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Abstract Microtubule-associated proteins (MAPs) are
involved in microtubule (MT) bundling and in crossbridges
between MTs and other organelles. Previous studies have
assigned the MT bundling function of MAPs to their MT-
binding domain and its modulation by the projection
domain. In the present work, we analyse the viscoelastic
properties of MT suspensions in the presence or the
absence of cAMP. The experimental data reveal the occur-
rence of interactions between MT polymers involving
MAP2 and modulated by cAMP. Two distinct mechanisms
of action of cAMP are identiWed, which involve on one
hand the phosphorylation of MT proteins by the cAMP-
dependent protein kinase A (PKA) bound to the end of the
N-terminal projection of MAP2, and on the other hand the
binding of cAMP to the RII subunit of the PKA aVecting
interactions between MTs in a phosphorylation-indepen-
dent manner. These Wndings imply a role for the complex

of PKA with the projection domain of MAP2 in MT–MT
interactions and suggest that cAMP may inXuence directly
the density and bundling of MT arrays in dendrites of neu-
rons.
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Abbreviations
MAPs Microtubule-associated proteins
MT Microtubules
SDS-PAGE Sodium dodecylsulfate polyacrylamide gels
PC Phosphocellulose
GTP Guanosine triphosphate
ATP Adenosine triphosphate
cAMP Cyclic adenosine monophosphate
PKA Protein kinase A
EPAC Exchange protein directly activated by cAMP
AKAP A kinase anchoring protein
RII Regulatory subunit II of PKA
C Catalytic subunit of PKA

Introduction

The structural microtubule-associated proteins (MAPs) of
neurons consist of two classes, 1the HMW-MAPs
(MAP1a,b and MAP2a,b,c,d) and the Tau family. In con-
trast with MAP1a,b in which the MT-binding domains are
located in the N-terminal domain (Halpain and Dehmelt
2006), MAP2 and Tau isoforms contain tubulin-binding
motives in the C-terminal domain while the N-terminal
domain of the molecules form a projection extending away
from the MT wall (Gustke et al. 1994; Sanchez et al. 2000;
Dehmelt and Halpain 2005). Both domains of structural
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MAPs contain numerous phosphorylation sites and are sub-
strates for a large number of protein kinases (Schneider
et al. 1999; Chang et al. 2003; Sanchez et al. 2000; Trivedi
et al. 2005), including the cAMP-dependent protein kinase
PKA bound to the N-terminal domain of MAP2 (Vallee
et al. 1981; Rubino et al. 1989; Obar et al. 1989), which
was the Wrst described member of the AKAP (A-kinase
anchoring protein) family (Diviani and Scott 2001). MAPs
accelerate the polymerization of tubulin dimers and induce
the stabilization of the MT polymers (Hirokawa et al. 1988;
Wiche 1989; Wallis et al. 1993; Gustke et al. 1994). These
functions are regulated by the phosphorylation level of
MAPs (Murthy and Flavin 1983; Burns et al. 1984; Itoh
et al. 1997; Schneider et al. 1999). MAPs also determine
the spacing between MTs and other cytoplasmic organelles
in situ, and the MAP speciWc distance between sedimented
MTs in vitro (Brown and Berlin 1985; Black 1987), sup-
porting the concept that MAPs are sterically repulsive to
other structures. However, MAPs mediate crossbridges
between MTs and other subcellular structures in vitro
(Leterrier et al. 1982, 1990; Linden et al. 1989; Severin
et al. 1991) and in situ (Hirokawa et al. 1988; Cunningham
et al. 1997; Farah et al. 2005). Since MAP2 and Tau mole-
cules are bound to the MT wall through their C-terminal
domain (Gustke et al. 1994; Sanchez et al. 2000; Al-Bas-
sam et al. 2002; Dehmelt and Halpain 2005), it is likely that
the N-terminal domain of these proteins is responsible for
spacing and interactions with other organelles. The tubulin-
binding properties of MAPs interacting with MTs have
been well characterized (Tokuraku et al. 1999; Trinczek
et al. 1995; Sanchez et al. 2000). In contrast, little is known
of the putative binding sites for other proteins present in the
N-terminal domain of MAPs, beside the binding sequence
for the regulatory subunit of PKA on MAP2 (Vallee et al.
1981; Rubino et al. 1989; Obar et al. 1989).

In the present work, we present evidence for MAPs-med-
iated weak interactions in vitro between MTs, resulting in a
fragile gel. Reconstitution experiments demonstrate that
MAP2 and not Tau mediates these interactions. The forma-
tion of a MT–MT network is modulated by cAMP in a con-
ventional manner involving the phosphorylating activity of
the PKA, but also by cAMP alone in the absence of ATP.
These Wndings suggest that the projection domain of MAP2
is directly involved in interactions between MTs, and that
this activity is modulated by the MAP2-bound PKA.

Materials and methods

Chemicals

PIPES (piperazine-N,N�-bis(2-ethanesulfonic acid)), MgCl2,
ethylene glycol-bis (�-aminoethyl ether)-N,N,N�,N�-tetra-

acetic acid (EGTA), ATP (vanadate free, Mg salt, from
equine muscle), dithiotreitol, cyclic AMP, colchicine, pac-
litaxel from Taxus brevifolia (taxol), GTP (lithium salt),
the protein kinase A (PKA) thermostable inhibitor (Walsh
preparation) and protease inhibitors (N-p-Tosyl-L-Argi-
nine methyl ester, aprotinin, pepstatin, leupeptin, phenyl-
methane sulfonylXuoride (PMSF), chloroquinine and
soybean trypsin inhibitor) were from Sigma. All other
compounds were from Merck. The antibody against the
exchange protein directly activated by cAMP (EPAC)
EPAC2 (Pab ab21237) was from Abcam (UK). Antibodies
against RII�,� PKA subunits (Mab PKA RIIa clone 40;
Mab PKA� RII clone 45) were from Becton Dickinson
(UK). The polyclonal antibody against catalytic PKA �
subunits (PKA� cat (C-20)Sc-904) was obtained from
Santa Cruz (Tebu SA France). Polyclonal antibodies
against MAP2 and Tau were made by multiple subcutane-
ous immunization of rabbits with 100 �g of the pure pro-
teins in complete Freund adjuvant, followed by the same
amount of proteins in incomplete adjuvant 4 weeks later.
The speciWcity of the antibodies is shown in Fig. 3a. Sec-
ondary antibodies coupled to peroxidase were from Tebu
S.A. (France). The chemiluminescent reagent ECL was
from Amersham.

