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ABSTRACT: Phosphorylation-dependent regulation of microtubule-stabilizing activities of microtubule-
associated protein 2 (MAP2) was examined using optical microscopy. MAP2, purified from mammalian
brain, was phosphorylated by either cAMP-dependent protein kinase (PKA) or cyclin B-dependent cdc2
kinase. Using PKA, 15 mol of phosphoryl groups was incorporated per mole of MAP2, but about 70%
of the phosphates was distributed to the projection region. Using cdc2 kina8, ol of phosphoryl

groups was incorporated per mole of MAP2, and more than 60% of the phosphates was distributed to the
microtubule-binding region. Both types of phosphorylation similarly reduced binding activity of MAP2
onto microtubules. Direct observation of individual microtubules using dark-field microscopy showed
that interconversion between the polymerization phase and the depolymerization phase was repeated in
both unphosphorylated and PKA-phosphorylated MAP2. In cdc2 kinase-phosphorylated MAP2, however,
the phase transition from depolymerization to polymerization occurred with difficulty, with the result
being that the half-life of individual microtubules was as short as in the absence of MAP2. Examination
of spontaneous polymerization of microtubules using dark-field microscopy showed that the microtubule-
nucleating activity of MAP2 was reduced by PKA-dependent phosphorylation and was completely abolished
by cdc2 kinase-dependent phosphorylation. These observations show that cdc2 kinase-dependent
phosphorylation inhibits both the microtubule-stabilizing activity and the microtubule-nucleating activity

of MAP2, while PKA-dependent phosphorylation affects only the microtubule-nucleating activity of MAP2.

Microtubules are cylindrical polymers of andg tubulin of MAPs to the microtubule surfacdl), and thus, one can
heterodimers, and a variety of minor components called experimentally modulate the dynamic behavior of individual
microtubule-associated proteins (MAPa)e bound to their  microtubules by changing the concentration of MAPs. It
outer surfaces. Microtubules are common to most eukaryoticmight be expected that binding of MAPs to microtubules
cells and are involved in many cellular processes, for also regulates microtubule dynamics in living cells, but
example, chromosome segregation and determination of cellwithin living cells, the direct increase or decrease of the
polarity (for review, see refs 1 and 2). One of the most amount of MAPs would appear to be improbable. Rather,
prominent features of cytoplasmic microtubules is their other mechanisms controlling their binding activity and/or
dynamic behavior, that is, their rapid polymerization and their ability to regulate microtubule dynamics are probably
depolymerizatiorin vivo. necessary.

Individual microtubules repeat alternating phases of po-
lymerization and depolymerization batheitro and in living
cells, a process known as “dynamic instabilitg—(7). In
cell free systems, MAPs have been shown to regulate the
dynamic instability especially by increasing the frequency
of rescue 8—12). This regulation of microtubule dynamics
has also been suggested to depend on the cooperative bindin

Among various MAPs, heat-stable MAPs, including mi-
crotubule-associated protein 2 (MAP2), microtubule-associ-
ated protein 4 (MAP4), and tau, have been well characterized,
and they possess a common structural property; i.e., they
are long fibrous molecules made up of a C-terminal micro-
tubule-binding domain and a long N-terminal projection
domain which extends freely from the microtubule surface

(13). These heat-stable MAPs possess the ability to stabilize
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cycle-dependent changes in microtubule dynamics are di-
rectly regulated by cdc2 kinase/cyclin B-dependent phos-

phorylation, a cell cycle controlling factof).
A major MAP of theXenopusegg, termed p220, was also
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region of MAP2, while cyclin B-dependent cdc2 kinase
phosphorylated primarily the microtubule-binding region.
Both phosphorylations similarly decreased the binding activ-
ity of MAP2 to microtubules. However, phosphorylation

shown to be phosphorylated especially during the M phase,by PKA does not reduce one activity of MAP2, that of

by cdc2 kinase/cyclin B and MAP kinase. p220 isolated

from interphase egg extracts stimulates microtubule polym-

erization, while the phosphorylated p220 does &6}.(These
findings indicate that phosphorylation is an important
parameter that physiologically modulates the activity of
MAPs which in turn regulates microtubule dynamics during
the cell cycle.

increasing the frequency of rescue, while it suppresses
another activity of MAP2, that of stimulating the self-
nucleation of microtubules. In contrast, phosphorylation of
MAP2 by cyclin B-dependent cdc2 kinase clearly decreases
both activities of MAP2. We suggest therefore that different
phosphorylation states, which depend on these two distinct
kinases, differently determine the MAP2 functional activities

In the central nervous system, where microtubules are which regulate microtubule dynamics.
especially abundant, they play an essential role in the EXPERIMENTAL PROCEDURES

organization and function of axonal and dendritic processes

of neurons. Major MAPs in mammalian brain include
microtubule-associated protein 1 (MAP1), MAP2, and tau,
which have already been extensively investigatgadl{).
Among them, MAP2 is multiply phosphorylated, especially
in living tissue, in which up to 46 phosphoryl groups can be
incorporated per mole of MAP21L8). Indeed, MAP2 is a
good substrate of various kinasisvitro, such as type Il
cAMP-dependent protein kinase (PKALY 20), Ca&'/
calmodulin-dependent protein kinag4,(22), protein kinase

C (23, 24), MAP kinase 25), cyclin B-dependent cdc2 kinase
(26), protein kinase p116 (27), and an unidentified brain
endogenous kinas@§). The multiple phosphorylations by

