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Protein kinase C phosphorylates tau and induces its
functional alterations
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We found that tau, one of the major microtubule-associated proteins, is a good substrate for protein kinase

C. The phosphorylation occurred mainly on serine residues and the sites phosphorylated by protein kinase

C were largely different from those phosphorylated by cAMP-dependent protein kinase as analyzed by

phosphopeptide mapping. The protein kinase C-mediated phosphorylation of tau reduced its abilities to

promote tubulin polymerization and to cross-link actin filaments. The reduction in its abilities was in pro-
portion to the number of phosphates incorporated into tau.

Phosphorylation; Protein kinase C; Actin cross-linking; Microtubule assembly; Microtubule-associated protein

1. INTRODUCTION

Protein kinase C, whose activity is stimulated by
unsaturated diacylglycerol or by tumor promoters,
would be one of the major routes to pass the infor-
mation of extracellular signals into the cell interior
[1]. We have investigated the actions of purified
protein kinase C on cytoskeletal proteins [2],
because treatment of cells with the potent tumor
promoter  12-O-tetradecanoylphorbol-13-acetate
induces a rapid redistribution of the cytoskeleton
{3,4].

Tau is one of the major protein factors first
identified as proteins which copurify with brain
microtubules and promote tubulin polymerization
in vitro [5-7] and thus thought to be essential as a
regulator of microtubule assembly [8]. Recent bio-
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chemical studies have shown that tau has the abili-
ty to interact with actin and intermediate filaments
in addition to microtubules [9-11]. These studies
suggest that tau plays an important role in con-
trolling the intracellular organization of cyto-
skeleton. Here, we show that tau is a good
substrate for the activated protein kinase C and
that phosphorylation of tau by protein kinase C in-
hibits the abilities of tau to promote tubulin poly-
merization and to cross-link actin filaments.

2 MATERIALS AND METHODS

2.1. Preparation of protein kinase C and
cyto-skeletal proteins

Protein kinase C was purified from rabbit
kidney or brain as in [2,12]. Microtubule protein
was isolated from porcine brains by three cycles of
temperature-dependent assembly and disassembly
[13], tubulin from microtubule protein by phos-
phocellulose chromatography [5,9], and tau from
the heat-stable microtubule-associated protein
fraction by DEAE-cellulose chromatography
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[9-11]. Rabbit skeletal muscle actin was prepared
according to Spudich and Watt [14] and further
purified by gel filtration on Sephadex G-100 [15].
Catalytic subunit of cAMP-dependent protein
kinase (bovine heart) was purchased from Sigma.

2.2. Phosphorylation of tau by protein kinase C

To analyze the Kkinetics of phosphorylation,
purified tau (10 #g) was incubated with purified
protein kinase C (0.1 zg) in the presence of
[y-3?P]ATP at 25°C for various times. Detailed
assay conditions are given in the figure legends.
The reaction was terminated by addition of
Laemmli sample buffer [16] and boiling the mix-
ture for 2 min. The samples were then subjected to
SDS-polyacrylamide gel electrophoresis followed
by autoradiography. For estimation of the number
of phosphates incorporated into tau, the bands
containing tau were excised from the gels and the
radioactivity was counted with a scintillation
counter. For investigation of functional alteration
of tau by protein kinase C-mediated phosphoryla-
tion, we prepared phosphorylated and unphospho-
rylated tau by incubating 500 #g/ml of tau with
1 ug/ml of protein kinase C at 25°C in the
presence and absence of ATP, respectively.
Because tau is heat-stable, the reaction was ter-
minated by boiling the mixture for 2 min. When
the incubation was performed in the absence of
ATP, ATP was added to the sample after boiling.
Then, these samples were assayed for their abilities
to induce tubulin polymerization and to cross-link
actin filaments.

2.3. Microtubule assembly

The phosphorylated or unphosphorylated tau
was mixed with phosphocellulose-purified tubulin
(1.5 mg/ml) at 0°C in a solution of 70 mM Mes,
10 mM Hepes, 0.6 mM CaCl,, 2.2 mM EGTA,
4 mM MgCl;, 20 mM KCI, 1 mM DTT, 0.2 mM
ATP, 0.02 mM PMSF, 10 zg/ml of phosphatidyl-
serine, 0.1 xg/ml of diolein and 1 mM GTP (pH
6.7). Microtubule assembly was initiated by
elevating the temperature of the mixture from 0 to
35°C. The assembly process was monitored by
measuring turbidity at 350 nm using a Gilford 260
spectrophotometer.