Methods

MT were obtained from rat forebrain by the procedure of
Shelanski et al. (1973). Tissues were homogenized in buVer
A: PIPES 0.08 M, MgCl2 1 mM, EGTA 1 mM, dithiotreitol
2 mM, pH 6.8, containing 1 mM GTP and protease inhibi-
tors (0.1 mg/ml N-p-Tosyl-L-Arginine methyl ester,
0.05 U/ml aprotinin, 1 �M pepstatin, 1 �M leupeptin,
1 mM PMSF, 0.1 mM chloroquine, 10 nM soybean trypsin
inhibitor and 0.1 mM N�-p-Tosyl-L-Lysine chloro-methyl
ketone). MT pellets were dissociated in buVer A, frozen in
liquid N2 and stored at ¡80°C.

Tubulin and MAPs were separated from each other by
chromatography on phosphocellulose (PC) of 3 £ polymer-
ized MTs in buVer A (Weingarten et al. 1975). Pure tubulin
samples were immediately frozen for storage in liquid
nitrogen. An alternative tubulin puriWcation procedure was
made according to Castoldi and Popov (2003), which yields
highly concentrated protein of much higher polymerization
eYciency than PC tubulin (Castoldi and Popov 2003).

MAPs were recovered from the PC by successive elution
with 0.35 M NaCl (MAP2 + Tau) and 1 M NaCl
(MAP1 + MAP2) in buVer A. MAP fractions were concen-
trated by ammonium sulfate precipitation and dialysis
against buVer A. Heat-stable MAP2 and Tau were obtained
according to Fellous et al. (1977) by heat-denaturation for
10 min at 100°C in buVer A + 10 mM dithiotreitol of either
2 £ MTs or the puriWed (native) MAP2 and Tau, followed
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by centrifugation for 30 min at 100,000£g, concentration
of the heat-soluble proteins by ammonium sulfate precipita-
tion and dialysis against buVer A. Both native and thermo-
stable MAP2 and Tau were further separated by
chromatography on sepharose (ultrogel ACA34, LKB Phar-
macia) in buVer A, concentrated again by ammonium sul-
fate precipitation and dialysis against buVer A + 3%
glycerol for storage in liquid N2.

Viscosity measurements of MTs in buVer B (buVer
A + 3 mM MgCl2, 1 mM GTP, 0.4 M sucrose, protease
inhibitors) were performed according to MacLean-Fletcher
and Pollard (1980) as previously reported (Eyer et al. 1989)
using 75 �l capillaries (Drummond) and 0.7 mm diameter
stainless steel ball (Marteau et Lemarié, Paris, France).
Samples (100 �l) were prepared at 4°C. The velocity of the
falling ball was measured at 35°C in a water-jacketed
chamber over a distance of 5 cm at an angle of 45° or 80° to
the horizontal. The viscosity of MT suspensions was
expressed in Pascal.seconds by comparison with the veloc-
ity of the ball in glycerol solutions of known concentra-
tions. Elasticity measurements were made by small strain
(<2%) oscillatory deformation of MT samples (1 ml) at 10
rads/s during the course of the gelation using a Rheometrics
(Piscataway NJ) RFSII instrument (Janmey et al. 1994).
The shear storage modulus, G�, a measure of the elastic
resistance of the material, was derived from these measure-
ments by a method reported elsewhere (Leterrier et al.
1996).

Video-enhanced microscopy was performed according
to Kurachi et al. (1999) using a DIC microscope (Carl
Zeiss, Axiovert 135 TV, Germany) equipped with a Plan
Apochromat 63 £ immersion objective lens (numerical
aperture = 1.4) and 4 £ zoom lens, an oil-immersion con-
denser lens for high-magniWcation objectives. MT samples
were introduced in slide-coverslip chambers made by dou-
ble side tape, further sealed by vaseline–lanolin–paraYn in
the ratio 1/1/1. Samples were incubated at 36°C for several
hours in a temperature-controlled incubation box sur-
rounding the microscope stage. The organization of MT
suspensions at increasing incubation times was recorded
with a Newvicon camera (Hamamatsu, C2400-07, Ham-
amatsu, Japan) and the contrast of images was enhanced
and averaged over several (4 or 8) frames in real time by
an image processor (Hamamatsu, ARGUS-10, Hamama-
tsu, Japan).

Protein measurements were conducted according to
Lowry et al. (1951), using bovine serum albumin as a stan-
dard. Proteins were resolved by 7.5% acrylamide SDS-
PAGE according to Laemmli (1970). Immunoblotting were
made according to Towbin et al. (1979), and the detection
of peroxidase-coupled secondary antibodies was done by
chemiluminescence with ECL (Amersham).

Results

Evidence for weak interactions between MTs

The polymerization of MAPs-saturated MTs at concentra-
tions above 1 mg/ml occurs routinely within 20–30 min at
37°C in the presence of 1 mM GTP and is completed within
1 h. The measurement of viscosity in polymerizing MTs
(4 mg/ml in Fig. 1a) shows a mild initial increase with no
major change for the Wrst 60 min followed by a rapid
increase toward a gel state which is reached after several
hours (not shown). The initial phase of mild viscosity
change likely corresponds to the polymerization of MT pro-
teins into polymers. The delayed increase in viscosity,
unrelated to the MT polymerization process already termi-
nated, suggests instead distinct biophysical events involv-
ing polymers in suspension.