Protein Preparations Tubulin and MAP2 were purified
from microtubule proteins of bovine or porcine brain by the
method described previoush8%). Microtubule proteins
were prepared by three cycles of temperature-dependent
polymerization and depolymerization as described by Karr
et al. 36), and from this preparation, tubulin was purified
by DEAE-Sepharose column chromatography using FPLC
(Pharmacia, Uppsala, Sweden). Pure tubulin was obtained
by eluting the column with 0.7 M NaCl. MAP2 was purified
from the crude microtubule proteins by boiling in the
presence of 0.8 M NaCl and 50 mig-mercaptoethanol
followed by the separation using Superdex 200 gel filtration

various kinases, including second messenger-dependent one§Pharmacia, Uppsala, Sweden).

evoke the idea that MAP2 could be critical to the signaling
of processing during neuron activity. The phosphorylation
of MAP2 may also play a part in neuronal plasticity3).
Little is known about which kinase is actually involved
in the physiological regulation of microtubulés vivo.
Effects of phosphorylation of MAP2 by various kinases have
been primarily studied using turbidimetry, the result being
that they similarly inhibited MAP2 activity which stimulates
microtubule polymerization. However, the effects of phos-
phorylation of MAP2 on the dynamics of individual micro-

In the usual preparation of microtubule proteins, GTP was
used for tubulin polymerization. When the phosphorylation
of MAP2 by endogenous kinases was examined, ATP was
used instead of GTP during the first cycle of the polymer-
ization process. GTP required for tubulin polymerization
was produced from GDP and ATP by nucleotide diphosphate
kinase that is associated with microtubule®7)( The
catalytic subunit of cAMP-dependent protein kinase (PKA)
was purified from bovine cardiac muscle by the method of
Beavo et al. 88). Cyclin B/cdc2 kinase was purified from

tubules have not yet been established. Analyzing the effectstarfish oocytes at the first meiotic M phase by FTaffinity

of MAP2 phosphorylation on microtubule dynamics should
provide a molecular basis for the regulation of this cyto-

chromatography39, 40). The catalytic activities of PKA
and cdc2 kinase were determined by phosphorylation of

skeletal component. Among known kinases, PKA and cdk5 histone H1 {4). All protein preparations were frozen in

kinases copurify with brain microtubule protein and are
associated with microtubule2%-32). Brain cdk5 is a cdc2-

liquid N, and stored at-80 °C until they were used.
Phosphorylation of MAP2 MAP2 was phosphorylated

related kinase, which phosphorylates Ser or Thr residuesusing the catalytic subunit of PKA (specific activity 0.5

following a proline residue; namely, it is a proline-directed
kinase 82). This cdk5 kinase was recently shown to be a

nmol of Pi mg? min~1) or cyclin B/cdc2 kinase (specific
activity = 0.5 nmol of Pi mg? min~%) in 20 mM MOPS

major phosphorylating kinase for tau, another heat-stable (pH 7.5), 5 mM MgC}, and 0.1 mM ATP for 96-120 min

MAP abundant in the axon8%). The association of kinases

at 30°C. Throughout the experiments, we used active forms

with microtubules gives rise to the idea that both kinases of both kinases: the catalytic subunit of PKA for PKA-

catalyze the phosphorylation of MAHA vivo and might
participate in the regulation of cytoskeletal organization.
In this study, we examined the influence of MAP2

dependent phosphorylation and cyclin B/cdc2 kinase for cdc2
kinase-dependent phosphorylation. The reactions were
stopped by boiling in the presence of 0.5 M NacCl for 5 min.

phosphorylation on microtubule dynamics. We compared Denatured kinases were removed by ultracentrifugation at

MAP2 phosphorylated by PKA with that phosphorylated by

cyclin B-dependent cdc2 kinase. To investigate the proline-

10000@ for 30 min. The phosphorylated MAP2 obtained
in the supernatant was dialyzed against PM buffer [0.1 M

directed phosphorylation, we used cyclin B-dependent cdc2 PIPES (pH 6.9), 0.5 mM MgSQand 1 mM EGTA] to

kinase instead of cdk5 since both kinases have similar decrease the salt concentration.

For unphosphorylated

substrate specificities and phosphorylate the same sites inVIAP2, similar procedures of boiling in NaCl and dialysis
tau 32, 34). We demonstrate in this study that, independent were also carried out. To determine the stoichiometry of

of the basal level of phosphorylation, MAP2 incorporates
about 15 phosphoryl groups by the former kinase and@
by the latter. PKA primarily phosphorylates the projection

phosphorylation, 0.62xM MAP2 was incubated in the
above solution containing 0.1 MBq of **P]ATP, and the
reaction was carried out for H50 min. To determine
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whether any endogenous kinases are contaminated in thebjective lens with an iris (Zeiss, Oberkochen, Germany).
MAP2 preparation, MAP2 was incubated under the same The illumination source was a 200 W high-pressure mercury
reaction conditions but without exogenous kinases. Reac-lamp (Osram, GmbH, Berlin, Germany). Images of micro-

tions were stopped by boiling after the addition of SBS

tubules were recorded onto*a in. SVHS videotape using

PAGE sample buffer, and proteins were separated on 8%an SIT camera (C-2400-08, Hamamatsu Photonics, Ham-
polyacrylamide gels and stained with Coomassie Brilliant matsu, Japan) and a Panasonic model AG 3750 videocassette
Blue R. After the gel was destained, bands of MAP2 were recorder.

cut out and incorporateé’P was estimated by Cerenkov

Changes in microtubule length were measured from the

radiation. The stoichiometry of phosphorylation was cal- video images as previously describel) with some minor
culated assuming that the molecular mass of MAP2 is 200 modifications. We used a computer-based analysis system
kDa according to the amino acid sequence data of mouseto follow the change in length in real time. An arrow-shaped

MAP2 (41).

