cytoplasm as previodsBcribed (25), which sometimes co-localized whih MTs
(white arrows in region of interest ROI 1, lowenp§ and with weakly labeled tubulin in the cytogairows in
ROI2). On the right panels, the normalized fluoez®® resonance energy transfer (NFRET) signal was
observed in pixel clusters, which we name NFREEots. Beneath NFRET image, we superimposed images
of the a-tubulin staining (gray in figure) with NFRET signgurple) and we observed that these NFRET
hotspots are located in the cytosol (arrows in RQdfobably representing stathmin-tubulin complexesl at
the ends of MTs (blue arrowhead in ROI1). Interagyi, we observed NFRET hotspots throughout thgtlen
of MTs (arrows in ROI1).

NFRET images were obtained using Wouters normaizator which possible artifacts can occur, as
previously well described (36). To validate thengigance of the measured NFRET signals in spots we
compared the quenched and unquenched FITC donasiemiafter specific TRITC acceptor photobleaching
(Fig. 1B, panels in false colors). Prior to TRITQopobleaching (‘pre-bleaching — recovery’ images),
fluorescence emission of MTs was partially quenchibdn there were co-localized spots of stathmiro{es).
After the TRITC photobleaching (‘post-bleachingeeavery’ images), a recovery of the fluorescenc®df
was observed where spots of stathmin occurred éefa acceptor bleaching. At these bleached areash(
cells), we calculated a significant NFRET efficigr(87), on average Bo= 4.5 £ 1.3. No relevant fluorescence
intensity fluctuation in the channels of donorE% 1.1 + 0.9) and acceptor 4= 0.5 + 0.9) was measured
inside the ‘control’ region. Our observations comfithe interactions between stathmin and tubulin/&§T
NFRET hotspots in cells.

Two experimental controls were performed to vakdidite range of NFRET efficiencies (Fig. S1A-B).
As a negative control for NFRET (Fig. S1A), celigpeessing the free EGFP (as donor) were fixedotedid by
indirect immunofluorescent labeling of-tubulin (secondary antibody coupled to TRITC, aseptor). As
expected, we observed no FRET signal, despitefgparant co-localization of EGFP and tubulin. Asoaifve
control for NFRET (Fig. S1B), we performed an irdir immunofluorescent labeling oftubulin using two
secondary antibodies, one coupled to FITC and therao TRITC. On the images, MTs are yellow beeanfs

the superimposition of co-labeled tubulin. The NARdgnal is continuous over the entire length ofdylivith
11



© 00 N OO 0o B~ W N B

W W W W NN NN DN NN DNMNDNDMNDNMNDNEPEPEP PP PP PP PP PR
wWw N P O © 0 N OO 0o A WO N P O O 0O N O O b O N —» O

an efficiency value between 1% and 5%. This doudlteling of tubulin is ideal for obtaining the hagt
NFRET efficiency: a closely similar NFRET efficignds observed for the interaction of stathmin with
tubulin/MTs. Lastly, in order to rule out the pdsbity of artifacts due to large size or misorietida of
secondary antibody complexes, we used direct imflwor@scence ofi-tubulin (antibody coupled to FITC, as
donor) and total-stathmin (coupled to Atto532, eseptor) (Fig. S1C). The NFRET signals were stberved

in hotspots within the same range of NFRET efficienindicating that the two immunofluorescence
approaches were equivalent in our cell model. Adise experiments confirm that immuno-FRET is weilesl

to explore the interaction of stathmin with tubudind/or MTs in cells.

Using FRET, we clearly demonstrate in cells thathenin interacts with tubulin in the cytosol, asliw
as throughout the lengths and at the plus-ends . Mihe interaction at the plus-ends of MTs is =iast
with prior in vitro observations (6). Our data are consistent wittbdehwhere stathmin acts at MT ends. More
surprising is the interaction of stathmin with & wall. Gupta and co-workers suggest that stathto@s not
bind significantly to the MT lattice. By contragthosphoforms of stathmin, i.e. double phosphomgtatf
stathmin on Ser25 and Ser38, bind to MTs (16,17). tiiérefore went on to explore, by immuno-FRET, the

binding of phosphorylated forms of stathmin witbulin and/or MTs and their localization.

Stathmin phosphorylated on serine 38 and/or 25 intacts with microtubules.

