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Abstract.

Background: Tau is a microtubule associated protein that regulates the stability of microtubules and the microtubule-
dependent axonal transport. Its hyperphosphorylated form is one of the hallmarks of Alzheimer’s disease and other tauopathies
and the major component of the paired helical filaments that form the abnormal proteinaceous tangles found in these neu-
rodegenerative diseases. It is generally accepted that the phosphorylation extent of tau is the result of an equilibrium in the
activity of protein kinases and phosphatases. Disruption of the balance between both types of enzyme activities has been
assumed to be at the origin of tau hyperphosphorylation and the subsequent toxicity and progress of the disease.
Objective: We explore the possibility that, beside the phosphatase action on phosphorylated tau, the catalytic subunit of PKA
catalyzes both tau phosphorylation and also tau dephosphorylation, depending on the ATP/ADP ratio.

Methods: We use the shift in the relative electrophoretic mobility suffered by different phosphorylated forms of tau, as a
sensor of the catalytic action of the enzyme.

Results: The results are in agreement with the long-known thermodynamic reversibility of the phosphorylation reaction
(ATP + Protein = ADP+Phospho-Protein) catalyzed by PKA and many other protein kinases.

Conclusion: The results contribute to put the compartmentalized energy state of the neuron and the mitochondrial-functions
disruption upstream of tau-related pathologies.
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INTRODUCTION are the second type of aberrant structures found asso-
ciated with Alzheimer’s disease and other tauopathies
[1-8]. Tau protein contains 85 sites susceptible of

phosphorylation on the largest modified CNS tau

Tau is one of the proteins that, associated
with microtubules, participates in regulating cellular

morphogenesis, axonal transport, and cytoskeleton
functionality. Together with the extracellular senile
plaques, composed of amyloid-[3, tangles of filaments
composed mainly of hyperphosphorylated tau protein
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isoform (441 residues). This number is surprisingly
large, especially considering that the number of phos-
phorylated sites is not as large as would be expected.
The cytosolic tau contains about 2 moles of phosphate
per mol of protein and, although hyperphosphoryla-
tion can be considered as one of the hallmarks of
tauopathies, only about 9 to 10 phosphorylated sites
per mol of tau are found in the disease protein [2,
9-13]. Different phosphorylation sites can be found
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at different stages of the disease. A survey of litera-
ture about tau phosphorylation leads one to think that
hyperphosphorylation and aggregation (probably in
this order) must have an important role in neurode-
generative disorders [6, 14, 15].

It is generally accepted that the phosphorylation
extent of tau protein is the result of the opposite
actions of kinases and phosphatases, and that disrup-
tion of this balance is at the origin of the abnormal tau
phosphorylation [16—18]. Herein we show the results
of exploring the possibility that a protein kinase may
also participate in the regulation of the tau phospho-
rylation by catalyzing the transference of phosphate
between ATP and tau, and also the reverse reaction
of phosphate transference from phospho-tau (Tau-P)
to ADP:

ATP + Tau <> ADP + Tau — P (D)

where ATP and ADP represent the complexes formed
between both nucleotides and Mg?* ion. The cat-
alytic subunit of the cyclic AMP-dependent protein
kinase (C-PKA) has been selected to study the trans-
ference of phosphate in both directions. As mentioned
in the excellent review of Ludovic Martin et al. [19],
up to 25 sites of phosphorylation on tau protein are
the target of this enzyme; 17 of them are found in the
brain of AD patients.

The first description of the reversibility of a phos-
phorylation reaction was that of phosvitin, published
in 1960 by Rabinowitz and Lipmann [20]. These
authors found values of 22 and 58 for the equilib-
rium constant of the phosphate transference from
ATPMg?* to phosvitin, showing how phosphate was
transferred from phosphoprotein to ADP to form ATP.
In 1975, the Krebs’s group reported the reversible
phosphorylation of lysozyme by the cyclic AMP-
dependent Protein Kinase [21]. The average result
of several determinations in the forward and the
reverse reaction, at pH 6.9 and 30°C, was K=23.8
for the equilibrium constant expressed as the trans-
fer of phosphate from ATP to the protein. A similar
value was reported by El Maghrabi et al. for the
reversible phosphorylation of pyruvate kinase by the
catalytic subunit of PKA [22]. The phosphorylation
of glycogen phosphorylase b by glycogen phospho-
rylase kinase was also shown to be reversible under
experimental conditions preventing phosphorylase
from tetramerization [23]. The transfer of phosphate
can also occur to an OH group of tyrosine. Phospho-
rylation of a tyrosine in the Rous-sarcoma-specific
immunoglobulin is catalyzed by the pp60°™ kinase

with an equilibrium constant K=2.6 at pH 6.5 and
30°C [24]. The enzyme associated to membranes
phosphatidylinositol kinase catalyzes the transfer of
phosphate from ATPMg?* to yield the phosphory-
lated form of phosphatidylinositol. This reaction was
shown to be reversible with an equilibrium constant
the value of which indicated that the reverse reac-
tion of transfer of phosphate to ADP was favored
in vitro [25]. Autophosphorylation of tyrosine kinase
has been shown to be reversible with an equilibrium
constant 3.31 [26]. The insulin receptor kinase con-
tains two classes of tyrosine residues susceptible of
being phosphorylated: one of them can be reversibly
phosphorylated by the receptor itself, depending on
the [ADP]/[ATP] ratio, the other one is irreversible;
the equilibrium constant for the reversible phospho-
rylation of one site has been reported to be 8.7 [27].