Examination of Phosphorylated Regions of MARZhos-
phorylated sites of MAP2 were determined by limited
proteolytic digestion. MAP2 (0.628M) was phosphorylated
by PKA or by cdc2 kinase in the presence of 0.1 MBq of
[y-32P]JATP for 90 min and then digested by Quy/mL
trypsin for 2 min @2). The digestion reaction was stopped
by the addition of lug/mL soybean trypsin inhibitor. The
digested MAP2 samples were mixed with @2 microtu-
bules which had been polymerized in the presence @f\20
paclitaxel and incubated at 3 for 20 min. Microtubules
were then spun down at 10009fbr 30 min at 37°C using
a TL-100 ultracentrifuge (Beckman, Palo Alto, CA). Ali-

cursor, generated on a personal computer (PC-9801 DA41,
NEC, Tokyo, Japan), was electronically overlaid on a video
monitor with the aid of a superimposer (PS1400, I. C. Corp.,
Tokyo, Japan). The change in length at each end of a given
microtubule was followed by determining the distance
between each end and an arbitrary fixed point on the
microtubule.

The microtubule-nucleating activity of MAP2 was exam-
ined as follows. A solution of 3@M tubulin and 0.3uM
MAP2 was mixed at 0C. Five microliters of the mixture
was transferred onto a dust free glass slide, mounted with a
dust free 22 mmx 22 mm cover slip, and immediately
examined using dark-field microscopy. Microtubule polym-

quots of the supernatants and pellets were electrophorese@rization was automatically initiated by increasing the

on 10% SDS-PAGE gels followed by autoradiography on
Kodak XO-MAT X-ray film. The ratio of*?P in the pellets

temperature from OC to room temperature (27C), and
growth of microtubules was recorded as was done for

and in the supernatants was also estimated by densitometrynicrotubule dynamics. To quantitate the amount of micro-

of the film using a laser densitometer (ULTROSCAN 2022,
LKB, Uppsala, Sweden).
Binding of MAP2 on MicrotubulesThe amount of MAP2

tubules polymerized, recorded images were digitized. The
whole area of each image was 4 x 35um and the depth
of the specimen 1@m, so the amount of microtubules in

bound to microtubules was determined by a cosedimentation16 pL of solution was always measured. The white area of

experiment as follows. MAP2 (0.26M), which had been
phosphorylated by PKA or by cdc? kinase, and\s tubulin

in PM buffer containing 0.5 mM GTP were incubated at 37
°C in the presence of 20M paclitaxel for 20 min. After

each image was calculated with a digital image analyzer
(IBAS, Zeiss, Oberkochen, Germany) for the amount of
polymers at any given time after transfer of the samples.
Images were enhanced before photographs were taken with

NaCl was added at various concentrations, samples werea color image recorder (CIR-300, Nippon Avionics Co.,

further incubated for 10 min. Microtubules were then
centrifuged at 1000@Pfor 30 min at 37°C using a TL-100

Tokyo, Japan).
Miscellaneous. The purities of the protein preparations

ultracentrifuge, and aliquots of the supernatants and pelletswere determined by SDFAGE @4), with Coomassie

were examined with SDSPAGE. The ratio of bound

Brilliant Blue R or silver staining (Silver Stain Kit, Wako,

MAP2/total MAP2 was estimated by densitometric scanning Osaka, Japan). All protein concentrations were estimated

(ACl-Japan, Tokyo, Japan).
Obsewation of Microtubule Dynamics.The dynamic

with the bicinchoninic acid protein assay reagent (Pierce
Chemical Co., Rockford, IL) using BSA as a standard.

behavior of microtubules was observed using dark-field Protein concentrations were also estimated by the densito-
microscopy and analyzed with a computer-based analysismetric measurements of SBPAGE gels stained with

system as described previouslyl). Microtubules were

Coomassie Brilliant Blue R, known amounts of BSA being

polymerized in PM buffer containing 1 mM GTP. Oxygen electrophoresed in the different lanes of the same gels as
radicals generated by the strong illumination used in dark- standards. The difference in MAP2 concentrations measured
field microscopy readily break down the microtubules, so by these two procedures was less thah1 M in the stock
2.16 mg/mL glucose oxidase, 0.36 mg/mL catalase, and 0.25solutions whose concentrations ranged between 2.5 and 5
M glucose were added to remove free oxygen from the uM, a negligible difference in estimating the molar ratio of
solution @3). Thirty microliters of a solution of tubulin (32  phosphorylation.

uM) was incubated at 37C for 5 min to allow the The molar ratio of phosphoryl groups which originally
spontaneous formation of microtubules. An equal volume bound to MAP2 per MAP2 was determined by the method
of MAP2 (0.5u4M) with various phosphorylation states was of Hisanaga and Hirokawad®), as follows. MAP2 was
then added to the microtubule solution, after which it was reduced to ash over a strong flame after the addition of 10%
transferred onto a glass slide. Microtubules were observedMg(NOs3),:6H,0 in ethanol and solubilized in 1.2 N HCI; P

at room temperature which was kept between 24 antdt26 reagent [a mixture of 1 volume of 10% (w/v) ammonium
and were observed with a microscope (BHF, Olympus, molybdate and 3 volumes of 0.2% malachite green] was then
Tokyo, Japan) equipped with an oil-immersion dark-field added to this solution, and after 5 min, the amount of P
condenser for high-magnification objectives (Olympus DC, was estimated by measuring the absorbance at 660 nm using
numerical aperture of 1:21.33) and a 108 Planapo a KH,PO, solution as a standard.