2.4. Falling ball assay
Low-shear falling ball viscometry was per-
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formed as in [17]. Various concentrations of the
phosphorylated or unphosphorylated tau were
mixed with monomeric actin (0.15 mg/ml) in a
solution of 50 mM Mes, 5 mM Hepes, 3.6 mM
MgCl,, 0.6 mM CaCly, 0.6 mM EGTA, 15 mM
KCl, 0.8 mM DTT, 0.02 mM PMSF, 5 xg/ml of
phosphatidylserine, 0.05 xg/ml of diolein and
0.15 mM ATP (pH 6.4). The samples were then
drawn up into capillary tubes and incubated for
30 min at 20°C before viscosities were measured.

3. RESULTS AND DISCUSSION

Tau, one of the major brain microtubule-
associated proteins, consists of four or five closely
related polypeptides with molecular masses be-
tween 55 and 62 kDa [6,7]. We found that tau was
markedly phosphorylated by purified protein
kinase C in the presence of Ca®* and phosphatidyl-
serine (fig.1A). The incorporation of 3*P was near-
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Fig.1. (A) Phosphorylation of tau by protein kinase C.
Tau (10 xg) was phosphorylated by protein kinase C
(0.1 xg) for 5 min at 25°C in the presence or absence of
phosphatidylserine (50 #g/ml) and diolein (0.5 xg/ml)
and/or Ca®* (0.5 mM) in a solution of 20 mM Hepes,
10 mM MgCl,, 20xM ATP (1-2 x 10° cpm [y-**P]-
ATP) and 0.4 mM EGTA (pH 6.9). Samples were sub-
jected to SDS-polyacrylamide gel electrophoresis fol-
lowed by autoradiography. The autoradiogram is
shown. (B) Phosphoamino acid analysis of tau phos-
phorylated by protein kinase C. Tau was phosphorylated
for 30 min in the presence of Ca®*, phosphatidylserine
and diolein under the same conditions as in (A).
Phosphoamino acid analysis was performed as in [2].
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ly linear for 20 min and continued to increase
further in the presence of Ca?* and phosphatidyl-
serine (fig.2A). When 10 xg tau was phosphory-
lated for 90 min by 0.1 zg protein kinase C in the
presence of 0.5 mM ATP, 3.8 mol phosphate were
incorporated into 1 mol tau. The apparent K, for
tau was 6 xM from the Lineweaver-Burk plot
(fig.2B).

Phosphoamino acid analysis revealed that tau
was phosphorylated by protein kinase C mainly on
serine and faintly on threonine residues (fig.1B).
Since it has been reported that cAMP-dependent
protein kinase also phosphorylates tau on serine
residues [18,19], we compared the site specificity
of phosphorylation of tau by these two kinases by
two-dimensional tryptic phosphopeptide mapping.
Fig.3 shows that the sites phosphorylated by pro-
tein kinase C are clearly distinct from those by
cAMP-dependent protein kinase. On the other
hand, it was also reported that Ca?*/calmodulin-
dependent protein kinase, unlike these two
kinases, phosphorylates tau on threonine as well as
serine residues {19]. Thus, these three kinases may
phosphorylate tau differently.

We investigated whether the protein kinase C-
mediated phosphorylation of tau alters its func-
tion. Fig.4 shows that the unphosphorylated tau
(89 xg/ml) promoted tubulin polymerization effec-
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Fig.2. (A) Time course of phosphorylation of tau by
protein kinase C. Tau was incubated with protein kinase
C for the indicated times in the absence (@) or presence
(©) of Ca?*, phosphatidylserine and diolein as in
fig.1A. Samples were analyzed as described in section 2.
(B) Lineweaver-Burk plot for phosphorylation of tau by
protein kinase C. The initial velocity of phosphorylation
of tau was estimated after S min incubation.
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Fig.3. Phosphopeptide maps of tau phosphorylated by
protein kinase C or by cAMP-dependent protein kinase.
Tau was phosphorylated by protein kinase C or catalytic
subunit of cAMP-dependent protein kinase for 30 min
under the conditions in [2]. Bands containing phospho-
rylated tau were excised from the dried gels and two-
dimensional tryptic phosphopeptide mapping of tau was
performed [2]. Arrowheads point to the origin of sample
application. (A) Tau phosphorylated by protein kinase
C, (B) tau phosphorylated by cAMP-dependent protein
kinase, (C) mixture of tau phosphorylated by each
kinase separately, (D) schematic drawing of phospho-
peptides in A-C. Phosphopeptides derived from tau
phosphorylated by protein kinase C (6¢) or by cAMP-
dependent protein kinase (O) and co-migrating phos-
phopeptides (o) are shown.

