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Abnormal hyperphosphorylation of the cytoskeletal protein TAU is seen in the
characteristic paired helical filaments [neurofibrillary tangles] of Alzheimer's disease [AD]. A
recently described protein kinase, PK40¢Tk, (1) a member of the ERK family of kinases, can
produce in vitro many of the properties of Alzheimer-like hyperphosphorylated TAU. cAMP-
dependent protein kinase A [PKA] phosphorylates TAU to a lesser exient; however, the
product is not like the hyerphosphorylated TAU of AD in several important respects. We now
report that in vitro PK40¢rk , a candidate for the enzyme responsible for TAU
hyperphosphorylation in AD, will further phosphorylate TAU that was previously saturated
by protein kinase A, provided that the concentrations of free uncomplexed ATP are low.
Interestingly, the actions of different kinases on TAU are not independent, but may depend on
the order in which they work on TAU; i.e.,prior phosphorylation by PKA partially inhibits the
action of PK40eTk. ¢ 1994 academic press, Inc.

Frequent intracellular neurofibrillary tangles in postmortem brains are
characteristic of Alzheimer's disease. Their frequency is said to correlate with the degree of
dementia observed in the Alzheimer patient (2,3). Clearly, the protein nature and the origin of
these tangles are of paramount importance, if we are to understand the etiology of this disease.
The cytoskeletal protein TAU is a major constituent of tangles (4,5,6,7,8,9). Since then attention
has focused on defining the difference between TAU as found in Alzheimer tangles [PHF-TAU]

*Towhom inquiries should be addressed at Department of Biology, M.L.T., 77 Massachusetts
Avenue, Cambridge, MA 02139. Fax: 617.253.8699.

Abbreviations: PHF = paired helical filaments; PHF-TAU = TAU protein as isolated from PHFs;
S/T-P = serine/threonine-proline motif; hTaud0 = recombinant human TAU, largest isoform; AD
= Alzheimer's Disease.
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and "normal" TAU. Whereas normal adult brain TAU is phosphorylated at only a few of the 17
known serine/threonine-proline sites (10), the abnormal PHF-TAU is phosphorylated at a larger
number of sites. This could be due to increased kinase activities or decreased phosphatase
activities, or both (8,9,11,12). Normally phosphorylated TAU interacts with the tubulin of
microtubules (13), presumably stabilizing the axonal cytoskeleton. However,
hyperphosphorylated TAU appears to have a lower binding affinity for tubulin, at least in vitro
(10). Consequently, axonal transport and synaptic function are expected to be weakened or
destroyed; self-assembly to tangles might be promoted. It is not clear how many of these in vitro
properties of phosphorylated TAU are also operative in vivo. Since the abnormal hyperphos-
phorylation of TAU is likely to be one of the major causes of neuronal dysfunction and
degeneration in Alzheimer's disease, if not the major cause, we need to understand the
biochemistry of this process.

It is not known which protein kinases are responsible in vivo for the normal
phosphorylation of TAU. Several serine/threonine-proline kinases [S/T-P kinases] phosphorylate
recombinant and isolated TAU in vitro. For example, mitogen-activated protein (MAP) kinase
introduces up to 12-14 phosphate residues (14,15), and glycogen synthase kinase-3 (16) and
proline-directed protein kinase (17) up to 4 residues in each case. A porcine brain S/T-P kinase
(14) can phosphorylate to add 14-16 PO, residues per molecule. Roder et al. reported (1) that the
brain protein kinase PK40¢k, being a member of the ERK family of S/T-P kinases, incorporates
approximately 14 phosphate residues per molecule of hTau40. In addition cAMP-dependent
kinase PKA also phosphorylates TAU in vitro, and perhaps also in vivo (18). However, PKA is
not a S/T-P specific kinase and phosphorylates at other sites (19).

PKA40etk (1,20) was originally characterized by its ability to phosphorylate Lys-Ser-Pro
(KSP) sites in neurofilament proteins and also certain sites on TAU protein. This kinase is
strongly inhibited by mM concentrations of free ATP, not complexed with Mg**. We now
report further experiments which document in vitro the additional phosphorylation of PKA-
phosphorylated TAU by PK40erk, but only when levels of free ATP are low.