MAP2 Phosphorylation and Microtubule Dynamics Biochemistry, Vol. 36, No. 41, 199712577

20 a " b (@A) 123 4 (b) 12345678
o 15 | [ v— e
% 116, -HE 11&-‘ .~ -
S 10 [ [
: 68, 68,
2 st L 45

a5, 5, " b1
0 1 L 3 ' s ) - < 31_> B
0 50 100 150 0 50 100 150 31 x
Time (min} Time (min) — ‘

Ficure 1: Phosphorylation of MAP2. ATP-MAP2 (a) and GTP- A S ———

MAP2 (b) were phosphorylated by PKA (closed circles) or cdc2 Ficure 2: Examination of MAP2 phosphorylation sites by partial
kinase (open circles) as described in the text. When ATP-MAP2 trypsin digestion. MAP2 was phosphorylated by PKA or cdc2
or GTP-MAP2 was incubated in the absence of exogenous kinasekinase in the presence gff2PJATP for 90 min, and the samples
(PKA or cdc2 kinase), no phosphorylation occurred (closed triangles were then digested by Oug/mL TPCK-treated trypsin for 2 min.

at the baseline). (a) Comparison of the tryptic digestion patterns of MAP2 in various
phosphorylation states: lane 1, untreated native MAP2; lane 2,
RESULTS digested native MAP2; lane 3, digested PKA-phosphorylated

MAP2; and lane 4, digested cdc2 kinase-phosphorylated MAP2.
The Number of Phosphoryl Groups on MAP2 Depends The gel was silver-stained to visualize minor bands in digested
upon the Type of Nucleotide Used in the Microtubule samples. The major band in lane 3 (indicated by an arrowhead) is

P i T ine th le of the ph horv the catalytic subunit of PKA. Trace bands indicated by asterisks in
reparation. 10 examine the role of the phosphoryl groups  |3nes 3 and 4 correspond to the bands cosedimented with micro-

that bind to native MAP2, MAP2 with defined phosphory- tubules in lanes 3 and 7 in panel b (also indicated by asterisks). (b)
lation states which refledh vivo phosphorylation must be  Cosedimentation of MAP2 fragments with microtubules. Phospho-
used. The first step of microtubule preparation from crude rylated MAP2 and its fragments were visualized by autoradiography

; ; ; : ; ; as described in the text. Lanes 1 and lane 5 show PKA-
brain homogenates is the isolation of polymerized microtu phosphorylated MAP2 and cdc2 kinase-phosphorylated MAP2

bules by ultracentrifugation. GTP is usually used as the peore digestion. The digested samples (lane 2 for PKA-phospho-
nucleotide to polymerize microtubules in this step. When rylated MAP2 and lane 6 for cdc2 kinase-phosphorylated MAP2)
MAP2 was purified from microtubules prepared in this were mixed with microtubules in the presence of paclitaxel and
manner, 9.9 2.7 mol f = 3) of phosphoryl groups was subjected to ultracentrifugation. Fragments of MAP2 bound to

: microtubules were collected in the pellet (lane 3 for PKA-
associated per mole of MAP2. However, when ATP was phosphorylated MAP2 and lane 7 for cdc2 kinase-phosphorylated

used in place of GTP, the number of phosphoryl groups pmap2), while unbound fragments remained in the supemnatant (lane
associated per mole of purified MAP2 increased to 28.2 4 for PKA-phosphorylated MAP2 and lane 8 for cdc2 kinase-
0.8 mol (= 2) since ATP could serve as a phosphate donor phosphorylated MAP2). Arrows in panels a and b indicate positions
for any contaminating kinase(s). To distinguish them, we ©f standard molecular mass markers.

refer to the former as GTP-MAP2 and to the latter as ATP- i

MAP2. We also refer to these MAP2 molecules as “native "€flect the actual phosphorylation rather than exchange, and