The destabilizing activity of stathmin is atteradhtoy phosphorylation of four serine residues: Gerl
Ser25 and Ser38, located in the N-terminus regaod, Ser63 at the beginning of the C-terminal donedin
stathmin. To analyze the amounts of all phosphafoafnstathmin, we examined protein content of cejls
Western-blot in denaturing conditions using antibedagainst anti-stathmin phosphorylated on setiée
(‘pSerl6’), serine 25 (‘pSer25’), serine 38 (‘pE)3and serine 63 (‘pSer63’) (Fig. S2A). We obsentbat
pSer38- and pSer25-stathmin were the main phosphefm our cell model. The higher phosphorylatievels
of stathmin were weakly represented (for pSerl6sta) or undetectable (for pSer63-stathmin). Gaguits
are consistent with expected ratios of phosphofoahstathmin (11,13,14). We then performed indirect
immunofluorescence ofi-tubulin and pSer38-, pSer25- and pSerl6-stathminfiied cells. Since no
phosphorylation of Ser63 was observed by Westest) pBSer63-stathmin was not included in this as$ag
guantification and distribution of NFRET hotspotstween MTs and the cytosol are reported in Figrd.
FRET analysis, we selected two quantitative pararaethe number of NFRET hotspots belonging to MiTs
the cytosol, and the percentage of MT plus-endsgmting NFRET hotspots. Images showing the NFRET
distributions in cells were merged with the tubiMii-labeling images, and ROIs of 200 fimere outlined in
the cell periplasm. NFRET hotspots co-localizinghwMTs and outside MTs (‘in the cytosol’) were cteoh

and expressed per unit surface area (um?2) of Mdytmsol (see ‘Materials and Methods for detailshrk the
12
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same ROIs, a 0.5 pm long segment was drawn ondkespd of MTs, and a NFRET hotspot was countet eac
time that one occurred in this calibrated area. therimmunofluorescence of total-stathmin, the dgrsf
NFRET hotspots in the cytosol was 100.1 hotspots/um(Fig. 2A, white bars). The density of NFRET
hotspots on MTs was significantly higher (#50.2 hotspots/uf Fig. 2B) than in the cytosol. Our data
indicate an appreciable fraction of stathmin intéry with the MT wall. Moreover, up to 82% of MTus-
ends showed NFRET hotspots (Fig. 2C), which is isterst with the presence of highly dynamic MTslie t
cell periphery (38,39).

For pSer38- and pSer25-stathmin (gray and black, bespectively in Fig. 2A-C), we counted 1.0.1
and 0.7+ 0.1 NFRET hotspots/phon MTs respectively, and 0.1 + 0.1 hotspots/jimthe cytosol for both
phospho-stathmins. Also, 37% and 17% of MT plussenith NFRET hotspots were measured for pSer38- and
pSer25-stathmin, respectively. In cells labeled g&er38- (left panel) and pSer25-stathmin (middieg),
NFRET images show a punctuated distribution of NFRignals mainly on MTs (Fig. 2D, white arrows).
Thus, pSer25- and/or pSer38-stathmin could bournideavall in addition to the plus-ends of MTs. Byntrast,
for anti-pSerl6 stathmin, the number of NFRET hotspvas very low (Fig. 2A-B), and no hotspots weoe
localized with the MT plus-ends (Fig. 2C). Thi@nsistent with a loss of interaction between tutBMT and
pSerl6-stathmin (17), suggesting that phosphooylatif Serl6 abolished the ability of stathmin tadbto
tubulin and/or MTs. By contrast, the phosphorylatiof Ser25 and/or Ser38 did not affect the bindaiig
stathmin to tubulin or MTs (wall and tips).

To address the question of how stathmin interadis the MT wall, we over-expressed in living cells
two forms of stathmin truncated in either the Grtimus (\Cter-stathmin coupled to EGFP, as donor) or the N-
terminus QANter-stathmin also coupled to EGFP) of the prot&irbulin tagged with mCherry was co-expressed
as an acceptor. To avoid any effect of phosphaoylathe ACter-stathmin was mutated on Serl6, 25, 38 and
63, and theANter-stathmin on Ser63 to alanine. All the NFRETamfifications were performed directly in
living cells. When cells expressédter-stathmin, a similar density of NFRET hotspets measured on MTs
(2.2 + 0.8 hotspots/ufn(Fig. 3A) and in the cytosol (1.9 + 0.9 hotspptsf) (Fig. 3C, right panel) where many
NFRET hotspots were observed in the cytosol (arrmwROI1) and along the MTs (arrows in ROI2). These
results suggest that tieCter-stathmin protein interacts similarly with cgtdic tubulin and MTs. On the other
hand, the expression dfNter-stathmin led to 2.5+ 0.7 hotspotshion MTs (Fig. 3B), and 0.5+0.2
hotspots/urhin the cytosol (Fig. 3B). These data suggestttimtieletion of the N-terminus domain of stathmin
facilitates its binding to the MT wall. In the T2Z8mplex, the N-terminal region of stathmin is knoterbind to
the exposed surface aftubulin. The steric hindrance between dimers bt in a protofilament does not
permit correct positioning of the N-terminus domaand so theANter-stathmin has an ability to bind
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preferentially to the surfaces and/or structurestuifulin exposed on the MT wall. Dynamic molecular
interactions are fundamental to all cellular preess In cells, analyses of these interactions r@guéntly
carried out using fluorescence recovery after pghieching (FRAP). The binding exchange of stathwi

tubulin/MT was next investigated by FRAP.