tively when mixed with phosphocellulose-purified
tubulin (1.5 mg/ml), while tau phosphorylated by
the activated protein kinase C induced less tubulin
polymerization. Under the conditions used,
0.3 mol phosphate were incorporated into 1 mol
tau after incubation for 5 min with the activated
protein kinase C, 0.9 mol phosphate at 25 min,
and 3.0 mol phosphate at 90 min. The initial rates
of tubulin polymerization with these phosphory-
lated tau samples were 75, 41 and 18% of that in-
duced by the unphosphorylated one, respectively
(fig.4). Control experiments indicated that incuba-

239



Volume 217, number 2

T T T T

0.10

Turbidity ( AAjso )

4] 4 8 12 16 20
Time {( min)
Fig.4. Effect of protein kinase C-mediated phosphoryla-
tion of tau on its ability to promote tubulin polymeriza-
tion. Phosphorylated or unphosphorylated tau was
prepared as described in section 2 with or without
0.5 mM ATP in a buffer solution containing 20 mM
Hepes, 40 mM Mes, 10 mM MgCl,, 1.6 mM CaCl,,
1.3 mM EGTA, 50 mM KCl, 25 xg/ml of phosphatidyl-
serine, 0.25 #g/ml of diolein, 2.4 mM DTT, 0.05 mM
PMSF (pH 6.9). This phosphorylated or unphosphory-
lated tau (89 x«g/ml) was mixed with tubulin (1.5 mg/ml)
and the time course of microtubule assembly was
monitored by measuring the turbidity at 350 nm. (a) +
unphosphorylated tau, (b) + tau phosphorylated for
5 min, (¢) + tau phosphorylated for 25 min, (d) + tau
phosphorylated for 90 min, (e) tubulin alone.

tion of tau in the absence of protein kinase C in-
duced no loss in activity of tau. Furthermore, it
was found that tau lost its ability to induce tubulin
polymerization to a greater extent when the phos-
phorylation by protein kinase C was performed in
the presence of Ca®* and phosphatidylserine than
in their absence (not shown). Thus, there was a
good correlation between the number of phos-
phates incorporated into tau and the extent of in-
hibition of its tubulin-polymerizing activity.

The ability of tau to interact with actin filaments
was also found to be inhibited by protein kinase C-
mediated phosphorylation. Table 1 shows that un-
phosphorylated tau (80 #g/ml) increased markedly
the viscosity of actin filaments, whereas the same
concentration of tau phosphorylated by the fully
activated protein kinase C (2.0 mol phosphate in-
corporated per mol tau) did not increase the
viscosity at all. Tau phosphorylated in the absence
of Ca®* and phosphatidylserine induced an inter-
mediate increase in actin viscosity (table 1).
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Table 1

Effect of the protein kinase C-mediated phosphorylation
of tau on its ability to cross-link actin filaments

Phosphorylation Fold increase
. in low-shear
Incubation Phosphate ! viscosity
conditions incorporated/tau
I 1/mol
ATP  PS/Ca* (mol/mol)
- + 0 44
+ - 0.4 31
+ + 2.0 1

Tau was incubated at 25°C for 90 min with protein
kinase C in the presence or absence of Ca®* and phos-
phatidylserine as in fig.4. Then, the ability of phospho-
rylated or unphosphorylated tau (80 xg/ml) to cross-link
actin filaments (0.15 mg/ml) was assayed by falling ball
viscometry as described in section 2. The data are nor-
malized to the viscosity of actin alone. PS, phosphatidyl-
serine

Although the values of the viscosity attained varied
somewhat from experiment to experiment, protein
kinase C-mediated phosphorylation reproducibly
decreased the ability of tau to cross-link actin
filaments dependent on the extent of phosphoryla-
tion by protein kinase C.

These results clearly indicate that tau is a good
substrate for activated protein kinase C and that
protein kinase C-mediated phosphorylation of tau
reduces its abilities to induce tubulin polymeriza-
tion and to cross-link actin filaments. Recent
studies have shown that tau is likely to be a pre-
dominant species integrated into paired helical
filaments in Alzheimer disease and that tau in Alz-
heimer brain is an abnormally phosphorylated
form [20,21]. Furthermore, preliminary data sug-
gest a defect in microtubule assembly in Alzheimer
disease/senile dementia of the Alzheimer type [22].
Although the types of kinases involved in the phos-
phorylation of tau in living brain remain un-
known, it is possible that the phosphorylation
catalyzed by protein kinase C is important in
regulation of the function of tau.
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