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Hyperphosphorylated forms of the neuronal microtu-
bule (MT)-associated protein tau are major components
of Alzheimer’s disease paired helical filaments. Previ-
ously, we reported that ABaC, the dominant brain iso-
form of protein phosphatase 2A (PP2A), is localized on
MTs, binds directly to tau, and is a major tau phospha-
tase in cells. We now describe direct interactions among
tau, PP2A, and MTs at the submolecular level. Using tau
deletion mutants, we found that ABaC binds a domain
on tau that is indistinguishable from its MT-binding
domain. ABaC binds directly to MTs through a site that
encompasses its catalytic subunit and is distinct from its
binding site for tau, and ABaC and tau bind to different
domains on MTs. Specific PP2A isoforms bind to MTs
with distinct affinities in vitro, and these interactions
differentially inhibit the ability of PP2A to dephospho-
rylate various substrates, including tau and tubulin. Fi-
nally, tubulin assembly decreases PP2A activity irn vitro,
suggesting that PP2A activity can be modulated by MT
dynamics in vivo. Taken together, these findings indi-
cate how structural interactions among ABaC, tau, and
MTs might control the phosphorylation state of tau. Dis-
ruption of these normal interactions could contribute
significantly to development of tauopathies such as Alz-
heimer’s disease.

The axonal microtubule (MT)!-associated protein (MAP) tau
(1, 2) is encoded by one alternatively spliced gene that directs
the synthesis of six tau isoforms in human brain (3). The
C-terminal half of brain tau encompasses three or four contig-
uous MT-binding repeats that act synergistically with regions

* This work was supported by National Institutes of Health Grants
AG12300 (to E. S. and C. L. W.), GM49505 and HL.31107 (to M. C. M.),
AG14452 (to J. K.), and NS30485 (to G. S. B.); by Alzheimer’s Disease
and Related Disorders Association Grant IIRG-93-113 (to G. L.); and by
Welch Foundation Grant I-1236 (to G. S. B.). The costs of publication of
this article were defrayed in part by the payment of page charges. This
article must therefore be hereby marked “advertisement” in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

§ To whom correspondence should be addressed: Dept. of Pathology,
University of Texas Southwestern Medical Center, 5323 Harry Hines
Blvd., Dallas, TX 75235-9073. Tel.: 214-648-2327; Fax: 214-648-2077;
E-mail: Estelle.Sontag@email.swmed.edu.

! The abbreviations used are: MT, microtubule; MAP, microtubule-
associated protein; PP2A, protein phosphatase 2A; PP1, protein phos-
phatase 1; rTau, recombinant tau; PIPES, 1,4-piperazinediethanesul-
fonic acid; MOPS, 4-morpholinepropanesulfonic acid; PAGE, polyacryl-
amide gel electrophoresis.

25490

flanking both sides of the repeats to support higher affinity MT
binding (4-6). All tau isoforms in human brain contain 21
serine/threonine phosphorylation sites (7), some of which mod-
ulate MT binding of tau (8—11). Only a few sites on tau are
phosphorylated at any moment in normal adults (12, 13). In
Alzheimer’s disease brain, however, tau is more heavily phos-
phorylated (12, 13), due in part to decreased tau phosphatase
activity (13, 14). Hyperphosphorylated tau is the principal com-
ponent of Alzheimer’s disease paired helical filaments and neu-
rofibrillar lesions present in several other neurodegenerative
disorders (15) and has very low affinity for MTs (16, 17). Al-
though non-phosphorylated tau can assemble into paired heli-
cal filament-like filaments in vitro (18-21), it is reasonable to
hypothesize that changes in tau phosphorylation are decisive
events in paired helical filament biogenesis in vivo.

To study how tau phosphorylation is regulated, we have been
focusing on protein phosphatase 2A (PP2A), a heterotrimeric
enzyme that comprises one catalytic C subunit, one non-cata-
Iytic A subunit, and one of several structurally distinct, regu-
latory B subunits (22). We previously reported that PP2A is
likely to be a major tau phosphatase in vivo (23). Initially, we
found that a pool of ABaC, the major PP2A isoform in brain
(22), is associated with MTs in brain and cultured cells (17).
Subsequently, we determined that tau binds with high affinity
to ABaC and ABBC; less tightly to AB’'C; and poorly, if at all, to
AC or individual PP2A subunits (23). Finally, we found that the
relative affinities of PP2A isoforms for tau correlated with their
tau phosphatase activities, and suppression of PP2A activity in
cells stimulated Alzheimer’s disease-like phosphorylation of
tau and prevented tau from binding MTs (23).

Here, we describe the use of tau deletion mutants, specific
PP2A enzymes, and intact and proteolyzed MTs to define bind-
ing sites on tau for PP2A, on PP2A for tau and MTs, and on
MTs for PP2A. When considered collectively, the results indi-
cate how structural interactions among PP2A, tau, and MTs
can control the phosphorylation of tau. The results suggest,
moreover, that disruption of the normal interactions could con-
tribute significantly to the development of tauopathies such as
Alzheimer’s disease.