A binding-dominant model describes stathmin-tubulidmicrotubule interactions.

In FRAP imaging, the rate of fluorescence recovargicates how fast neighboring fluorescent
molecules fill a bleached zone. This mobility obfgins depends on both diffusion and potential ibigpd
interactions. In our study, FRAP experiments wengied out on full stathmin (coupled to EGFP) esgezl by
living cells that also expressed mCherry-tubulimider to locate the bleaching spots on MTs mazarty.

We first evaluated the contribution of diffusion tihe FRAP curve. In cells over-expressing EGFP-
stathmin, we used two photobleaching spot sizeusa2 um and 4 pum) and compared fluorescence eegov
curves (Fig. S3). We observed that the two curveewlosely similar for the two spot sizes. Dataenfdted
using a single exponential equation. They gave ewaipe fractions of fluorescence at equilibrium g8rROI:
Ceq=0.13 £ 0.01; large ROCeq= 0.15 + 0.02), and similar rate constants (siRéll: k = 0.57 + 0.07 §; large
ROI: k = 0.49 + 0.06 9). These data indicate that the diffusion of fresthsnin is so fast relative to its binding
to MTs that it can be ignored. The time curve abfescence recovery is dominated by the bindingticaof
stathmin with tubulin and/or MTs and other proteartners (kinases and/or phosphatases).

We then used the binding-dominant model to detezrhimw EGFP-stathmin interacts with MTs. FRAP
experiments were carried out in the presence of M'sn their nocodazole-induced absence (Fig. 4 and
Table 1). We note that EGFP-stathmin can be phagfated by the enzyme machinery of cells. With MTs
(‘stathmin + microtubules’ in Table 1k*on < kot for the binding phasek{on = 0.07 £ 0.02 § and kot =
0.36 * 0.06 3) together withCeq = 0.13+0.01 (the fraction of stathmin bound atiopium) are evidence that
stathmin binds to tubulin/MTs. With nocodazole gtsimin — microtubules’ in Table 1§ on = 0.14 £ 0.03 3
<< kotf=1.29 + 0.12 3, together with the decreas€dy= 0.10 + 0.01, indicate a faster binding exchaoigine
stathmin/tubulin complexes and other protein pastrtean with MTs. The longéi, (1.91 £ 0.30 s) obtained
with MTs than without themt{;> = 0.54 + 0.05 s) also shows that stathmin bindeerstrongly to tubulin when
MTs are assembled.

When the MT polymerization is prevented by nocotlgzdisappearance of the hyperphosphorylation
forms and a progressive decrease in stathmin pbogption on Serl6 are observed (Kintziger et24Q1).
Here, the decrease in hyperphosphorylation fornrgtathmin did not offset the lack of MT: the ovékahding
process of stathmin was reduced. Under regularitonsl (no drug) a large proportion of stathminnigrare

bound to MTs, and a smaller share to soluble taldilhers.
14
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FRAP experiments witACter-stathmin andNter-stathmin with and without MTs were also cortédc
(Table 1). ForACter-stathmin with and without MTs, similar shdit, (0.63 £0.05s and 0.40 £ 0.02 s,
respectively) k* on << kotf, andCeq values (0.05 £ 0.01 and 0.04 + 0.01, respectivelgle measured. With or
without MTs, FRAP parameters were similar, suggestihat the N-terminal domain of stathmin binds
preferentially to the soluble tubulin dimers. Inda@wn, FRAP analysis oANter-stathmin in the presence of
MTs gave a 2.6-fold lowekor (0.61 £ 0.06 8) and 2.6-fold longeti» (1.13 + 0.11 s) than without MTkd =
1.59 + 0.08 S andti> = 0.44 + 0.1 s). The value &= 0.14 + 0.01 was significantly higher than thathaut
MT (Ceq = 0.04 £ 0.01). These data are comparable to tbbsgined with EGFP-stathmin obtained in the
presence of MTs, indicating an appreciable fractibstathmin interacting with the MT wall.

FRAP analysis showed that exchange at the binsitegof stathmin is significantly modified by the
presence of MTs, and that the C-terminal domainstathmin is involved in this reaction. The above
experiments yield compelling evidence that stathoain bind to MTs in cells. We then sought to elatechow
the MT dynamics and their structure were involvedhis interaction. For this purpose we used taaokell-

known ligand able to stabilize MTs and change dyinam

The interaction of pSer25- and/or pSer38-stathmin wh microtubules is promoted by a low concentration
of taxol.

It is well established that the structure and $itgbof MTs are modified by the binding of taxol(}#
Taxol also induces an increase in stathmin phosgtdtn (41,42). To further explore the molecular
mechanism of the binding of stathmin to MTs, celese exposed to 1-50 nM taxol (4 h at 37 °C) teeine
a concentration of taxol that disturbed the MT dyies without modifying the phosphorylation of staih.
Non-denaturing Western blots revealed that in cellsubated with 1 nM and 3.5 nM of taxol, the
phosphorylation levels of stathmin did not changepared with untreated cells (Fig. S2B). Beyond r8b
taxol, tri- and tetra-phosphorylated stathmin iased significantly, indicating large amounts of ii&e and
pSer63-stathmin. In addition, parameters of the 8§hamics were measured (Table S1). Compared with
untreated cells, 1 nM taxol did not modify the rateshrinkage or the time spent in shortening phiastereas
longer pause and shorter growing time (32%) weterded. Higher concentrations of taxol caused laatrs
of shrinkage (up to —-52%, at 20 nM taxol).

For the immuno-FRET experiment, we analysed thktyabf stathmin (using ‘total-stathmin’ labelling)
and pSer25-/pSer38-stathmin (using specific phdgpholabelling) to interact with tubulin and MTs the
presence of 1nM taxol (4h, 37°C) (Fig. 5). With Ml taxol, we found a 1.6-fold higher density of hmits on
MTs (2.4 £ 0.4 NFRET hotspots/i#nfig. 5B black bar) compared with untreated ddlI§ + 0.2 hotspots/un
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Fig.5D, white bar), showing a large number of NFRI6tspots on MTs (lower panel). No significant ajeum
the number of NFRET hospots in the cytosol (@1 hotspots/pavs. 0.8 + 0.2 hotspots/pfwith taxol, Fig.
5A) was found. The percentages of NFRET hotspoldTaplus-ends were comparable between untreated and
1 nM taxol-treated cells (82% and 95%, respectivéiyg. 5C). These observations indicate that 1takbl
increases the binding of stathmin to the MT wallrtRermore, we detected more NFRET hotspots for3g&se
stathmin (1.9 £ 0.2 hotspots/@mand pSer25-stathmin (1.7 £ 0.1 hotspotsiumm taxol-treated than in
untreated cells (1.0 £ 0.1 NFRET hotspots?ifor pSer38-stathmin, and 0.7 + 0.1 NFRET hotspats/for
pSer25-stathmin). No significant change in the ¢edrNFRET hotspots was measured in the cytosod®.1
0.10 hotspots/pfvs. 0.15 + 0.10 hotspots/fmvith 1 nM taxol, for the two phosphorylated staths). Thus,
with 1 nM of taxol, the forms of stathmin interaxgi with MTs were mainly pSer25-/pSer38-stathmin. In
addition, for pSer38- and pSer25-stathmin, 37% &8 of MT plus-ends showed NFRET hotspots
respectively, which was similar to untreated celliogether, 1 nM taxol drastically increased themnber of
interactions of phosphorylated stathmin with theulin protofilaments and the plus-ends of MTs.

Our data reveal that in the presence of 1 nM tap8kr25- and/or pSer38-stathmin interacted largely
with the MT wall and at the plus-ends. The increagée fraction of stathmin bound to MTs couldrbkated to
significant changes in surfaces and/or structuféabulin exposed on the MT wall and/or to a deseemn the
MT dynamic instability mediated by taxol. Thus, aesults suggest strongly that low concentratiotasdl

potentiated the interaction of stathmin by its @vtimal domain with the MT wall.
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DISCUSSION

The binding of stathmin to tubulin/MT has been asteely studied using a broad varietyiofvitro
methods (6,43-45). Stathmin binds to two tubuliteraimers to form the “curved” T2S tubulin seqeeisig
complex. To date, clear proof of stathmin bindirg tubulin/MTs is lacking, especially in cells where
interactions depend on the microenvironment. HareA549 cells, we demonstrate by immuno-FRET and
FRAP imaging that the interaction of stathmin wtibulin can occur not only in the cytosol, but adédong the
length and at the plus-end of MTs. This pattern matcbeen observed in cells before.

In a step toward understanding stathmin-tubulin/idtEractions in cells, we focused on the impact of
the phosphorylation of stathmin. Recémtvitro data obtained from purified proteins indicate tapSer25-
/pSer38-stathmin binds to pre-assembled MTs, untik@o-pSerl6- or pSer63-stathmin cannot (16,17).
Furthermore, the catastrophe-promoting activitystatthmin cannot be disrupted by phosphorylatios&f25
and Ser38. In our study, no significant NFRET signas observed in cells when we used energy transfe
between Serl6-phosphorylated stathmin and tubulis/Monfirming that stathmin does not bind to MTerh
phosphorylated on Serl6. We also found a signifigasantity of pSer25- and/or pSer38-stathmin irdteng
with the plus-end and the wall of MT. The MT plusdecan be considered as an intermediate zone \alfeng
curved protofilaments (interacting with unphosphatgd stathmin) coexist with laterally unbound
protofilaments (interacting with pSer25- and/or g#Bestathmin) (46). Furthermore, surfaces andiarctires
of tubulin exposed on the MT wall seem to be mawofable for the binding of stathmin by its C-tenos
domain. This is strongly supported by the inteactof truncatedANter-stathmin, particularly abundant on
MTs. In this study we also examined the effectaf lconcentration of taxol (1nM), an anticancer dtiat
modulates mechanical properties of MTs, also repoelsewhere (47,48), without changing the level of
stathmin phosphorylation. Our FRET data mainly emced a strong increase in the interaction of @er3
and/or pSer25-stathmin forms with MTs in the preserof this drug. Taxol could induce structural
modifications of MTs with substantial effects orethccessibility and/or three-dimensional structofréhe
binding loci of pSer25- and/or pSer38-stathmin vt MT wall.

Despite the central role of stathmin in the regatatof the MT assembly-disassembly, no direct
measurement of the binding exchange of stathmih WMTs in living cells has been yet reported. Tles i
probably because of the difficulties met in detagtiapid stathmin-tubulin exchanges (49,50). Owstesyatic
analysis of stathmin-tubulin/MT binding through &AP approach indicates that stathmin interactioth wi
tubulin/MT in living cells is a very dynamic procswith aty» value of the order of 2 s. Also, FRAP analysis
using truncated stathmin revealed similgs values for theANter-stathmin protein and full stathmin, but

significantly shortety, for theACter-stathmin form with and without MTs. Titer-stathmin should interact
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very weakly with MTs K*on<< ko). Our FRAP data provide compelling evidence thathsnin can bind by its
C-terminal domain to MT.

From all thet findings reported here, we can prepmsnodel for the mechanism by which stathmin and
Ser25- and/or Sr38-phosphoisoforms interact withulim and/or MTs (Fig. 6, Assembly). Unphosphorgtht
stathmin binds to tubulin dimers, giving the “cullVelr2S assembly-incompetent complex, which indisect
promotes “catastrophe” or MT disassembly. The phosgation of Serl6 and Ser63 by kinases (51) leads
an inactive stathmin (as revealed by the loss®@NRRET signal). Ser25 and Ser38 can first be gimsfated
by cyclin-dependent kinase in T2S (52), releasiregN-terminus domain of stathmin and diminishinguanber
of interactions with tubulin to induce changes e three-dimensional structure of the curved T2®piex.
This leads to a “straight” T2S complex that canibeorporated into MTs during the assembly step, as
previously suggested (9). In addition, we cannd¢ aut the possibility that pSer25- and/or pSer@@hsnin
bind directly to tubulin protofilaments by their t€mini (as revealed with NFRET hotspots with tratecl
stathmin). During the disassembly phase (Fig. 6aB8embly), the pSer25- and/or pSer38-stathmirdfoemnt
to the ruffled MT plus-end may be dephosphoryldiga protein kinase such as PP2A (53). This allagts/e
non-phosphorylated stathmin forms to act at the afpMT, favoring the formation of tightly curved
protofilament (T2S complex) and contributing ditgdb the catastrophe event. Being already presanthe
protofilament of MT, stathmin will only need to loephosphorylated in response to a signaling pathway
become fully active. The same molecular mechanis® lbeen proposed for MCAK (mitotic centromere-
associated kinesin, a depolymerizing protein), Whiapidly targets MT plus-ends (54). Taken togetloeir
observations made in cells are consistent withetlierin vitro studies of Manna et al. showing binding of
phosphorylated stathmin throughout the length of, Miid Gupta et al., who demonstrate an interaation
unphosphorylated stathmin with the MT plus-end$ 7§,

In conclusion, using FRET and FRAP measurementdjave found direct evidence for the interaction
of stathmin with both the length and the plus-efdids in cells. Here we give a molecular basis tioe
understanding of the effects of stathmin on the &§Toskeleton in eukaryotic cells. Our data show ¢be
existence of the two models of stathmin action, tthiwulin-sequestering role and the catastrophe-ptiog
activities at the plus-ends of MT, and the existeata new population of phospho-stathmin (pSee2t/or
pSer38-stathmin) capable of binding to MTs withdepolymerizing them.
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CAPTION OF REGULAR FIGURES

Figure 1. FRET imaging detects stathmin-tubulin ineractions in the cytosol, at the plus-end and along
the length of MT walls. Immuno-FRET (A) and FRET by acceptor photobleachiBy were performed
following an indirect immunofluorescence @ftubulin (FITC, as donor) and endogenous stathMRITC, as
acceptor), phosphorylated and unphosphorylateda(-stathmin’ on images). (AThe co-localization ofx-
tubulin (green) and endogenous stathmin (eed)juxtaposed to NFRET images (right); below, tegions of
interest (ROI 1 and 2) with white arrows pointimgNFRET hotspots on MTs and in the cytosol andu bl
arrowhead in ROI 1 to a NFRET hotspot at the MTsgads; for cropped NFRET images, the co-locabrati
of NFRET hotspots with MTs and cytosolic tubulire digured; side bars for NFRET intensities: colotets
(grey and purple) score for NFRET efficiencies fro# to 5%. (B) The recovery of FITG-{tubulin) emission
after TRITC (total-stathmin) photobleaching confirtne NFRET signal in the initial state: the conmguar of
fluorescence intensities of FITC-labeleetubulin between pre- and post-bleaching of TRIE&Geled stathmin
(white arrows) reveals a fluorescence recoveryafod in spots on MTs; no relevant fluorescencenisity
fluctuation is observed inside the ‘control’ regsorbide bars: color pixels score for fluorescemtenisity in
256 colored levels. Scale bar for (A-B): 15 pum.

Figure 2. Stathmin interacting with MTs is phosphoglated on serine 38 and/or 25lmmuno-FRET ofa-
tubulin and stathmin using primary antibodies sjpedor serine 38 (pSer38), 25 (pSer25) and 16 (p&e
phosphoforms of stathmin was performed. NumbefdFERET hotspots located in the cytosol (A) and on MT
(B); each reported value corresponds to the meamau+ s.e.m of NFRET hotspots counted in 40 R®Is o
200 uni, a ROI per cells, and expressed per ofiMT or cytosol. Bars refer to immunofluorescemdeotal-
stathmin (white bars), pSer38-stathmin (gray bgpSer25-stathmin (black bars), pSer16-stathmincfieat
bars). (C) Percentages of MT plus-ends displayiR@RET hotspots (means £ s.e.m of 100 MTs from 204R0OI
significant statistical differences (*) were calatdd using Student’s t test wigh< 0.01. (D) Images showing
the superimposition of immunofluorescenceosfubulin and phosphoforms of stathmin (upper panele
distribution of NFRET hotspots (middle panels) dahd superimposition of NFRET signal with thetubulin
labelling (lower panels): the bound forms of pSer@ad/or pSer38-stathmin are mainly located orMfewall
(white arrows), whereas no NFRET hotspots for p&esthathmin are detected (white empty arrowheads)
despite co-localization with tubulin/MTs; side b&os NFRET intensities: color pixels (grey and pejpscore

for NFRET efficiencies from 0% to 5%; scale bargir.
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Figure 3. Stathmin can interact by its C-terminal dmain with the MT. (A-B) Living cells co-
overexpressing truncated EGBRter-stathmin (A), EGFANter-stathmin (B) forms (as donor) and mCherry-
tubulin (as acceptor); each reported value cormdpto the mean £ SD number of NFRET hotspots ealint
18 ROIs of 200 ui a ROI per cells, and expressed per |oMT (white bars) or cytosol (black bars); the
significant statistical difference (**) was calctédd using Student’s t test witgh< 0.001. (C) Data are illustrated
by a representative head image with two enlargets R@derneath (panels on the right): white arroh®as
NFRET hotspots on MTs. White arrowheads point tspats in cytosol; side bars for NFRET intensitesor
pixels (gray and purple) score for NFRET efficiescfrom 0% to 12%; scale bars: 10 pm.

Figure 4. FRAP curves reveal a binding-dominant moel of stathmin with tubulin/MTs. After
photobleaching, fluorescence intensity of EGFPhstait corresponding to the full stathmin was plotbeginst
time. The fluorescence recovery of EGFP-stathmirs wenitored in the presence (filled circle) or et
absence (empty circle) of the MT network. MTs weisassembled by nocodazole (1 mg/ml for 30 minates
maintained in medium during FRAP experiments). Tilkeline curves correspond to the average fit 6+15
recovery courses. Compared with no MT, an appal@mger half-timety> of the stathmin fluorescence
measured with MTs shows a slower binding excharfgthe complex stathmin/MTs than stathmin/tubulin

dimers in the cytosol.

Figure 5. The interaction of pSer38- and/or pSer25tathmin with the MTs is promoted by taxol Immuno-
FRET of a-tubulin and stathmin (for total-stathmin, pSer38tdsmin and pSer25-stathmin) was performed on
cells incubated without (white bars) and with 1 tadol (black bars) (4 h, 37 °C). Numbers of NFRBISpots
located in the cytosol (A) and on MT (B); each népd value corresponds to the mean + s.e.m numiber o
NFRET hotspots counted in 40 ROIs of 2002uaROI per cells, and expressed pef ofMT or cytosol. (C)
Percentages of MT plus-ends displaying NFRET hdssgmeans + s.e.m of 100 MTs from 20 ROIs);
significant statistical differences (*) were calatdd using Student’s t test with< 0.01. (D) All data are
illustrated with (D) panels of images on the righitle bars for NFRET intensities: color pixels {gend

purple) score for NFRET efficiencies from 0% to S8éale bars: 5 um.

Figure 6. Conceptual model for the catastrophe-promting mechanism by which stathmin depolymerizes
MTs. Data in cells show that the interaction of stathmith tubulin/MTs is modulated by its phosphorytati
status (numbers in brackets refer to the figureveppdl1] Binding of stathmin (green) to tubulin pnotes MT
catastrophe by sequestering free tubulin [1a] (NFREBtspots) and by acting on protofilaments at Mdsp

ends, thus destabilizing the tips and increasiedikelihood of catastrophe [1b] (6,55); [2a] Bindiof pSer25-
25
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/pSer38-stathmin (orange) to MT wall constitutepam| of inactive stathmin (NFRET hotspots), possial
scaffold with phosphatases (53), dephosphorylateldcantributing to the catastrophe; or [2b] phospladion

of Ser25 and/or Ser38 of stathmin by kinases mangé curved to “straight” T2S complex so it can be
incorporated into the growing MT (16,51); [3] fulbhosphorylated stathmin detaches from tubulin/Miid is
unable either to sequester tubulin or to promoted$fissembly (51).
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Table 1. Dynamic of interaction of stathmin with tuoulin/MT: photobleaching analysis.

Conditions Fo Ceq Kot (S?) k*on (S?) t12 (S)

stathmin + microtubules 0.91+£0.01 0.13+0.01 360 0.06 0.07 £0.02 1.91+0.30
stathmin - microtubule 0.94 +£0.01 0.10 £ 0.01 91+20.12 0.14 £ 0.03 0.54 £0.05
ACter-stathmin + microtubules 0.90 +0.01 0.05+0.01 1.09 +0.09 0.05 +0.02 0.63 +0.05
ACter-stathmin - microtubule 0.88 +0.01 0.04 +0.01 1.76 £0.09 0.07 £0.03 0.40 +0.02
ANter-stathmin + microtubules 0.94 +0.01 0.14+£0.01 0.61 +0.06 0.10 +£0.02 1.13+0.11
ANter-stathmin - microtubule 0.90 +£0.01 0.04 +0.01 1.59 £0.08 0.07 £0.02 0.44 +0.03