MAP2” because they were not treated with any exogenousthat the differe_:nces in the basal_ level of p_hosphor_ylation do
enzymes. not affect_addltlonal phosphate incorporation by either PKA
Phosphorylation of MAP2 by PKA and cdc2 Kinas&/e or cdc2 klnage. S )
chose PKA and cdc2 kinase for phosphorylation of MAP2 ~ We determined the rough distribution of phosphorylation

due to (i) PKA's association with MAP2 and (ii) the similar ~ Sités on MAP2 following phosphorylation by PKA or cdc2
substrate specificity of cdc2 kinase with respect to brain cdk5 Kinase using partial trypsin digestion. The tryptic digestion
kinase. We examined the stoichiometry of phosphorylation Patterns of MAP2 were slightly different depending on the
of ATP-MAP2 and GTP-MAP2 to determine whether the Phosphorylation states, as shown in Figure 2a. Thirty-eight
basal level of phosphorylation affects the further phospho- Percent of the phosphoryl groups of PKA phosphorylation
rylation by PKA or cdc2 kinase. As shown in Figure 1a, located in the MAP2 fragments cosedimented with micro-
PKA incorporated 17 phosphoryl groups into ATP-MAP2, tubules (Figure 2b, lanes 3 and 4). On the other hand, 60%
which already possessed 29 phosphoryl groups while cdc20f phosphoryl groups were associated with microtubule-
kinase incorporated 10 additional phosphoryl groups into binding fragments of cdc2 kinase-phosphorylated MAP2
ATP-MAP2 within 120 min. In the case of GTP-MAP2, (Figure 2b, lanes 7 and 8).

which already possessed 10 phosphoryl groups, PKA incor- Phosphorylation Decreases Binding of MAP2 to Micro-
porated 15 additional phosphoryl groups and cdc2 kinasetubules. To understand the effects of MAP2 phosphorylation
added 7 more phosphoryl groups within 120 min (Figure on the regulation of microtubule dynamics, we compared
1b). The absence of any endogenous kinases in the purified(i) the microtubule-binding activity, (i) the dynamics of
MAP?2 preparations was confirmed by incubating the MAP2s individual microtubules, and (iii) the microtubule-nucleating
in [y-32PJATP without exogenous kinases (Figure 1a). To activity between the above MAP2 preparations in different
exclude the possibility of phosphate exchange on MAP2, 2 phosphorylation states.

mM nonlabeled ATP was added into the reaction mixture  Salt dependency of MAP2microtubule binding is a good
after 120 min of phosphorylation and the mixture was further criterion for the MAP2-binding activity to microtubule46).
incubated for 120 min. If phosphate exchange had occurred,In the absence of NaCl, all native MAP2 cosedimented with
the incorporated radioactive phosphate would decrease duringpaclitaxel-stabilized microtubules and unbound MAP2 could
the chase with nonlabeled ATP. However, no decrease innot be detected in the supernatant. All MAP2 phosphory-
the radioactivity associated with MAP2 was detected, even lated by PKA or cdc2 kinase, as well as native MAP2, bound
after 120 min of additional incubation (data not shown). to microtubules as native MAP2 in the absence of NaCl, a
These results indicated that incorporated phosphoryl groupsvalue assigned as 100% which was independent of the states
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were incubated with microtubules at 3T in the presence of 20
uM paclitaxel for 20 min. After NaCl was added at various
concentrations, the samples were further incubated for 10 min. Then
microtubules were sedimented at 100§G6r 30 min at 37°C,

and the supernatants and pellets were examined by-FBSE.

For normalization, the amount of native MAP2 bound to micro-
tubules in the absence of NaCl was assigned as 100%. Without
NaCl, no unbound MAP2 was detected in the supernatant.

Ficure 4: Changes in length at both the plus and minus ends of
individual microtubules in the absence of MAP2 (a) or in the
presence of native MAP2 (b), PKA-phosphorylated MAP2 (c), or
cdc2 kinase-phosphorylated MAP2 (d). The concentrations of
tubulin and MAP2 were 16 and 0.28BV, respectively. The filled

and open circles show the plus and minus ends of the microtubule,
respectively. To emphasize that all microtubules depolymerized
within 5 min, length changes of three different microtubules are
shown in panels a and d. For clarity, length change profiles observed

of phosphorylation (Figure 3). Native MAP2 could not be simultaneously were shifted horizontally.

desorbed from microtubules at lower salt concentrations of
up 0 0.15 M and was gradually rgleased only at higher salt individual microtubules was longer than that in the absence
concentrations. In contrast to native MAP2, phosphorylated of MAP2. Thus, native MAP2 protected microtubules
MAPZ was released from m|cro'FubuIes more readily at against the depolymerization induced by both lowering
S|gn|f|pz_antly lower salt concentrations. H(_Jwever, the salt temperature and dilution. These protective effects were
sensitivity of the MAP2-binding activity to microtubules was observed similarly in the presence of ATP-MAP2 or GTP-

sir:nilarhforIPtKQ—'\p;IPAoPsghorylated I;AMAZZ ac?d cdc2 kinase-. MAP2, and the dynamic behavior of microtubules at the plus
E. osp gry ate (compare filled and open squares in end was more strongly modulated by MAPs than that at the
igure 3). minus end 11). Indeed, the stabilizing effect of MAP2 was

The Activity of MAP2 That Modulates Microtubule ; ;
. . due to an increase in the frequency of rescues at the plus
Dynamics Depends on Its Phosphorylation Stalae effects end (Table 1), and no obvious change could be detected at

of MAP2 phosphorylation with various kinases have been the minus end (data not shown). The effects of phospho-

previously studieq using tu.r'bidimetry of microtubule poly- rylated MAP2 on the plus end dynamics were therefore
mers, uE_der which Ié:ondtltlt())nsd ctleatr dd|ﬁeBrer;ce§dgmc:r_lg analyzed in greater detail. Since the velocities of polymer-
various kinases could not be detected. by WrdIAIMENC o yhn, 50 depolymerization did not change significantly,
criteria, all kinases examined similarly inhibited the activity the polymerization length prior to a catastrophe increased
of MAP2 on microtubule polymerizatior2Q—22, 25, 28, slightly and the depolymerization length prior to a rescue