Materials and Methods

Phosphorylation reaction: The TAU phosphorylation reaction was performed in 25SmM
HEPES pH7, 2mM MgCl3, ImM ATP (Sigma A-2383), ImM DTT, 5uM okadaic acid (GIBCO
BRL), 3ug hTaud0 in a total volume of 30ul at 37°C for 3 hrs.or 5 hrs. PK40¢™k was used at 50-80
units (picomoles/min.) per 30ul reaction, cyclic-AMP protein kinase catalytic subunit (PKA¢ap) from
bovine heart (Sigma) at 10 units and cyclic-AMP protein kinase regulatory subunit (PKAreg)
(Sigma) at 12 units per 30ul reaction. Reactions were stopped with SDS sample buffer, boiled for 5
min., separated on 10% SDS-PAGE, stained with Coomassie Blue or transferred for immunoblotting
to a nitrocellulose membrane (0.22mM Schleicher & Schuell) in 20mM Tris-HC], 150mM glycine,
0.03% SDS, 20% methanol.

Western blots: Nitrocellulose blots were blocked by 1 hr. incubation with 3% BSA in 10mM
PBS pH7.2. Antibodies were diluted in 10mM PBS pH7.2, 0.5% TritonX-100 and 2% NGS
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(normal goat serum) for primary antibodies, 5% NGS for secondary antibodies. Blots were
incubated at least 2 hrs. with SMI monoclonal antibodies (Sternberger Monoclonals, Inc.); SMI-
31, SMI-33 and SMI-34 [1:500]. Both SMI-31 and SMI-34 respond to phosphorylated epitopes
(31). Under the circumstances used by us, SMI-31 responds to phosphorylation at KS396po.P
(1); S404po,.P may be necessary, but not sufficient [numbers refer to hTau40, the largest human
TAU isoform]. SMI-34 recognizes two phosphorylated epitopes on either side of the sequence
repeats in hTaud0; one is KS396P, the other is not mapped. It has been suggested that SMI-34
reacts with a conformational epitope (31). SMI-33, on the other hand, reacts only with the non-
phosphorylated epitope KS235P.

After incubation, blots were washed in 10mM PBS pH7.2, 0.5% TritonX-100. Incubation
with secondary Abs was overnight: goat anti-mouse IgG, IgM and IgA peroxidase conjugate
(Boehringer Mannheim cat.#60517) 1:200 and avidin horseradish peroxidase conjugate (Biorad)
1:1,500 added for detecting the biotinylated SDS-PAGE standards (Biorad). Blots were developed
with 0.06% 4-chloro-1-napthol (Sigma) and 0.06% of H202 in 50mM Tris-HC1 pH7.5, 40% ETOH
for 20min. All incubations and washes were at room temperature.

Protein purification: PK40¢™k was prepared as described (1,20). An expression clone of
human tau isoform, hTau4(0 was a gift from Dr. M. Goedert. The human cDNA clone for
hTau40 protein was in pRK172 vector and expressed in the BL21 (DE3) E. coli system (21).
hTaud( was prepared as follows: BL21 cells containing the hTaud40 cDNA were grown in LB
medium at 370C to an optimal ODgpQ of 0.6-1.0, then induced with 0.4mM IPTG and harvested
after 2 hrs. The cell pellet from a 500ml culture was lysed in 15ml of 50mM PIPES pH6.8
containing 1mM DTT, 1mM EDTA, 0.2mM PMSF and 0.5mg/ml lysozyme. Cells resuspended
in buffer were sonicated 3 x 1 min. at full speed. The supernatant was chromatographed on a
phosphocellulose column (3 x 1mm) equilibrated with 50mM PIPES, pH6.8 containing 1mM
DTT, lmM EDTA, 0.2mM PMSF. Fractions containing TAU protein were pooled, dialyzed
against S0mM MES pH6.25, ImM DTT, ImM EDTA, 0.2mM PMSF, and then concentrated to
iml in a Centricon 30 tube. After chromatography on a MonoS column in a Pharmacia FPLC
system using the same buffer as for dialysis and eluting with a 0-500mM NaCl gradient, 1ml
fractions were analysed on 10% SDS-PAGE. Peak hTau40 fractions were assayed for protein
concentration using the Pierce dye binding assay kit.