The observation of the MT samples by DIC videomi-
croscopy shows that MTs are independent from each other
and freely moving with Brownian motion during the initial
phase of polymerization, which results in the random orien-
tation of the polymers (T = 5 min, Fig. 1b). The observation
of the same sample after several hours incubation at 37°C
reveals that MTs are organized into large bundles of semi-
parallel polymers and do not move observably with Brown-
ian motion (T = 12 h, Fig. 1b). This bundle organization of
immobilized MTs after long incubation time is found
throughout the whole sample (not shown). This structural
change of MT suspensions could result from liquid crystal-
line ordering of the rigid MTs which can occur at such a
high concentration. Alternatively, the possibility that a MT
network is formed through interactions between MT poly-
mers of the suspension, favoring their alignment in semi-
parallel arrays, is also suggested from the immobilization
of MTs within bundles.

The gelation of MT samples requires higher Mg++ con-
centrations than that needed for their polymerization (1 mM
MgCl2), at which little viscosity change is recorded during
the gelation process, but a linear increase in viscosity of the
sample, measured after 2 h, is obtained between 1 and
5 mM MgCl2 (Fig. 1c-I). Higher MgCl2 concentrations
inhibit the MT gelation process (Fig. 1c-I) by a polymeriza-
tion-independent mechanism since high Mg++ stimulates
eYciently tubulin polymerization (Lee and TimasheV
1975). Accordingly, all further studies were performed
using 3 mM MgCl2 which allows a linear increase of MT
gelation with time. Under these conditions, the viscosity
change with time in MT suspensions is directly propor-
tional to the concentration of proteins, with a critical con-
centration close to 1 mg/ml MT proteins (Fig. 1c-II).

The requirement of Mg ions at a concentration range
higher than that necessary for tubulin polymerization
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suggests that other biochemical/biophysical mechanisms
are responsible for the gelation process.

Rheological properties of MT suspensions. EVect 
of activation of the MAP2-bound PKA by cAMP § ATP

To characterize the physical properties of MT gels, 2 £ MT
(6 mg/ml) in buVer B (containing 3 mM MgCl2) were incu-
bated in a strain-controlled rheometer at 35°C and several
conditions were applied to the MT suspensions for the
study of their mechanical resistance (Fig. 2a). Since the
phosphorylation of MAPs by the MAP2-bound PKA aVects
their binding to tubulin and their acceleration of tubulin
polymerization (Murthy and Flavin 1983; Burns et al.
1984; Itoh et al. 1997), rheological studies were performed

in the absence or the presence of 0.1 mM ATP § 5 �M
cAMP to induce the complete activation of the enzyme
(Fig. 2a). The recording of the shear storage (elastic) modu-
lus (G�) with incubation time shows that signiWcant values
appear only after 30 min when MT polymerization, as
judged e.g. by light scattering, is already complete (Fig. 2a-I).
Full activation of PKA stimulates the gelation rate by t2.5
(Fig. 2a). The shear storage modulus of the MT gels
already formed after 2 h, measured by small strain oscilla-
tory deformations, is only weakly sensitive to oscillation
frequency and is signiWcantly larger than the loss modulus
(G�), characterizing a true viscoelastic gel (Fig. 2a-II). The
gel is weak, since a constant strain applied to the sample is
followed by the progressive decrease in shear stress, quanti-
Wed by the elastic modulus G during the time after the
strain, indicative of the relaxation of the gel in response to
its deformation (Fig. 2a-III). Similarly, the application of
increasing strains to the MT gel does not provoke the
strain-hardening observed for gels made of semiXexible
polymers (Leterrier et al. 1996; Storm et al. 2005), but
results instead in its rupture, illustrative of a highly fragile
structure of the MT network (Fig. 2a-IV).

MT gelation is activated by cAMP-dependent 
phosphorylation of MT proteins and by a cAMP-dependent, 
phosphorylation-independent mechanism

The Wndings of Fig. 2a suggest that the phosphorylation of
MAP2 and Tau by the MAP2-bound PKA aVects directly

Fig. 1 a Time-dependent changes in the viscosity of MT suspensions.
The viscosity of 4 mg/ml MTs incubated at 35°C (closed symbols) rose
during the polymerization step and remained at a low constant level
during the Wrst hour, before increasing again, reaching a gel state after
several hours with protein concentrations higher than 2 mg/ml. Gels
remained stable until broken by shearing at 35°C or depolymerization
by cold. No viscosity change occurred in samples containing 5 �M col-
chicine (open symbols). Values are the mean of duplicate assays.
Inset: 7.5% acrylamide SDS-PAGE analysis of 50 �g MT proteins
taken after 5 min and 12 h incubation at 35°C (Coomassie blue
staining), showing no alteration of the pattern of MT proteins during
long incubation time in the presence of protease inhibitors. b Pro-
gressive formation of MT bundles with incubation time. AVEC-DIC
videomicroscopy of 3 mg/ml MT suspensions in buVer B, sealed in
slide-coverslip incubation chambers. Images were taken within the
Wrst 5–10 min and after 12 h incubation at 35°C in the humidity- and
temperature-controlled microscope chamber. MTs observed after
5 min at 10 �m from the glass surface are independent from each other
and freely moving with Brownian motion. The same sample after 12 h
contained large arrays of immobilized parallel MTs in bundles
throughout the whole sample space (image taken at 20 �m from the
glass surface). c Dependence of MT viscosity on Mg ions and protein
concentration. I Viscosity changes in 3 mg/ml MT suspensions after
2 h at 35°C in the presence of increasing concentrations of MgCl2. The
sample with no MgCl2 was treated with 4 mM EDTA to quench the
3 mM MgCl2 present in buVer B. Values are the mean of duplicate as-
says. II Viscosity change after 2 h at 35°C in suspensions of increasing
MT concentrations in buVer B. Values are the mean of duplicate assays

�
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MT–MT interactions. Further evidence is obtained by
measuring the viscosity of MTs after several hours at
35°C (when gelation is complete) in the presence of
ATP § cAMP and the presence or the absence of a speciWc
inhibitor of the catalytic subunit of the PKA (Fig. 2b). ATP
alone induces a signiWcant reduction of MT viscosity which
is instead strongly activated by cAMP + ATP (Fig. 2b).
This later eVect is markedly reduced when a saturating
amount of the heat stable PKA inhibitor (Walsh inhibitor)
is present (Fig. 2b). These results suggest that the phos-
phorylation of the main substrates of PKA (MAP2 and Tau)
activates MT gelation, while their phosphorylation by MT-
associated kinases other than the PKA (the only active
kinases in the absence of cAMP) (Sanchez et al. 2000)
induces an opposite eVect (inhibition) on the basal level of
MT gelation.