47.)' 'tl'hbe Ieffdects Of. M'?‘rf) 2 phospho(rjylatlk()) hon mdwgﬂu?llv decreased significantly. The microtubule-stabilizing activity
microtubu’e dynamics thus remained to be examin€a. We ¢ yap2 was similar to those of GTP-MAP2 and ATP-

addressed this question by comparing the behavior of MAP2 in terms of the parameters of dynamic instability.

individual microtubules in the presence of MAP2 with ] ) o )
different phosphorylation states using dark-field microscopy.  1he profile of the typical change in microtubule length in

MAP?2 at various levels of phosphorylation was added to the presence of MAP2 phosphorylated by PKA was similar
the microtubules which had spontaneously polymerized from 0 that in the presence of native ATP-MAP2 (Figure 4c).
32uM pure tubulin at 37C. The final tubulin concentration The four parameters of dynamic instability were _aImost equal
was 16uM, and the MAP2 concentration was 0.28/. to those in native MAP2 (Table 1), suggesting that the
These microtubules were quite labile in the absence of MAPs Stabilizing effects of MAP2 were not changed by the

(Figure 4a), probably due to the decrease in temperature (37°h0osphorylation with PKA. Comparable results were ob-
to 24-26°C) and the dilution, as previously reportetl). tained with either ATP-MAP2 or GTP-MAP2, indicating that

The frequency of rescue (i.e., the phase transition from the basal level of MAP2 phosphorylatio_n had no influence
depolymerization to polymerization) at the plus end of these UPON the PKA-dependent phosphorylation.
microtubules was especially low, as previously reported by In contrast, phosphorylation of ATP-MAP2 by cdc2 kinase
Walker et al. §). significantly decreased its microtubule-stabilizing activity.
The addition of 0.25%«M native MAP2 did not increase  Microtubules disappeared completely within 5 min, even in
the number of microtubules visible in the microscopic field, the presence of MAP2 phosphorylated by cdc2 kinase, as
and no short microtubules were observed, indicating that occurred in the absence of MAP2 (Figure 4d), although
nucleation of microtubules did not occur. The added MAP2 rescues were slightly more frequent than in the absence of
probably bound to preformed microtubules preferentially. In MAP2. The decreased stability of microtubules was due to
the presence of native MAP2, microtubules easily underwent a lowering of the frequency of rescues (Table 1). The GTP-
rescue, as shown in Figure 4b, although the frequency of MAP2 phosphorylated by cdc2 kinase was also unable to
catastrophes decreased slightly. As a result, the half-life of stabilize microtubules.
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Table 1: Effects of Various States of MAP2 Phosphorylations on Microtubule Dynamics at Plus Ends

catastrophe rescue growth shortening
growth rate shortening rate frequency frequency length length
(wm/min) (um/min) (s (sh (um)P (um)°
MAP free (0 = 18) 1.26+ 0.39 9.83+2.91 0.006 0.005 3.55 30.08
ATP-MAP2
unphosphorylatech(= 8) 1.43+0.32 12.26+ 4.46 0.006 0.029 4.27 7.54
phosphorylated by PKAN(= 8) 1.35+ 0.45 11.114+ 4.96 0.008 0.032 2.63 6.36
phosphorylated by cdca & 16) 1.23+0.40 13.54+ 5.57 0.010 0.015 2.22 16.46
GTP-MAP2
unphosphorylatedh(= 10) 1.25+ 0.39 11.0% 4.66 0.008 0.035 2.81 5.37
phosphorylated by PKAN(= 11) 1.24+0.44 10.16+ 4.76 0.008 0.037 2.42 5.11
phosphorylated by cdca & 14) 1.29+ 0.47 11.91+ 5.62 0.012 0.016 1.75 13.12

aThe tubulin concentration was 18/ and the MAP2 concentration 0.28M for all experiments? The growth or shortening length was calculated

by dividing the total number of transitions by the summed length of e

ither phase.

Both PKA and cdc2 Kinase Decreased the Microtubule-
Nucleating Actiity of MAP2. Although PKA did not change
the microtubule-stabilizing ability of MAP2, cdc?2 kinase did.
However, earlier turbidimetric investigations had shown that
phosphorylation of MAP2 by PKA inhibited MAP2-
stimulated microtubule polymerizatior2@ 47). In those
previous studies, pure tubulin and phosphorylated MAP2
were mixed before initiating the polymerization reaction, and
the effect of phosphorylation of MAP2 on the initial step of
polymerization, i.e., the nucleation, remained to be examined.
To test this possibility, we characterized the effect of MAP2
phosphorylation on the spontaneous polymerization of mi-
crotubules. Although microtubules self-assembled without
MAPs at 37°C, as described above, no microtubules were
formed at room temperature (227 °C), and lower tem-
peratures were not sufficient to allow the self-assembly of
microtubules at these tubulin concentrations (3®1).
However, microtubules did self-assemble in the presence of
native MAP2 even at room temperature; microtubules
appeared within 6 min in such numbers that individual
microtubules could not be distinguished (top row of Figure
5, filled circles in Figure 6).