EXPERIMENTAL PROCEDURES

Binding of PP2A to Tau—Purified bovine brain or bovine cardiac (24,
25) or human recombinant (22) AB«C (300 nM) in storage buffer (25 mm
Tris, 1 mm dithiothreitol, 1 mm EDTA, and 50% glycerol, pH 7.5) was
incubated for 15 min on ice in a final volume of 5 ul with a 600 nM
concentration of either purified bovine brain tau (26) or any of several
previously described human recombinant tau (rTau) fragments (27, 28).
We also used one new recombinant tau fragment, rTau9 (see Fig. 1),
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which was made following the same method used to generate previously
produced fragments (27). In some assays, PP2A was incubated on ice for
15 min with 1-5 uMm okadaic acid before adding tau. For competition
experiments with the synthetic tau peptide ***KKVAVVRTPPKSP2¢
(numbered according to the longest isoform of human brain tau (3)), 300
nM ABaC was first incubated for 15 min with 1 or 10 uM peptide and
then for an additional 15 min in the presence of peptide plus 600 nm tau.
After all incubations were completed, samples were applied directly
onto pre-cast, nondenaturing 8—25% polyacrylamide gels (Amersham
Pharmacia Biotech); subjected to native gel electrophoresis using the
Amersham Pharmacia Biotech PhastSystem; and transferred to nitro-
cellulose for immunoblotting with antibodies to the C or Ba subunits of
PP2A (23). Immunoreactive proteins were detected using enhanced
chemiluminescence reagents (ECL, Amersham Pharmacia Biotech).
Blots were densitometrically scanned and quantitatively analyzed us-
ing a PhosphorImager and ImageQuant software (Molecular Dynamics,
Inc.).

Assembly and Limited Proteolysis of Tubulin—Purified bovine brain
tubulin (29) at 5 uM (equal to 0.5 mg/ml) was polymerized into MTs by
incubation for 10 min at 37 °C in PEM buffer (0.1 m PIPES, pH 6.9, 2
mM EGTA, and 5 mm MgCl,) containing 1 mM GTP and 20 uMm Taxol
(provided by Nancita Lomax, NCI, National Institutes of Health). When
used in PP2A enzymatic assays, MTs were first washed free of GTP by
centrifugation at 100,000 X g, for 20 min at 30 °C in a Beckman TLA
100.3 rotor, followed by resuspension in PEM buffer lacking GTP, but
containing 20 uM Taxol. This step was essential because high levels of
free GTP interfered with PP2A enzymatic assays. To remove C-termi-
nal domains of polymerized tubulin, Taxol-stabilized MTs were incu-
bated overnight at 30 °C with ~1% (w/w) subtilisin (Roche Molecular
Biochemicals) (30). Proteolysis was then terminated by addition of
phenylmethylsulfonyl fluoride to 5 mm. Subtilisin-digested MTs were
sedimented for 45 min at 100,000 X g,... in a Beckman TLA 100.3 rotor,
resuspended in PEM buffer containing 2 mM phenylmethylsulfonyl
fluoride and 20 um Taxol, and used immediately for co-sedimentation
assays. The extent of MT proteolysis was verified by SDS-polyacryl-
amide gel electrophoresis (PAGE) as described previously (30-32).

MT Co-sedimentation Assays—PP2A and tau were incubated either
individually or together for 15-20 min at room temperature with PEM
buffer alone or with PEM buffer containing F-actin (33) or intact or
subtilisin-digested MTs. The samples were then centrifuged at
~50,000 X g,.. for 20 min at 25 °C in a Beckman TLA 100.3 rotor.
Next, the supernatants were collected, and each pellet was resuspended
to the starting volume (20-50 ul). The samples were then resolved by
SDS-PAGE using 12% polyacrylamide gels, transferred to nitrocellu-
lose, and immunoblotted with antibodies to the C subunit of PP2A or
with the Tau-1 (1) or Tau-5 (28) antibodies.

Dephosphorylation of Tau by PP2A—Radiolabeled soluble tau (~5
mol of phosphate/mol of protein) was produced by incubating bovine
brain tau with protein kinase A (Sigma) in the presence of 20 um
[y-*2P]ATP, 10 mm MgCl,, 10 mMm dithiothreitol, and 10 um cAMP and
then purifying phosphorylated tau as described previously (23). Radio-
labeled, MT-bound tau was obtained by incubating radiolabeled soluble
tau with Taxol-assembled MTs, centrifuging MTs for 10 min in a Beck-
man TLA 100.3 rotor at ~50,000 X g, . and resuspending MTs in
GTP-free PEM buffer. For the experiment shown in the upper panel of
Fig. 6, ~1000 cpm each of radiolabeled soluble and MT-bound tau were
incubated for 5-45 min at 30 °C with 14 nMm ABaC, and dephosphoryl-
ation of tau was halted at various time points by addition of 3X sample
buffer for SDS-PAGE. For the experiment shown in the lower panel of
Fig. 6, 200 nM radiolabeled soluble tau was mixed with 40 nm ABaC and
0-10 pM tubulin that had been polymerized in the presence of Taxol.
The samples were incubated at 30 °C for 15 min, after which tau
dephosphorylation was terminated by addition of 3X sample buffer for
SDS-PAGE. The samples were resolved by SDS-PAGE using 12% poly-
acrylamide gels, and 2P incorporation into tau was measured on dried
gels using a PhosphorImager.

Dephosphorylation of Tubulin by PP2A—Purified ABaC, AC, or C
subunits (25 nM) in storage buffer were incubated for 15 min with either
polymerized or dimeric tubulin (20 uMm) in a final volume of 50 ul of
phosphatase assay buffer (20 mm MOPS, 0.02% B-mercaptoethanol, and
0.25 mg/ml bovine serum albumin, pH 7.0). The reactions were per-
formed in 96-well U-bottom microtiter plates. Green reagent (BIOMOL
Research Labs, Inc.) was used in a quantitative colorimetric assay for
free phosphate (P;) released after 30-min incubations at room temper-
ature. P, levels were determined by measuring A, ..., according to the
manufacturer’s instructions. Control wells containing only tubulin,
MTs, or buffer alone, but no phosphatases, were used to determine the
background values of P,, and the PP2A activities reported here were
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background-corrected.

Effects of MTs on PP2A Activity—ABaC, AC, or C subunits were
incubated for 15 min with or without 5 uM polymerized or dimeric
tubulin. The samples were then incubated for 5 min at 30 °C with a 100
uM concentration of either of two substrates: radiolabeled phosphoryl-
ated myosin light chain (24) or the synthetic phosphopeptide
RRREEE(pT)EEE (Biosynthesis Inc.). Dephosphorylation of myosin
light chain was assayed by measuring the release of **P; as described
previously (17). Dephosphorylation of the phosphopeptide was deter-
mined by measuring the release of P, using the colorimetric assay
described above for tubulin. Dephosphorylation of polymerized or di-
meric tubulin by PP2A enzymes represented, at most, ~4% of the total
phosphatase activity measured for phosphorylated myosin light chain
or the phosphopeptide.

RESULTS

ABaC and MTs Bind to the Same Region within Tau—To
localize the binding site on tau for ABaC, a gel mobility shift
assay (23) coupled with immunoblotting (see “Experimental
Procedures”) was used to monitor binding of ABaC to 13 dif-
ferent rTau proteins, all but one of which (rTau9) have been
previously described (27, 28). These recombinant proteins are
derived from adult (rTaul-rTau6) or fetal (rTau7-rTaul3) iso-
forms of human brain tau. The largest recombinant tau that
was used, rTaul, contains four MT-binding repeats (four-re-
peat tau) and two 29-mer N-terminal inserts. As shown in Fig.
1, each of the other rTau proteins contained one or more unique
deletions. Their N- and C-terminal amino acids and the bound-
aries of their deletions are numbered relative to the amino acid
sequence of the largest isoform of brain tau (3), which is equiv-
alent to rTaul.

Fig. 1 summarizes the results of the binding assays in which
ABaC and the pertinent rTau proteins were used at 300 and
600 nM, respectively. Densitometry of the resulting immuno-
blots was used to estimate the percentage of PP2A that was
bound to each rTau protein. Maximal binding of ABaC (=95%)
was observed for every rTau protein that contains all four
MT-binding repeats plus extensive sequence contiguous with
the N terminus of the repeats. Included in this group are rTaul
and rTau2, which do not have any C-terminal deletions, and
rTau6 and rTau8, which are missing part or all of the C-
terminal 45 amino acid residues of native tau. A modest de-
crease in binding (to ~80%) was observed for rTau7, which is
equivalent to the fetal isoform of brain tau (3), contains only
three MT-binding repeats (three-repeat tau), and lacks the two
N-terminal inserts. A similar level of ABaC binding (~75%)
was observed for rTaub, the C terminus of which is in the
middle of the third MT-binding repeat, but contains no other
deletions relative to rTaul. By comparison, rTau4, which con-
tains a large internal deletion and includes just part of the last
MT-binding repeat, was able to bind only ~45% of ABaC. The
minimal protein that retained the ability to bind ABaC (~38%)
was rTaul2, which lacks all four MT-binding repeats, but, near
its C terminus, contains a proline-rich sequence that has MT-
binding activity independent of the repeats (4, 5). In stark
contrast, rTaul3, which lacks residues 221-242 of rTaul2, but
is otherwise identical, failed to bind any ABaC.

Deletion of the N-terminal 29-mer inserts (rTau8) or resi-
dues 84-161 (rTau2), which include part of the second N-
terminal repeat, did not impair binding of four-repeat tau to
ABaC. Other deletions located N-terminal to the MT-binding
repeats yielded demonstrable, albeit modest effects. A slight
reduction in binding (to ~90%) was observed for rTau3, which
contains all four MT-binding repeats, but lacks most of the
proline-rich MT-binding domain located immediately N-termi-
nal to those repeats. Likewise, binding to ABaC correlated
roughly with protein length for the three-repeat proteins
(rTau9, rTaul0, and rTaull) that have extensive N-terminal
deletions.
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Fic. 1. ABaC binds to the MT-binding domain on tau. Purified bovine brain ABaC (300 nm) was incubated on ice for 15-30 min in the
presence of various recombinant proteins (600 nM) derived from adult (rTaul-rTau6) or fetal (rTau7-rTaul3) isoforms of human brain tau. For
each combination of ABaC and a rTau species, nondenaturing gel electrophoresis was used to separate complexes containing both proteins from
free ABaC and rTau. The resulting gels were immunoblotted with a monoclonal antibody specific for the C subunit of PP2A, and densitometry of
the immunoblots was used to estimate the percentage of total ABaC that was bound to each rTau. Values shown are the means + S.D. of at least
three separate experiments. For each rTau species, the N- and C-terminal amino acids and the boundaries of deletions (indicated by black lines)
are numbered relative to the 441-amino acid sequence of the largest human adult tau isoform (3), which is equivalent to rTaul.
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ABoC (300nM) + + + + +

Tau (600nM) - + + - +
Peptide(1pM) - - + - -
Peptide (10 pM) - - - + +

ABGC + Tau > i’. =

ABoC + Peptide » - "
ABaC > W8

Fic. 2. A synthetic tau peptide competes with native tau for
ABaC binding. Bovine brain ABaC (300 nM) was preincubated for 15
min with a 1 or 10 uM concentration of the synthetic peptide 22 KKVAV-
VRTPPKSP?3¢, corresponding to the 224-236-amino acid sequence of
the longest human adult tau isoform, and then further incubated for 15
min with 600 nM native bovine brain tau or buffer alone. The samples
were analyzed by nondenaturing gel electrophoresis, followed by immu-
noblotting with a polyclonal antibody to the Ba subunit of PP2A. Note
the presence of ABaC-peptide complexes and a decreased amount of
ABaC-tau complex in the presence of 10 uM peptide.

Taken together, these data demonstrate that the overall
PP2A-binding region on tau encompasses the MT-binding re-
peats and a short sequence N-terminal to the repeats. It is thus
indistinguishable, within the limits of experimental resolution,
from the MT-binding region on tau (4—6). Interestingly, lower
affinity binding of ABaC can be achieved by proteins that
contain only the extreme N-terminal (rTaul2) or C-terminal
(rTau4) part of the overall binding region on tau for ABaC. In
addition, the binding affinity of PP2A for tau increases with the
number of MT-binding repeats present in tau. It is also impor-
tant to note that inclusion of 1 um okadaic acid in the binding
reactions completely suppressed PP2A activity, but had no
effect on the extent of PP2A interaction with tau (data not
shown).

To seek further evidence that sequences on tau immediately
N-terminal to the MT-binding repeats actually bind ABaC, the
synthetic peptide 2**KKVAVVRTPPKSP?3¢, which corresponds
to a portion of this region, was tested for its ability to compete
with native tau for binding to ABaC. The sequence of this
portion of tau is invariant among all isoforms of human, rat,
mouse, and bovine tau. Bovine brain ABaC (300 nMm) was pre-
incubated first with 1 or 10 um peptide, after which bovine
brain tau (600 nM) or an equivalent volume of buffer was added.
After an additional 15-min incubation, binding of ABaC to tau
was monitored by native gel electrophoresis and immunoblot-
ting with an anti-Ba antibody (23). As shown in Fig. 2, 10 um
(but not 1 um) peptide partially inhibited binding of PP2A to
tau. In addition, 10 um peptide induced a shift in the electro-
phoretic mobility of PP2A on native gels, consistent with the
formation of an ABaC-peptide complex.

Direct, Isoform-specific Binding of PP2A to MTs—Our previ-
ous finding that a pool of AB«aC copurifies with MTs in vitro
and is associated with MTs in cells (17) raised the question of
how ABaC, and possibly other PP2A isoforms as well, might
bind to MTs. The results presented in Figs. 1 and 2 strongly
imply that tau cannot serve as a MT-anchoring protein for
PP2A because they show that ABaC and MTs bind to the same
region on tau. To determine whether PP2A might bind directly
to MTs, a series of MT co-sedimentation assays were performed
with various purified PP2A enzymes. As shown in Fig. 3 (upper
panel), when bovine brain or human recombinant ABaC het-
erotrimers were mixed with MTs and centrifuged, ~50% of
PP2A was recovered in the MT pellets under the experimental
conditions utilized. The possibility that ABaC may have non-
specifically co-sedimented with MTs under these conditions
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Fic. 3. ABaC co-sediments with MTs. Upper panel, purified re-
combinant ABaC (100 nM) was incubated with buffer alone, 5 um
F-actin, or 5 uM Taxol-polymerized tubulin (MTs) in the absence or
presence of 0.5 M NaCl. The samples were then centrifuged, and frac-
tions corresponding to the supernatants (s) and pellets (p) were ana-
lyzed by SDS-PAGE and immunoblotting with a monoclonal antibody to
the C subunit of PP2A. All pellets were resuspended to original sample
volumes, and equal aliquots of supernatants and pellets were loaded on
the gel. Lower panel, MT co-sedimentation assays with increasing con-
centrations of purified ABaC were performed and analyzed as described
in the upper panel.

was assessed in parallel control experiments, in which MTs
were omitted or F-actin was substituted for MTs. ABaC pro-
teins did not sediment in either of these cases, emphasizing the
specificity of the direct interaction between ABaC and MTs. In
addition, 0.5 M NaCl was found to prevent co-sedimentation of
PP2A with MTs, indicating that ionic interactions are impor-
tant for association of the enzyme with MTs. As was observed
for the binding of ABaC to tau, inclusion of 5 um okadaic acid
in the assays completely suppressed PP2A activity, but had no
effect on the extent of interaction of ABaC with MTs (data not
shown).

In the next series of experiments, increasing concentrations
of ABaC were incubated with MTs and then centrifuged to
generate MT-bound (pellet) and unbound (supernatant) frac-
tions. Fig. 3 (lower panel) shows that ABaC co-pelleted with
MTs in a concentration-dependent manner. The highest con-
centration of ABaC that we were able to use for these experi-
ments (1 uM) was not sufficient for saturation binding to ~5 um
assembled tubulin (see Fig. 4). Nevertheless, ~40% of 1 um
ABaC bound to ~5 uMm assembled tubulin, indicating that MTs
must be able to accommodate >1 ABaC heterotrimer/12.5 tu-
bulin dimers. Furthermore, because ~80% of ABaC bound to
MTs when the total concentration of ABaC was 0.1 um (Fig. 3,
lower panel), the binding of ABaC to MTs must be tight. Efforts
to use Scatchard analysis to determine saturation binding and
a dissociation constant more accurately were unsuccessful for
ABaC and other forms of PP2A (Figs. 3 (lower panel) and 4)
because the Scatchard plots could not be described accurately
by simple linear equations (data not shown).

To assess whether ABaC is the only form of PP2A that can
bind MTs, we compared the behavior of distinct PP2A enzymes
in the MT co-sedimentation assay. As shown in Fig. 4, all
enzymatically active proteins tested, including the ABBC and
AB’C holoenzymes, the AC dimer, and the catalytic C subunit,
were able to bind MTs to some extent. However, distinct PP2A
isoforms appeared to have distinct affinities for MTs because at
fixed molar concentrations of PP2A and polymerized tubulin,
the ratio of MT-bound to soluble enzyme varied considerably
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Fic. 4. Differential binding of distinct PP2A enzymes to MTs.
Co-sedimentation assays were performed with 10 um Taxol-polymer-
ized tubulin and increasing concentrations (10—-1000 nMm) of purified
ABaC, ABBC, AB'C, AC, or C subunits and analyzed by SDS-PAGE and
immunoblotting with a monoclonal antibody to the C subunit of PP2A.
The relative amounts of MT-bound and unbound enzymes were calcu-
lated by quantitative densitometric analysis of the immunoblots. The
results shown are representative of a typical experiment.

among the phosphatases tested. Based on the results presented
in Fig. 4, the ability of PP2A to bind to MTs can be ranked as
follows: ABaC > AC > ABBC > C > AB’C. When actin fila-
ments were substituted for microtubules, virtually none of the
PP2A enzymes pelleted, demonstrating that their binding to
microtubules was specific (data not shown).

The fact that the monomeric C subunit co-sedimented with
MTs indicates that it contains a binding site for MTs. However,
our findings suggest that the presence of A and B subunits
modulates interactions of the catalytic C subunit with MTs and
that each type of B subunit does so in its own unique way. As
reported previously for binding of various forms of PP2A to tau
(23), the ABaC heterotrimer bound more tightly to MTs than
any of the other forms of PP2A that were assayed. In addition,
we found that neither ABaC nor AC forms detectable com-
plexes with unpolymerized tubulin during nondenaturing gel
electrophoresis (data not shown), implying that PP2A can effi-
ciently interact with tubulin only when the tubulin has
polymerized.

Tau and PP2A Bind to Different Sites on MTs—Binding to
MTs of several MAPs such tau and MAP2 can be partially
inhibited by prior exposure of either unassembled (32) or po-
lymerized (30, 31) tubulin to the protease subtilisin, which
removes a small C-terminal fragment from both «- and B-tu-
bulin. To compare the binding sites on MTs for PP2A and tau,
co-sedimentation experiments were therefore performed using
untreated or subtilisin-treated MTs, bovine brain ABaC, and
bovine brain tau. The resulting supernatants and pellets were
analyzed for the presence of tau, intact or cleaved tubulin, and
ABaC by SDS-PAGE and immunoblotting. Representative re-
sults are shown in Fig. 5, and equivalent results were obtained
when AC was substituted for ABaC (data not shown). As ex-
pected from previous studies (30-32), the electrophoretic mo-
bilities of nearly all of the a- and B-tubulin increased after
exposure of MTs to subtilisin (data not shown), but subtilisin
did not alter the proportion of total tubulin that sedimented
(~90%) (data not shown). Binding of tau to MTs was signifi-
cantly weakened, but not completely abolished, by pretreat-
ment of MTs with subtilisin, as reported previously (31). In
contrast to tau, ABaC co-sedimented with subtilisin-treated
MTs as efficiently as with untreated MTs. We also found that
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Anti-C (PP2A) Anti-tau
Subtilisin - + - + - 4+
ABoC + + + + - -
Tall - - + + + +
Spsp sp sp Ssp sp

]

Fic. 5. ABaC and tau bind to different sites on the MT wall.
Aliquots of Taxol-stabilized MTs (20 um tubulin) were incubated over-
night with or without subtilisin, which removes C-terminal sequences
from both a- and B-tubulin (30, 32). Co-sedimentation assays were then
performed in the presence of bovine brain tau or recombinant ABaC
(~128 nm) that had been preincubated with or without bovine brain tau
(~500 nM). MT-bound and unbound ABaC and tau were detected by
SDS-PAGE and immunoblotting using a monoclonal antibody to the C
subunit of PP2A or the monoclonal tau-5 antibody. Note that subtilisin
treatment of MTs led to decreased binding of tau, but did not affect
binding of PP2A. s, supernatant; p, pellet.

preincubation of ABaC with tau did not prevent the phospha-
tase from co-sedimenting with either intact or subtilisin-di-
gested MTs. Taken together, these results lead us to conclude
that ABaC can bind to a site on MTs that overlaps minimally,
if at all, with the binding site on MTs for tau.

MTs Inhibit Dephosphorylation of Tau by ABaC—Because
the binding domain on tau for PP2A (Figs. 1 and 2) cannot be
distinguished from the MT-binding domain on tau (4—6) and
PP2A must bind to that site in order to dephosphorylate tau
(23), we postulated that MTs would inhibit the tau phosphatase
activity of PP2A by competing with PP2A for binding to tau. To
test this possibility, bovine brain tau was phosphorylated by
protein kinase A in the presence of [y->2P]JATP (34). Radiola-
beled soluble tau was then incubated with MTs, after which the
mixture was centrifuged to pellet MTs. The pellet was then
resuspended in a buffer that contained 20 um Taxol, but lacked
free GTP, which interferes with the enzymatic activity of PP2A.
MT-associated tau was incubated with ABaC for varying peri-
ods of time. In parallel, equal counts (~1000 cpm) of soluble tau
were similarly treated with ABaC in the absence of MTs. Fi-
nally, dried SDS-polyacrylamide gels were analyzed quantita-
tively using a PhosphorImager to measure the extent of tau
dephosphorylation in each sample. As shown in Fig. 6 (upper
panel), ABaC was able to remove ~70% of the radiolabeled,
covalently bound phosphate from soluble tau within 15 min,
whereas only ~50% of the phosphate had been removed from
MT-associated tau after 45 min. Thus, MTs inhibited the rate
of tau dephosphorylation by ABaC. Control experiments dem-
onstrated that the tau phosphatase activity of PP2A was not
affected by 20 um Taxol (data not shown).

The inhibitory effect of MTs on the tau phosphatase activity
of PP2A was also analyzed by incubating 200 nM protein kinase
A-phosphorylated bovine brain tau with 40 nm ABaC and a
concentration series of MTs for 15 min. Fig. 6 (lower panel)
shows that tau dephosphorylation by PP2A was inhibited by
MTs in a concentration-dependent manner. In the absence of
MTs, <15% of the original 3?P levels remained covalently
bound to tau. In contrast, ~20% of 32P remained when 1 uMm
assembled tubulin was present, and ~45% remained at assem-
bled tubulin concentrations of 2 um or higher.

Although the MT-mediated inhibition of tau dephosphoryl-
ation by ABaC likely resulted, at least in part, from competi-
tion between MTs and ABaC for binding to tau, we hypothe-
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Fic. 6. MTs inhibit dephosphorylation of tau by ABaC. Upper
panel, bovine brain tau was phosphorylated by protein kinase A in the
presence of [y->?P]ATP. ~1000 cpm (400 nm) of MT-bound (+MTs) and
soluble (—MTs) tau were incubated for the indicated times at 30 °C with
~14 nm™ purified bovine brain ABaC. Samples were then resolved by
SDS-PAGE, and 32P levels in tau were measured on dried gels using a
Phosphorlmager. Error bars indicate the S.D. values for data from two
independent experiments. Lower panel, radiolabeled, protein kinase
A-phosphorylated tau (200 nm) was incubated with or without Taxol-
stabilized MTs at the indicated concentrations of polymerized tubulin,
after which bovine brain ABaC was added to 40 nm. The dephosphoryl-
ation reactions were performed for 5 min at 30 °C as described above.
The data shown are the means * S.D. of results from three separate
experiments and are expressed as the percentage of phosphate on tau
that was not exposed to ABaC (control).

sized that the direct interaction of PP2A with MTs may also
affect its catalytic activity in general. To test this hypothesis,
purified ABaC, AC, and C subunits were incubated with buffer
alone or with buffer containing 5 uM unassembled or Taxol-
polymerized tubulin. The phosphatase activity of each sample
was then measured using either of two characterized PP2A
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Fic. 7. MTs inhibit the catalytic activity of PP2A. Purified
ABaC, AC, and C subunits (25 nm each) were incubated for 15 min in
buffer alone or in buffer containing 5 uM soluble or Taxol-polymerized
tubulin. Then, a 100 uM concentration of either of two phosphorylated
substrates, myosin light chain (MLC) or the synthetic RRREEE(pT)
EEE peptide, was added, and the samples were incubated for 5 min at
30 °C to allow substrate dephosphorylation. The data shown are the
means *+ S.E. of triplicate determinations from two separate experi-
ments and are expressed as the percentage of PP2A activity measured
with each substrate in the absence of tubulin (control).

substrates that do not bind MTs: phosphorylated myosin light
chain or the synthetic phosphopeptide RRREEE(pT)EEE (35).
As shown in Fig. 7, incubation of PP2A enzymes with unpo-
lymerized tubulin did not inhibit phosphatase activity for the
substrates. In contrast, preincubation of PP2A enzymes with
Taxol-stabilized MTs significantly inhibited their ability to de-
phosphorylate both substrates. Interestingly, the extent of in-
hibition varied between ~20 and 60%, depending on both
which form of PP2A was tested and the chosen substrate. The
phosphatase activities of ABaC, AC, and C for myosin light
chain and the synthetic peptide were insensitive to Taxol in
these assays (data not shown).

PP2A Preferentially Dephosphorylates Unassembled Versus
Polymerized Tubulin—Neuronal MTs exist as a mixture of
different populations of a- and B-tubulin isotypes (36). It has
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Fic. 8. PP2A dephosphorylates unassembled tubulin more
rapidly than assembled tubulin. Purified ABaC and AC enzymes
(25 nM) were incubated for 15 min at 30 °C with 20 um soluble or
Taxol-polymerized bovine brain tubulin, which includes naturally phos-
phorylated BIII-tubulin. PP2A activity was then measured as described
under “Experimental Procedures.” Values are expressed as the percent
of maximal PP2A activity and are the means = S.E. of duplicate
determinations from two separate experiments.

been reported previously that the neuron-specific BIII-tubulin
isoform, which represents ~25% of neuronal B-tubulin, is phos-
phorylated in cultured cells and in vivo (37-39). Remarkably,
phosphorylated BIII-tubulin can be dephosphorylated by PP2A,
but not by any of several other protein phosphatases that have
been tested to date (37). Based on these results, we measured
dephosphorylation of unassembled or Taxol-polymerized brain
tubulin by bovine brain ABaC and AC. As shown in Fig. 8, both
forms of tubulin were dephosphorylated by ABaC and AC.
During the 30 min in which the reactions were allowed to
proceed, however, polymerized tubulin was dephosphorylated
to just 40% the level of unassembled tubulin.

DISCUSSION

Previously, we reported that a pool of ABaC is localized on
intracellular MTs and binds to tau in vitro (23). A question that
naturally arose from those observations was, “Does tau anchor
PP2A to neuronal MTs ?” There is precedent for MAPs acting
as bridges between MTs and enzymes that control protein
phosphorylation. For example, tau and MAP2 anchor PP1 (40)
and protein kinase A (41) to MTs, respectively. As far as PP2A
is concerned, however, the results presented here demonstrate
that tau cannot be responsible for linking the enzyme to MTs.
Instead, the data presented in Figs. 1 and 2 imply that PP2A
and MTs bind to tau in a mutually exclusive manner. The
interaction site on tau for PP2A corresponds approximately to
amino acid residues 221-396 of adult human tau and thus
encompasses the MT-binding repeats and nearby flanking re-
gions that form the overall MT-binding domain on tau (4-6).
Interestingly, ABaC (Fig. 1), like MTs (5, 6), was able to bind
tau variants containing truncated MT-binding regions as small
as only one repeat or the proline-rich domain located immedi-
ately N-terminal to the repeats. Since the C subunit of PP2A
does not bind to tau alone (23), the MT-binding domain on tau
can be viewed as a site that anchors the PP2A holoenzyme and
enables its catalytic subunit to dephosphorylate residues lo-
cated predominantly elsewhere on tau. This might explain why
the tau phosphatase activities for various forms of PP2A are
correlated with their affinities for tau (23) and why okadaic
acid, which binds tightly to the catalytic site on PP2A and
abolishes its enzymatic activity (42), does not interfere with
binding of PP2A to tau.

One mechanism that apparently can account for the MT-
binding activity of PP2A is direct association via the C subunit.

Molecular Interactions among PP2A, Tau, and Microtubules

This conclusion is supported by the finding that three distinct
PP2A holoenzymes, the AC complex, and free C subunits all
bound to MTs, albeit with varying affinities (Fig. 4). These in
vitro data should not be assumed to mean that all PP2A en-
zymes efficiently interact with MTs in vivo, however. For ex-
ample, in contrast to ABaC, the AB’C holoenzyme showed very
low affinity for MTs in our in vitro assays (17) and is not known
to be associated with MTs in vivo (43). Our finding that the
affinity for MTs of PP2A holoenzymes varied according to their
regulatory B subunits (Fig. 4) is consistent with the model that
distinct PP2A isoforms are differentially targeted to specific
subcellular compartments through their regulatory subunits
(17, 22, 23, 43). It also must be noted that although direct
binding of PP2A to MTs has now been shown to occur, other
possible binding mechanisms cannot be formally excluded. For
example, perhaps PP2A can also be linked to MTs indirectly
through a MAP intermediate, as has been described for PP1
and tau (40).

One potential physiological consequence of the binding of
PP2A to MTs is reduced phosphatase activity of the enzyme
(Figs. 6 and 7). In the case of tau, this phosphatase inhibition
could result from at least two factors: immobilization of the
catalytic subunit of PP2A on MTs and competition between
MTs and PP2A for tau binding. It is likely that inhibition of
catalytic activity occurs subsequent to direct binding of the C
subunit to MTs. Such an interaction may induce conforma-
tional changes in PP2A, which partially or completely conceal
the catalytic site, preventing efficient access to substrates. The
inhibition of PP2A activity by MTs also provides an explana-
tion for reports that MT depolymerization induces okadaic
acid-sensitive dephosphorylation of tau in cultured cells (11,
44). Together, these results underscore the possible importance
of MT dynamics in the regulation of the phosphorylation state
of PP2A-sensitive substrates, including tau. In addition to the
control of PP2A activity by regulatory proteins, post-transla-
tional modifications, and biochemical factors (22, 25, 43), selec-
tive anchoring of PP2A to MTs may represent a novel way to
regulate specific subcellular pools of PP2A.

Whereas MT assembly dynamics may regulate PP2A activ-
ity, PP2A, in turn, might modulate MT stability in axons by
regulating the MT-binding and -stabilizing activities of tau (23,
45). Moreover, cycles of tubulin phosphorylation and dephos-
phorylation have been proposed to regulate MT functions dur-
ing neuronal differentiation and to mediate interactions of MTs
with other cellular components (38, 46). Interestingly, ABaC
and AC preferentially dephosphorylated depolymerized as com-
pared with polymerized brain tubulin (Fig. 8). This difference
may result from the binding of PP2A to MTs, but not to soluble
tubulin. BIII-Tubulin is the only known form of phosphorylat-
able brain tubulin and is found primarily in the assembled pool
of tubulin in vivo (37-39). Because phosphate can turn over
rapidly on BIII-tubulin, it was hypothesized that higher levels
of phosphorylation in assembled MTs likely resulted from
slower dephosphorylation of tubulin phosphate in polymers
rather than in monomers (38). Since ABaC is the only known
phosphatase capable of dephosphorylating BIII-tubulin (37,
46), this hypothesis is supported by our in vitro data showing
the preferential dephosphorylation of unassembled tubulin by
ABaC. Thus, ABaC may be an important modulator of MT
phosphorylation levels and functions in neurons. Yet, the lack
of effect of okadaic acid on the ability of PP2A to co-sediment
with MTs and the presence of ABaC on non-neuronal MTs both
suggest that the interactions between PP2A and MTs are not
simply restricted to dephosphorylation of tubulin. Their func-
tional significance for the regulation of the cytoskeleton re-
mains to be defined.
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FiG. 9. Model for the role of structural interactions among ABaC, tau, and MTs for the regulation of tau phosphorylation. The
model emphasizes the following points. 1) Normal and hyperphosphorylated tau are depicted as containing one to two and four covalently bound
phosphates, respectively, even though actual in vivo levels may be much higher. 2) Both MT-bound and soluble tau are presumed to be accessible
to protein kinases. 3) PP2A binds to tau and MTs through distinct sites and therefore might be able to anchor tau to MTs. 4) Since MTs and PP2A
compete for binding to the same region on tau and binding of PP2A to MTs inhibits its catalytic activity, PP2A can efficiently dephosphorylate tau
only when neither protein is bound to MTs. Depolymerization of MTs or dissociation of PP2A from MTs thus potentiates the phosphatase activity
of PP2A for soluble tau. In contrast to PP2A, other tau phosphatases such as PP1 (40) may be able to dephosphorylate both MT-bound and soluble
tau. 5) As long as the tau kinases and phosphatases remain in proper balance, the phosphorylation state of tau will remain within limits that favor
binding of tau molecules to MTs, as opposed to other tau molecules. 6) If the balance becomes altered in favor of the kinases, however, phosphates
may accumulate on tau at specific sites such as serine 214 or serine 262, which, when phosphorylated, dramatically diminish the MT-binding
activity of tau (48). The elimination of MTs as favored binding partners for tau may then contribute to an environment that permits tau to
self-associate into paired helical filaments. Disruption of the normal structural interactions between PP2A and tau may also lead to tau

hyperphosphorylation. PHFs, paired helical filaments.

Based on the collective results presented here and in re-
lated reports from our laboratories and others, we propose a
model in which ABaC regulates the phosphorylation state of
tau by a complex mechanism involving structural interac-
tions as well as enzyme-substrate interactions among ABaC,
tau, and MTs (Fig. 9). Because ABaC binds to the MT-binding
domain of tau and MTs inhibit the tau phosphatase activity
of PP2A, the model presumes that ABaC can dephosphoryl-
ate tau primarily, if not exclusively, when tau is dissociated
from MTs. This is in stark contrast to the tau phosphatase
activity of PP1 because tau acts as a bridge between PP1 and
MTs; PP1 binds to a portion of tau that is distinct from the
MT-binding site on tau; and PP1 has the potential to dephos-
phorylate both soluble and MT-bound tau (40). For simplici-
ty’s sake, however, the model does not take into account other
factors that are involved in the regulation of PP2A and MTs.
Many neurodegenerative disorders besides Alzheimer’s dis-
ease are characterized by the presence of filaments assem-
bled from hyperphosphorylated tau. The recent discovery of a
direct link between tau mutations and neurodegenerative
disorders such as FTDP-17 has underscored the importance
of functional tau for neuronal integrity and survival (15). In

this context, tau mutations, especially those occurring within
the MT-binding domain of tau, could affect its ability to bind
to PP2A. Although it has been proposed earlier that a de-
crease in tau phosphatase activity, especially that contrib-
uted by PP2A, could underlie the biogenesis of hyperphos-
phorylated tau in Alzheimer’s disease (23, 44, 47), the data
we present here and in a prior report (17) suggest specific
molecular mechanisms by which this could occur, namely,
any alteration of the MT-binding site on tau, by mutation or
post-translational modification, might compromise the abil-
ity of PP2A to bind and thereby dephosphorylate tau. It is
easy to imagine how such a situation could lead to the accu-
mulation of highly phosphorylated tau, as occurs in Alzhei-
mer’s disease. Likewise, deregulation of MT dynamics could
indirectly affect endogenous levels of PP2A activity and de-
regulate PP2A-controlled signaling pathways. The fate of tau
thus appears to be intimately linked to the complex interre-
lationships existing among tau, MTs, and PP2A. Disruption
of the normal structural and enzymatic interactions among
these factors might be a major underlying cause of the devel-
opment of tauopathies.
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