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The C-terminal region of tubulin is involved in multiple as-
pects of the regulation of microtubule assembly. To elucidate
the molecular mechanisms of this regulation, we study here,
using different approaches, the interaction of Tau, spermine,
and calcium, three representative partners of the tubulin C-
terminal region, with a peptide composed of the last 42 resi-
dues of ala-tubulin. The results show that their binding in-
volves overlapping amino acid stretches in the C-terminal
tubulin region: amino acid residues 421-441 for Tau, 430 -
432 and 444 - 451 for spermine, and 421-443 for calcium.
Isothermal titration calorimetry, NMR, and cosedimentation
experiments show that Tau and spermine have similar micro-
molar binding affinities, whereas their binding stoichiometry
differs (C-terminal tubulin peptide/spermine stoichiometry
1:2, and C-terminal tubulin peptide/Tau stoichiometry 8:1).
Interestingly, calcium, known as a negative regulator of micro-
tubule assembly, can compete with the binding of Tau and
spermine with the C-terminal domain of tubulin and with the
positive effect of these two partners on microtubule assembly
in vitro. This observation opens up the possibility that calcium
may participate in the regulation of microtubule assembly in
vivo through direct (still unknown) or indirect mechanism
(displacement of microtubule partners). The functional impor-
tance of this part of tubulin was also underlined by the obser-
vation that an a-tubulin mutant deleted from the last 23
amino acid residues does not incorporate properly into the
microtubule network of HeLa cells. Together, these results
provide a structural basis for a better understanding of the
complex interactions and putative competition of tubulin cati-
onic partners with the C-terminal region of tubulin.

Microtubules are involved in a number of critical cellular
processes, such as the determination of cell shape, chromo-
some segregation, intracellular transport of vesicles and or-
ganelles, and cell migration. Microtubules consist mainly of
aB-tubulin heterodimers organized head-to-tail into proto-

51 The on-line version of this article (available at http://www.jbc.org) con-
tains supplemental Table 1 and Figs. 1-4.
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filaments whose parallel self-association gives rise to microtu-
bules (1-4). a- and B-tubulin monomers have each a molecu-
lar mass of 50 kDa and are organized in three domains,
namely the N-terminal domain (amino acid residues 1-205)
involved in nucleotide binding, the intermediate domain
(amino acid residues 206 —384), and the C-terminal domain
(amino acid residue 385 to the C terminus) (5). The C-termi-
nal domain of tubulin represents a critical part of the binding
site of different tubulin/microtubules partners, such as
MAPs,* which are major regulators of microtubule dynamics
(6—38), or polycations, which promote tubulin assembly in
vitro in different polymeric forms (9). The C-terminal domain
comprises a highly negatively charged tail of about 20 amino
acid residues (named herein the C-terminal tail (CTT)),
which protrudes from the surface of microtubules. In agree-
ment with its participation in the regulation of microtubule
assembly through interactions with partners, the CTT is also
the most divergent part of tubulin, and variations among tu-
bulin isotypes (10) may explain the modulation of the dynam-
ics of microtubule assembly in specific tissues or cytoplasmic
regions.

Different structure information has been obtained regard-
ing the C-terminal domain of tubulin by using either full-
length tubulin or peptide fragments. Electron crystallography
of zinc-induced tubulin sheets showed the presence of two
anti-parallel a-helices (helix H11 (amino acid residues 385—
397) and helix H12 (amino acid residues 418 —433)) lying at
the outer surface of tubulin. The regions corresponding to the
CTTs of either «- or B-tubulin were however not observed,
probably due to the flexibility of this part of the protein (5).
These observations were confirmed by x-ray diffraction analy-
ses of crystal complexes formed between tubulin and the RB3-
stathmin-like domain (11-13). Other structural data were
obtained with peptides from the C-terminal region of tubulin
studied either when free in solution or in interaction with
different partners. NMR structure investigations on a- and
B-tubulin C-terminal peptides showed that both « (residues
404 -451) and B (residues 394 —445) peptides have no defined
secondary structure in aqueous solution but contain a well

*The abbreviations used are: MAP, microtubule-associated protein;
aTub410C, amino acid residues 410-451 from a1a-tubulin; CTT, tubulin
C-terminal tail; ITC, isothermal titration calorimetry; tubulin S, subtilisin-
treated tubulin; EGFP, enhanced green fluorescent protein; CNS, central
nervous system.
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defined central helix region surrounded by disordered N and
C segments in the presence of 30% trifluoroethanol. Helices
span residues 418 —432 and 410 — 432 for a- and B-tubulin,
respectively (14). Both a- and B-C-terminal domains of tubu-
lin were demonstrated to interact with MAP2, Tau (15, 16),
and MAP4 (17, 18). More recently, the NMR solution struc-
ture of the Cap-Gly-2 domain of the CLIP-170 protein in
complex with a C-terminal a3-tubulin peptide (residues 416 —
451) was obtained (19). It was found that the region of this
peptide corresponding to the CT'T is critical for this interac-
tion because the acidic motif (residues 447—450) of the a-tu-
bulin tail interacts with the basic groove of the Cap-Gly-2 do-
main and because the C-terminal end residue Tyr**! is
anchored to a hydrophobic patch of the basic Cap-Gly-2
groove. The remainder of the a3-tubulin peptide was found
largely disordered.

Finally, numerous studies showed that small cationic mole-
cules and cations could interact with tubulin C-terminal tails.
Among small cationic molecules are polyamines, such as tet-
ravalent spermine, trivalent spermidine, and their diamine
precursor, putrescine, which are also known as key modula-
tors of cell growth. In vitro, polyamines promote microtubule
assembly with an efficiency proportional to the number of
free amino groups that they bear. Spermine (Table 1A4), with
four amino groups, is the most effective polyamine already
tested in this respect (20). In vivo, a recent study concerning
the relationships between polyamine levels and microtubule
assembly in a cellular context showed that polyamines are
potential regulators of the complex dynamical properties of
the microtubules network (21).

Regarding calcium, which behaves as a powerful direct or
indirect (via MAPs (22)) microtubule-destabilizing agent (23,
24), the presence of a high affinity binding site located in the
C-terminal region around amino acid residues a423-446 and
B404—427 has been demonstrated (25), but the atomic char-
acterization of this binding site has never been determined.

More detailed knowledge on structure-activity relationship
concerning the C-terminal part of tubulin will provide a bet-
ter understanding of physiological regulations and help to
develop novel approaches to target microtubule dynamics. It
is noteworthy that, due to its high negative charge, the C-ter-
minal domain of tubulin interacts mainly with cationic part-

ners of different natures: proteins, small molecules, or cations.

This suggests that an interplay might exist between various
cationic tubulin partners and physiological consequences in
living cells. In this context, the aim of the present work was to
characterize the NMR solution structure of an a1-tubulin
C-terminal peptide, which comprises helix H12 and the CTT
(amino acid residues 410—-451, named herein aTub410C),
and to study by different means its interaction with Tau,
spermine, putrescine, and calcium chosen as representative
members of tubulin cationic partners. The results confirm the
absence of structure of this peptide in aqueous solution and
indicate some overlaps in the binding regions of Tau, sperm-
ine, and calcium. Interestingly, we demonstrate that Tau and
spermine compete for Tub410C binding and that calcium
can displace both of these molecules from the aTub410C
peptide. Such a competition may explain in part how calcium
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can impede microtubule assembly in the physiological con-
text. Finally, we found that a part of the C-terminal tubulin
domain is needed for the correct incorporation of a-tubulin
into microtubules in HeLa cells underlying its importance in
the regulation of microtubule dynamics.