In the presence of MAP2 phosphorylated by PKA, only a
small number of microtubules was formed within 6 min,
quite in contrast to those formed with native MAP2.
However, once microtubules were formed, their length tended
to increase during the observation period (middle row of
Figure 5). This contributed slightly to the increase observed
in the total amount of polymer (compare filled circles and
open triangles in Figure 6). The effect of the phosphorylation
by cdc2 kinase on the nucleation of microtubules was more
dramatic. No microtubule appeared even 11 min after the
polymerization reaction was initiated (bottom row of Figure
5, filled triangles in Figure 6). These results show that (i)
PKA-dependent phosphorylation of MAP2 suppresses the
microtubule-nucleating activity of MAP2 without inhibiting
its microtubule-stabilizing activity and (ii) cdc2 kinase-
dependent phosphorylation of MAP2 completely inhibits both
activities.

DISCUSSION

Phosphorylation States of Nagi MAP2. We demonstrate
in this study that the number of phosphoryl groups on native
MAP2 depends on the type of nucleotides contained in the
tubulin-polymerizing buffer. As described above, MAP2
prepared in ATP-containing buffer (ATP-MAP2) possesses
29 mol of phosphoryl groups, while that prepared in GTP-

FiGurRE5: Spontaneous nucleation of microtubules in native MAP2
(a—c), PKA-phosphorylated MAP2 (df), and cdc2 kinase-phos-
phorylated MAP2 (g-i). A solution of 30uM tubulin and 0.3uM
MAP2 was mixed at 0°C and transferred onto a glass slide.
Microtubule polymerization was initiated by increasing the tem-
perature from 0 to 27C, and specimens were examined im-
mediately using dark-field microscopy so that the first micrographs
(a, d, and g) were taken 1 min after the initiation. The second
micrographs (b, e, and h) were taken at 6 min, and the third
micrographs (c, f, and i) were taken at 11 min. BarlO um.

1500

1000

amount of MTs (AU)

Time (min)

FiGurRe 6: Changes in the amount of microtubules determined from
video images. Dark-field images at given times were digitized, and
the white area of all images was measured with a digital image
analyzer for the amount of polymers: native MAP2 (closed circles),
PKA-phosphorylated MAP2 (open triangles), cdc2 kinase-phos-
phorylated MAP2 (closed triangles), and ho MAP2)(

containing buffer (GTP-MAP2) has only 10 mol, as reported
previously 0). The difference in the number of phosphoryl
groups must be due to phosphorylation or dephosphorylation
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during the first step of microtubule preparation. In the  Phosphorylation does not eliminate the microtubule-
absence of ATP, phosphoryl groups on MAP2 in the binding activity of MAP2 in the absence of NaCl, but
homogenate are partly removed by the phosphatase(s). Orincreased concentrations of NaCl distinguish it from that of
the other hand, in the presence of ATP, kinase(s) could unphosphorylated MAP2. However, we did not detect
catalyze a counter-reaction so that the number of phosphoryldifferences in salt dependency of MAP2 release from
groups per MAP2 molecule increases. However, we cannotmicrotubules between PKA-catalyzed and cdc2 kinase-
predict differences in phosphorylation sites between ATP- catalyzed phosphorylation. This is in contrast to the effects
MAP2 and GTP-MAP2 that are already phosphorylated. on microtubule dynamics which distinguished the PKA-
Despite the difference in the phosphorylation level, both phosphorylated MAP2 from the cdc2-phosphorylated MAP2.
ATP-MAP2 and GTP-MAP2 are similar to each other as This may be due to the decreased sensitivity of binding
the substrates for either PKA or cdc2 kinase. These resultsexperiments to phosphorylation. Otherwise, the decrease in
indicate that phosphorylation states in native MAP2 have the rescue-dependent microtubule-stabilizing activity of
no influence on subsequent phosphorylation by either PKA MAP2 seems not to be directly related to the increase in the
or cdc2 kinase. salt sensitivity of MAP2 binding to stable microtubules.

PKA phosphorylates approximately 1.5 mol per mole of ~ \yap (0.254M) bound completely to @M microtubules,
MAP2, a value comparable to that obtained by Murthy and i, jenendent of the phosphorylation states, in the absence of

Flavin (20). In contrast, cdc2 kinase phosphorylates up to NaCl (Fi ; -
) ! gure 3). Microtubule dynamics were observed under
10 mol per mole of MAP2, a value higher than that obtained .., jitiong virtually identical to those of the binding experi-

Zy Falruki et al.|26),fvahX|r3echcl::2 ki?haseghgsdphoryﬁlte? a?lout ments. This tubulin concentration is comparable to the
mol per mole o - rorihe cdcs-dependent pnos- oqimated polymer-state tubulin concentration6 (M)

phory_lation,_ Faruki et al. usedlenopusegg extracts, ‘.NhiCh employed for dark-field microscopic observatidtl), and
contain various factor.s. Because we .used punﬂed. cdc2 the number of microtubules at the beginning of microscopic
kinase, the q_|fference in the phosphate_mcorporauon IS dueobservation was similar whenever any of the phosphorylation
to éieAcgnd't'o.?s srr:d err1]zyrr|1et pretEarlitlons.f Reai f states of MAP2 was added. These data indicate that
MAP2 l:!Par:jyz K_osp olrg/ha esh eI trOJetch|or'\1/|_ egt|ot;1 :) microtubules should bind the same amount of MAP2 initially,
AF2 while cdcz Kinase Fhosphorylates the Microtubule- regardless of the phosphorylation states. Nevertheless, PKA-
Binding Region. Partial trypsin digestion experiments sug- phosphorylated MAP2, as well as native MAP2, increased

g?fﬁzolottg?t EoKsA hpohroiSpP(;)Jyg[ﬁfo ?ﬁgror)gggﬁgg (;\évr%;?r:rg? the frequency of rescue, whereas cdc2-phosphorylated MAP2
phosphoryt group proj did not. This means that microtubule-stabilizing activity is