The change in electrophoretic mobility suffered
by tau protein when it is phosphorylated by C-
PKA has been chosen as a sensor for monitoring
changes in the phosphorylation state of the protein.
The upward shift of electrophoretic mobility of tau,
induced by phosphorylation, is known from long ago
[28, 29] and has been reported by several groups
[18, 30-33]. This phosphorylation-induced change
in electrophoretic mobility is not exclusive of tau
but is exhibited by many proteins after being phos-
phorylated by different kinases [33]. The membrane
protein phospholamban changes its electrophoretic
mobility after phosphorylation by PKA and also by
the Ca2+-calmodulin dependent protein kinase [34].
The regulatory subunit of PKA [35], the calmodulin-
dependent protein kinase [36] and the glycogen
synthase kinase 3 [37] suffer the same kind of upward
shift of electrophoretic mobility upon phosphoryla-
tion. This phosphorylation-dependent mobility shift
has been recently claimed to be common to most
eukaryotic proteins [38]. Herein we show how, in
the presence of ATPMg?*, the catalytic subunit of
PKA catalyzes the upward mobility shift of tau pro-
tein and also, in the presence of ADPMg”, the
reverse process of downward mobility shift of that
protein, therefore emphasizing the plausible role that
the ATP/ADP ratio may have in regulating protein
phosphorylation.

MATERIALS AND METHODS

Chemical/reagents

The catalytic subunit of the cAMP-dependent pro-
tein kinase (C-PKA) from bovine heart was obtained
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from Sigma-Aldrich and the purified catalytic sub-
unit from recombinant E. coli was from Promega.
P!, PS -Di(adenosine- 5’ )pentaphosphate, ATP, ADP
and AMP were from Sigma Aldrich. Antibody 7.51,
which recognizes tau independently of the extent of
phosphorylation, was a gift from Dr Wischik [39].
Antibody ATS8 was from Innogenetics. It recognizes
tau phosphorylated at serine 202 and threonine 205
[40]. 12E8 was a gift from Dr P. Seubert, Elan Phar-
maceuticals. It recognizes tau phosphorylated at both
serine 262 and 356 [41].

Tau purification and characterization

The longest human tau isoform, htau 42 clone,
was kindly provided by M. Goedert (MRC, Cam-
bridge, UK). Tau purification protocol is based on
the procedure described by Lindwall [42] with some
modifications. Htau 42 was expressed in E. coli BL21
cells and was induced by adding IPTG to a final con-
centration of 0.4 mM for 2 h. After centrifugation, the
pellet was suspended in 0.1 M Mes, 2mM EGTA,
0.5mM MgCl,, pH 6.7, containing 1 mM Phenyl-
methylsulfonyl fluoride, 0.5M NaCl and 5mM of
2-mercaptoethanol and then sonicated in ice. Bacte-
rial lysates were centrifuged at 13,000 rpm for 10 min
using a Beckman JA rotor. The supernatant obtained
was boiled for 10 min and, after keeping it on ice for
an additional 5 min, centrifuged again at 13,000 rpm
for 10 min, using the Beckman JA rotor. This super-
natant was then adjusted to pH 11 by adding Tris
1 M. A saturated solution of (NH4),SO4 was added
to the supernatant to a final concentration of 50%
and kept at 4° C from 1h to O/N. After centrifu-
gation for 1h at 13,000 rpm using the Beckman JA
rotor, the ammonium sulphate pellet was suspended
in 0.1 M Mes, 2mM EGTA, 0.5 mM MgCl,, pH 6.7
or PBS. Purified tau was incubated with RNAsa (1 .l
of RNAsa per ml of the purified tau) for 30 min at 37
°C with stirring at 300 rpm. After boiling for 1 min,
the tau solution was centrifuged at 14,000 rpm and
4°C. The supernatant containing the tau solution was
then stored at —20°C.

In some experiments, a C-PKA-Tau mixture
was prepared by diluting 20 ul of C-PKA from
PROMEGA and 1 ml of Ampicillin 100 mg/ml into
1 ml of a tau solution at 0.03 mg/ml. This mixture was
then dialyzed O/N against two successive liters of a
buffer composed of potassium phosphate 250 mM, 2-
mercaptoethanol 1.4 mM at pH 7 in the presence of
protease inhibitors. This dialyzed solution was then
aliquoted and stored at —20°C.

The phosphorylated form of tau used in dephos-
phorylation experiments was prepared by incubation
at 30-35°C of a reaction mixture composed of
400 wl of tau, 400 ul of MgCl, 50mM, 200 wl
of EGTA 2.5mM, 20 nl of ATP 100 mM, 775 pl
of Hepes buffer (10mM Hepes, 0.1 M NaCl, pH
7), and 205 pl of a PKA-C solution composed of
5 wl of recombinant C-PKA from PROMEGA and
200 w1 of Hepes-ME buffer (20 ul of 2.5uM 2-
mercaptoethanol plus 180 w1 of Hepes-buffer). After
6-8 h, the mixture was boiled for 15 min and dia-
lyzed O/N against 2 liters of Hepes buffer containing
proteases inhibitors. The dialyzed solution was then
stored at —20°C. In some cases, 0.1 mg/ml of Ampi-
cillin was included in the dialysis buffer. Tau protein
concentration was estimated by densitometry of the
silver stained bands, using the ImageJ software [43],
and taking bovine serum albumin as a reference.

Electrophoresis

The different forms of tau were analyzed
by electrophoresis on 8% of sodium dodecyl
sulphate—polyacrylamide gel (SDS-PAGE). The elec-
trophoretic bands were visualized by Coomassie blue
or silver stained and quantified by using the software
ImageJ [43]. Scanning of the electrophoresis bands
was carried out after subtracting background with a
rolling ball radius of 50 pixels (except where indi-
cated). The height of the scanning rectangle was the
same in all cases, so that all curves are comparable
on the x-axis. The y-axis was normalized to 100%.
Except where indicated, original gel photos were
used, without photographic treatment. Identification
of phosphorylated residues was made by western
blots developed with antibodies 7.51, AT8, and 12E8,
after electrophoresis and transference to nitrocellu-
lose membranes. Incubation was made O/N at 4°C
in PBS containing 0.1% Tween and 5% of non-fat
milk. Incubation with secondary antibodies (mouse
800) was for 1h at room temperature. Odyssey was
used for visualizing tau bands.

