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(Bacl(ground: Microtubules are cold-sensitive, but some cold-stable microtubules are observed in specific cells due to the

Results: Structural data detail how a MAP6 fragment stabilizes microtubules and how calmodulin regulates its activity.
Conclusion: MAP6 may stabilize microtubules by bridging adjacent tubulin heterodimers, an activity sterically hindered by

Significance: This work provides a better understanding of cellular microtubule stabilization and its regulation by calmodulin.
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Microtubules are highly dynamic af-tubulin polymers. In
vitro and in living cells, microtubules are most often cold- and
nocodazole-sensitive. When present, the MAP6/STOP family of
proteins protects microtubules from cold- and nocodazole-in-
duced depolymerization but the molecular and structure deter-
minants by which these proteins stabilize microtubules remain
under debate. We show here that a short protein fragment from
MAP6-N, which encompasses its Mnl and Mn2 modules
(MAP6(90-177)), recapitulates the function of the full-length
MAPG6-N protein toward microtubules, i.e. its ability to stabilize
microtubules in vitro and in cultured cells in ice-cold conditions
or in the presence of nocodazole. We further show for the first
time, using biochemical assays and NMR spectroscopy, that
these effects result from the binding of MAP6(90-177) to
microtubules with a 1:1 MAP6(90-177):tubulin heterodimer
stoichiometry. NMR data demonstrate that the binding of
MAP6(90 -177) to microtubules involve its two Mn modules but
that a single one is also able to interact with microtubules in a
closely similar manner. This suggests that the Mn modules rep-
resent each a full microtubule binding domain and that MAP6
proteins may stabilize microtubules by bridging tubulin het-
erodimers from adjacent protofilaments or within a protofila-
ment. Finally, we demonstrate that Ca’*-calmodulin competes
with microtubules for MAP6(90-177) binding and that the
binding mode of MAP6(90 —177) to microtubules and Ca”* -cal-
modulin involves a common stretch of amino acid residues on
the MAP6(90-177) side. This result accounts for the regulation
of microtubule stability in cold condition by Ca**-calmodulin.
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In certain cell types such as neurons, fibroblasts, or glial cells,
a subpopulation of microtubules (MTs)* remains stable in
depolymerizing conditions such as exposure to the cold or
depolymerizing drugs (1-5). Search for cellular factors respon-
sible for this stabilization led to the discovery of a class of micro-
tubule-associated proteins named MAP6 (also called STOP)
(6—8). In mammals, MAP6 isoforms are encoded by a single
gene (map6) and result from mRNA splicing and alternative
promoter use (9 —11). The physiological role of MAP6 proteins
is not yet fully understood, but phenotypic and cellular analyses
of MAP6 null mice indicated that MAP6 proteins are involved
in a number of neuronal functions. MAP6 null mice present
defects in synaptic plasticity and neurotransmission associated
with severe behavioral disorders (12). Interestingly, these dis-
orders can be alleviated by drugs similar to neuroleptics, sug-
gesting that these mice may represent a valuable animal model
for the study of schizophrenia (13). In line with these findings,
genetic studies have pointed out a possible link between MAP6
and schizophrenia (14), suggesting that map6 could be consid-
ered as a candidate gene that predispose to schizophrenia and
thus be used as a potential biomarker for its early detection (15,
16). Besides, MAP6 proteins were also found to be implicated in
adult olfactory neurogenesis (17), and MAP6-F (the fibroblastic
MAP6 isoform) was proposed to be a temperature sensor that
protects MTs from temperature variations in animals during
episodes of torpor or hibernation (18).

MAP6-N (the neuronal MAP6 isoform) is the largest MAP6
isoform and is mainly expressed in mature neurons. This 952-
residue protein contains several repeated motifs called Mn and
Mc modules, which are linked to its ability to stabilize MTs (see
Fig. 14) (19). The Mn modules allow MAP6 to protect MTs
against cold- and nocodazole-induced depolymerization while

“The abbreviations used are: MT, microtubule; AFM, atomic force micros-
copy; CaM, calmodulin; ITC, isothermal titration calorimetry; MAP6-F, fibro-
blastic MAP6 isoform; MAP6-N, neuronal MAP6 isoform; STOP, stable
tubule only polypeptide.
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FIGURE 1. Mn modules from MAP6-N are conserved across species. A, schematic representation of the MAP6-N protein (Rattus norvegicus). B, sequence
alignment of MAP6-N Mn1 and Mn2 modules from different species obtained with the ClustalW2 software (50). Conservation is based on the AMAS method of
multiple sequence alignment analysis and reflects the conservation of physico-chemical properties of amino acids (51). Accession numbers are as follows:
R. norvegicus, NP_058900 (NCBI); Mus musculus, NP_001041632 (NCBI); Homo sapiens, AAI50255 (GenBank™), Macaca mulatta AF)70456 (GenBank™); Canis
lupus, XP_534007 (NCBI); Salmo salar, NP_001167398 (NCBI); Tetraodon nigroviridis, CAF90592 (GenBank™); Gallus gallus, NP_990250 (NCBI); Xenopus tropicalis,

NP_001120222 (NCBI). C, sequence alignment of the three Mn modules of MAP6-N (R. norvegicus).