Results

Phosphorylation of hTaud0 by PK40 ¢"kin the presence of excess [free] ATP.
Concentrations of PK40€TK and PKA ¢ which give the maximum slowing of electrophoretic
mobility of hTau40, are used in the standard reaction at 1mM ATP/2mM MgCl2 for 3 or 5 hours
as described in Methods. For example, phosphorylation of human recombinant hTaud40 with
PK40¢rk in 1mM ATP shows a large electrophoretic mobility shift after 3 hrs. at 379C (Fig.1A).
The addition of excess [free] ATP to a final concentration of 6mM at zero time inhibits the
mobility shift, as expected (1). Adding additional [free] ATP to a total of 6mM (at 2mM MgClz)
at 20, 40 and 60 min. during a 3 hr. phosphorylation reaction decreases phosphorylation of
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FIG.1. Effect of excess (free] ATP on hyperphosphorylation of hTau4(Q by PK40¢k, 10% SDS-
PAGE of 3pg hTaud40 phosphorylated in 2mM MgCl2, as described in Methods, with 80 units
PK40¢k for 3 hrs at 370C. Lane 1: hTau40 incubated alone in ImM ATP; lane 2: hTau40
incubated alone in 6mM ATP; lane 3: hTaud0+PK40%k in 1mM ATP; lanes 4, 5, 6, 7:
hTau40+PK40¢k in 1mM ATP with the addition of SmM ATP at time 0, 20, 40, 60 min ,
respectively.

(A) Coomassie blue stain; (B) Western blot with mAb SMI-31.

FIG.2.Phosphorylation of hTaud0 by PKAcat 10% SDS-PAGE of 3ug hTau40 phosphorylated as
described in Methods at 370C for 3 hrs. Lane 1: hTau40, no kinase; lane 2: PK40¢™k, in 1mM
ATP; lane 3: PKAcat in ImM ATP; lane 4: PKAcat in 6mM ATP,

(A) Coomassie blue stain; (B) Western blot with SMI-34,

hTau40 and shows bands with intermediate levels of phosphorylation (Fig.1A, lanes S, 6, 7).
The mAb SMI-31 is specific for the phosphorylated KSP epitopes in neurofilament proteins and
also for phosphorylated KS396P in hTau40 (1). A Western blot with the mAb SMI-31 gives a
strong positive reaction only with the fully phosphorylated hTau40 when reaction was with
PK40etk in 1mM ATP (Fig.1B, lane 3). This antibody gives only a weak reaction with hTau40
phosphorylated by PK40¢™ for 40 or 60 min in 1mM ATP, followed by further incubation in 6
mM ATP for a total of 3 hours. Addition of ATP to 6mM at zero time and at 20 minutes (Fig.1B
lanes 4,5) completely abolishes the immunoreactivity of hTaud0 towards SMI-31. The
intermediate bands (intermediate phosphorylation products) seen with Coomassie blue staining
show no reactivity to SMI-31. These observations indicate that the phosphorylation of KS396P
in hTau40 may be a late step in the hyperphosphorylation of TAU.

*
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Phosphorylation of hTaud0 by PKA gt (catalytic subunit of cyclic-AMP dependent
protein kinase A).

We find that hTau40 is phosphorylated by PKA 4t under standard conditions (as
described in Methods) and shows reduced electrophoretic mobility on SDS-PAGE compared
with the unphosphorylated protein(Figs. 2,3). The electrophoretic retardation is, however, much
smaller than with PK40¢tk (Fig.2A), indicating a lower degree of phosphorylation. Tme course
experiments indicate that phosphorylation by PKA 5t goes to completion during these 3 hr,
reactions. At saturation levels of PK40¢r¥ and PKAat, large and complete mobility shifts of
hTau40 were seen at 60 min. for PK40erk and smaller, but complete mobility shifts were seen
with PKAcat at 40 min. (data not shown).