MAP2, which may not be involved in microtubule binding. ; .
X ey . " not simply determined by the total amount of MAP2 on
Inhcc):;)nrt]roarstléttgg Tn'g:gtu:f;get::gdmt? dg&r;z;nk?r:alg/léAPZﬂl]sé microtubules but rather that the mode of its binding to
phosphory y by . ) microtubules can be important. Phosphorylation may change
consensus sequences for phosphorylation differ between theSta1e mode of binding of MAP2 onto microtubules. MAP2
2’;?] Skér:gls;ss. egb;hnecggE?g;i?gir;&esﬁg)msg&e(yn Ka’ )((X— cooperatively binds to microtubules in clustet4,(52), and
' ' this cooperative binding may cause the strong rescue activity

SIT), or KKX(S/T)] @8) are distributed primarily in the . o LY
[(:)rojgction part(. Trzze (cor)1$ensus sequencz for cd)(/:Z kinase i&92Inst depolymerization. The cooperative binding of MAP2

(SIT)PX(K/R), but (S/T)P sequences are shown to be could be altered differently upon phosphorylation by PKA
phosphorylated in various substratd8,G0). In fact, several or cdc2 kinase.
proline-directed kinases, including cdc2 kinase, have been PKA-Dependent Phosphorylation of MAPRVe demon-
reported to phosphorylate the second and third Thr residuesstrated in this study that PKA-dependent phosphorylation of
of 16:RTPGTPGTPSYsz6in the proline rich region of MAP2 ~ MAP2 suppresses its microtubule-nucleating activity without
(51), the region at the N-terminal side of the microtubule- inhibiting its microtubule-stabilizing activity, although a
binding region. Sequences of (S/T)PX(K/R) or (S/T)P are small number of microtubules could be nucleated (Figure
enriched in the C-terminal part of MAP2, which includes 6). Using an experimental system similar to ours, Murthy
the microtubule-binding region and the proline rich region. and Flavin 20) found that PKA-dependent phosphorylation
Itis likely that the different effects of MAP2 phosphorylation of MAP2 reduced the rate of turbidity increase without
on microtubule dynamics are due to the differences in changing the critical concentration for polymerization.
phosphorylation sites which in turn depend on the kinases. Considering that the initial rate of turbidity increase is
Phosphorylation of MAP2 Modifies Its Microtubule- determined by the number of nuclei, their results suggest
Binding, -Stabilizing, and -Nucleating Agilies. In this that PKA-dependent phosphorylation suppresses the nucle-
study, we compared the various effects of MAP2 phospho- ation step only, which is consistent with our conclusion.
rylation by PKA and by cdc2 kinase and characterized its Using microscopic observations, we were able to follow the
(i) microtubule-binding activity, (ii) dynamics of individual ~ events occurring in individual microtubules and could
microtubules, and (iii) microtubule-nucleating activity. Among determine the effects of PKA phosphorylation on MAP2
them, the microtubule-nucleating activity is the most sensitive activity more precisely. Phosphorylation of MAP2 by PKA
to the phosphorylation states of MAP2. Phosphorylation by is not critical for reducing the rescue frequency but is critical
PKA suppresses the microtubule-nucleating activity of MAP2 for suppressing a more sensitive step, the nucleation, as
without altering its microtubule-stabilizing activity, while reported by Jameson and Caplo#7) in phosphorylated
phosphorylation by cdc2 kinase suppresses both activities.crude MAPS in the presence of cAMP. Although Raffaelli
It is likely that MAP2 partially loses its activities upon et al. 62) showed that autophosphorylation of MAPSs in the
phosphorylation by PKA, whereas MAP2 completely loses presence of cAMP destabilized microtubules, the difference
them upon the phosphorylation by cdc2 kinase. in their results with respect to those reported by Jameson
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and Caplow 47) may be due to kinases in the crude MAP glutamate receptors58, 59. In cultured hippocampal
fraction. neurons, levels of phosphorylation increase with the dendrite
cdc2 Kinase-Dependent Phosphorylation of MAR®e extension §0). It is possible that regulation of the MAP2
further show in this study that cdc2 kinase-dependent phosphorylation states plays an important role in neuronal
phosphorylation of MAP2 reduces both its microtubule- plasticity by regulating microtubule dynamics. In dendrites
stabilizing and its microtubule-nucleating activities. Faruki of neuronal cells, the dynamics and/or organization of
et al. have reported that phosphorylation of MAP2 by cdc2 microtubules can be regulated by controlling the available
kinase inXenopusegg extracts does not significantly alter amount of MAP2 through phosphorylation by kinases such
its ability to stabilize microtubule2¢). Such a difference  as PKA or cdk5. Further experiments to test these hypoth-
is probably due to the amounts of MAP2 used in these two eses are currently in progress in our laboratory.
studies. We added 0.281 MAP2 to 16uM tubulin, which
was within a cooperative binding rangg2f. On the other =~ ACKNOWLEDGMENT
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