MATERIALS AND METHODS

Production and Purification of the al-Tubulin aTub410C
Peptide—As a first approach, we attempted to express the
full-length tubulin C-terminal domain. Unfortunately, this
yielded insoluble material. We further expressed a peptide
starting at residue 398 (just after the end of helix H11), but it
was again insoluble. We finally succeeded in expressing and
purifying a soluble form of a peptide that comprises the last
42 C-terminal residues of the human «la-tubulin (amino acid
residues 410 —451, named herein aTub410C (Table 1B)). It
was expressed in recombinant form as a fusion peptide with
an N-terminal polyhistidine tag. The oTub410C cDNA was
amplified by PCR using the pEGFP-Tub plasmid as template
(BD Biosciences Clontech, catalogue no. 632349). The up-
stream and downstream primers contained Ndel and BamHI
sites, respectively, to insert the PCR product into the pET16b
plasmid. Fidelity of PCR amplification and phase were verified
by sequencing (Cogenics, Brea, CA).

E. coli BL21 DE3 Gold cells (Invitrogen) harboring the plas-
mid coding for aTub410C were grown at 37 °C with 100
pg/ml ampicillin in a 1-liter flask of LB medium or isotopi-
cally labeled M9 minimal medium containing 0.6 g/liter 95%
15NH,Cl and 2.2 g/liter 95% "*C-glucose (Cortecnet, Paris,
France) as the sole nitrogen and carbon sources, respectively,
and complemented with 1 mg/liter thiamine and 1 mg/liter
biotin. Peptide expression was induced at A4y = 0.5 with
1 mwm isopropyl B-p-thiogalactopyranoside, and incubation
was continued at 37 °C for 3.5 h. Bacteria were pelleted by a
10-min, 4,000 X g centrifugation, and the pellet was resus-
pended in 10 volumes of Buffer A (20 mm Tris-HCI, pH 7.6,
100 mm NaCl). Bacteria were then disrupted by sonication,
and the product was centrifuged for 30 min at 100,000 X g at
4°C. Clarified cell lysate was then loaded on an Ni** -nitrilo-
triacetic acid column (Qiagen, Hilden, Germany) equilibrated
with Buffer A. The proteins were eluted with 5 column vol-
umes of buffer B (20 mm Tris-HCI, pH 7.6, 100 mm NaCl, 300
mM imidazole). The fractions containing the aTub410C were
combined and concentrated by ultrafiltration (Amicon, 5 kDa
cut-off) to 0.5 ml at 4 °C and diluted into 4.5 ml of buffer C
(20 mm MES-KOH, pH 6.9). The procedure of concentration/
dilution was repeated again three times with buffer C to elimi-
nate traces of imidazole. The final concentration of
aTub410C was determined by amino acid analysis. The result
was used to determine the extinction coefficient of aTub410C
for further analyses (€505 ,m, = 3.56 X 10° M~ ' cm™"). The
final yield was about 2 mg/liter pure peptide. All of the purifi-
cation steps were performed in the presence of protease in-
hibitor mixture (Roche Applied Science) at room temperature
except for the centrifugation and the concentration steps
(4°C).

Production of Full-length Human Tau Protein—E. coli BL21
DE3 Gold competent cells were transformed with the hTau40
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pET29b plasmid (catalogue no. 16316, Addgene, Cambridge,
MA). Bacteria were grown in LB medium in the presence of
100 pg/ml ampicillin. Overexpression was induced at

As00 nm = 0.5 with 1 mm isopropyl B-p-thiogalactopyrano-
side, and incubation was continued for 3.5 h at 37 °C. After
collection of bacteria by centrifugation as described above,
pellets were dissolved in 10 ml of 50 mm MES-KOH, pH 6.9,
500 mm NaCl, 1 mm MgCl,, and 5 mm DTT and then soni-
cated and centrifuged for 10 min (4,000 X g). The supernatant
was boiled for 20 min, and the lysate was then ultracentri-
fuged at 100,000 X g for 45 min. The soluble hTau40 fractions
were concentrated by ultrafiltration (Amicon, 10 kDa cut-off),
and the protein was diluted in 20 mm MES-KOH, pH 6.9, 5
mM NaCl, 1 mm DTT. The final concentration of hTau40 was
determined by amino acid analysis.

Preparation of Sheep Brain Tubulin and Subtilisin-treated
Tubulin—Tubulin was purified from sheep brain using the
method of Castoldi and Popov (26) and stored at —80 °C in 20
mM MES-KOH, pH 6.9, 0.5 mMm DTT, 0.5 mm EGTA, 0.25 mm
MgCl,, 3.4 M glycerol, and 0.1 mm GTP. Before use, an addi-
tional cycle of polymerization was performed, and tubulin was
resuspended in 20 mm MES-KOH, pH 6.9, 0.25 mm EGTA,
0.25 mm MgCl,. Subtilisin-treated tubulin (tubulin S) was
prepared using a standard protocol (27). Tubulin and tubulin
S concentrations were determined by spectrophotometry us-
ing an extinction coefficient €,,4 ., = 1.2 X 10° M ' cm !
(28).

NMR Experiments—NMR spectra were acquired at 20 °C
on a Bruker Avance 600 NMR spectrometer using a triple
resonance cryoprobe equipped with z axis self-shielded gradi-
ent coils. All experiments were performed on 60-ul samples
with the MATCH™ system (Cortecnet). NOESY- and
TOCSY-'H-'"*N HSQC experiments were collected on a 400
uM *°N-labeled aTub410C peptide sample. Three-dimen-
sional HNCA, HNCACB, and CBCA(CO)NH experiments
were performed to check and facilitate backbone assignments
on a 400 um '°N-"?C-labeled aTub410C peptide sample (29).
The spectra were acquired with 1024 complex data points in
the direct dimension and 24 X 60 complex data points in the
N and C dimensions, respectively. The spectral widths were
8992 Hz (*H), 1650 Hz (**N), 9433 Hz (*3Ca, **Cp), and 3750
Hz (**Ca). All acquired spectra were processed with Topspin
2.0 and NMRView (30). Visualization and manipulation were
performed with NMRView (freeware version).

Two-dimensional *H-*N HSQC experiments were used to
perform the spermine and Ca®" titration series using a 200
uM °N-labeled aTub410C peptide sample dissolved in 20 mm
MES-KOH, pH 6.9. The spectra were recorded using 256 X
1024 complex data points in F1 and F2 dimensions with 16
scans/increment and a relaxation delay of 1.2 s. The spectral
widths were 1650 and 2000 Hz in the *°N and 'H dimensions,
respectively. Titrations were performed by the stepwise addi-
tion of 2 ul of concentrated stock solutions of polyamines or
calcium prepared as chloride salts. One NOESY-"H-'°N
HSQC spectrum was recorded in the presence of 400 uM *°N-
labeled aTub410C and 3 mm spermine. For titration with
Tau, a sample of 80 um '*N-labeled «Tub410C peptide in 20
mM MES-KOH, pH 6.9, in the presence of 1 mm DTT was
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prepared. Tau was then added at a concentration of 10 um.
Mean weighted chemical shift displacements (Figs. 2B and
4C) were calculated according to the formula, ((A§"H)* +
(A8'N)?/6.5%)” (31). The significant threshold was calculated
for each curve as the mean chemical shift deviation multiplied
by 1.5.