The phosphorylation of MAPs by the cAMP-dependent
MAP2-bound PKA is not the only pathway by which
cAMP aVects MT gelation. Comparison of MT gels formed
after several hours at 35°C (same conditions as for Fig. 2b)
in the presence of either cAMP + ATP or cAMP alone (no
ATP added) reveals that cAMP alone induces a strong acti-
vation of gelation unaVected by the inhibitor of the PKA
catalytic subunit in the absence of ATP (GTP is not a sub-
strate for the enzyme and the Walsh inhibitor binds exclu-
sively to the complex ATP-catalytic subunit (Whitehouse
and Walsh 1983)) (Fig. 2c). Consequently, the activation of
MT gelation by cAMP alone likely involves other mecha-
nisms than the phosphorylation of MAPs. Thermostable
MAPs (devoid of bound PKA) inhibit similarly the stimula-
tion of MT gelation by cAMP in the presence and the
absence of ATP (Fig. 2b, c).

The presence of cAMP (alone) during a temperature-
dependent polymerization cycle of MTs increases by
t10% the relative amount of MT proteins that are not dis-
sociated by incubation at 4°C after polymerization at 35°C
(Fig. 3a-I). This observation suggests that the binding of
cAMP to the MAP2-bound PKA enhances conformational
changes of MAPs resulting in their lower solubility. When

Fig. 2 a Rheological study of MT gelation. Stimulation by
cAMP + ATP. 2 £ MTs (6 mg/ml) in buVer B, were incubated in a
strain-controlled rheometer at 35°C in the presence (closed symbols
and plain line) or the absence (open symbols and dotted line) of 5 �M
cAMP and 100 �M ATP. I Shear storage modulus (G�) of MT suspen-
sions during the polymerization initiated by bringing the sample from
4°C in ice to 35°C in the rheometer. The values of G� increases pro-
gressively after 30 min in both samples. II Mild increase in G� mea-
sured in the fully polymerized samples (after 2 h incubation at 35°C for
samples in I) at increasing oscillation frequencies of the rheometer,
indicative of the gel state of the suspension. III MT gels were submitted
to a small strain (2%) at T = 0 (same samples as in II). The static shear
modulus G� was recorded during the relaxation of samples following
the constant strain. The time dependent linear decrease in G� shows
that MT gels are fragile and reorganize after the application of a mild
strain. IV G� measured in MT gels submitted to increasing strain does
not exhibit strain-hardening. The strain-dependent lower elasticity sug-
gests instead that the gel breaks easily. b Regulation of MT viscosity
by the phosphorylation of MAPs via the cAMP-dependent MAP2-
bound PKA. Samples of 2 £ MTs (6 mg/ml) in buVer B were mixed at
4°C with or without 100 �M ATP § 5 �M cAMP, in combination or
not with 0.25 �M PKA thermostable inhibitor or 50 �g thermostable
MAP2, as indicated. The viscosity of samples was measured on tripli-
cate samples after 12 h incubation at 35°C in sealed capillaries. Aver-
age values § SD are expressed as the percentage of control MTs (no
addition). c Comparison of the eVects on MT gelation of the activation
of the MAP2-bound PKA activity by cAMP with that of cAMP alone
in the absence of ATP. Samples of 2 £ MTs (6 mg/ml) in buVer B
were mixed at 4°C with 100 �M ATP + 5 �M cAMP, in combination
or not with 0.25 �M PKA thermostable inhibitor or 50 �g thermostable
MAP2, as indicated. In a parallel set of assays, the same conditions
were adopted but without adding ATP. The viscosity of samples was
measured on triplicate samples after 12 h incubation at 35°C in sealed
capillaries. Average values § SD are expressed as percentage of con-
trol MTs (no addition)

�
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these fractions were analyzed by SDS-PAGE and immuno-
blotting for the presence of the PKA subunits, no cAMP-
dependent change was found in the relative amount of the
regulatory subunit RII or the catalytic subunit C in either

cold-stable or cold-labile MT fractions (Fig. 3a-II). This
demonstrates that the binding of cAMP to the MAP2-bound
PKA does not induce the solubilization of either the C or
the RII subunits, both subunits remaining bound to the MT
structure after dissociation of the kinase by cAMP.

The preferential participation of MAP2 in MT–MT com-
plexes is reported in Fig. 3b. 2 £ MTs were layered on top
of dense (15–60%) sucrose gradients and further incubated
under conditions favoring their polymerization and gelation
in the presence or the absence of cAMP (no ATP), before
sedimentation for the separation of MT complexes from
single MTs (Fig. 3b). Fractionation of the gradients and
analysis by SDS-PAGE of the fractions reveals that MTs
containing only MAP2 and not MAP1 were found along the
gradient and as a pellet. The MTs on top of the gradient
contained all MAP1 and the remaining MAP2. The pres-
ence of cAMP enhances mildly the relative amount of
dense MAP2-MTs complexes: the quantiWcation of MT
proteins shows that 36.6% (¡cAMP) and 44.2% (+cAMP)
of total MT proteins sediment in the sucrose gradient
(Fig. 3b-II). These Wndings show that MAP2 is enriched in
a subpopulation of polymerized MTs sedimenting at high
sucrose densities, i.e. which are associated together as
multi-polymer complexes. The analysis of the behaviour of

Fig. 3 a EVect of 5 �M cAMP on the repartition of MT proteins dur-
ing a polymerization cycle. 1 £ MTs (6 mg/ml) in buVer B were repo-
lymerized for 45 min at 35°C in the absence or the presence of 5 �M
cAMP (no ATP). MT pellets recovered by centrifugation 1 h at
48,000£g at 35°C were resuspended at 4°C in 1/5th of initial volume
of buVer B § 5 �M cAMP for depolymerization. After centrifugation
at 100,000£g for 40 min, the total amount of proteins in supernatants
(2 £ cold-labile MTs) and pellets (2 £ cold-stable MTs) were mea-
sured. I The repartition of MT proteins into cold-stable and cold-labile
fractions after a second polymerization cycle is expressed as the % of
total initial amount of MTs 1x. The mean values § SD of two separate
experiments are shown. II 7.5% acrylamide SDS-PAGE and immuno-
blotting of identical amounts of cold-labile (7.5 �g) and cold-stable
(12 �g) MTs obtained from the second polymerization cycle § cAMP.
The samples were probed successively with antibodies against the RII
and catalytic subunits of MAP2-bound PKA, and antibodies against
MAP2, and Tau. Left panel: Coommassie blue staining of the same MT
proteins (40 �g). b Selective aggregation of MAP2-containing MTs
during MT gelation. 2 £ MTs (3 mg/ml) in buVer B containing 7.5%
sucrose were mixed at 4°C § 5 �M cAMP and incubated at 35°C on
top of a linear 15–60% sucrose gradient in the same buVer. After 2 h,
the gradients tubes were centrifuged for 30 min at 35,000£g and 35°C,
0.8 ml fractions were collected and 25 �l aliquots were analyzed on
7.5% acrylamide SDS-PAGE, stained with Coomassie blue. I Control
MTs: 36.6% of total MT proteins enter the gradient (pellet + fractions
1–9/total MTs loaded). II MTs + 5 �M cAMP: 44.2% of total MT pro-
teins enter the gradient (pellet + fractions 1–9/total MTs loaded). c
cAMP induces the segregation of RII and Catalytic subunits of the
PKA on distinct MT species during MT gelation. 2 £ MTs (4 mg/ml)
in buVer B containing 7.5% sucrose were incubated § cAMP at 35°C
and centrifuged on top of a linear 15–60% sucrose gradient in the same
conditions as in Fig. 3b. A total of 25 �l aliquots of all fractions were
analyzed by SDS-PAGE (7.5% acrylamide) and immunoblotting for
the detection of the PKA subunits by speciWc antibodies

�
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the PKA subunits in the fractions of sucrose gradients of
MTs § cAMP (Fig. 3c) reveals that the RII subunits are
concentrated in heavy MT fractions penetrating the gradi-
ent. Adding cAMP during preincubation of MTs before
centrifugation increases slightly the amount of RII associ-
ated with the pellet (Fig. 3c). In contrast, the catalytic sub-
units of the PKA, which are preferentially associated with
heavy MT fractions in the control sample (no cAMP added)
are mainly found in the light MT fractions of the gradient
when cAMP is present (Fig. 3c). These data show that the
dissociation of the PKA by cAMP results also in the partial

segregation of both subunits between single MTs and MT
complexes separated by sedimentation on sucrose gradi-
ents.

Direct contribution of MAP2 and not of Tau to interactions 
between MTs

The requirement of MAP2 for MT gelation was further
explored in reconstitution experiments, using pure tubulin
and various MAPs fractions shown in Fig. 4a.

The viscosity of PC tubulin samples in buVer B was
measured during incubation time alone, with taxol or in the
presence of the MAP fraction eluted from PC by 0.35 M
NaCl (Fig. 4b-I). A weak increase in viscosity is obtained
when the polymerization of tubulin is enhanced by taxol,
reaching a plateau with longer incubation times (not
shown), while the sample of tubulin alone remains Xuid
(Fig. 4b-I). The presence of MAPs induces a net initial rise
in viscosity which keeps increasing for hours (Fig. 4b-I).
This eVect is linearly proportional to the concentration of
MAPs (Fig. 4b-II).

Since the 0.35 M NaCl MAPs puriWed from the PC col-
umn contain MAP2 and Tau (Fig. 4a-III), the respective
contribution of each protein to the gelation of tubulin was
investigated, using either native or heat-treated MAP2 and
Tau (Fig. 4a-V,VI). The pure tubulin used in this

Fig. 4 a SDS-PAGE of MT proteins. I 3 £ MTs (30 �g). II–IV Sepa-
ration of MT proteins by chromatography on PC. II pure tubulin
(30 �g) eluted in the void volume. III MAP2 + Tau (15 �g) eluted by
0.35 M NaCl in buVer A. IV MAP1 and MAP2 + proteins of low MW
(20 �g) eluted by 1 M NaCl in buVer A. V, VI MAP2 and Tau separated
by chromatography on ultrogel ACA 34 in buVer A. V MAP2 (10 �g).
VI Tau (2.5 �g). Identical patterns in SDS-PAGE of heat-stable MAP2
and Tau were obtained (not shown). b MT gelation requires MAPs. I
Time-dependent viscosity changes at 35°C of pure PC tubulin (6.4 mg/
ml) in buVer B, incubated at 35°C alone (open squares) or in the pres-
ence of either 0.14 mg/ml of the MAP fraction eluted from the PC col-
umn by 0.35 M NaCl (MAP2 + Tau) (closed circles) or 15 �M taxol
(dotted line, open stars). Values are the mean of duplicate assays. II
Viscosity measured after 2 h at 35°C of pure PC tubulin (6.4 mg/ml)
incubated in the presence of increasing concentrations of the MAP
fraction eluted from the PC column by 1 M NaCl (MAP1 + MAP2).
The value obtained for the same tubulin sample incubated for 2 h in the
presence of 15 �M taxol is shown (open square). Values are the mean
of duplicate assays. c Pure tubulin requires native MAP2 for the induc-
tion of a cAMP-dependent stimulated gelation. I The viscosity of pure
tubulin (4.9 mg/ml) puriWed according to (Castoldi and Popov 2003),
was measured after incubation for 30 min at 35°C in buVer B, in the
presence of increasing concentrations of native MAP2 (closed circles),
thermostable MAP2 (dotted line, closed stars), native Tau (open cir-
cles), or thermostable Tau (dotted line, open stars). Values are the
mean of duplicate assays. II Viscosity of pure tubulin (3.7 mg/ml)
incubated for 30 min at 35°C alone or in the presence of native MAP2
(0.15 mg/ml), thermostable MAP2 (0.15 mg/ml), or native or thermo-
stable Tau (0.15 mg/ml). Samples contained 5 �M cAMP (hatched
columns) or not (black columns). Assays were done in triplicate and
values are shown §SD

�
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experiment was obtained according to a procedure selected
for its high polymerization capacity as compared to PC
tubulin (Castoldi and Popov 2003). The addition of increas-
ing amounts of native MAP2 (unheated) produces a strong
increase in the viscosity of the sample measured after
30 min (Fig. 4c-I, plain line and Wlled circles), in contrast
with the lack of viscosity change observed in the presence
of heat-treated MAP2 (Fig. 4c-I, plain line and open cir-
cles). Adding either native Tau (Fig. 4c-I, Wlled stars and
dotted line) or heat-treated Tau (Fig. 4c-I, open stars and
dotted line) did not result in any signiWcant increase in the
viscosity of the suspension but induced instead, like heat-
treated MAP2, a concentration-dependent inhibition of the
basal viscosity of the tubulin sample. Furthermore, the
stimulation of the MT gelation process by native MAP2 is
enhanced strongly by the addition of cAMP alone (no ATP)
(Fig. 4c-II).

Discussion

The present results bring new insights into the mechanisms
of MAPs-mediated MT bundling. The process of MT bun-
dling in cells has been analyzed in studies showing the
direct contribution of both the HMW-MAP2 (MAP2a,b)
and the LMW MAP2 (MAP2c,d) species (Umeyama et al.
1993; Leclerc et al. 1996), as well as Tau (Kanai et al.
1992; Brandt and Lee. 1993) to the induction of cytoplas-
mic processes Wlled with thick MT bundles. Most studies
revealed an opposite contribution of the MT-binding
domains and the projection domains of MAPs to the forma-
tion of MT bundles: from constructs including various parts
of the molecules, it appears that the strongest MT bundling
activity resides in the MT-binding domains of MAPs,
which is either modulated or inhibited by the projection
domain of MAP2 (Belanger et al. 2002),Tau (Gustke et al.
1994) or MAP4 (Iida et al. 2002). Alternatively, the projec-
tion domain of MAPs is thought to be responsible for a
repulsion between adjacent MTs, as it has been established
that the spacing between MTs within bundles depends on
the type of MAPs involved in vivo (Chen et al. 1992) and in
vitro (Brown and Berlin 1985; Black 1987). Studies in vitro
failed to demonstrate that intact MAPs mediate strong
interactions between MTs (Brandt and Lee 1993; Iida et al.
2002), in contrast with truncated MAPs constructs
restricted to the MT-binding domain which induce MT
bundling (Brandt and Lee 1993; Gustke et al. 1994).

Only few studies exist of the rheology of MT suspensions
(Buxbaum et al. 1987; Friden et al. 1988; Sato et al. 1988),
and these point to a lack of strong interactions between MTs
containing native MAPs. However, these studies revealed
that unexpected behavior of MTs suspensions could be
explained by weak interactions between polymers (Sato

et al. 1988), and that the viscosity of MT samples is signiW-
cantly lowered by tryptic digestion of the MAPs projections
(Friden et al. 1988). Our data conWrm and expand these Wnd-
ings by the systematic analysis of the viscosity and visco-
elasticity of MT suspensions: slowly-forming elastic gels of
MTs at high protein concentrations follow a kinetic initiated
after the polymerization of the MT proteins. No or very little
gelation occurs at the concentration of MgCl2 required for
the polymerization of tubulin subunits. Instead, MT gelation
requires a signiWcantly higher amount of Mg ions between 2
and 5 mM, which is reversed at concentrations above 5 mM
(Fig. 1c). This eVect of Mg ions on MT gelation could be
related to the Mg-dependent conformational changes of
MAP2 antiparallel dimers previously described (Wille et al.
1992a), or to the eVects of divalent cations on anionic poly-
electrolytes, as has been seen for actin and neuroWlament
suspensions (Tang et al. 1997; Rammensee et al. 2007).
Rheological analysis revealed that MT gels break easily
under strain (Fig. 2a), suggesting that the interactions
between MTs in vitro are much weaker than those found
with other types of gels such as actin or neuroWlament gels
(Storm et al. 2005; Janmey et al. 2007; Wagner et al. 2007).
The direct participation of MAPs in the MT gelation process
has been established by several approaches: No gel is ever
formed in highly concentrated tubulin solutions in the pres-
ence of taxol (Fig. 4b-I) but the gelation of tubulin solutions
depends upon the addition of either a mixture of MAPs or of
puriWed native MAP2 (Figs. 4b, c). Further evidence for the
direct involvement of MAP2 in MT gelation is obtained by
the Wnding that interactions between MTs are stimulated by
cAMP (Figs. 2, 4c-II), since MAP2 is the only MAP that is
regularly associated with the cAMP receptor of the PKA
through a speciWc binding site located at the end of the
N-terminal projection (Vallee et al. 1981; Rubino et al. 1989;
Obar et al. 1989).

These data raise however several unsolved questions:
The eVect of cAMP on MT gelation is a new and intrigu-

ing Wnding, because two distinct situations exist:

1. If ATP is present, the addition of cAMP induces the
phosphorylation of MT proteins (mainly Tau and
MAP2) by the MAP2-bound PKA (Jameson et al.
1980; Gustke et al. 1994; Litersky et al. 1996; Schnei-
der et al. 1999; Sanchez et al. 2000). The possibility of
a direct involvement of the phosphorylating activity of
the PKA catalytic subunit in modulating MT gelation is
supported by the fact that the stimulation by
cAMP + ATP of gelation is strongly reduced by the
thermostable PKA inhibitor (Fig. 2b, c). This could
suggest that the function of the MT proteins (likely
MAPs) involved in the mechanism of interactions
between MTs is regulated by their cAMP-dependent
phosphorylation.
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2. However, we observed simultaneously that cAMP can
be as eVective alone, when no phosphorylation of
MAPs takes place (GTP does not substitute for ATP as
a substrate for PKA) (Fig. 2c). The PKA inhibitor has
no eVect under these conditions (Fig. 2c), as expected
from the lack of binding of the inhibitor peptide to the
catalytic subunit unbound to ATP (Whitehouse and
Walsh 1983). This later situation raises the intriguing
question of how cAMP could stimulate MT gelation
without involving the phosphorylating activity of the
catalytic subunit of the PKA.

A Wrst possibility was that cAMP could aVect the MT net-
work through another class of cAMP-binding proteins than
the PKA R subunits, the exchange proteins directly acti-
vated by cAMP (EPACs) (Kawasaki et al. 1998; Bos
2003). EPACs have been identiWed recently and contain
both cAMP-binding and guanine nucleotide exchange fac-
tor domains (Bos 2003). Direct interactions between MT
and EPAC1 involve the light chains of MAP1a (Magiera
et al. 2004; Gupta and Yarwood 2005; Borland et al. 2006),
and lead to activation of Rap1 GTPase activity by EPAC
(Kawasaki et al. 1998). Immunoblotting attempts to iden-
tify EPAC proteins failed to reveal these molecules in
2 £ polymerization cycles puriWed MTs (not shown). Thus,
the eVect of cAMP in the absence and the presence of ATP
is likely mediated by the RII subunits of the MAP2-bound
PKA.

In light of the stimulation of MT gelation by cAMP
alone, it is not clear why the strong stimulation of MT gela-
tion by cAMP should not occur also in the presence of both
ATP and the PKA inhibitor (Fig. 2b, c), since it does not
require the phosphorylating activity of the catalytic subunit
of the PKA (Fig. 2c). The main diVerence between both sit-
uations is the presence of ATP: when adding ATP alone to
MTs, the catalytic subunit of PKA is inactive in the absence
of cAMP. Instead, the only active kinases are MT-bound
kinases other than the PKA (Sanchez et al. 2000) which
phosphorylate diVerent sites of MAP2 than the PKA of
which the targets are mainly sites of the projection domain
(Itoh et al. 1997). This results in a signiWcant inhibition of
MT gelation (Fig. 2b). When both cAMP, ATP and the
PKA inhibitor are present, the inhibition of MT gelation
activity in the presence of ATP alone due to other
MT-bound kinases oppose the stimulatory eVect of cAMP
on the PKA of which the catalytic subunit is inactive
(bound to the inhibitor), resulting in a lower gelation than
with cAMP alone (no phosphorylation at all) or
cAMP + ATP in which the PKA is fully active.

The ratio of MAP2-bound PKA molecules to MAP2 in
MTs puriWed by cycles of polymerization-depolymeriza-
tion is close to 1/40 (Theurkauf and Vallee 1982). This
indicates that few MAP2 molecules bear a RII2-Cat2 PKA

complex (with a theoretical stoichiometry of 1mole PKA/
mole MAP2) on the RII binding domain of the N-terminal
projection of the molecule (Luo et al. 1990; Newlon et al.
2001). The binding site for all AKAPs (including MAP2)
on PKA is formed by the dimerization of RII subunits
through their N-terminal domain, generating the AKAP-
binding site in an X-type four helix bundle which binds
only one AKAP per RII dimer (Newlon et al. 2001). A Wrst
possible interpretation of the cAMP-stimulated gelation of
MT suspensions in the absence of ATP was that the rela-
tively rare PKA molecules bound to MAP2 could become
able, under cAMP binding, of linking an additional MAP2
free of bound PKA and belonging to another MT, thus
mediating MT–MT interactions. This hypothesis seems
unlikely since only one binding site for MAP2 exists on the
X-type four helix bundle domain of the RII dimer (Newlon
et al. 2001). Also, the occurrence of interactions between MTs
independent of cAMP (Figs. 1, 2a, 4b, c), suggest that they
cannot be attributed exclusively to the MAP2-bound PKA.

The analysis of MT gelation with pure tubulin and puri-
Wed MAPs demonstrated that MAP2 alone and not Tau is
able to induce MT gelation, in a cAMP-activated manner
(Fig. 4c). The large extent of stimulation of MT gelation by
cAMP using pure native MAP2 and tubulin may result
from the absence of the other MAP species (Tau, MAP1) in
the assay. Tau was found not to stimulate and may even
inhibit the MT gelation activity (Fig. 4c) and MAP1, which
could also contribute to MT bundling (Fig. 4b-II) is not
associated with PKA and thus may contribute to a higher
basal gelation level of 2 £ MTs in the absence of cAMP.
Our experiments demonstrate unambiguously that only the
native form of MAP2 is able to mediate the formation of
MT networks with pure tubulin (Fig. 4c). The thermostable
MAP2 preparation obtained by thermal denaturation of MT
proteins is inactive on the gelation of pure tubulin MTs
(Fig. 4c) and inhibits eYciently the gelation of 2 £ MTs
containing all MAPs (Fig. 2b, c). This opposite behaviour
of native and thermostable MAP2 molecules indicates for
the Wrst time that the presumed unstructured MAP2 mole-
cule (Hernandez et al. 1986; Mukhopadhyay and Hoh
2001) may nevertheless contain folded domains that are
lost after thermal denaturation and are required for eYcient
interactions between MTs, while both native and thermo-
stable MAP2 are similarly eYcient in promoting tubulin
polymerization (Hernandez et al. 1986). Native and heat-
treated MAP2 have been compared and shown very similar
(Hernandez et al. 1986). However, examination of the data
from this report shows that the Xuorescence emission spec-
tra of native MAP2, heat-treated MAP2 and MAP2 in 6 M
guanidine hydrochloride diVer signiWcantly (Hernandez
et al. 1986), thus suggesting subtle structural diVerences
between the MAP2 molecules before and after heating. In
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addition, the notion of a disorganized structure of MAP2 is
inconsistent with the fact that MAP2 adopts a linear semi-
rigid rod-like aspect in electron microscopy (Voter and
Erikson 1982; Wille et al. 1992a, b), which is instead in
agreement with the existence of a repulsive force exerted
by MAPs in packed MTs, resulting in MAP-speciWc dis-
tances between polymers (Brown and Berlin 1985; Black
1987; Kindler et al. 1990; Chen et al. 1992). Altogether,
there are experimental indications pointing at the possibil-
ity of some degree of structure in the projection domain of
MAP2.

A functional model of the MT gelation process supposes
that MAP2 itself, and not the MAP2-bound PKA, mediates
interactions between polymers. This hypothesis is consis-
tent with the experimental data demonstrating that MAP2
molecules self-associate in vitro in an anti-parallel manner
(Wille et al. 1992a, b). Antiparallel dimers are formed by
the 36 kDa MT-binding fragment of MAP2 alone and by
both the large (MAP2a,b) and the short (MAP2c) MAP2
molecules (Wille et al. 1992a, b). The evidence that anti-
parallel dimers of all MAP2(a,b,c) isoforms consist of mol-
ecules tightly associated along their entire length, in
register, staggered or associated into multimolecular Wbers
(Wille et al. 1992a, b) suggest that domains of MAP2 other
than the MT-binding segment contain also binding sites for
another MAP2 in antiparallel fashion.

Based on these data and the present observations, we
propose that (weak) antiparallel interactions between
MAP2 molecules borne by separate MTs are the eVectors
of MT gelation. The present Wndings raise further the
hypothesis of Mg ions- and temperature-dependent confor-
mational states of the projection involved in mediating
anti-parallel interactions between MAP2 molecules. Our
results suggest further that such putative conformational
states of MAP2 could be enhanced by the binding of
cAMP to the RII dimer of the MAP2-bound PKA in the
absence of ATP, while in the presence of ATP the phos-
phorylation of the MAP2 projection domain by the bound
PKA activated by cAMP may result in a similar conforma-
tional change favoring inter-MTs interactions. The
observed eVects of cAMP alone on MT gelation implies
that a stable complex exists between the RII dimer and
MAP2, independently of the binding of cAMP to RII. This
was shown earlier by Theurkauf and Vallee (1982) who
found that the RII subunit of the MAP2-bound PKA
remains strongly associated with MAP2 after their binding
of cAMP. Our study indicates further that both the RII and
the catalytic subunits of the MAP2-bound PKA remain
associated with the MT proteins during a full cycle of
polymerization-depolymerization in the presence of cAMP
(Fig. 3a-II), which is suggestive of MAP2-speciWc sub-
strate-PKA interactions similar to those analyzed by Vigil
et al. (2004). However, the PKA subunits do not distribute

systematically together within the same MAP2 molecules
in MTs during gelation in the presence of cAMP. Figure 3c
shows that although RII subunits are found mainly associ-
ated with MAP2-enriched MT complexes sedimenting in
the sucrose gradient in a fashion that is mildly aVected by
the presence of cAMP, the catalytic subunits exhibit a sig-
niWcant shift between heavy MT complexes and the single
MTs remaining on top of the gradient after binding of
cAMP to PKA (Fig. 3c). The preferential segregation of
RII subunits in heavy MT complexes suggests that the RII-
bound MAP2 molecules are directly involved in the
cAMP-stimulated MT gelation. In contrast, the catalytic
subunits, which exhibit a distribution pattern in MTs along
the sucrose gradient similar to that of the RII subunits in
the absence of cAMP (a consequence of their tight binding
to the RII subunits in the absence of cAMP), are excluded
in the presence of cAMP from the heavy MT complexes
and thus may preferentially bind to single MTs sediment-
ing on the top of gradients (Fig. 3c). Such a segregation
may involve the preferential binding of the free catalytic
subunit to its protein substrates (MAP2 and Tau) charac-
terized by speciWc structural properties such as their phos-
phorylation level. In contrast with the well-documented
binding site of the RII subunits to the N-terminal domain
of MAP2 (Vallee et al. 1981; Rubino et al. 1989; Obar
et al. 1989), the putative binding sites of the free catalytic
subunits on MT proteins have not been investigated previ-
ously. In addition, our data suggest also that the stoichiom-
etry between the RII and the catalytic subunits may not be
systematically the presumed ratio RII2-Cat2 on MAP2
molecules of MT preparations, a possibility that is sug-
gested by the comparison between the staining patterns of
both subunits of the PKA in diVerent MT preparations
(Fig. 3a-II, c). These questions raised by the present work
remain to be explored in further investigations.

If the cAMP-stimulated MT–MT interaction process in
vitro described in this report reXects molecular events
occurring in the dendritic tree of neurons, the preferential
localization of the PKA on MAP2-containing MTs of this
cellular domains (Harada et al. 2002) may aVect the plastic-
ity of neurons following the activation of the synaptic aden-
ylate cyclase. An increased density of MT bundles should
result from the activation of local cAMP production by the
adenylate cyclase, with consecutive alterations of the mor-
phological structure and possibly the physiological activity
of the dendritic tree.

A possible extension of the present work could be the
further exploration of the structural properties of native ver-
sus thermostable MAP2 and the eVect of cAMP on the sec-
ondary structure of the complex MAP2-PKA, using
methods such as those developed by Wille et al. (1992a, b).
However, since MAP2 belongs to the growing family of
disorganized proteins (Mukhopadhyay and Hoh 2001),
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such a study would require in addition the computer-
assisted dynamic modeling of the MAP2 structure for
establishing the putative conformational modiWcations of
MAP2 suggested by this report.
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