Reversion of the phosphorylated form of tau, pre-
pared as described in the previous section, was
observed in seven experiments out of a total num-
ber of nine incubations for long periods of time, in
which the ADP conversion into ATP and the bacterial
degradation was avoided. Reversion of the tau phos-
phorylation, using the C-PKA-Tau mixture prepared
as described in the previous section, was observed
in four experiments out of a total of five in which
the absence of ADP conversion into ATP could be
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Fig. 1. SDS-PAGE (8% of polyacrylamide) of different forms of tau protein. A) Lane 1, tau protein (0.05 mg/ml) incubated for 4 h at 37°C
in the presence of MgCl, (10 mM), EGTA (0.25 mM), 2-mercaptoethanol (0.25 mM), Hepes (5 mM), and NaCl (50 mM), pH 7. Lane 2, the
same tau protein incubation as Lane 1, but in the presence of ATP (2 mM) and C-PKA (4 units). B-D) Tau protein incubated as in (A) showing
the western blots using antibody 7.51 to total tau (B), ATS8 to Ser 202 and Thr 205 (C), and 12ES to Ser 262 and Ser 356 (D). E) Silver stained
of different forms of tau protein. Lane 1, Albumin used as a control. Lane 2, tau protein. Lanes 3 and 4, tau protein (3.6 ng/pl) incubated
with ATP (5 mM) and C-PKA for 2.5 h (lane 3) and 17 h (lane 4). Lane 5 shows the phosphorylated tau protein prepared as described in the
Materials and Methods. The amounts of tau and albumin loaded in lanes 1 and 2 were approximately 70 and 60 ng respectively. F) shows tau
protein (0.05 mg/ml) incubated for 1 h with ATP 0.1 mM in the absence (lane 2) or the presence of C-PKA (lane 1). Lane 3 shows a mixture

of bovine serum albumin and ovalbumin used as controls.

avoided. The experiments aimed to obtain the equi-
librium constants were done twice (Figs. 7 and 8) at
two different concentrations of ATP.

RESULTS

Electrophoretic mobility (EM) retard of tau
protein upon phosphorylation

Figure 1A shows the Coomassie blue stained of tau
protein separated by SDS-PAGE, after 4 h of incuba-
tion at 37°C in the absence (lane 1) and the presence
of ATP and C-PKA (lane 2). As can be observed,

the incubation with ATPMg?* and C-PKA causes a
delay in the electrophoresis mobility. Figure 1B, C,
and D show the corresponding western blots using
antibodies to total tau (7.51), Ser 202 and Thr 205
(AT8), and Ser 262 and 356 (12ES8) respectively,
therefore confirming that the electrophoretic retard
caused by incubation with ATPMg>* and C-PKA
is related to serine phosphorylation catalyzed by C-
PKA. Figure 1E shows the silver stained of differently
phosphorylated forms of tau protein. Lanes 2 and 5
correspond to the unphosphorylated and phosphory-
lated forms of tau protein, respectively. As can be
observed, phosphorylation induces an upward mobil-
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Fig. 2. Electrophoretic mobility retard of tau protein as a function of the ATP concentration and as a function of time. A) SDS-PAGE (8%
of polyacrylamide) of tau protein (0.05 mg/ml, in a buffer composed of 10 mM Hepes, 0.1 M NaCl, 10 mM MgCl,, 0.25 mM EGTA, and
0.25 mM 2-mercaptoethanol 10 mM at pH 7) in the absence of ATP and C-PKA (Lane 1). The rest of the lanes correspond to the same tau
protein at 0.05 mg/ml incubated at 37°C for 2 h in the presence of the same buffer as in lane 1 but in the presence of 3.2 units of C-PKA and
ATP 0.01 mM (lane 2), ATP 0.05mM (lane 3), ATP 0.1 mM (lane 4), ATP 0.5 mM (lane 5), and no ATP (lane 6). B) Time dependence of
the mobility retard. Tau protein as in (A), incubated with 0.1 mM of ATP at time O (lane 1), 30 min (lane 2), 1.5h (lane 3), 3 h (lane 4), and

4h (lane 5).

ity shift of tau. Lanes 3 and 4 show a time-dependent
generation of bands showing a retarded mobility.
Three bands can be distinguished as an intermediate
(lanes 3 and 4) step between the initial unphosphory-
lated tau (lane 2) and the final state of phosphorylated
tau protein (lane 5). As can be observed in Fig. 2,
tau phosphorylation, as probed by the retained elec-
trophoretic mobility, was dependent on the incubation
time with ATP, and also on the ATP concentration.

Reversibility of the EM retard of phosphorylated
tau protein. Experiments with phosphorylated
tau, as described under Materials and Methods

The catalytic subunit of PKA catalyzes the rever-
sion of the EM retard of tau protein induced by
phosphorylation. As can be observed in Fig. 3,
phosphorylated tau (TauP) suffers an electrophoretic
retard (Lane 1, TauP,) as compared with the elec-
trophoretic mobility of tau (Lane 6, Tau,); incubation
of TauP with C-PKA and ADPMg?* for 47 and 67 h
at 20°C (lanes 4 and 3) produces the partial reversion
of the electrophoretic mobility of phosphorylated tau
(compare scanning of bands in lanes 1, 4 and 3).
Scanning of lanes 4 and 3 show bands with the EM
corresponding to unphosphorylated tau. The incuba-
tion of TauP with the same nucleotide solution in the
absence of C-PKA (lane 2, TauP67) does not alter
the EM of TauP, which shows essentially the same

EM than TauP in the presence of the same mixture
of nucleotides and enzyme, but without incubation
(time zero) (lane 1). These results strongly suggest
that C-PKA catalyzes the TauP dephosphorylation by
ADPMg?t.

The reversion of the electrophoretic mobility
seems to be much slower than the forward reaction.
Lanes 8 and 7 of Fig. 3 show the upward mobility shift
of tau after incubation of the protein with ATPMg?*
and C-PKA, under the same conditions as those use
for the reverse process, except for the presence of
ATP instead of ADP. As can be observed, the EM
retard after 47 h of incubation is the same as after
67 h, and in both cases the conversion of tau into
TauP seems to be complete, therefore suggesting that
tau phosphorylation, as observed by the EM retard,
has reached the observable maximum. However, the
reverse reaction hardly takes about 50% of the orig-
inal TauP, after 67 h of incubation with ADPMg>+
and C-PKA. It seems that if C-PKA catalyzes the
dephosphorylation reaction of Tau-P, the equilibrium
constant in the forward (phosphorylation) direction
must be very large. It would mean that only under
conditions of a high excess of ADP over the ATP
concentration could the TauP dephosphorylation by
C-PKA be relevant.

The experiment described under Fig. 3 required
from the presence of AMP so that the C-PKA cat-
alyzed reversion of the EM retard could be observed.
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Fig. 3. Silver stained of tau and phosphorylated tau separated by
SDS-PAGE (8% acrylamide). Lanes 5-8: Tau protein (2.4 pg/ml
final concentration) was diluted in a buffer composed of 31 pl of
10mM Hepes, 0.15 M KClI, 0.25 mM 2-mercaptoethanol, 15 mM
MgCl2, and 0.1 mg/ml Ampicillin at pH 6 adjusted with KOH;
plus 10 pl of 10 mM Hepes, 0.15 M NaCl at pH 7; plus 5 pl of a
solution of 250 mM potassium phosphate 10 mM and 0.1 mg/ml
of Ampicillin at pH 7, containing 10 mM of P!, P>-Di(adenosine-
5’) pentaphosphate. This solution was incubated at 20°C in the
presence of 25 mM of AMP and 2.5mM ATP for 47h (lane 8)
and 67 h (lane 7) or 2.5 mM ADP for 67h (lane 5) and 4 units
of C-PKA (Promega); lane 6 is a control in the absence of C-
PKA, without incubation. Lanes 1-4: Phosphorylated tau (TauP)
(1.8 pg/ml, final concentration) was diluted similarly to tau and
incubated at 20°C with 2.5 mM ADP and 4 units of C-PKA for
47h (lane 4) and 67 h (lane 3); dephosphorylation percentages of
TauP are indicated. Lane 1 is a control in the absence of C-PKA,
without incubation. Lane 2 is a control of TauP incubated for 67 h
in the presence of ADP but in the absence of C-PKA. Tau and TauP
samples were boiled before use.

In asimilar experiment showed in Fig. 4, it can be seen
how, in the absence of AMP (Lane 3), incubation with
ADPMg2 +and C-PKA does not affect the EM of
TauP. Lane 4 shows how the EM of TauP is, however,
reversed in the presence of AMP, in a similar extent to
that shown in Fig. 3. Although some inhibition of the
C-PKA activity is observed in the presence of AMP,
under the conditions of these experiments, the pres-
ence of AMP does not seem to significantly affect
the activity of the enzyme, as can be deduced from
the results showed in lanes 7 and 8: the EM retard of

Lanel Lane 2
Tauo TauPy
Lane7 Lane 3
\/t -
/"‘
TauP Tau 54%
o Lane 8 J Lane 4
ATP-AMP ADP-AMP
L:":; Lane 5
2 TauP42
Lane 9 . .lane 10
ADPc ADP-AMPc

Electrophoretic Mobility

Fig. 4. Silver stained of tau and phosphorylated tau separated by
SDS-PAGE (8% acrylamide). Lanes 1, 6—10: Tau protein (3 p.g/ml
final concentration) was diluted in a buffer composed of 22.5 w1 of
10 mM Hepes, 0.15 M KCl, 0.25 mM 2-mercaptoethanol, 15 mM
MgCl2, and 0.1 mg/ml Ampicillin at pH 7 plus 2.5 ul of a solu-
tion of 250 mM potassium phosphate 10mM and 0.1 mg/ml of
Ampicillin at pH 7, containing 10mM of P!, P>-Di(adenosine-
5”) pentaphosphate. This solution was incubated with C-PKA, at
20°C for 42 h, in the presence of 2.5 mM ATP plus the presence
(Lane 8) or absence (Lane 7) of 25 mM of AMP and in presence
of 2.5mM ADP plus the presence (Lane 10) or absence (Lane 9)
of 25 mM of AMP. Lanes 1 and 6 are controls of tau in the absence
of C-PKA and nucleotides, incubated for Oh (Lane 1) and 42h
(Lane 2). Lanes 2-5: Phosphorylated tau (TauP) (2.7 wg/ml, final
concentration) was diluted in the same buffer solution as described
for tau and incubated with C-PKA, at 20°C for 42h, in the pres-
ence of 2.5 mM ADP plus the presence (Lane 4) or absence (Lane
3) of 25mM of AMP; dephosphorylation percentage of TauP is
indicated. Lanes 2 and 5 are controls of TauP in the presence of
2.5 mM ADP but in the absence of C-PKA, incubated for O h (Lane
2) and 42 h (Lane 5). 5 units of C-PKA from Promega were used,
when added. Both tau and TauP solutions were boiled before used.
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tau induced by phosphorylation with ATPMg2 +and
C-PKA is essentially the same, independently of the
presence of AMP. These results suggest the possibil-
ity that C-PKA preparations could contain adenylate
kinase as an impurity. This enzyme catalyzes the con-
version of two moles of ADP into one mole of ATP
and one mole of AMP with an equilibrium constant
close to unity [44, 45]. The specific activity of adeny-
late kinase is at least two orders of magnitude greater
than that of C-PKA [21, 44, 46]; therefore, unde-
tectable traces of adenylate kinase would be more
than enough to transform ADP into ATP, thus making
it difficult to observe the dephosphorylation reaction.
The presence of a high concentration of AMP could
push the reaction of ATP production back to the ADP
synthesis, therefore preventing the formation of ATP
from ADP. In agreement with this suggestion, lane 9
shows how the incubation with ADPMg?* produces
the same upward mobility shift of tau as that pro-
duced by ATPMg>*. In the presence of AMP this
mobility shift is not observed (lane 10). This ATP-
like behavior of ADP was repeatedly observed in all
experiments carried out in the absence of AMP and/or
the adenylate kinase inhibitor, P!, PS -Di(adenosine-
5’) pentaphosphate.

Reversibility of the EM retard of phosphorylated
tau protein. Experiments with freshly
preparations of partially phosphorylated tau

The experiments of EM retard reversibility of
phosphorylated tau, shown in Figs. 3 and 4, were
carried out with tau protein that had been exhaus-
tively phosphorylated at high concentration, at 30°C
for 6 h, dialyzed and stored at —20°C. Freshly prepa-
rations of partially phosphorylated tau were also used
to assay the reversibility of the EM retard (Figs. 5 and
6). Figure 5 shows the ADP- induced reversion of
the EM retard of a tau protein solution which had
been previously phosphorylated by incubation for
2 h with ATPMg2+. Scanning of lane 4 with ImageJ
shows the band of tau at time zero of the incubation
period. Scanning of lane 3 allowed to observe the
appearance of two bands with less mobility after two
hours of incubation of tau with ATPMg2+. When the
partially phosphorylated tau corresponding to lane 3
was incubated with ADP for two additional hours,
the TauP band had decreased its intensity (lane 2),
therefore suggesting the dephosphorylation of tau.
Under these experimental conditions, both processes
of phosphorylation and the corresponding reversion
seem to occur approximately with a similar rate. A

/ w WY 'JM'{/ VY

Electrop Mobility (EM)

1 2 3 g
TauP 36 25 37 5.5 z
TauPa 16 7 7 - §_‘
Tau a8 69 56 945 E

Fig. 5. Successive incubation of tau protein with ATP and ADP.
The mixture of tau protein and C-PKA prepared as described in
Materials and Method (Tau-C-PKA) was diluted 1/10 in a buffer
composed of 75 ul of buffer Hepes containing 10 mM Hepes and
0.1 M NaCl, at pH 7 and 50 pl of phosphate buffer containing
250 mM phosphate and 0.1 mg/ml Ampicillin at pH 7. This reac-
tion mixture contained 15 mM MgCl,, 0.25 mM EGTA, 50 mM P!,
P3-Di(adenosine-5")pentaphosphate, 0.25 mM 2-mercaptoethanol
and ATP 0.1 mM. Lane 4 corresponds to tau protein in this reac-
tion mixture at time O of incubation (ATPy). After 2 h of incubation
at 30°C, in the presence of ATPMg2+, the reaction mixture was
divided in three parts: the first one (ATP;) was loaded in the gel
(lane 3); the second one was incubated at 30°C for two additional
hours in the presence of 1.1 mM ADP(ATP/ADP) (lane 2); the third
one was incubated for the same time, at 30°C, in the presence of
Hepes buffer, (ATP/Hepes) (lane 1). Scanning of the electrophore-
sis bands was carried out after applying a filter to improve the
photo quality. The table at the bottom of the figure shows the results
of peak percentages resulting from the scanning. TauP represent
the band displaying the lowest mobility, and TauPa represents the
intermediate band usually observed at short times of incubation.
Scanning was done after applying a filter to improve the photo
quality.

similar result is shown in Fig. 6. Lane 1 shows a par-
tially phosphorylated tau after 2 h of incubation with
ATP. When this mixture of tau and phosphorylated
tau was incubated with ADP for 30 min, the bands
corresponding to the retarded phosphorylated tau,
TauP and TauPa had decreased their intensity while
the band corresponding to the unphosphorylated tau
increased it (lane 2).

The results shown in Figs. 3 and 4, on the one
hand, and Figs. 5 and 6 on the other hand, indi-
cate that the phosphorylated forms of tau showing
the maximum EM retard (TauP) are rather poor sub-



1150 M.J. Benitez et al. / Phosphorylation and Dephosphorylation of Tau Protein

TauP
TauPo
Tal

Electrophoretic Mobility

Y

TauP 24 13 25 gg‘
TauPa 8 4 8 z
Tau 68 83 67 E

E

Fig. 6. Successive incubation of tau protein with ATP and ADP.
The mixture of tau protein and C-PKA prepared as described
in Materials and Method (Tau-C-PKA) was diluted 1/10 in a
buffer composed of 75wl of Hepes buffer containing 10 mM
Hepes and 0.1 M NaCl, at pH 7 and 50 pl of phosphate buffer
containing 250 mM phosphate and 0.1 mg/ml Ampicillin at pH
7. This reaction mixture contained 15mM MgCI2, 0.25mM
EGTA, 50 mM P', P3-Di(adenosine- 5”)pentaphosphate, 0.25 mM
2-mercaptoethanol, 0.05 mg/ml DNA, and ATP 0.1 mM. After2h
of incubation at 30°C, in the presence of ATPMg2+, the reaction
mixture was divided in three parts: the first one (25 wl) (ATP1) was
loaded in the gel (lane 1); the second one (22.5 pl) was incubated
at 30°C for 30 min after adding 2.5 ml of 10 mM ADP (ATP/ADP)
(lane 2); the third one (22.5 pl) was incubated for the same time, at
30°C, after adding 2.5 pl of Hepes buffer containing 10 mM Hepes,
0.1 M NaCl, 0.1 mg/ml DNA, and 100 pM Pl, P5-Di(adenosine-
5”)pentaphosphate at pH 7 (lane 3). The Table at the bottom of the
figure shows the results of peak percentages after the scanning of
the bands. TauP represent the band displaying the lowest mobility,
and TauPa represents the intermediate band usually observed at
short times of incubation. The rolling ball radius used for subtrac-
tion of background was of 5 pixels.

strates for C-PKA. Several days of TauP incubation
with ADPMg?* were needed so that the reversion of
the EM retard of TauP could be observed, whereas
the phosphorylation of tau seems to be complete in
hours. However, the reversion of the EM retard of

_—
Electrophoretic Mobility

Fig. 7. ATP/ADP ratio-dependency of tau protein phosphorylation
as probed by electrophoretic mobility. The mixture of tau pro-
tein and C-PKA, prepared as described in Materials and Method
(Tau-C-PKA) was diluted 1/11.5 in a buffer composed of 15 p.l of
10mM Hepes and 0.1 M NaCl at pH 7, and 10 pl of phosphate
buffer containing 250 mM phosphate and 0.1 mg/ml Ampicillin at
pH 7. This reaction mixture contained 15 mM MgCl,, 0.25 mM
EGTA, 0.25 mM 2-mercaptoethanol, ATP 0.1 mM and the follow-
ing ADP concentrations (mM): O (lane 2), 0.01 (lane 3), 0.08 (lane
4), 0.25 (lane 5), 0.5 (lane 6), and 1 (lane 7). Lane 1 is a con-
trol in the absence of nucleotides. All samples were incubated
at 20°C for 22 h. Scanning results are included in Table 1. The
rolling ball radius used for subtraction of background was of 11
pixels.

fresh samples having a low percentage of phospho-
rylation occurred at about the same rate as the EM
retard induced by phosphorylation (Figs. 5 and 6).
These results suggest the possibility that tau protein
may suffer, upon phosphorylation, some conforma-
tional change that makes it a worse substrate for the
protein kinase.

Equilibrium constant of tau phosphorylation

In an attempt to find the equilibrium constant of
phosphorylation, tau protein was incubated at 20°C
with C-PKA and a mixture of nucleotides in an
ATP/ADP-ratio dependent manner. In a first exper-
iment, the ADP concentration ranged from 0.01 mM
to 1 mM, while the ATP concentration was kept con-
stant at 0.1 mM (Fig. 7). The results of scanning the
bands are included in Fig. 9. In a second experiment,
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ATP/ADP

1 2 3 4
5 6 7
_—
Electrophoretic Mobility

Fig. 8. ATP/ADP ratio-dependency of tau protein phosphorylation
as probed by electrophoretic mobility. The mixture of tau pro-
tein and C-PKA prepared as described in Materials and Method
(Tau-C-PKA) was diluted 1/10 in a buffer composed of 35 .l of
10mM Hepes and 0.1 M NaCl at pH 7, and 23 pl of phosphate
buffer containing 250 mM phosphate and 0.1 mg/ml Ampicillin at
pH 7. This reaction mixture contained 13 mM MgCl,, 0.22 mM
EGTA, 0.25 mM 2-mercaptoethanol, 0.87 mM ATP and the fol-
lowing ADP concentrations (mM): 0 (lane 2), 0.087 (lane 3), 0.7
(lane 4), 2.2 (lane 5), 4.4 (lane 6), and 8.7 (lane 7). Lane 1 is a
control in the absence of nucleotides. All samples were incubated
at 20°C for 22 h. The rolling ball radius used for subtraction of
background was of 30 pixels.

the ADP concentration ranged from 0.087 mM to
8.7 mM, while the ATP concentration was kept con-
stant at 0.87 mM (Fig. 8). The incubation time was
22.5 hinthe experiment atlow ATP concentration and
22 h in the experiment at high ATP concentration. In
both experiments, at low and high ATP concentration,
the extent of phosphorylation, as proved by scanning
the bands with ImagelJ, was essentially the same for
all the ATP/ADP ratio (Table 1). In a separate exper-
iment, it was found that after 21.5h of incubation
at 20°C in the presence of 0.1 mM ATP and 0.5 mM
ADP, the extent of tau phosphorylation did not change
for an additional period of 5 h.

Phosphorylation data in Figs. 7 and 8 were pro-
cessed under the following assumptions: a) tau
protein becomes phosphorylated according to the fol-
lowing set of successive equilibria:

Table 1
Fractional saturation of phosphorylation sites as a function of the
[ATP]/[ADP] ratio

[ATP]=0.1 mM [ATP]=0.87 mM
[ATP]/[ADP] Y? [ATP]/[ADP] YP
0.1 0.1 0.1 0.11
0.2 0.17 0.2 0.22
0.4 0.22 0.4 0.25
1.25 0.31 1.25 0.29
10 0.32 10 0.42

ab Y values obtained as 1 — (In/(IR+IN)), according to equation
(4), from results shown in Figs. 7 (*) and 8 (®).

T + ATP = Tp; + ADP
Tpy + ATP = Tpp + ADP

Tpy-1 + ATP = Tp, + ADP

where T stands for the non-phosphorylated form of
tau protein and Tpy, Tpy ... and Tp, stand for the forms
of tau with 1, 2... and n sites phosphorylated; b)
all phosphorylation sites (Ser or Thr) are equivalent
and independent of each other from the thermody-
namic point of view, so that all have the same intrinsic
(microscopic) equilibrium constant of phosphoryla-
tion; ¢) the intensity of the retarded bands, as obtained
from the scanning with ImagelJ, is proportional to the
concentration of phosphorylated sites, while the sum
of the intensities of retarded and non-retarded bands
is proportional to the total concentration of sites sus-
ceptible of phosphorylation; d) 22 h are enough to
reach an apparent phosphorylation equilibrium for
all the ATP/ADP ratios used, and e) the conversion
of ADP into ATP, under the experimental conditions
used, can be considered negligible.

We can define the fractional saturation of phospho-
rylation sites on tau, Y, as:

[phosphorylated sites]
phosphory )

- [total sites of phosphorylation]

Following assumption b), fractional saturation, Y,
is given by the next rectangular hyperbola:
_ K[ATP]/[ADP]
" (1 + K[ATP] /[ADP])

3)

where K stands for the intrinsic (microscopic) equi-
librium constant of phosphorylation. On the other
hand, the fractional saturation can be experimentally
obtained, following assumption c) as:

Ir
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IR + 1) @
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Fig. 9. Fractional saturation of phosphorylation sites on tau, fol-
lowing the data of Table 1. The fractional saturation as a function
of the [ATP]/[ADP] ratio, keeping [ATP] constant at 0.1 mM (part
A) or 0.87 mM (part B). The insets show the inverse plots corre-
sponding to equation (5).

where Ir and Iy stand for the intensity of the retarded
and non-retarded electrophoresis bands, respectively.

Figure 9 shows the data of fractional saturation
(obtained from equation (4) and the scanning of
bands in Figs. 7 and 8, to obtain Ig and Iy) repre-
sented as a function of the [ATP]/[ADP] ratio. As
can be observed, the data do not follow the rectangu-
lar hyperbola corresponding to equation (3); rather
they fit what would be a negative cooperativity of
phosphorylation. It means that phosphorylation of the
initial sites may induce a diminution in the equilib-
rium constant, K, for the next sites.

The insets in Fig. 9 show the inverse plots of equa-
tion (3):

1/Y = (1/K)[ADP]/[ATP]) + 1 ®

The inverse plots at both high and low ATP concen-
tration yields a curve which extrapolates to a straight
line at low phosphorylation levels. The microscopic
equilibrium constant in both cases is close to 1 (1.1
and 1.2). The phosphorylation reaction seems to be
reversible with a microscopic equilibrium constant

M.J. Benitez et al. / Phosphorylation and Dephosphorylation of Tau Protein

close to 1 at low level of phosphorylation. However,
at high ATP concentration, when the extent of phos-
phorylation becomes higher, the equilibrium constant
in the forward direction of phosphorylation becomes
apparently much lower. This result would mean that,
once tau protein is phosphorylated, the equilibrium
constant for the transfer of phosphate from the protein
to ADP to form ATP must be very large. However, the
results shown in Figs. 3 and 4 indicate that the action
of C-PKA on phosphorylated tau protein is very slow.
These results, together with those shown in Fig. 9,
strongly suggest that, after reaching some phosphory-
lated state, tau protein becomes a very poor substrate
for C-PKA, obviously for both catalytic processes of
phospho- and dephosphorylation, giving place to the
apparent negative cooperativity shown in Fig. 9 and
to the slow dephosphorylation of phosphorylated tau
shown in Figs. 3 and 4.

DISCUSSION

About 25 sites on tau protein are susceptible of
phosphorylation by PKA, many of them found in
brains of AD (reviewed by Martin et al. [19]). How-
ever, just a maximum of 3 & 1 moles of phosphate per
mol of tau protein are reported by Raghunandan and
Ingram [33] to be found after incubation of tau with
PKA for 4 h. This number is reduced to 1.3 moles per
mol of tau when the protein substrate is previously
incubated with the proline-directed kinase Erk2. The
reverse effect is also reported [33]; prior phosphory-
lation of tau protein with PKA reduces the number
of moles of phosphate per mol of tau observed after
incubation with Erk2 from 14 to 5. We are aware of
the lack of experimental proofs of an exact correla-
tion between the extent of phosphorylation and the
extent of mobility retard. Nevertheless, the results of
Raghunandan and Ingram concerning the number of
residues the phosphorylation of which is catalyzed by
C-PKA and the observation that pre-phosphorylation
of tau usually induces some inhibition of a subse-
quent phosphorylation suggest that the results shown
in Figs. 7-9 are, at least qualitatively, correct and that,
according to the phosphorylated forms of tau recog-
nized by ATS8 and 12ES8, we are probably following
the phosphorylation of a reduced number of phospho-
rylation sites, from about two (Ser 202 or Thr 205 and
Ser 262 or Ser 356) to four.

Two different groups have reported NMR spec-
troscopy results showing conformational changes of
tau after phosphorylation of some of the residues the
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phosphorylation of which induces mobility retard.
Antibodies AT8 and 12E8, which were used to con-
firm that the electrophoretic retard was a consequence
of tau phosphorylation, were very appropriate to
detect phosphorylatable residues involved in confor-
mational changes in tau protein. Tau is an intrinsically
disordered protein that lacks a well-defined sec-
ondary (and tertiary) structure. It has been described
as conformed by a collective of long-range inter-
actions [47]. It has been reported by Bibow et al.
[48] that conversion of some serine and threonine
(between them, Ser202 and Thr205) into glutamic
acid to mimic phosphorylation, produces a weaken-
ing of those long-range interactions which contribute
to the tau conformation. Similarly, a turn conforma-
tion has been reported to be stabilized of the ATS
epitope by phosphorylation of Thr205 and the sub-
sequent hydrogen bond formation with Gly207 [49].
The results shown in Figs. 7-9 suggest that phospho-
rylation of tau by C-PKA can be reverted by the same
kinase, displaying an intrinsic equilibrium constant
close to 1. This result agrees with those describing
the reversibility of the phosphorylation reaction, cat-
alyzed by the same protein kinase which catalyzes the
phosphorylation [20-27]. However, at larger extent of
phosphorylation, the phosphorylation reaction slows
down, probably as a consequence of conformational
changes induced by the phosphorylation itself. That
this is a kinetic problem is suggested by the obser-
vation that the dephosphorylation of phosphorylated
tau is catalyzed by C-PKA only very slowly, lead-
ing therefore to the conclusion that phosphorylated
forms of tau are very poor substrates for PKA, for
both the phosphorylation and the dephosphorylation
reactions. This agrees with the low stoichiometry of
phosphorylation found in AD tau. In the tangles of
PHFs associated to AD, tau is found phosphorylated
with 8 to 10 moles of phosphate per mol of protein.
Indeed, this is hyperphosphorylation as compared
with normal tau [2, 8—12]. However, if we consider
that this protein contains 85 putative sites of phos-
phorylation, and that more than 8 different kinases
may catalyze the transfer of phosphate from ATP, we
have to conclude that, as an average, initial phospho-
rylation sites must induce conformational changes in
the protein, most of the times decreasing the capac-
ity of being phosphorylated (and of course of being
dephosphorylated). It is worthy of note, however, that
in some cases phosphorylation by one kinase can pro-
duce a better substrate for a different kinase, as for
example when phosphorylation by PKA facilitates
the subsequent phosphorylation by GSK3 [50].

The reversibility of the phosphorylation reaction
catalyzed by PKA emphasizes the plausible role that
the ATP/ADP ratio may have in regulating protein
phosphorylation, in addition to the role of phos-
phatases, even more if we consider that, according
to the existing data [20-27], this reversibility might
be extensible to the rest of kinases catalyzing tau
phosphorylation. From a thermodynamic point of
view, the reaction of transfer of a phosphate group
from ATP to an - OH residue (from serine, threo-
nine, or tyrosine) catalyzed by a protein kinase can
be considered in general, as the sum of the next two
half-reactions:

ATP + H20 = ADP + P (AGjrp) (6)

Pr+P =Pr— P+ H20 (AGg,) @)

ATP+Pr=ADP+Pr—P(AGp)  (8)

The first one (reaction (6)) corresponds to the
hydrolysis of ATP; the second one (reaction (7)) cor-
responds to the incorporation of phosphate into a
protein. The free energy for the reaction of protein
phosphorylation (reaction (8)), AG®p, will be

AG°p =AG°aTp +AG°p;

AG°p will be close to zero whenever the equi-
librium constant of phosphorylation is close to 1.
Therefore AG°p, must be about the same order of
magnitude and of opposite sign to the value of hydrol-
ysis of ATP, AG°atp, and, obviously, the free energy
of hydrolysis of the phosphoprotein (-AG®p;) will be
approximately equal to the free energy of hydrolysis
of ATP, AG®arp. It is worth noting that the chemi-
cal reaction catalyzed by phosphatases is not exactly
the reverse of reaction (8), but the hydrolysis of the
phosphoprotein (the inverse of reaction (7)). Accord-
ing to the phosphoryl potentials of phosphoproteins
described above, reaction (7) takes place in the pres-
ence of phosphatase with an equilibrium constant so
large as to evade the control of the ATP/ADP ratio.
For example, using the free energy of hydrolysis of
ATP [45], the equilibrium constant for the hydroly-
sis of a phosphoserine catalyzed by phosphatase, at
25°C is: K=exp(— (=32490)/RT) =5 x 10°

This value means that in the presence of an active
phosphatase more than 99.999% of the protein would
dephosphorylate independently of the ATP or ADP
concentrations, therefore eluding the energetic state
of the system. The possibility of reversion by the
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kinase itself, however, would allow a better regu-
lation of the phosphorylation extent, controlled by
the ATP/ADP ratio, and therefore, of the homeosta-
sis mechanisms dependent of the energy situation of
the neuron, avoiding the unregulated shift of the equi-
libria toward the total dephosphorylation, as it would
occur under the action of a phosphatase catalysis.
Oxidative stress and impairment of mitochondria
are associated to aging and the initial events in neu-
rodegeneration, with the corresponding deprivation
of the energy supplied by oxidative phosphoryla-
tion, in the form of ATP [51, 52]. Human brain
requires about 20% of the body’s energy income
and most of this energy is consumed in the synap-
tic activity, where mitochondria supplies the needed
ATP [51]. Beside stabilizing microtubules, tau is
involved in the axonal transport of mitochondria
in a phosphorylation-dependent manner. In those
areas containing dysfunctional mitochondria, the
ATP/ADP ratio may be moved to deprivation of ATP;
the phosphorylation state of tau may be then altered,
due to the reversible action of the different protein
kinases, therefore perturbing the axonal transport of
mitochondria to the synapse and eventually causing
synapse and neuronal loss [53, 54].
Hyperphosphorylation of tau is considered as
one of the main hallmarks of tauopathies and in
particular of Alzheimer’s disease. Nevertheless, the
detriment of ATP associated to the impairment of
mitochondria may cause a gain in unphosphorylated
forms of tau, the toxic properties of which are also
found in different contexts of the tau related diseases:
A clear phosphatase-independent hypophosphoryla-
tion of tau expressed in mouse P301L tau knockin-in
neurons has been reported to be associated to
alterations in axonal mitochondrial transport [55];
dephosphorylated forms of tau has been found
involved in the propagation of toxicity caused by the
spreading of the protein [56—58]; oligomeric forms of
tau, both phosphorylated and dephosphorylated have
been suggested as pre-filament toxic species [59]. The
well-established association of GSK3 phosphoryla-
tion at defined sites on tau to detaching of the protein
from the microtubules, together with the hyperphos-
phorylation found on tau associated to PHFs [60, 61]
has led to assume phosphorylation as a negative func-
tional regulator of the tau activity. The same GSK3
catalyzes a tau phosphorylation—different of that
involved in the interaction with microtubules—that
is associated to the anterograde transport of mito-
chondria. In this case, however, the dephosphorylated
tau is the negative regulator, while the phosphory-

lated form is the positive one [62], emphasizing the
idea that it is the phosphorylation state of tau, in
different sites and different neuronal functions, the
functional regulator. The reversible character of the
phosphorylation catalyzed by protein kinases would
place the compartmentalized ATP/ADP ratio and the
mitochondrial-functions disruption upstream of the
tau-related pathologies. The average concentration
of ATP in the cell cytosol is within the mM range
[63], and the ATP/ADP ratio in brain tissue has
been reported to be about 10; however, that ratio
can fall to values close to 1 under conditions of
ATP depletion as hypoglycemia [64] or ischemia and
hypoxia [65] in brain tissue or mouse neuroblastoma
cells. Similar results are reported when the adenylate
energy charge (AEC), as defined by Atkinson [66]
as ([ATP]+Y2[ADP])/([ATP] +[ADP] +[AMP)), is
used to express the energy status in the cell [65, 67].
As far as we know, there are no data of ATP concen-
tration in the close proximity to synapses. However,
the dynamics of mitochondria determines decreasing
gradients of ATP in the vicinity of synapses, together
with the corresponding increasing gradient of ADP
[68]. Therefore, it seems reasonable the assumption
that the ATP/ADP ratio may play, especially in those
cases of mitochondria disruption, a role in determin-
ing the spatial variation of tau phosphorylation.
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