For one-dimensional NMR tubulin or titration experi-
ments, 40 um tubulin in 20 mM MES-KOH, pH 6.9, 2 mm
MgCl,, 20% glycerol was incubated in the presence of increas-
ing concentrations of spermine or putrescine. At the end of
the experiment, 500 mm KCl or an increasing concentration
of Ca>" was added to the sample. Intensities of the spectra
were calibrated with an external reference.

For two-dimensional NMR Tau/spermine competition ex-
periments, a sample containing 100 uM *°N-labeled
aTub410C peptide was prepared in 20 mm MES-KOH, pH
6.9, 1 mm DTT. Increasing amounts of Tau or spermine were
added up to 40 um and 9 mm, respectively.

Isothermal Titration Calorimetry (ITC)—ITC measure-
ments were performed at 25 °C using a MicroCal VP titration
calorimeter (MicroCal Inc., Northampton, MA). Samples
were thoroughly degassed before each titration. Titration and
sample solutions were made up in the same buffer solution
(20 mm MES-KOH, pH 6.9). Titrations were carried out by
injecting 32—55 consecutive aliquots (5-10 ul) of ligands at
different concentrations into the ITC cell (1-ml volume) con-
taining the aTub410C peptide. For spermine/putrescine ex-
periments, injections were carried out at 340-s intervals. The
best titration curves were obtained using 1.5 mMm spermine
into the syringe and 11 um aTub410C peptide into the cell.
For hTau40 experiments, injections were carried out at 240-s
intervals. Best titration curves were obtained with 22 um
hTau40 into the syringe and 8 um aTub410C peptide into the
cell. A background titration consisting of the identical titra-
tion solution but containing only the buffer in the cell was
subtracted from each titration to account for heat produced
by sample dilution. The value obtained was subtracted from
the heat of reaction to give the effective heat of binding. The
resulting titration data were analyzed using the ORIGIN soft-
ware package supplied by MicroCal. The molar binding stoi-
chiometry (N), binding constants (K ; K, = 1/K,), and bind-
ing enthalpy (AH) were determined by fitting the binding
isotherm to a model with one set of sites. For the fit, no con-
straint in stoichiometry, K, and AH was fixed. Changes in
free energy (AG) and in entropy (TAS) were calculated from
AG = —RTIn K, = AH — TAS, where R is the gas constant
and T is the temperature in Kelvin. All values are the average
of three experiments = S.D. Errors in TAS values were calcu-
lated by the equation, (S.D.>(AH) + S.D.2(AG))*.

In Vitro Polymerization Assay—Tubulin polymerization
was monitored turbidimetrically at 350 nm (1-cm path) in an
Ultrospec 3000 spectrophotometer (GE Healthcare) equipped
with a temperature controller. Experiments were carried out
using 30 um tubulin in 20 mm MES-KOH, pH 6.9, 2 mMm
MgCl,, and 1 mm GTP with 25% glycerol at 37 °C. Tau,
spermine, and calcium were added at varying concentrations,
as indicated in the figures. Tau experiments were performed
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in the presence of 1 mm DTT except when probing oxidative
conditions.

Tau-Spermine-Microtubule Co-sedimentation Experiments—
To work only with functional proteins, 40 uMm tubulin to-
gether with 50 um Tau was polymerized at 37 °C for 10 min in
40 mm MES-KOH, pH 6.9, 1 mMm GTP, 1 mm DTT, 4 mm
MgCl,. After mild centrifugation to collect microtubules only
(25,000 X g, 15 min at 37 °C), the supernatant was discarded,
and the microtubule pellet containing Tau was resupended in
the same buffer and depolymerized at 4 °C for 10 min and
then separated in three aliquots to which 30 ul of buffer with-
out (control) or with concentrated spermine was added to
reach 1 and 3 mMm spermine final concentration. Aliquots were
then returned to 37 °C for 15 min and centrifuged (25,000 X
& 15 min, 37 °C). Supernatant and pellet were finally analyzed
by 12% SDS-PAGE.

Cell Culture, Transfection, and Fluorescence Microscopy—
The pEGFP-Tub plasmid encodes a fusion protein of green
fluorescent protein (EGFP) and the cDNA encoding human
a-tubulin (GFP-Tub). Plasmids derived from pEGFP-Tub
encode the EGFP-a-tubulin fusion protein with a deletion of
the 23 last C-terminal amino acid residues (GFP-TubA23C)
and of the 13 last C-terminal residues (GFP-TubA13C) of the
human a-tubulin. Plasmids were constructed by PCR using
the plasmid pEGFP-Tub as template and the primers 5'-ACCT-
CGATATCGAGCGCCCA-3" and 5'-ATCCGGATCCTTAA-
AGGGCAGCCATATCTTCACG-3' for pEGP-TubA23C and
5'-ACCTCGATATCGAGCGCCCA-3" and 5'-ATCCGGAT-
CCTTAATCCACACCAACCTCCTC-3' for pEGFP-Tub-
AC13 (EcoRV and BamHI sites have been underlined). The
PCR products corresponding to C-terminal deleted tubulin
were cloned in frame with EGFP into the plasmid pEGFP-tub
using EcoRV and BamHI sites. Sequences and phases of the
inserts were verified by DNA sequencing (Cogenics).

HeLa cells were grown on glass coverslips in 4-well plates at
37 °C with 5% CO, in DMEM containing 10% fetal bovine
serum and 1% penicillin/streptomycin. Transfections with the
pEGFP-Tub, pEGFP-Tub-AC13, or pEGFP-Tub-AC23 plas-
mids were performed as follows. Fresh culture medium with-
out serum was added to the cells before transfections. 0.2 ug
of plasmid DNA was used for 1 ul of Lipofectamine, both of
them diluted in 40 ul of Opti-MEM I (Invitrogen protocol).
DNA-Lipofectamine mix was left for 20 min at room temper-
ature and then added to the cells and gently mixed. Cells were
returned to the incubator at 37 °C. 4 h post-transfection, the
medium was replaced with fresh full medium, and cells were
incubated for 24 h at 37 °C. When necessary, 0.5 uM taxol was
added for 1 h. Cells were washed twice with PBS and fixed/
permeabilized with methanol at —20 °C for 20 min. Cells were
then incubated for 30 min at 37 °C with the blocking solution
(20 mm Tris-HCI, pH 7.4, 150 mm NaCl, 0.1% Triton, 2% BSA,
0.1% NaN,). The microtubule network was labeled for immu-
nofluorescence with the E7 anti-tubulin mouse monoclonal
antibody diluted at 1:5000 in blocking solution overnight at
4. °C. Cells were washed twice with PBS and incubated with
goat anti-mouse antibody (Alexafluor 555) diluted at 1:2500
in blocking solution for 1 h at room temperature. The cells
were finally washed with PBS, and the coverslips were
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TABLE 1

Chemical formulas of polyamine and sequence variability of human
a-tubulin

A, chemical formulas of the natural polyamines used in this study. The amino
groups are positively charged at physiological pH. B, sequence alignment of
different human a-tubulin isoforms from amino acid residue 410 to the C
terminus. Accession numbers are as follows: ala NM_006009 (NCBI), a3c
NP_005992 (NCBI), ada NP_005991.1 (NCBI), a6 (GenBank™ EAW58057.1), a8
NP_061816.1 (NCBI). Conserved amino acid residues are boxed. Homologous
residues are indicated with a dot. The broken line from residue 418 to 433
indicates helix H12.