The decreased mobility shift of recombinant TAU after phosphorylation by PKA has also
been reported by Scott et al.(22) and for bovine TAU by Litersky and Johnson (23). This
mobility shift is inhibited, but only partially, by the addition at zero time of ATP to 6mM
(Fig.2A, lane 4). Immunoblotting with SMI-34, an SP-phosphorylation dependent mAb, shows
positive reactivity with hTau40 phosphorylated by PK40¢tk at low ATP concentration and no
reactivity with TAU phosphorylated by PKA¢a; at low or high ATP concentrations (Fig.2B).

Phosphorylation of hTaud0 by PKAcay, followed by hyperphosphorylation with PK40erk,
Phosphorylation of hTaud0 with PKAcat for 2 hrs. at 370C shows the expected mobility shift on
SDS-PAGE (Fig.3A, lane 3), which is less than with PK40¢tk (Fig.3A, lane 6). Adding 20%
excess PKAreg to effectively stop PKAcy, then adding PK40¢k and continuing incubation for
another 3 hours decreases electrophoretic mobility of hTau4( still further (Fig.3A, lane 4), but
not quite to the expected extent. The additional phosphorylation which is clearly responsible for
the decrease in electrophoretic mobility is inhibited by the addition of ATP to a total of 6mM
(Fig.3A, lane 5 ), as expected. Immunoblotting with SMI-33, a mAb specific for the non-
phosphorylated KS235P epitope, shows strong reactivity towards hTau40 even after
phosphorylation with PKAcat alone, and only very weak reactivity after phosphorylation
byPKA, followed by PK40¢erk at 6mM ATP (Fig.3B lanes 1,2,3,and 5). The control reaction of
PK40e™k alone at ImM ATP shows no reaction with SMI-33 (Fig.3B lane 6) and a strong positive
reaction with SMI-34 (Fig.3C lane 6). On the other hand, prior phosphorylation with PKA
clearly produces a phosphorylated hTau40 protein with altered substrate properties: PK40erK at
low ATP (1mM) can still reduce the electrophoretic mobility of hTaud0, but the SMI-34 epitope
is hardly produced any more. Evidently, prior phosphorylation with PKA ¢4; interferes with
further phosphorylation by PK40¢etk | so that some S/T-P sites (among them KS396P) are only
weakly phosphorylated and the maximum reduction in mobility seen with PK40¢™k alone is not
produced. KS235P, however, seems to be accessible to PK40¢Tk, It remains to be seen in future
work where the PK40¢eTk phosphorylation sites are when native hTau40 is the substrate or when
PKA-phosphorylated hTaud4Q is used.

Conclusions

SMI-31 and SMI-34 are phosphorylation-dependent monoclonal antibodies for
serine/proline residues at positions KS396P (1) and other related sites in hTau40 (24,25). These
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FIG.3. Phosphorylation of hTaud0 by PKAcat, followed by PKAreg, followed by PK40erk,
hTau40 (3mg) was subjected to phosphorylation schedules as shown in the diagram; reactions
[1] - [6] were analyzed by 10% SDS-PAGE in lanes 1-6. For PKAcat - 10 units of enzyme were
used, for PKAreg - 12 units, for PK40°™ - 50 units (20).

Y 1 2 3 4 5 hours at 37°C
[1] hTau40/1mM ATP o
[2] nTau20+PKAcat/i1mM ATP r.
[3] hrauto+pracat/imM ATE—8> +PKAreg/imM ATP —p

[4] hTaud40+PKAcat/imM ATP—8> +PKAreqg+PK40erk/1mM ATP ~———————fp>

[5] hrau4o+PKAcat/1mM ATP—8> +PKAreg+PK40erk/6mM ATP — 3>

[6] hrau4o+PK40erk/1mM ATP i

(A) Coomassie blue stain; (B) Western blot with mAb SMI-33; (C) Western blot with mAb SMI-
34,

sites are apparently phosphorylated by PK40¢k, in keeping with our previous findings (1). The
formation of these SMI phosphoepitopes by PK40¢X is inhibited by excess [free] ATP not
complexed by Mg*t.
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Several studies have shown that TAU protein is a substrate for PKA (26,27,28,29,30).