The condition ‘X - microtubule’ corresponds to edlleated with 1 ng/uL nocodazole (30 min befor@ maintained during FRAP experiment) to
disassemble microtubules. Background-subtractentdicence intensities of stathmin and its truncheds after photobleaching as a function of
time was fitted with a single exponential to obtta fractions of fluorescence at equilibrium dodinding Gq the dissociation rate constai,k
and the fluorescence intensity @t time[110 s, end of recording) in the presence or in bseace of microtubules. Values represent means +
standard error. The number of experiments for elathm point varied from 7 to 15 recovery curves (h— 15 cells)ANter-stathmin, stathmin
deleted from Metl to Ser40 plus from Glu141 to A& and mutated on Ser63 to alanid€ter-stathmin, stathmin deleted from Lys100 to Glu147
and mutated on Serl6, 25, 38, 63 to alanine.
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Supplemental figure S1
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Figure S1. Three assays confirming the existence of NFRET hotspots. (A) No energy transfer between
free EGFP and immuno-labeled a-tubulin despite their apparent co-localization: cells expressing free EGFP
(as donor) were fixed and followed by an indirect immunofluorescence of a-tubulin (with a secondary
antibody coupled to TRITC, as acceptor): no interaction is observed between EGFP and fluorescent MTs;
side bars for NFRET intensities: pixels scoring for NFRET efficiencies from 0% (black) to 5% (white). (B)
A quite homogeneous NFRET efficiency for two-colored a-tubulin: indirect immunofluorescence of a-
tubulin was performed using two sets of secondary antibodies coupled to FITC (as donor) and TRITC (as
acceptor); side bars for NFRET intensities: color pixels scoring for NFRET efficiencies from 0% (dark blue)
to 5% (white). The NFRET intensity was spread over the MTs, with a range of NFRET efficiency between
1% and 5%. (C) A direct immunofluorescence of a-tubulin and total-stathmin still shows NFRET hotspots
on MTs and in the cytosol: a-tubulin and total-stathmin were directly immuno-labeled with primary
antibodies coupled to FITC (as donor) and Atto532 (as acceptor). Direct and indirect immunofluorescence
of proteins show a similar distribution of NFRET hotspots on MTs and in the cytosol (white arrows) as for
indirect immunofluorescence of proteins. This indicates that NFRET efficiency did not involve size and
misorientation of the secondary antibody-antibody complexes in the indirect immunofluorescence; side bars
for NFRET intensities: purple pixels score for NFRET efficiencies from 0% to 5%. For (A and B): scale bar
referred to 15 um, for (C), scale bar: 5 um.
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Figure S2. Ratios of phosphoforms of stathmin in A549 cells. (A) Cells were lyzed and protein contents
were analyzed by Western-blot in denaturing conditions using antibodies against anti-total-stathmin (‘total-
stathmin’) and anti-stathmin phosphorylated on serine 16 (‘pS16’), serine 25 (‘pS25°), serine 38 (‘pS38’),
and serine 63 (‘pS63°); upper panel shows the amount of all phosphoforms of stathmin normalized to
immunostained total-stathmin; lower panel displays a typical Western-blot experiment. (B) Cells were
treated with 1 — 50 nM taxol for 4 h at 37°C, and then lyzed and protein contents were analyzed by
Western-blot in non-denaturing conditions using anti-total-stathmin antibody; upper panel shows the
amount of all phosphoforms of stathmin normalized to the total pool of stained stathmin; lower panel
displays a typical Western-blot experiment; the labels ‘no-’, ‘mono-’, ‘di-’, ‘tri-” and ‘tetra-’ denote states of
un-, mono-, di-, tri- and tetra-phosphorylated stathmin, respectively. All significant statistical differences
(*) were calculated using Student’s ¢ test with p < 0.01. Reported values correspond to mean + SD of three

independent experiments.



Supplemental figure S3
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Figure S3. FRAP analysis of stathmin in the presence of MT. (A) left: enlarged view of stathmin
fluorescence and MTs (inset); right: stathmin fluorescence recovery at exponentially increasing time points
on the region containing MTs (ROI: 4 um radius). (B) Mean data for small (2 pm radius) and large (4 pm
radius) bleached ROIs, normalized to the first prebleach value, showing fluorescence recovery of stathmin.
Recovery curves were fitted using a single exponential equation (F(#) = F,, — C,.exp™) with no
foreknowledge of either the geometry of the bleaching or the process of fluorescence recovery. Fits of data
(small ROI, in red; large ROI, in blue) to the binding-dominant model give comparable fractions of
fluorescence at equilibrium due to binding (small ROI: C,, =0.13 + 0.01; large ROIL: C, = 0.15 + 0.02),
dissociation rate constants (small ROI: k= 0.57 + 0.07 s”'; large ROI: k= 0.49 + 0.06 s, and fluorescence
intensities (small ROIL: Foo=10.92 £+ 0.01; large ROI: Foo=10.91 £ 0.01). These features indicate that diffusion
is not significantly limiting during recovery of stathmin in the presence of MT; recovery is instead
dominated by binding interactions.



Table S1. Parameters of the MT dynamic instabilityin living cells.

Variables Untreated| PTX 1 nM PTX 3.5 nM PTX 20 nM
Mean rates (um/min)
Growing 9.1+ 0.4 8.4+ 0.6 8.1+ 0.7 6.3+ 0.3 (-31%)
Shortening 11.7+0.9 11.0+1.0 |8.5%0.7 (-27%)| 5.6+ 0.3 (-52%)
% Time spent in
Growing 37+4 25+ 3 (-32%) | 21+5(-43%) | 23+ 3 (-38%)
Shortening 26+ 4 26+ 3 27+ 4 30+3
Pause 37+3 | 49%3 (+32%) | 52+ 5 (+40%) | 47+ 3 (+27%)
Overall dynamicity (um/min) | 4.6+ 0.4 | 3.8+ 0.4 (-18%)| 3.0+ 0.4 (-35%)| 1.7+ 0.1 (-63%)

Parameters of microtubule dynamic instability wereasured at the cell periphery of living cells. TUetreated’ refers to dynamicity
parameters from cells expressing labelled tubeba|usively. Values are mean £ s.e.m of 50 microte The results of three
analogous experiments are presented. Numbers chdisarepresent variations between cells expressoaiieda-tubulin
(‘Untreated’) and other conditions, according tad&nt’s t-testi = 0.05).