A Putrescine NH; (CH; )4, NH,
Spermine NH, (CH, )3 NH (CH, ), NH (CH, ); NH,

B 41<‘J 42? 43<|) 44(|) 45(|)
Alpha la |GEGMEEGEFSEAREDMAALEKDYEEVG EGEE[Y
Alpha 3c |GEGMEEGEFSEAREDLAALEKDYEEVG FGEEY
Alpha 4a |GEGMEEGEFSEAREDMAALEKDYEEVG EGEE
Alpha 6 GEGMEEGEFSEAREDMAALEKDYEEVG] EGEE[Y
Alpha 8 GEGMEEGEFSEAREDLAALEKDYEEVG EGEE[F

AMAAANAA

mounted on glass slides using fluoromount G. Cells were ex-
amined with a Zeiss fluorescence microscope equipped with a
cooled CCD camera (Spot camera, Qimaging, Surrey, Canada)
using an Olympus 1.4 numerical aperture PlanApo X100 oil
immersion objective. All images were processed using the
Photoshop software (Adobe Systems Inc.).

Preparation of Free and Polymerized Tubulin Fractions
from Cultured Cells—The cellular content of free tubulin and
microtubules was determined using the method described by
Gundersen et al. (32) with minor modifications. Cultured
HelLa cells were rinsed with 85 mm Pipes, pH 6.9, 1 mm
EGTA, 1 mm MgCl,, 2 M glycerol at 37 °C. Extraction of free
tubulin was done using the same buffer but containing 0.4%
Triton X-100. After 3 min, the extraction buffer containing
free tubulin was gently transferred to a graduated tube, mixed
with one-quarter volume of 5X SDS-PAGE buffer (325 mm
Tris-HCI, pH 6.9, 10% SDS, 30% glycerol, and 1 mMm phenyl-
methylsulfonyl fluoride), and boiled for denaturation. The
polymerized tubulin fraction, corresponding to microtubules
remaining in the cells, was then solubilized in a volume of 1X
SDS buffer equivalent to that used for the soluble fraction and
boiled for denaturation. The tubulin content of each fraction
was determined by immunoblotting as follows. Proteins were
separated by 10% SDS-PAGE and transferred to a PVDF
membrane (Invitrogen). The membrane was blocked in 5%
nonfat dry milk, PBS for 30 min at room temperature and
incubated for 1 h at room temperature with primary E7 anti-
tubulin or anti-GFP antibody at 1:15,000 dilution. Bound anti-
bodies were detected with an Odyssey imaging system (LI-
COR Biosciences, Lincoln, NE) using anti-mouse-IRDye 800
secondary antibodies (Odyssey, 1:5000 dilution).

RESULTS

Structural Analysis of the aTub410C Peptide—The
aTub410C peptide comprises the last 42 C-terminal residues
of human a-tubulin (isoform «la; Table 1B). Large amounts
of pure and soluble recombinant aTub410C peptide were
easily extracted and purified from E. coli culture (see supple-
mental Fig. 14). The two-dimensional 'H-'>N HSQC NMR

VOLUME 286-NUMBER 4-JANUARY 28, 2011


http://www.jbc.org/cgi/content/full/M110.144089/DC1
http://www.jbc.org/cgi/content/full/M110.144089/DC1

aTub410C: Binding of Tau, Spermine, and Ca**

A . 17 T
619 L o
6410
CiGsanf @ H16 &P | &
G412 615 E411 q\mz
G442 417
G448 E445 449
119 E443 o
% R20 | [+
(=4 e 1425
42 D431 423
R422
121 - -
8.4 83 8.2 8.1}
[~} | o
5439 o
514 @
o2 54190 .
V437
H16 gy11413 N
Poly-His [0 » & va32 N
H21 5429: % 1428 B
E414 E446 o 43! ©
£ ea70 Tz G, Ke30
© w20 @, 427
E434 Q, Es
23 @
omzs 7
o 0.
o Vs 421 -8
S
Q451
T ’ T T T T T
85 8.0 75 [ppm]

ppm

FIGURE 1. The aTub410C peptide is not structured in aqueous solution. A, assigned 'H-

=N Mg 0
mmmonm
S SS g
Q> wuw>

=] R o
£9285%
Q Da>u-|
HSQC

>N of the aTub410C peptide in 20 mm MES-KOH, pH 6.9,

at T = 20 °C. All amide protons were assigned. B, secondary chemical shifts of the aTub410C peptide in 20 mm MES-KOH, pH 6.9, at T = 20 °C. "*Cq, '*C’, and
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spectrum of aTub410C peptide in aqueous buffer shows very
well resolved and sharp resonances (Fig. 14), with a low dis-
persion of the amide region (less than 1 ppm on and about 20
ppm on *°N dimensions). This suggests that, under these con-
ditions, the aTub410C peptide probably does not fold into
any tertiary structure, as suggested by previous CD experi-
ments (14). Complete NMR assignment of the backbone reso-
nances of «Tub410C was realized (see supplemental Table 1).
Chemical shift deviations from random coil values (33) of
1B3Ca, ¥C’, and 'He also indicate that no significant second-
ary structure is present even if the '"Ha chemical shifts suggest
a weak helical propensity for amino acid residues 424 —432
(Fig. 1B).

Binding of Tau to the aTub410C Peptide; Identification of
the Binding Region, Stoichiometry, and Thermodynamic
Values—Tau is mainly a neuronal MAP of the CNS. Six Tau
isoforms can be expressed resulting from the alternative splic-
ing of a single gene. hTau40, used in the present work, which
is the longest human isoform, contains four repeats involved
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in the binding to tubulin/microtubules and two inserts in the
N-terminal projection domain. Many studies have shown that
the tubulin C-terminal domain is implicated in the Tau-mi-
crotubule interaction. Electron microscopy experiments
showed that Tau binds longitudinally to the outer ridges of
microtubule protofilaments, suggesting that the exposed C-
terminal tubulin domain constitutes an important binding
site (34). Direct interaction between Tau and the tubulin C-
terminal region was also demonstrated but was not character-
ized at the residue scale (15, 35, 36). In the present work, we
used purified Tau (see supplemental Fig. 1B) and attempted
to describe this aspect using two-dimensional 'H-'°N
HSQC experiments. As shown in Fig. 24, several reso-
nances of the '*N-labeled aTub410C spectrum were af-
fected by the presence of Tau. Interestingly, the binding of
Tau affects a large and continuous stretch of residues on
the aTub410C, as reflected by large chemical shift pertur-
bations of residues in the region between amino acid resi-
dues 421 and 441 (Fig. 2B).
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FIGURE 2. Titration analyses of the interaction between Tau and aTub410C. A, 'H-">N HSQC of 80 um aTub410C in 20 mm MES-KOH, pH 6.9, 1 mm DTT,
at T = 20 °Cin the absence (green) and presence (red) of 10 um Tau. Residues with the greatest chemical shift perturbations are shown. B, mapping of the
chemical shift perturbations observed in the "H-">N HSQC Tau-aTub410C titration experiments. The chemical shift perturbation values were calculated as

described under “Materials and Methods.”