Scott et al.(22) have identified five phosphorylation sites on recombinant human TAU by PKA.
However, none of these serine residue sites are followed by proline residues and are therefore not
phosphoepitopes specific to the SMI series of monoclonal antibodies. Neither should they be
sites for PK409k and other MAP-kinases, which are all SP or TP specific.

PK40¢ek phosphorylates one or more phosphoepitopes of TAU specific to SMI-34, as well as
to SMI-31. Human TAU has two KSP sites at KS235P and KS396P. It would seem that PK4(Q¢rk
phosphorylates the KSP site at KS396P,since mAbs SMI-34 and SMI-31 stains this phosphoepitope
strongly when hTau40 was phosphorylated with PK40¢k alone in ImM ATP. The KS235P site is
only identified by the monoclonal antibody SMI-33, specific for non-phosphorylated
epitopes.(25,31) Since saturation phosphorylation by PK40&k (maximum mobility shift) gives no
reaction with SMI-33, it seems that PK40¢etk phosphorylates this KS235P site as well.

Addition of PK40eK to recombinant hTau40 pre-phosphorylated by PK Ay leads to the
phosphorylation of additional sites. There is a further reduction in electrophoretic mobility, but not
to the maximum extent as seen with PK40¢K alone. The formation of SMI-31 and SMI-34
phosphoepitopes, a late event in the TAU phosphorylation by ERKs (1,31) and an abnormal property
of AD-TAU, is strongly impaired after pretreatment with PKA 4. Clearly the actions of different
kinases are not independent; the action of one, e.g. PKA, can alter the substrate properties of TAU
towards another kinase, PK40¢™® | in this case.

PKA40ek is known to be strongly inhibited by free ATP (20) in initial rate assays as well as in
its ability to reconstitute the neurofilament phosphoepitopes of SMI-31 and SMI-34. The present
study shows that this inhibition indeed prevents alterations of TAU associated with ERK
hyperphosphorylation, such as gel mobility reduction and the AD-like phosphorylation of KS396P.
The observation of a similar but less pronounced effect of free ATP on TAU phosphorylation by
PKA_; correlates with a relatively weak inhibition of initial rate PKA activity by free ATP (H.
Roder, unpublished). The inhibitory effect of ATP on TAU phosphorylation, shown in our
experiments, may be related to the regulation of PK40¢™K by ATP concentration in the aged or
degenerating brain. This novel type of regulation, particularly effective for PK40¢™k, may also be
operative for other kinases.

Such a mechanism would invoke a decline in ATP production in degenerative conditions,
such as reported for AD (32). Constitutive PK40eTK activity could be released from a "normal"
inhibition by excess free ATP in younger neurons. This late-onset process may play a role in the
etiology of AD and may explain age as a risk factor.

References
1. Roder, H.M., Eden, P.A,, and Ingram, V.M. (1993) Biochem. Biophys. Res. Comm. 193,
639-647.

2. Sumpter, P.Q., Mann, D.M.A,, Davies, C.A., Yates, P.O., Snowden, J.S., and Neary, D.
(1986) Neuropathol. Appl. Neurobiol. 12, 321-329.

3. Lee, V.M-Y,, Balin, B.J., Otvos, L., Jr., and Trojanowski, J.Q. (1991) Science 251, 675-
678.

4, Brion, 1.P., Passareiro, H,, Nunez, J., and Flament-Durant, J. (1985) Arch. Biol.95, 229-
235.

193



Val. 200, No. 1, 1994

e N w

10.
11.

12.
13.
14.

15.
16.

17.

18.
19.

20.
21.

22.

23,
24,

25.
26.
27.
28.
29.

30.
31.

32.

Delacourte, A., and Defossez, A. (1986) J. Neurol. Sci. 76, 173-186.

Grundke-Iqgbal, 1. Igbal, K., Quinlan,M., Tung, Y-C., Wang, G., and Wizniewski, HM.
(1986a) J. Biol. Chem. 261, 6084-6089.

Kosik, K.S., Joachim, C.L., and Selkoe, D.J. (1986) Proc. Natl. Acad. Sci. USA 83, 4044-
4048.

Nukina, N., and Ihara, Y. (1986) J. Biochem. 99, 1541-1544.

Wood, ].G., Mirra, S.S., Pollock, N.J., and Binder, L.I. (1986) Proc. Natl. Acad. Sci.
USA 83, 4040-4043.