the Mc modules permit MAP6 to stabilize MTs in cold condi-
tion. MAP6-N contains two consecutive Mn modules in its
N-terminal part (Mn1 and Mn2) and an additional one isolated
in the middle of its sequence (Mn3). The Mc modules are clus-
tered in the central domain as five highly conserved repetitions
organized in tandem. Whereas Mn modules are well conserved
across species (see Fig. 1B), the homology between Mn1, Mn2
and Mn3 is low, and they share only a few residues (Fig. 1C). It
is worth noting that the number and the organization of Mn
and Mc modules can be different among the MAP6 isoforms,
and this may lead to functional variations toward the propen-
sity of MAP6 proteins to stabilize MTs (8, 18, 19). In addition, it
was shown that the MT stabilization activity of MAP6 proteins
is inhibited by calmodulin (CaM) (20, 21). Accordingly, peptide
arrays revealed that MAP6-N possesses several CaM binding
sites, some of which being found in the Mn and Mc modules,
suggesting that these modules have a dual propensity to inter-
act both with MTs and CaM (19). Very few studies addressed
the structural basis of the interaction of MAP6 with MTs and of
its interplay with CaM. An NMR study of the interaction
between CaM and a peptide model corresponding to the con-
sensus Mc motif showed an unusual interaction mode with a
very limited structural impact on the CaM structure (22).

In the present work, we undertook biochemical and struc-
tural analyses of the interaction of MAP6-N with MTs and CaM
to enlighten the mechanism by which it stabilizes MTs and the
mechanisms by which such stabilization is regulated by CaM.
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As MAP6-N has a high molecular weight, we focused this work
on a minimal MAP6-N fragment (residues 90-177, named
herein MAP6(90 -177)), which recapitulates the MT stabiliza-
tion and CaM binding properties of MAP6 proteins. We show
here that the MAP6(90-177) fragment, which comprises the
Mnl and Mn2 modules, interacts tightly with MTs, and has a
powerful MT stabilization activity ixn vitro and in cultured cells.
It also interacts with CaM in a Ca®"-dependent manner. Using
acombination of biochemical and NMR experiments, we deter-
mined at the residue scale the location of its MT and CaM
binding sites, and we clearly demonstrated that Ca**-CaM
binding impairs MAP6(90—-177) association with MTs proba-
bly because the Ca®>"-CaM binding sites substantially overlap
the MT binding sites. Furthermore, we examined by NMR the
structural impact of MAP6(90 —177) binding on the Ca*>*-CaM
structure. The results showed dramatic conformational and
dynamical changes of Ca>"-CaM affecting its overall structure
which led us to propose a binding mode for Ca*>*-CaM on the
Mn modules of MAP6 proteins.

EXPERIMENTAL PROCEDURES

Transient Transfection and Immunofluorescence Microscopy—
The pCMV-FLAG-MAP6(90-177) plasmid encodes a fusion
protein comprising residues 90 to 177 of Rattus norvegicus
MAPG6-N and was constructed by PCR using a derivative of the
pSG5-STOP plasmid as template (8). HeLa cells were grown
at 37 °C with 5% CO, in DMEM containing 5% fetal bovine
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serum and 1% penicillin-streptomycin. 5 ug of pPCMV-FLAG-
MAP6(90-177) plasmid was mixed with 5 ul of Lipofectamine
2000 (Invitrogen) and then diluted in 200 ul of opti-MEM 1.
This mix was left for 20 min at 20 °C and then added to the HeLa
cells culture medium and gently mixed. Cells were returned to
the incubator for 4 h at 37 °C, and the medium was replaced
with fresh full medium. 48 h post-transfection, cells were either
exposed to cold (on ice for 30 min) or to nocodazole (20 uM for
30 min at 37 °C). Cells were then washed twice with PBS and
fixed/permeabilized with paraformaldehyde (30 min at 4 °C)
and cooled methanol (5 min at —20 °C). After washing, cells
were incubated 1 h at 37 °C with the blocking solution (20 mm
Tris-HCI, 150 mm NacCl, 0.1% Triton, 2% BSA, 0.1% NaN,, pH
7.4). The MT network and MAP6(90-177) were revealed by
immunofluorescence with E7 anti-a-tubulin mouse antibody
(1:3000) and anti-FLAG rabbit antibody (1:160) (Sigma-Al-
drich). Cells were washed twice with PBS and incubated with
goat anti-mouse (Alexa Fluor 488) and anti-rabbit (Alexa Fluor
594) antibodies. The cells were finally washed with PBS and
examined for fluorescence with a Zeiss microscope using a
63X/1.4 numerical aperture objective.

Protein Expression and Purification—The MAP6(90-177)
fragment was overexpressed in a recombinant form in fusion
with an N-terminal polyhistidine tag using the pET-46 Ek/LIC
plasmid (Novagen-Merck, Darmstadt, Germany). After trans-
formation with the pET-46 Ek/LIC plasmid, E. coli BL21 DE3’
cells (Invitrogen) were grown in LB medium at 37 °C with 0.1
mg/ml ampicillin in a 1-liter flask. For '*N-">C uniform isotopic
labeling, transformed bacteria were grown in M9 minimal
medium containing 0.6 g/liter 95% '>°NH,Cl, and 2.2 g/liter 95%
1S’C—glucose (Cortecnet, Paris, France) as the sole nitrogen and
carbon sources, respectively. In all cases, overexpression was
induced at Agpp hrm, = 0.7 with 1 mM isopropyl 1-thio-f-p-galac-
topyranoside for 2 h. Bacteria were pelleted by low speed cen-
trifugation (3,200 X g, 10 min) and then resuspended in 10 ml of
buffer A (20 mm Tris-HCI, 100 mm NaCl, 1 mm DTT, pH 7.6).
After lysis by sonication, the lysate was heated for 25 min at
95 °C and then ultracentrifuged at 4 °C (100,000 X g for 1 h).
The clarified cell lysate was then loaded on a nickel-nitrilotri-
acetic acid column (Qiagen, Hilden, Germany) equilibrated
with buffer A supplemented with 10 mm imidazole. The pro-
teins were eluted with buffer B (20 mm Tris-HCI, 100 mm NaCl,
1 mm DTT, 300 mm imidazole, pH 7.6). Fractions containing
the MAP6(90 —177) were combined and concentrated by ultra-
filtration (Amicon, 3-kDa cutoff, Millipore) at 4 °C to 0.5 ml and
diluted into 4.5 ml buffer C (50 mm MES-KOH, 150 mMm NaCl, 1
mm DTT, pH 6.9). The procedure of concentration/dilution
was repeated three times with buffer C to eliminate imidazole.
Final concentration of MAP6(90-177) was determined by
amino acid analysis. The result was used to determine the
extinction coefficient of MAP6(90-177) (€550 nm = 2.3 X 10*
M~ 'cm ™). The final yield was ~1 mg/liter of pure protein. The
MAP6(90-142) fragment (residues 90142 of Rattus norvegi-
cus MAP6-N) was obtained using the same protocol (€,59 nm =
9.2 X 10> M~ "»cm™') with a final yield of 3 mg/liter of pure
peptide. All of the purification steps were performed in the
presence of protease inhibitor mixtures (Roche Applied Sci-
ence and Halt, Thermo Scientific, Brebiéres, France) comple-
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mented with 0.1 mg/ml tosyl phenylalanine chloromethyl
ketone (TPCK) and tosyl lysine chloromethyl ketone (TLCK).
CaM from bovine brain was purchased as a lyophilized powder
(Sigma-Aldrich). '*N-'*C-labeled CaM was expressed and
purified according to Bouvier et al. (22).

Tubulin was purified from sheep brain using the method of
Castoldi and Popov (23) and stored in liquid nitrogen. Before
use, an additional cycle of polymerization/depolymerization
was performed, and tubulin was resuspended in 50 mm
MES-KOH, 4.1 m glycerol, 1 mm MgCl,, 0.5 mm EGTA, pH 6.9.
Tubulin concentration was determined by spectrophotometry
using an extinction coefficient €, ,,,, = 1.2 X 10° M~ *-cm ™%,

Binding of MAP6-N Fragments to M Ts and MT Stabilization
Assays—For MT co-sedimentation assays, tubulin was polym-
erized for 30 min at 37 °C in 40 mm MES-KOH, 4 mm MgCl,, 1
mMm DTT, 1 mm GTP, 2.7 m glycerol, pH 6.9 (buffer P) with
stoichiometric amounts of taxol. 0, 5, 15 or 25 um of taxol-
stabilized MTs were then incubated with 20 um MAP6(90 —
177) for 15 min at 20 °C. MT pellets were collected by centrif-
ugation (25,000 X g, 40 min at 20 °C). To obtain MT binding
saturation data, co-sedimentation experiments were per-
formed using a range of concentrations of MAP6(90-177)
(0-50 M) and a fixed amount of taxol-stabilized MT's (10 um).
After 10 min incubation at 20 °C, MT-bound MAP6(90-177)
was obtained by centrifugation (25,000 X g, 40 min at 20 °C)
and estimated by SDS-PAGE using an Odyssey Imaging System
(LI-COR Biosciences, Lincoln, NE). The molar binding stoichi-
ometry and dissociation constant (K,) were determined graph-
ically. The same procedure was used for co-sedimentation
assays in the presence of Ca®>"-CaM (35 uMm taxol-stabilized
MTs; 10 um MAP6(90-177); 0.2 mm CaCl,; 0, 40, and 80 pm
CaM; incubation for 5 min at 20 °C). For MT cold stability
assays, 25 uM tubulin was polymerized in buffer P for 30 min at
37 °C without (control) or with 20 um MAP6(90-177). After
incubation on ice for 10 min, MT pellets and supernatants were
separated by centrifugation (25,000 X g, 40 min, 4 °C). To eval-
uate the influence of Ca*>*-CaM on the ability of MAP6(90 —
177) to stabilize MTs in cold condition, we used the same pro-
cedure in the presence of CaM (35 um MT, 0.5 mm spermine,
and 50 um CaCl, were first incubated for 10 min at 37 °C with
25 uM MAP6(90-177) alone or in the presence of 100 um CaM,
followed by an incubation for 10 min on ice). The kinetics of
MT polymerization were monitored turbidimetrically at 370
nm (1-cm path) in an Ultrospec 3000 spectrophotometer (GE
Healthcare) equipped with a temperature controller. 35 um
tubulin was polymerized with 0, 0.35, 3.5, and 35 um
MAP6(90-177) in buffer P at 37 °C. At the steady state, MT
destabilization was induced by a cold shock (4 °C) for 2 min. To
verify the integrity of the tubulin after the cold treatment, the
temperature was then set again at 37 °C. The presence of MTs
after the cold shock was examined by atomic force microscopy
(AFM) on 10-ul aliquots containing 35 um MAP6(90-177) and
sampled at £ = 30 min. The samples were deposited on freshly
cleaved mica and dried for AFM imaging as described previ-
ously (24). All AFM experiments were performed in intermit-
tent mode with a multimode AFM instrument (Digital Instru-
ments, Veeco, Santa Barbara, CA) operating with a Nanoscope
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IIIa controller (Digital Instruments). Images were collected at a
scan frequency of 1.5 Hz and a resolution of 512 X 512 pixels.

Immobilized CaM-binding Assay—CaM-agarose beads (Sig-
ma-Aldrich) were equilibrated in 50 mm MES-KOH, 1 mm
CaCl,, pH 6.9, and incubated with pure MAP6(90-177) for 30
min at 20 °C. Beads were then washed with the same buffer.
Flow-through, washes, and CaM bead fractions were analyzed
on SDS-PAGE, and the proteins were revealed by Coomassie
Blue staining. The Ca®>*-dependence of this interaction was
tested with calcium-free buffer supplemented with 5 mm
EGTA.

Isothermal Titration Calorimetry (ITC)—ITC measurements
were performed at 25°C using an ITC,,, calorimeter (GE
Healthcare). Samples were thoroughly degassed before each
titration. Titration and sample solutions were prepared in 20
mM MES-KOH, 50 mm NaCl, 1 mm DTT either with 1 mm
CaCl, or 5 mm EGTA, pH 6.9. Titrations were carried out by
injecting 25 consecutive aliquots (1.5 ul) of 200 um MAP6(90 —
177) into the ITC cell (0.2 ml) containing 25 um CaM. A back-
ground titration consisting of the identical titration solution
but containing only the buffer in the cell was subtracted from
each titration to quantify 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 software (MicroCal, Inc.).
The molar binding stoichiometry, binding constant (K, =
1/K ;) and binding enthalpy (AH) were determined by fitting the
binding isotherm to a model with one set of sites. For the fit, no
constraint in stoichiometry, K, and AH was introduced.
Changes in free energy (AG) and in entropy (TAS) were calcu-
lated from AG = —RT'In K, = AH — TAS, where R is the gas
constant and T is the temperature in Kelvin.

NMR Experiments—MAP6(90-177) and MAP6(90-142)
NMR spectra were acquired at 20 °C on a Bruker Avance 600
NMR spectrometer using a cryoprobe. All experiments were
performed in 50 mm MES-KOH, 150 mm NaCl, 1 mm DTT, pH
6.9, on 60-ul samples using the MATCH™ system (Cortecnet,
Paris, France). Three-dimensional NOESY- and TOCSY-'H-
1N HSQC and HNCO, HNCA, HN(CA)CO, CBCA(CO)NH
experiments were performed for backbone assignments on a
500 um "°N- or **N-'3C-labeled MAP6(90 -177) sample (25).
All spectra were processed with Topspin (version 2.0) and
NMRView (26).

'H-'>N HSQC experiments were used to characterize the
interaction of MAP6(90-177) and MAP6(90 —142) with tubu-
lin, taxol-stabilized MTs, apoCaM, Ca**-CaM, and BSA (neg-
ative control). Titration series were performed using '°N-la-
beled MAP6(90-177) or MAP6(90—-142) samples dissolved in
50 mm MES-KOH, 150 mm NaCl, 1 mm DTT, pH 6.9, at 6 °C for
tubulin and taxol-stabilized MTs and 20 °C for CaM. Spectra
were recorded using 128 X 2048 complex data points in F1 and
F2 dimensions with 16 scans per increment. The spectral
widths were 1202 and 1500 Hz in the N and 'H dimensions,
respectively.

A Ca®"-loaded uniformly "’N-'">C-labeled CaM sample was
prepared at 60 um in 18 mm Tris-HCI, pH 7.8, and 10% D,O and
studied in a Shigemi tube (Shigemi, Inc., Allison Park, PA). The
formation of the MAP6(90-177)-Ca**-CaM complex was
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examined on samples by direct addition of different aliquots of
a concentrated solution of unlabeled MAP6(90-177) (from a
0.6 mMm stock solution) to the *>*N-'3C-labeled Ca>*-CaM NMR
sample to reach 1.5:1 MAP6(90-177):Ca*"-CaM stoichiome-
try. NMR spectra were acquired at 27 °C on an Agilent VNMRS
800 MHz spectrometer using a cryoprobe. A BEST-TROSY
experiment was used as it provided resolution without losing
sensitivity compared with "H-">N HSQC (27). 128 X 930 com-
plex points in the F1 and F2 dimensions were acquired for an
experimental time of ~3 h. All data were processed using the
NMRPipe software (28). Figures were represented with VMD
software (29).

RESULTS

MAP6(90—-177) Induces MT Resistance to Cold and Nocoda-
zole in HeLa-cultured Cells—As a prerequisite to biochemical
and structural investigation, we verified the functionality of the
MAP6(90-177) fragment toward MT stabilization in cultured
HeLa cells. HeLa cells are well suited for this type of experiment
because they do not endogenously express MAP6 proteins and
are devoid of cold-stable and drug-resistant MTs (30). HeLa
cells were transfected with the pCMV-FLAG-MAP6(90-177)
vector and examined for MT resistance to the cold and nocoda-
zole. Results show that all the transfected cells exhibit a clearly
visible MT network, whereas non-transfected cells show a dif-
fuse labeling. Additionally, analysis of the distribution of
MAP6(90-177) in transfected cells shows that it colocalizes
with the MT network, suggesting that MT stabilization by
MAP6(90-177) is direct (Fig. 2). As MAP6(90-177) thus binds
to and stabilizes MTs in a cellular context, the investigation of
its biochemical and structural properties appears of interest for
the characterization of the full length MAPG6 proteins.

MAP6(90—-177) Binds to MTs and Induces MT Resistance to
Cold in Vitro—As a second step, to distinguish between a direct
and indirect binding through putative protein partners, we ana-
lyzed the association of MAP6(90 —177) with MTs in vitro using
co-sedimentation experiments with taxol-stabilized MTs. In
the absence of MT, MAP6(90—-177) was not detectable in the
pellet, demonstrating that MAP6(90—177) is soluble in these
conditions. When MAP6(90 —177) was incubated with increas-
ing amounts of MTs, a concentration-dependent MAP6(90 —
177) binding to MTs was observed (Fig. 3A). This result shows
that MAP6(90-177) binds directly to MTs. In addition, we
found that shearing MTs, which increases the number of MT
ends, did not significantly affect MAP6(90-177) binding to
MTs (data not shown). To further characterize the MAP6(90 —
177)/MT interaction, MAP6(90-177) at different concentra-
tions was then incubated with a fixed amount of taxol-stabilized
MTs (Fig. 3B). MTs were then pelleted, and the MAP6(90 -177)
content was analyzed by SDS-PAGE and quantified. The results
show that the binding of MAP6(90-177) to MTs is saturable
with an estimated K, of 6 uM and a 1:1 MAP6(90—177):tubulin
heterodimer stoichiometry.

We then assessed the ability of the MAP6(90 —177) fragment
to stabilize MT's against cold. After polymerization of tubulin
into MTs at 37 °C, MTs were exposed to cold (ice for 10 min) in
the absence or presence of MAP6(90-177). SDS-PAGE analy-
sis shows that the amount of MTs in the pellet increases dra-
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FIGURE 2. MAP6(90-177) induces MT resistance to cold and nocodazole
in HelLa cells. Hela cells were transfected with the pCMV-FLAG-MAP6(90 -
177) plasmid. 48 h after transfection, cells were either exposed to ice or to 20
uM nocadazole for 30 min, fixed/permeabilized, and then stained with anti-
tubulin and anti-FLAG antibodies (scale bar, 5 wm).

matically in the presence of MAP6(90-177) after cold treat-
ment (Fig. 3C). Similar results were observed whether the
MAP6(90-177) fragment was mixed to tubulin before polym-
erization or added to assembled MTs. To confirm that the
MAP6(90 —-177) fragment truly protected MTs from cold depo-
lymerization, we examined the dynamics of MT assembly by
turbidimetry at 370 nm (Fig. 3D). Results show that the kinetics
of tubulin polymerization are very similar in the absence or
presence of different concentrations of MAP6(90-177), dem-
onstrating that MAP6(90-177) has no impact on the nucle-
ation and elongation steps. In addition, the steady state turbid-
ity value was also similar in both cases suggesting that no
particular supra-assembly of MT's such as bundles were formed
in the presence of MAP6(90-177). The cold shock was per-
formed at steady state. In the control condition, it induced a
clear MT depolymerization. The effect of this cold shock
diminished dramatically in the presence of MAP6(90-177),
and a total protection was observed when the MAP6(90-177):
tubulin heterodimer ratio reached a value of about 1:1. To
ascertain that the macromolecular objects diffusing light dur-
ing the cold shock in the presence of MAP6(90—177) are really
MTs, we performed AFM imaging which shows filamentous
structures with length and width in good agreement with MT
dimensions (Fig. 3E) (31).

Quantification of the MAP6(90-177)/CaM Interaction—It
was previously demonstrated that MAP6-N binds to CaM (8)

24914 JOURNAL OF BIOLOGICAL CHEMISTRY

and that Mn modules are implicated in part in this interaction
(19). To further investigate such interaction, we examined the
binding of MAP6(90-177) to CaM immobilized on beads (Fig.
4A). The results show that MAP6(90—-177) is able to bind to
CaM but only in the presence of CaCl,. Indeed, when the bind-
ing experiment was realized with 5 mm EGTA instead of CaCl,,
no binding was observed, demonstrating that calcium is neces-
sary for this interaction.

We next carried out ITC experiments to quantify the
MAP6(90-177)/CaM interaction. Fig. 4B displays the binding
isotherm of MAP6(90 —177) titration into the Ca?*-CaM solu-
tion. The best fit of the integrated isotherm indicated that one
MAP6(90—-177) binds to two Ca®>*-CaM molecules with a K,
value of 0.4 um (Fig. 4C). The same I'TC experiment carried out
with EGTA in place of CaCl, showed no detectable interaction.

Identification of MAP6(90—-177) Residues Implicated in the
Interaction with MTs and Ca’®"-CaM—Large amounts of pure
and soluble MAP6(90-177) could be obtained from recombi-
nant expression in Escherichia coli, which allowed NMR study
of MAP6(90-177) interactions with its partners at the residue
scale. The 'H-""N HSQC spectrum of MAP6(90—177) in aque-
ous buffer shows well resolved resonances with a weak disper-
sion of correlation peaks (<1 ppm and ~20 ppm on the 'H and
5N dimensions, respectively), suggesting that under these con-
ditions, the MAP6(90 —177) does not fold into any defined ter-
tiary structure (Fig. 54). NMR assignment of the backbone res-
onances of MAP6(90-177) was achieved (supplemental Table
1). Analysis of the chemical shifts deviations from random coil
values of *CO and '*Ca (32) also indicated that MAP6(90 —
177) does not contain significant secondary structure (Fig. 5B).
In agreement with this, we observed that during the course of
overexpression and purification, the MAP6(90 —177) fragment
exhibited a high sensitivity to protease degradation together
with a high thermostability, properties that are frequently
observed for intrinsically unstructured proteins.

To identify MAP6(90—-177) residues that mediate MT and
Ca?*-CaM interaction, 'H-">N HSQC spectra of free °N-
MAP6(90-177) and bound to unlabeled tubulin, MTs and
Ca?"-CaM were recorded (Fig. 6A). Because of the large size of
these complexes, many "H-'°N cross-peaks of residues impli-
cated in the interaction underwent line broadening and disap-
peared, which helped us to point them out. Experiments carried
out either with tubulin or MTs gave identical results, whereas
control experiments performed with BSA showed no modifica-
tion. A peak by peak analysis using assignment of MAP6(90 —
177) allowed us to define two MT binding sites delimited by
residues 121-138 and 150 —175 (Fig. 64). As the C-terminal tail
of tubulin is a major binding site for many MT partners, we
tested whether this part of tubulin is implicated in the
MAP6(90-177)/MT interaction. Co-sedimentation assays
were carried out in the presence of an excess of a recombinant
tubulin fragment corresponding to the C-terminal tail of a-tu-
bulin («Tub410C) (supplemental Fig. S1) (33). Results show
that this aTub410C fragment did not compete with MTs for
MAP6(90-177) binding. This result was confirmed by NMR,
which showed that the 'H-'""N HSQC spectrum of '°N-
MAP6(90-177) remained identical in the absence or in the
presence of an excess of unlabeled aTub410C (data not shown).
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FIGURE 3. MAP6(90-177) binds in vitro to MTs and induces MT resistance to the cold. A, SDS-PAGE analysis of MT co-sedimentation assay. Increasing
concentrations of taxol-stabilized MTs were incubated with a fixed amount of MAP6(90-177) (20 um) and centrifuged. The pellet fractions containing MTs and
co-sedimented MAP6(90-177) were run on SDS-PAGE and revealed by Coomassie Blue staining. B, saturation curve of MAP6(90-177) fixation to MTs.
MAP6(90-177) at different concentrations was incubated with a fixed amount of taxol-stabilized MTs (10 um). MT-bound MAP6(90-177) was quantified by
SDS-PAGE using an Odyssey Imaging System. Error bars are from three independent experiments. C, SDS-PAGE analysis of MT stabilization assay. 25 um tubulin
was polymerized at 37 °C for 30 min without or with 20 um MAP6(90-177). After incubation on ice (or 37 °C for the control) for 10 min, MT pellets were collected
by centrifugation at 4 °C (or 37 °C for the control) and analyzed by SDS-PAGE and Coomassie Blue staining. D, MT formation was assessed by turbidimetry. 35
M tubulin was polymerized with varying concentrations of MAP6(90-177) at 37 °C: 0 (black line), 0.35 (thick dashed line), 3.5 (thin dashed line), and 35 um (dotted
line). MT destabilization was induced by a cold shock at t = 23 min (2 min at 4 °C), and the temperature was then set again at 37 °C. E, AFM imaging. Image was
recorded at t = 30 min in the presence of 35 um MAP6(90-177) (scale bar, 1 wm).

ing of MTs. Surprisingly, this suggests a common binding mode
for MTs and Ca®>*-CaM. Finally, the binding of MAP6(90-177)

We then attempted to locate the Ca>*-CaM binding site on
MAP6(90-177) using similar "H-">N HSQC mapping experi-

ments (Fig. 6A). As seen for MTs, Ca>*-CaM binding to °N-
MAP6(90-177) induced line broadening due to the large size of
the complex. The mapping of the Ca®>"-CaM binding site
points out two regions delimited by residues 121-137 and 151—
176, which are very similar to those that participate to the bind-
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to Ca®"-CaM could be reversed with EGTA confirming again
the Ca>* dependence of the MAP6(90 —177)/CaM interaction
(data not shown).

We then examined by competition experiments whether
Ca®>*-CaM could impair MAP6(90-177) binding to MTs (Fig.
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6B). Taxol-stabilized MTs were incubated in the presence of a
fixed amount of MAP6(90 —177) and increasing concentrations
of Ca?"-CaM. Free and MT-bound MAP6(90—177) were then
separated by centrifugation and analyzed by SDS-PAGE and
Coomassie Blue staining. Results indicate a progressive dis-
placement of MAP6(90—177) from pellet to supernatant as the
concentration of Ca®>*-CaM increases. Hence, it appears that
MTs and Ca**-CaM bind to MAP6(90-177) in a mutually
exclusive manner. This competition was confirmed in func-
tional assays in which the protective effect of MAP6(90-177)
for MT cold depolymerization was tested in the presence of
Ca®>*-CaM (Fig. 6C). In this experiment, Ca®>" was required to
obtain the holo-form of CaM. However, due to the destabilizing
effect of Ca®>* on MTs, experiments were performed in the
presence of excess of spermine, which acts as a Ca®*-competi-
tive inhibitor for MT binding (33). Polymerized MTs were
incubated on ice alone (control, the two left lanes) or with
MAP6(90-177) (the two middle lanes) or with MAP6(90-177)
and Ca®"-CaM (the two right lanes). Results show clearly that
MAP6(90-177) no longer protects MTs in the presence of
Ca®*-CaM.

Binding of MAP6(90—177) to Ca* " -CaM Induces Large Con-
formational Changes of the Ca®" -CaM Structure—To study the
structural impact of MAP6(90 —177) binding on the Ca*>*-CaM
structure, we carried out NMR experiments with purified and
15N-'3C-labeled Ca**-CaM. BEST-TROSY spectra of '*N-'3C-
Ca®’"-CaM in the absence and presence of unlabeled
MAP6(90-177) were recorded (Fig. 7A). The addition of
MAP6(90-177) to Ca®>*-CaM resulted in very large changes of
the spectrum profile of Ca>"-CaM with modifications of the
peaks number and of the chemical shifts distribution. Residues
affected by this interaction are reported on the CaM sequence
and on a crystallographic structure of Ca®>*-CaM (Fig. 7, B and
C) (34). Results show that the perturbations are found mostly in
the N-terminal domain and in the central a-helix of Ca**-
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CaM. Indeed, NMR mapping points out a first stretch in the
N-terminal domain (residues 13—39) and a second long stretch
comprising the end of the N-terminal domain and more than
half of the central « helix (residues 49 —80). The C-terminal
domain is affected but in a lesser extent. Together, these obser-
vations indicate that the binding of MAP6(90-177) induces
wide range conformational and dynamical changes in the Ca®" -
CaM structure, implicating mostly its N-terminal domain and
the central a-helix.

MTs and Ca”®"-CaM Compete for the Same Binding Site on
the Mnl Module—We finally examined the possibility that a
single Mn module could interact with MTs and Ca®>*-CaM. To
that end, we overexpressed and purified a 53-amino acid resi-
due fragment encompassing the N-terminal part and the Mn1
module of MAP6(90-177) (MAP6-N residues 90 —142, named
herein MAP6(90-142)). We observed that the 'H-'>N HSQC
spectrum of MAP6(90-142) superimposes very well with that
of the MAP6(90-177) fragment, which strongly facilitated its
assignment. When the MAP6(90 —142) fragment was studied in
the presence of tubulin or MTs, we observed on its "H-'>N
HSQC spectrum (Fig. 8A4) line broadening responsible for the
disappearance of some peaks corresponding to the stretch of
residues 121-138 with the exception of Cys-135. (Fig. 8B).
Interestingly, the '"H-'>N HSQC spectrum of MAP6(90-142)
acquired in the presence of Ca®>*-CaM (Fig. 84) gave very close
results with line broadening and disappearance of peaks corre-
sponding to residue Val-118 and of the stretch 121-138 except
for GIn-129 and Ser-134 (Fig. 8B). Hence, these results show
that the Mn1 module, when considered isolated from the other
Mn modules, is able to bind to both MTs and Ca®>*-CaM in a
similar manner.

DISCUSSION

MAP6(90-177) Binds and Stabilizes MTs—The aim of this
work was to better understand the molecular mechanisms

VOLUME 288+NUMBER 34+-AUGUST 23,2013
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underlying the stabilization of MTs by MAP6 and its regulation
by CaM using biochemical and structural investigations. To
that end, we took advantage of a MAP6-N fragment encom-
passing its Mnl and Mn2 modules, which recapitulates the
functional properties of the full-length protein. As a first step,
we studied the interaction between MAP6(90-177) and MTs.
Using co-sedimentation assays, we found that MAP6(90-177)
interacts with MTs with an apparent K, value of ~6 um and a
1:1 MAP6(90-177):tubulin heterodimer stoichiometry (Fig.
3B). To the best of our knowledge, this is the first report ona K,
value regarding the interaction of Mn modules with MTs. Del-
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phin et al. (18) reported a K, value of ~70 nM for the interaction
between the Mc domain of MAP6-F and MTs. The lower
apparent affinity observed here for MAP6(90—-177) may be
related to the fact that this fragment contains only two Mn
modules, whereas the Mc domain contains five Mc modules.
This suggests that the binding of MAP6 to MTs may be coop-
erative. Co-sedimentation assays (supplemental Fig. S1) and
NMR experiments (data not shown) using a a-tubulin C-termi-
nal fragment («Tub410C, residues 410-451 from «;,-tubulin
(33)) indicated that this part of tubulin is not sufficient for the
interaction with MAP6(90-177). This agrees with previous
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report showing that, unlike other MAPs, MAP6 can bind sig-
nificantly to any tubulin isoform whatever its degree of C-ter-
minal modification by polyglutamylation (35).

We observed that the stabilization of MTs against cold and
nocodazole by MAP6(90-177) does not induce MT aggregates
or bundles in contrast to what was observed with full-length
MAP6-N by immunofluorescence microscopy (7). In the latter
case, the formation of MT bundles may be due either to the
presence of multiple Mn and Mc repeats or to a possible mul-
timerization of the protein via stretches of amino acid residues
that are located outside of the MAP6(90—-177) region. We next
mapped the MAP6(90-177) interaction with MTs to two
MAP6(90-177) binding sites defined by residues 121-138 and
150-175, which correlate strongly with Mnl and Mn2 mod-
ules, respectively (19). Interestingly, NMR data show that a sin-
gle Mn module (MAP6(90-142)) can still interact with MTs,
suggesting that each Mn module in MAP6 may serve as anchor
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point for MT binding. Accordingly, each Mn repeat may recog-
nize a conserved binding motif located on «- and B-tubulin.
From a structural point of view, MT stabilization by MAP6(90 —
177) is thus likely to occur through the reinforcement of the
longitudinal contacts between tubulin heterodimers within a
protofilament as seen for Tau (36) or lateral contacts between
adjacent tubulin heterodimers, preventing protofilament sepa-
ration similar to the stabilization mode of doublecortin (37). In
addition, we cannot exclude that MAP6(90 —177) may also sta-
bilize MT's by preventing cold- or nocodazole-induced confor-
mational changes in tubulin by a more complex mechanism.
Association of MAP6(90—-177) with MTs Is Regulated by
Ca”"-CaM—Biochemical and ITC experiments showed that
MAP6(90-177) binds to CaM in a Ca®>* -dependent manner with
a K, value of 0.4 uM and a 1:2 MAP6(90—177):Ca>" -CaM stoichi-
ometry (Fig. 4). This K, value lies in the range of that previously
reported for MAP6-F/Ca*"-CaM (K, ~ 1.7 and 8.1 um) (19) and
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Mc/Ca*>*-CaM (K, ~ 1.5 and 3.9 uMm) interactions (22, 38). Such
an affinity is compatible with a physiological interaction of Ca®" -
CaM with MAP6 for instance after a transient rise in cytoplasmic
[Ca®>*]. Investigation of MAP6(90-177)/Ca**-CaM interaction
by NMR pointed out two MAP6(90-177) regions (121-137 and
151-176), which are nearly identical to the MAP6(90-177)/MT
binding sites. This suggests that Ca>*-CaM may compete with
MTs for MAP6(90 —177) binding. In agreement with this hypoth-
esis, we demonstrated for the first time using co-sedimentation
assays that Ca?"-CaM is responsible for a stoichiometric inhibi-
tion of MAP6(90—-177) binding to MTs, resulting in a loss of MT
stabilization. Altogether, these observations suggest that the regu-
lation of MAP6 binding to MTs by Ca®"-CaM is a dynamic proc-
ess rapidly modulated by the Ca®>" charge state of CaM. A similar
mechanism was proposed for Tau in the flip-flop model (39).
Finally, this part of MAP6-N also comprises Ser-139, which can be
phosphorylated by the Ca®"-calmodulin-dependent protein
kinase II, which triggers the translocation of MAP6 from MTs to
actin (40). Interestingly, this kind of regulation has already been
observed for the microtubule-associated protein p35, which is also
regulated by site-specific phosphorylations and Ca*>*-CaM with
MT overlapping binding sites (41). Similar mechanisms of CaM
regulation were again suggested for Tau (42—44).

Impact of MAP6(90—177) on Ca”" -CaM Structure, Implica-
tion for the Binding Mode—Previous NMR, infrared spectros-
copy and differential scanning calorimetry investigations on
the interaction of Ca>"-CaM with a model peptide correspond-
ing to a single Mc motif revealed an unusual binding mode.
Indeed, these studies showed that the Mc peptide interacts with
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the C-terminal domain of CaM, leaving it in an extended con-
formation with no significant structural change (22, 38). The
present data provide strong evidences that the binding mode of
MAP6(90-177) to Ca®>*-CaM is distinct from that previously
observed with Mc modules. However, the present NMR data
show that the binding of MAP6(90-177) to Ca®>"-CaM pro-
duces large structural and dynamical changes in Ca*>*-CaM.
Interestingly, sequence analysis of the two sites of MAP6(90 —
177) that interact with Ca®>*-CaM suggests that they belong to
the 1-5-10 class of canonical CaM-binding motifs found in sev-
eral CaM-regulated proteins such as Ca®>*-calmodulin-depen-
dent protein kinase II and synapsin I (Fig. 9) (45, 46). This class
refers to a group of Ca>"-CaM partners whose key hydrophobic
bulky residues are spaced by eight residues with an additional
anchoring residue in the middle. Upon binding, both Ca**-
CaM and the target peptide motif undergo large conforma-
tional rearrangements. The canonical CaM-binding motif
adopts an a-helical conformation and the two domains of CaM
wraps around it, enclosing it in a hydrophobic channel within
the globular core. The data obtained here on MAP6(90-177)/
Ca®>"-CaM interaction argue for a similar binding mode: (i)
Ca®" is required for MAP6(90 —177) binding, a fact that is sys-
tematically observed with this type of binding mode; (ii) large
structural modifications of the Ca®**-CaM structure are
observed affecting its two domains and its central flexible helix;
and (iii) the secondary structure prediction of MAP6(90-177)
show that residues 117-125 and 148 —158 may fold into a-hel-
ices. These stretches overlap the 1-5-10 motifs of MAP6(90 —
177), and it is possible that they locally fold when in complex
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FIGURE 9. CaM 1-5-10 binding motif alignment. Sequence alignment of
1-5-10 class motifs from selected CaM-binding partners. The Ca®"-CaM-inter-
acting region delimited by NMR MAP6(90-177) comprises two canonical
CaM binding motifs belonging to the 1-5-10 class. CaMKIl, CaM kinase II.

with Ca®*-CaM. It is worthy to note that neither the Mc mod-
ules nor the Mn3 module of MAP6 (which bind to Ca**-CaM)
contain such a 1-5-10 motif. This may explain previous reports
showing an unusual binding mode for these CaM-binding sites
(22).° Interestingly, some 1-5-10 motifs were shown to be
implicated both in Ca®>*-CaM and actin binding (47-49), and

> P. Gans, personal communication.
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MAP6-N was shown to interact with actin (40). It would be of
interest to probe whether this region is implicated in MAP6-N
association with actin and whether Ca®>*-CaM binding to this
region may regulate such process.

In conclusion, we report here for the first time structure and
functional information on a short region from MAP6 that reca-
pitulates its ability to bind and stabilize MTs upon exposure to
cold or nocodazole. The binding of this region to MT's appears
modulated by a competitive interaction with Ca*>*-CaM, which
further documents the complex regulation of MT assembly by
MAP6.
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