We next carried out ITC experiments to quantify the Tau-
aTub410C interaction. Fig. 3A displays the isotherms of Tau
titration into the aTub410C solution. The best fit of the inte-
grated isotherm using a single-site model indicated that Tau
binds to eight aTub410C molecules with a K, value of 0.4 pm.
The high negative value of enthalpy reflects the highly elec-
trostatic interaction and the unfavorable entropic contribu-
tion is probably due to the loss of mobility of the eight
aTub410C peptides bound to Tau (Fig. 3B). Tau possesses
two cysteine residues, which can participate in either intra- or
intermolecular disulfide bridges (to form in the later case oli-
gomeric forms, such as dimers and trimers). We thus evalu-
ated the influence of the oxidation state of Tau on aTub410C
binding using ITC. In similar conditions but in the absence of
DTT, no titration could be observed. This result is in agree-
ment with previous work, which showed that the affinity of
Tau for microtubules decreases in the absence of DTT using
co-sedimentation and NMR titration assays (37, 38).

Binding of Spermine and Putrescine to the aTub410C Pep-
tide; Identification of the Binding Region, Stoichiometry, and
Thermodynamic Values—Promotion of microtubule assembly
by polyamines requires the presence of the C-terminal tail of
tubulin (39, 40). First, we checked that the interaction of pu-
trescine and spermine with full-length a3-tubulin can be ana-
lyzed by NMR. After this positive control, we next focused
our investigations on the spermine-aTub410C interaction.
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FIGURE 3. Isothermal titration calorimetric analyses of the interactions
between Tau and aTub410C. A, trace of the calorimetric titration of 32 X
5-ul aliquots of hTau40 (22 um) into the cell containing the aTub410C (8
uM). Lower panel, integrated binding isotherm obtained from the experi-
ment. B, parameters obtained from the best fit.

The NMR assignment of putrescine and spermine protons
was achieved using 1 mm polyamine samples in buffer solu-
tion. Spermine proton resonances were observed at 2.85, 1.85,
and 1.55 ppm. The 1.55 ppm peak was the most intense and
was subsequently used to monitor polyamine-tubulin interac-
tion. As shown in Fig. 44, in the presence of 40 um full-length
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FIGURE 4. Small polyamines interact with tubulin through electrostatic bonds. A, left, one-dimensional 'H NMR spectrum (zoomed) in the 1.4-1.6 ppm
region obtained with 40 um tubulin, 20 mm MES-KOH, pH 6.9, 2 mm MgCl,, 20% glycerol at T = 20 °C in the presence of 300 um (upper spectrum) or 1 mm
(middle spectrum) spermine. 500 mm KCl was added at the end of the experiment in the sample to examine the impact of high ionic strength (lower spec-
trum). Middle, one-dimensional "H NMR spectrum (zoomed) on the 1.4-1.6 ppm region obtained with 40 um tubulin, 20 mm MES-KOH, pH 6.9, 2 mm MgCl,,
20% glycerol at T = 20 °Cin the presence of 300 um (upper spectrum) or 1T mm (middle spectrum) putrescine. 500 mm KCl was added at the end of the experi-
ment in the sample to examine the impact of high ionic strength (lower spectrum). Right, one-dimensional 'H NMR spectrum (zoomed) in the 1.4-1.6 ppm
region obtained with 40 um tubulin S, 20 mm MES-KOH, pH 6.9, 2 mm MgCl,, 20% glycerol at T = 20 °C in the presence of 300 um (upper spectrum) or 1 mm
(middle spectrum) spermine. 500 mm KCl was added at the end of the experiment in the sample to examine the impact of high ionic strength (lower spec-
trum). B, "H-">N HSQC spectrum of 200 um oTub410C in 20 mm MES-KOH, pH 6.9, at T = 20 °C in the absence (green) and presence (red) of 3 mm spermine.
The amino acid residues with the most perturbated chemical shifts are indicated. C, chemical shift perturbations from the "H-">N HSQC spectrum observed
in tzhg/absence and presence of 3 mm spermine. The chemical shift perturbation values were calculated according to the formula, ((A8'H)? + (A8'°N)%/
6.5%)7%(31).

af3-tubulin, the 1.55 ppm peak of spermine at 300 um com-
pletely disappeared, whereas it remained partly visible with 1
mM. Interestingly, the addition of 500 mm KCl to the 40 um
tubulin and 1 mM spermine sample completely restored the
spermine signal in agreement with a dissociation of the com-
plex. This also indicated that the spermine-tubulin interac-
tion is mostly electrostatic. When such experiments were per-
formed with putrescine, which presents only two positive
charges, the 1.55 ppm peak remained partly visible at 300 um
and was almost at full intensity at 1 mm. Again, the maximum
signal was recovered in the presence of KCl. These results
show that spermine interacts more tightly than putrescine
with tubulin. To provide further information regarding the
polyamine binding site on tubulin, similar experiments were
carried out using tubulin S, which showed no spermine bind-
ing (Fig. 44). This latter result strengthens the proposal that
polyamines interfere with microtubule dynamics mainly
through interaction with the C-terminal domain of tubulin.
The interaction between spermine and the «Tub410C pep-
tide was then examined in detail using two-dimensional 'H-
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15N HSQC experiments. Titration experiments based on
chemical shift perturbation of the aTub410C resonances were
performed with increasing concentrations of spermine. The
superimposition of the 200 um aTub410C peptide spectra in
the absence and presence of 3 mm spermine is shown in Fig.
4B. No broadened or new resonances appeared in the pres-
ence of spermine, but we observed that several resonances
were shifted. Mean weight chemical shift displacements are
displayed in Fig. 4C, which shows that two regions of the
aTub410C peptide are influenced by the interaction with
spermine: amino acid residues 430 —432 and 444 —451. We
found again here that in the presence of 3 mm spermine and
500 mMm KCl, the resonances observed on the HSQC spectrum
of aTub410C were not shifted compared with those of the
HSQC spectrum obtained with the aTub410C peptide alone
(data not shown). This is in agreement with an abolition of
the binding of spermine to the aTub410C peptide by a high
concentration of KCl, which also suggests that polar interac-
tions are involved in this binding. The spermine-aTub410C
interaction was also examined using NOESY '"H-'"*N HSQC
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FIGURE 5. Isothermal titration calorimetric analyses of the interactions between spermine and aTub410C. A, trace of the calorimetric titration of 55
aliquots (10-ul) of spermine (1.5 mm) into the cell containing aTub410C (11 um). Lower panel, integrated binding isotherm obtained from the experiment. B,

parameters obtained from the best fit.

experiments, which showed some intermolecular NOEs (see
supplemental Fig. 1C). We then performed similar titration
experiments with putrescine up to a concentration of 10 mm.
No significant chemical shift changes were detected during
titration, suggesting that the putrescine binding to aTub410C
is too weak to be detected by NMR (the superimposition of
the two spectra is displayed in supplemental Fig. 2). As a con-
trol, the «Tub410C peptide was titrated with NH,Cl (up to 20
mMm), used as a model monoamine; no significant perturbation
was observed. Finally, the binding of spermine to aTub410C
was quantified by ITC experiments. Fig. 54 shows the calori-
metric trace of a typical experiment of spermine injection into
an aTub410C solution. The best fit of the integrated isotherm
using a single-site model indicates that two spermine mole-
cules bind to one aTub410C peptide with a K, value of 14 um
(Fig. 5B). Similar experiments were realized to characterize
the putrescine-aTub410C interaction, and the results showed
a very high K, (data not shown).

The present results show that Tau and spermine interact
with the aTub410C peptide and that their binding regions on
aTub410C share some common residues (Lys**°, Asp**!, and
Tyr**2). We thus examined the possibility of a Tau/spermine
competition for «Tub410C binding using two-dimensional
'H-'*N HSQC titration experiments. «Tub410C (100 um)
was incubated in the presence of 40 um Tau, and then sperm-
ine was added. The results show that the 'H->N HSQC spec-
trum progressively shifted from the aspect of the
TauwaTub410C complex to that of the spermine:aTub410C
complex, suggesting that the excess of spermine releases Tau
from aTub410C. At 9 mm spermine, we finally obtained the
spectrum characteristic of the spermine:aTub410C complex
(Fig. 6A). In order to make sure that those high concentra-
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FIGURE 6. Tau and spermine compete for binding to the aTub410C pep-
tide. A, "H-">N HSQC spectrum of 100 um aTub410C in 20 mm MES-KOH, pH
6.9, 1 mm DTT at T = 20 °C in the absence (purple) or presence of 40 um Tau
(green) with spermine alone (9 mwm) (pink) and with both 40 um Tau and 9
mMm spermine (blue). B, 40 um tubulin was polymerized at 37 °Cin 40 mm
MES-KOH, pH 6.9, 1 mm GTP, 1 mm DTT, 4 mm MgCl, in the presence of 50
1M Tau. After centrifugation (25,000 X g, 15 min at 37 °C), the pellet was
resuspended and depolymerized at 4 °C for 10 min and separated into three
aliquots (without spermine, with T mm spermine (sp), or with 3 mm sperm-
ine) and then placed at 37 °C for 15 min. After a second centrifugation
(25,000 X g, 15 min at 37 °C), supernatants (S) and pellets (P) were analyzed
by 12% SDS-PAGE.
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responds to a hydrophobic residue.

tions of spermine do not cause the aggregation of Tau, which
may explain the loss of its binding to «Tub410C, the sample
was centrifuged and analyzed by SDS-PAGE. The result
showed that Tau remains in the soluble fraction in these con-
ditions (see supplemental Fig. 34).

The possibility of a Tau/spermine competition for
aTub410C binding was thereafter tested by co-sedimentation
experiments as a second investigation method using microtu-
bules. In the absence of spermine, Tau was found almost ex-
clusively associated with microtubules, in good agreement
with previous reports (Fig. 6B, lanes I and 2) (37, 41). In the
presence of spermine, we first observed an increase of the
microtubule mass due to the positive effect of polyamines on
microtubule assembly (40). In addition, a fraction of Tau was
displaced by spermine and found in the supernatant (compare
lanes 1, 3, and 5). These results indicate that the Tau/sperm-
ine competition observed with the isolated «Tub410C peptide
reflects, at least in part, the more complex Tau-microtubule
interaction.

Interaction of Calcium with aTub410C; Identification of the
Binding Region—Calcium has been demonstrated to have a
high affinity binding site on the C-terminal region of both
tubulin subunits (25). However, to date, the precise location
of this site remains unknown. We first attempted to define
the calcium binding region on the aTub410C peptide using
the chemical shift perturbation method based on two-dimen-
sional 'H-'*N HSQC titration experiments. Compared with
the 200 um aTub410C control spectrum, the presence of cal-
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cium was responsible for a series of significant chemical shift
changes of the resonances of the «Tub410C peptide, which
were maximal for a calcium concentration of 6 mm (Fig. 7A).
The main differences (except for the C-terminal residue) con-
cerned four glutamates (Glu*?°, Glu**?, Glu***, and Glu**?)
and four hydrophobic residues (Ala*™*!, Ala*”, Tyr432, and
Val*®’). The chemical shift perturbation reflects local folding
modifications or charge effects and helped us to delimitate
the high affinity calcium binding region (from amino acid
residue 421 to 443). Because the binding regions of calcium
and spermine overlap (amino acid residues 430 —432), we
probed the possibility of a competition for «Tub410C bind-
ing. As shown above, in the presence of 40 um tubulin, the
1.55 ppm 'H resonance peak of 300 um spermine disappeared
completely. Interestingly, we observed that this spermine
peak reappeared progressively with the addition of calcium,
and a plateau value was reached for a final calcium concentra-
tion of 5 mm (Fig. 7B). Similar competition experiments were
realized using magnesium, an alternative divalent cation. The
results show that magnesium, up to 5 mu, is unable to dis-
place spermine from tubulin, suggesting that the calcium/
spermine competition is specific (see supplemental Fig. 3B).
To probe the impact of such competitions on full-length tu-
bulin assembly in more physiological conditions, we exam-
ined whether the inhibition of microtubule assembly by cal-
cium could be reversed by either spermine or Tau and vice
versa. We observed that 350 um spermine was sufficient to
mask the inhibition of microtubule assembly due to 50 um
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FIGURE 8. Calcium opposes the promotion of microtubule assembly by tubulin cationic partners. 30 um tubulin polymerization was monitored turbidi-
metrically at 350 nm at 37 °Ciin 20 mm MES-KOH, pH 6.9, 2 mm MgCl,, and 1 mm GTP with 25% glycerol (panels A and B). Tau, spermine, and calcium were

added at the concentrations indicated in the figure.

calcium (Fig. 84) and that 50 uM calcium inhibits the micro-
tubule promotion effect of 10 um Tau (Fig. 8B).

The Last 23 Residues of a-Tubulin Contribute to the Inser-
tion of Tubulin into Microtubules—We demonstrated here
that some residues from an a-tubulin tail peptide are targeted
by Tau (residues 421—441), spermine (residues 430 —432 and
444 —451), and calcium (residues 421—443). In order to exam-
ine the contribution of the 429 —451 region in living cells, we
transfected HeLa cells with a truncated form of a-tubulin,
which was deleted from the last 23 residues (GFP-TubA23C).
We evaluated the ability of this recombinant protein to incor-
porate into microtubules. Because it was noted that GFP
could impede the insertion of B-tubulin into microtubules
(42), we first checked, as a control, that a GFP-Tub fusion
protein could incorporate in the microtubule network (Fig. 9,
A and B (top), C and supplemental Fig. 4). When cells were
transfected with the GFP-TubA23C construct, we observed,
in contrast to full-length tubulin, that the truncated protein
was not able to incorporate significantly into microtubules
but appeared mainly diffused in the cytosol (Fig. 9, A and B
(bottom), C, and supplemental Fig. 4). Transfection with GFP-
TubA13C plasmid showed that this protein was unable to
incorporate into microtubules. In contrast, in the presence of
taxol, GFP-TubA13C could be incorporated normally in the
microtubule network (Fig. 94 and B (middle) and supplemen-
tal Fig. 4).

DISCUSSION

Structure and Functionality of the aTub410C Peptide—The
atomic structures currently available for the full-length tubu-
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lin (zinc sheets or tubulin‘RB3-stathmin-like domain com-
plexes) show the presence of an a-helix over amino acid resi-
dues 418 —433 but provide no information on the very last
charged tails of a- and B-tubulin. This lack of structural data
reflects the disordered character of this region of tubulin and
justifies molecular modeling efforts as a tool for a better un-
derstanding of its function. Molecular modeling actually pre-
dicts significant variations of the interaction of this region
with MAPs as the sequence varies (43). There is, however, a
need to document experimentally the structure-function rela-
tionships of the C-terminal domain of tubulin because it is
involved in key regulation processes for microtubule assem-
bly. One possibility to overcome these difficulties is to con-
sider the structure of isolated tubulin C-terminal peptides and
to study their behaviors in the presence of binding partners.
The present NMR solution structure investigation on the
aTub410C peptide, which comprises the acidic tail of a-tubu-
lin, confirms that this segment is mainly disordered when free
in aqueous solution (Fig. 1B). The absence of a definite fold
for this peptide agrees with the fact that it can interact with
many different partners (MAPs (15), dynein and kinesin (44),
spastin (45), and polycations (25)), a global flexibility being
commonly observed in peptides or protein domains that in-
teract with multiple partners because this requires conforma-
tional space research (43, 46).

Interaction of Tau with the aTub410C Peptide—W e first
showed here by NMR and ITC experiments a direct interac-
tion between hTau40 and the aTub410C peptide and mea-
sured a K, value of 0.4 uM. The value of the dissociation con-
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FIGURE 9. The 23 C-terminal residues of a-tubulin are required for its incorporation into microtubules in vivo. A, human GFP-a-tubulin, GFP-a-
tubulinA13C, and GFP-a-tubulinA23C were transfected in HeLa cells (X60 magnification). 24 h post-transfection, 0.5 um taxol was added for 1 h when indi-
cated in the figure. Cells were fixed and labeled with anti-tubulin antibodies. B, higher magnification of previous images. C, free (F) and polymerized tubulin
(P) were extracted according to the protocol of Gundersen et al. (32). The wild type and recombinant tubulin content of each fraction was determined by

Western blotting with anti-tubulin and anti-GFP antibodies, respectively.

stant strongly suggests that the «Tub410C peptide represents
a critical part of the major binding site for Tau on microtu-
bules because it is close to K, values measured with full-
length tubulin. Indeed, according to Ackmann et al. (47), the
binding of Tau to microtubules occurs in two structurally and
kinetically distinct steps, which comprise a first binding phase
with low stoichiometry (0.2—0.3 Tau per tubulin het-
erodimer) but with a tight binding (K, ~0.05-0.5 uMm) and a
second phase of weaker affinity (K, = 50 um) but having a
higher and nonsaturable stoichiometry. The nonsaturable
part of the binding reflects the possibility of a Tau-Tau aggre-
gation at the surface of microtubules. Similarly, Sillen et al.
(37) found a K, value of 1.6 um based on Tau-microtubule
co-sedimentation experiments and a K, of 20 nM when mea-
sured by FRET. Differences were attributed to the fact that
co-sedimentation does not distinguish Tau-microtubule in-
teraction for more complex (Tau-Tau), 'microtubule forms,
whereas FRET only addresses the direct Tau-microtubule
interaction.

There is little information concerning the Tau binding site
on tubulin. The present NMR results (Fig. 2) show that upon
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FIGURE 10. Tau interacts with hydrophobic and charged residues of the
aTub410C peptide. Shown are two representations of a part of the crystal-
lographic structure (fragment 410-439 of a-tubulin) (Protein Data Bank
code 1JFF). The side chains of residues that present the greatest perturba-
tions in the presence of Tau are represented. Nitrogens of side chains are
colored in blue, oxygens in red, and carbons in gray.

Tau binding to the «Tub410C peptide, the most perturbed
aTub410C chemical shifts concern amino acid residues
Ala™!, Arg*??, Ala*®, Ala*, Leu™*®, Lys**°, Glu**?, and
Glu**!, which confirms the role of helix H12. These amino
acid residues (except Glu**") are highlighted in Fig. 10 on the
tubulin crystal structure (amino acid residues 410 —439) (48).
These experimental results are in agreement with former
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docking data based on cryo-EM experiments, which proposed
that Tau lies in close proximity to the end of helix H12 and to
the tubulin tail (34). Interestingly, hydrophobic highlighted
residues are located on one side of the helix which is in inter-
action with the core of tubulin. Hydrophilic residues are on
the other side, exposed to solvent. The cognate tubulin-bind-
ing residues on Tau have been recently mapped by 'H-'>N
HSQC NMR experiments on taxol-stabilized microtubules.
The regions of Tau in strong interaction with tubulin are
mainly 225KVAVVRT??! in domain P2, >**TAPVPMPDL?*3 in
the microtubule binding repeat R1, *”*VQIINKKLDLSNV?>*”
in R2, ***VQIVYKPVDLSKV?'® in R3, and 370-380 in R/,
whereas residues from R4 did not contribute significantly to
microtubule binding (49, 50). In agreement with Mukrasch et
al. (49), we can also propose that the Tau-aTub410C interac-
tion is partly electrostatic (Lys and Arg of Tau could be lo-
cated near Glu of aTub410C) and partly hydrophobic

(Ala, Val, and Pro of Tau could be located near Ala and
Leu of aTub410C). Finally, we measured here a 0.25 Tau/2
aTub410C stoichiometry, a value close but not similar to the
0.48 Tau/tubulin heterodimer value obtained by Sillen et al.
(37) using FRET experiments. The difference could be due to
the fact that the aTub410C peptide is more flexible when free
than the corresponding region in microtubules.

Interaction between Polyamines and the aTub410C Peptide—
We found here that spermine interacts with the «Tub410C
peptide with a 2:1 spermine/aTub410C stoichiometry on two
separated binding regions (Fig. 4C). The ITC titration data
show a single transition upon spermine binding to aTub410C,
suggesting that the two spermine binding sites have compara-
ble K, values. NMR results further indicate that this interac-
tion depends on electrostatic interactions because the
spermine-aTub410C peptide complex is fully dissociated at
high monovalent salt concentration (500 mm KCl). Interest-
ingly, the spermine-aTub410C interaction is reminiscent of
the spermine-a-synuclein interaction because a-synuclein
bears nine negative charges concentrated in its last 20 amino
acid residues (51). This again underlines the multifunctional
character of polyamines.

The concentration of spermine in living cells is very high
and can reach the millimolar range within the cytoplasm.
Spermine has also long been proposed to be mainly in com-
plex with nucleic acids (DNA and RNA) (for a review, see Ref.
52). Interestingly, the 14 um dissociation constant measured
here for the spermine-aTub410C interaction is not far from
that of the spermine-DNA interaction (53, 54) or for sperm-
ine-GIRK -, potassium channel interaction (55). This indeed
is most probably related to the simple structure of spermine,
but importantly, this strongly suggests that a significant
amount of spermine may be available to interact with micro-
tubules that represent a considerable surface within the cell.
The spermine-microtubule interaction could hence be rele-
vant for the regulation of microtubule dynamics in vivo by
two different mechanisms: (i) a direct binding to microtubule
or (ii) the possibility to displace MAPs from microtubule
binding (21). This latter possibility is strengthened by the ob-
servation that a high concentration of polyamines can still
enhance tubulin polymerization in the presence of MAPs (20,
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40). We also found that Tau and spermine have overlapping
binding sites on the a'Tub410C peptide and that the K, values
for both are in the micromolar range. Finally, we showed that
Tau and spermine can compete for aTub410C binding by
NMR experiments, and the co-sedimentation assays show
that this result can be extrapolated to microtubules (Fig. 6B).

Interaction of Calcium with the a«Tub410C Peptide—Cal-
cium is known to inhibit tubulin polymerization either di-
rectly or through Ca”>"-calmodulin regulation. MAPs could
regulate the activation of calmodulin, which has an impact on
microtubule disassembly (23, 56, 57). However, the mecha-
nism by which calcium acts directly on tubulin/microtubules
still remains unknown. The interaction of Ca®>" with the C-
terminal part of tubulin was suggested by the fact that the
direct inhibition of tubulin assembly by Ca*>* disappears
when using subtilisin-treated tubulin. A direct binding of
Ca>" on proteolytic fragments of the a- or B-tubulin tails was
also demonstrated (45, 58), and a high affinity Ca®>* binding
site was finally proposed in the 423—446 region of the tubulin
tail with a K, evaluated to be 11 um (59).

In the present work, we localize the calcium binding region
on the aTub410C peptide. The greatest NMR chemical shift
perturbations were observed for amino acid residues Glu*??,
Tyr**2, Glu***, and Val**’, which could participate to the co-
ordination of calcium through a definite fold. The comparison
of the aTub410C peptide sequence with different calcium
binding domains indeed shows homologies with two calcium
binding motifs. The first belongs to the EF-hand family (Fig.
7C) (for a review, see Ref. 60), where calcium coordination (in
the case of calcyclin) is due to five canonical locations. How-
ever, it has been shown for EF5 of ALG-2 that the coordina-
tion could be due to only four canonical locations (Fig. 7C,
amino acid residues colored blue (61)). In this case, the linker
between the two helices is longer, and the second helix does
not participate in the coordination. Because the tubulin tail
does not have this second helix, EF5 could be a better model
for calcium coordination. The chemical shift perturbations
observed here for amino acid residues Glu**3, Ala**!, and
Met*'? of the «Tub410C peptide could hence be due to struc-
tural rearrangements. A second hypothesis could be that the
aTub410C peptide calcium-binding site is related to the RTX
motif. This motif has been shown to be intrinsically disor-
dered in the absence of calcium and to adopt secondary and
tertiary structures upon calcium fixation (62). Interestingly,
the zone of the greatest chemical shift perturbations observed
on the aTub410C peptide upon calcium binding are within
the RTX consensus (Fig. 7C) (63). This may indicate that the
C terminus of tubulin behaves truly as a calcium consensus
region. However, despite this information, an NMR structure
analysis of the & Tub410C peptide in interaction with calcium
using Ca, C', and Ha secondary chemical shifts did not show
any secondary and tertiary structural rearrangement (data not
shown). Further investigations with longer peptide may solve
this apparent contradiction.

Calcium Competes with Tubulin Cationic Partners; Interest
for Microtubule Dynamics—It has been demonstrated that
calcium causes a concentration-dependent destabilization of
microtubules in the presence or absence of MAPs (22, 64). It
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was also proposed for a long time that calcium interferes di-
rectly with microtubule assembly. We show here that calcium
is able to compete with Tau and spermine, two representative
members of tubulin cationic partners, for tubulin binding.
This suggests that calcium may actually regulate negatively
microtubule assembly in vivo, either via direct interaction
with naked microtubules through a still unknown molecular
mechanism or via the displacement of tubulin cationic
partners.

Delimitation of Cationic Interaction Zone Related to Post-
translational Modifications—We have delimited overlapping
amino acid stretches on the a C-terminal region interacting
with cationic partners: amino acids 421-441 for Tau, 430 —
432 and 444 - 451 for spermine, and 421-443 for calcium.
Studies have shown that the polyglutamate chain (on Glu***)
does not appear to interact directly with Tau (65). Our data
confirm this result. However, it has been shown that polyglu-
tamylation modifies the affinity of Tau for microtubules,
probably by a conformational shift in the C-terminal structure
(66). Furthermore, with our data, we can propose that poly-
glutamylation should affect the affinity and the stoichiometry
of spermine for tubulin.

The C Terminus of a-Tubulin Is Necessary for Microtubule
Incorporation—It was recently shown that the deletion of the
charged C-terminal tail of B-tubulin impedes its incorpora-
tion in the microtubule network in vivo (42). The present re-
sults show that this is also the case with a-tubulin truncated
of its 23 last residues (GFP-TubA23C). Indirect or direct
mechanisms could explain these observations as follows: On
the one hand, the C-terminal part of tubulin constitutes an
important binding site for different partners (proteins, MAPs,
and small cationic molecules) implicated in microtubule dy-
namics. For example, the loss of spermine interaction could
slow tubulin diffusion (40). A recent study demonstrated that
polyamines influence microtubule network in vivo (21). On
the other hand, the deletion of the last 23 amino acid residues
could have a structural impact on the globular part of the tu-
bulin implicated in microtubule assembly. This hypothesis is
strengthened by the fact that some conserved amino acid resi-
dues that belong to the helix H12 (418 —433) are missing in
the GFP-TubA23C mutant. In order to observe the impact of
the truncation of helix H12, we compared microtubule incor-
poration of the GFP-TubA23C mutant with the GFP-
TubA13C mutant (which contains the full helix H12). Results
showed that this mutant is also unable to incorporate in the
microtubule network, suggesting that the unique absence of
H12 is not the direct cause for the nonincorporation of the
GFP-TubA23C. However, the two mutants show different
results in the presence of taxol, which decreases tubulin criti-
cal concentration. Although incorporation remains impossi-
ble for GFP-TubA23C in the presence of taxol, the incorpora-
tion of GFP-TubA13C becomes comparable with the control
GFP-Tub. This result shows that tubulin is still functional after
the deletion of the last 13 C-terminal amino acid residues and
that the indirect effect could be the better hypothesis for this
mutant. Concerning the GFP-TubA23C mutant, the nonin-
corporation could be due to a structural effect. It can be em-
phasized that the loss of post-translational modifications on
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the deleted C-terminal mutants provides more complexity to
the interpretation of these results. Further experiments are
required to elucidate the precise role of these amino acid resi-
dues in vivo.

In conclusion, the results provide a detailed description of
the binding regions of Tau, spermine, and calcium on the
a-tubulin C-terminal end. We demonstrated in cells that this
region of tubulin is critical for microtubule assembly and that
in vitro calcium is able to compete with the fixation of tubulin
cationic partners. Further experiments should demonstrate
whether such a direct competition can participate in the regu-
lation of microtubule dynamics in cells, particularly in rela-
tion to cell signaling.
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