Goedert, M. (1993) Trends in Neurosciences 16, 460-465.

Grundke-Igbal, L. Igbal, K., Tung, Y-C., Quinlan,M., Wizniewski, H.M., and Binder, L.1.
(1986) Proc. Natl. Acad. Sci. USA 83, 4913-1917.

Ihara,Y., Nukina, N., Miura, R., and Ogawara, M. (1986) J. Biochem. 99,

1807-1810.

Weingarten, M.D., Lockwood, A .H., Hwo, 5.Y., and Kirschner, M.W. (1975) Proc. Natl.
Acad. Sci. USA 72, 1858-1862.

Drewes, G., Lichtenberg-Kraag, Doring, F. Mandelkow, E.-M., Biernat, J., Goris, J.,
Dorée, M., and Mandelkow, E. (1992) EMBO J 11, 2131-2138.

Goedert, M., Cohen, E.S., Jakes, R., and Cohen, P. (1992) FEBS Lett. 312, 95-99,
Hanger, D.P., Hughes, K., Woodgett, J.R., Brion, J.P., and Anderton, B.H. (1992)
Neurosci. Lett. 147, 58-62.

Mandelkow, E.-M., Drewes, G., Biemat, J., Gustke, N. Van Lint, J. Vandenheede, J.R.,
and Mandelkow, E. (1992) FEBS Lett. 314, 315-321.

Pierre, M., and Nunez, J. (1983) Biochem. Biophys. Res. Commun. 115, 212-219.
Scott, C.W., Spreen, R.C., Herman, J.L., Chow, F.P., Davison, M.D., Young, J., and
Caputo, C.B. (1993) I. of Biol. Chem. 268, 1166-1173.

Roder, H.M., and Ingram, V.M. (1991) J. Neurosci. 11, 3325-3343,

Studier, F.W., Rosenberg, A.H., Dunn, J.J., and Dubendorff, J.W. (1990) Methods
Enzymol.185, 60-89.

Scott, C.W.,, Spreen, R.C., Herman, J.L., Chow, F.P., Davison, M.D., Young, J., and
Caputo, C.B. (1993) J. Biol. Chem. 268, 1166-1173.

Litersky, J.M., and Johnson, G.V.W. (1992) J. Biol. Chem. 267, 1563-1568.

Wood, J.G., Mirra, S.S., Pollock, N.J., and Binder, L.I. (1986) Proc. Natl. Acad. Sci.
USA 83, 4040-4043.

Biernat, J., Mandelkow, E.-M., Schroter, C., Lichtenberg-Kraag, B., Steiner, B., Berling,
B., Meyer, HE., Mercken, M., Vandermeeren, A., Goedert, M., and Mandelkow, E.
(1992) EMBO J. 11, 1593-1597.

Pierre, M,, Nunez, J. (1983) Biochem. Biophys. Res. Commun. 115, 212-219.

Goto, S., Yamamoto, H., Fukunaga, K., Iwasa, T., Matsukado, Y., and Miyamoto, E.
(1985) J. Neurochem. 45, 276-283.

Yamamoto, H., Saitoh, Y., Fukunaga, K., Nishimura, H., and Miyamoto, E. (1988) J.
Neurochem. 50, 1614-1623.

Yamamoto, H., Fukunaga, K., Goto, S., Tanaka, E., and Miyamoto, E. (1585} J.
Neurochem. 44, 759-768.

Litersky, J.M., and Johnson, G.V.W. (1992) J. Biol. Chem. 267, 1563-1568.
Lichtenberg-Kraag, B., Mandelkow, E.-M., Biernat, J., Steiner, B., Schroter, C., Gustke,
N., Meyer, H.E., and Mandelkow, E. (1992) Proc. Natl. Acad. Sci. USA 89, 5384-5388.
Hoyer, S. (1991) In Alzheimer's Disease: Basic Mechanisms, Diagnosis and Therapetuic
Strategies (K. Igbal, D.R.C. McLachlan, B. Winblad, and H.M. Wisniewski, Eds.), pp.
53-57. John Wiley & Sons Ltd., New York.

194

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS



