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Background: The microtubule-associated proteins tau and MAP2 are dephosphorylated by PP2A, a major brain Ser/Thr
phosphatase.
Results: Identification of a common PP2A-binding motif in tau and MAP2.
Conclusion: Soluble tau and MAP2 can compete for binding to and dephosphorylation by PP2A/B�.
Significance: Tau and MAP2 regulate neuronal plasticity and deregulation of tau is a hallmark of tauopathies.

The predominant brain microtubule-associated proteins
MAP2 and tau play a critical role in microtubule cytoskeletal
organization and function. We have previously reported that
PP2A/B�, amajor protein phosphatase 2A (PP2A) holoenzyme,
binds to and dephosphorylates tau, and regulates microtubule
stability. Here, we provide evidence thatMAP2 co-purifies with
and is dephosphorylated by endogenous PP2A/B� in bovine
gray matter. It co-localizes with PP2A/B� in immature and
mature human neuronal cell bodies. PP2A co-immunoprecipi-
tates with and directly interacts withMAP2.Using in vitro bind-
ing assays, we show that PP2A/B� binds to MAP2c isoforms
through a region encompassing the microtubule-binding do-
main and upstream proline-rich region. Tau and MAP2 com-
pete for binding to and dephosphorylation by PP2A/B�.
Remarkably, the protein-tyrosine kinase Fyn, which binds to the
proline-rich RTPPKSP motif conserved in both MAP2 and tau,
inhibits the interaction of PP2A/B� with either tau or MAP2c.
The corresponding synthetic RTPPKSP peptide, but not the
phosphorylated RpTPPKSP version, competes with Tau and
MAP2c for binding to PP2A/B�. Significantly, down-regulation
of PP2A/B� and deregulation of Fyn-Tau protein interactions
have been linked to enhanced tau phosphorylation inAlzheimer
disease. Together, our results suggest that PP2A/B� is part of
segregated MAP2 and tau signaling scaffolds that can coordi-
nate the action of key kinases and phosphatases involved in
modulating neuronal plasticity. Deregulation of these compart-
mentalized multifunctional protein complexes is likely to con-
tribute to tau deregulation, microtubule disruption, and altered
signaling in tauopathies.

MAP2 and tau are major brain microtubule-associated pro-
teins (MAPs)2 that share amino acid sequence and structural
similarities. The MAP2 and tau families regroup several heat-
stable, developmentally regulated isoforms generated by alter-
native splicing, that primarily bind to and regulate microtubule
(MT) assembly, dynamics, and function (1, 2). Besides their
undisputed role in regulating cytoskeletal organization, there is
increasing evidence that both MAP2 and tau serve as protein
scaffolds for important adaptor and signaling molecules,
including Fyn, a member of the Src family of protein-tyrosine
kinases (3–5). The coordinated regulation of these protein-pro-
tein interactions is believed to affect signaling networks that
modulate processes as diverse as neuronal growth,morphogen-
esis, polarity, and plasticity, organelle transport, and synaptic
activity (1, 2, 6, 7).
Notably, tau is a key player in Alzheimer disease (AD), and

deregulation ofTau-Fyn interactions has been implicated in the
neurodegenerative process (8–10). Both the physiological
function and MT binding activity of tau (11) and MAP2 (12)
isoforms are controlled by site-specific phosphorylation
through the action of many protein kinases, including glycogen
synthase kinase 3� (GSK3�), protein kinase A (PKA), and ERK.
In AD, tau becomes highly phosphorylated, resulting in its
detachment from MTs. While normal tau is enriched in
axons, hyperphosphorylated AD-tau accumulates and
aggregates in the somatodendritic compartment (13), where
mature high molecular weight MAP2 (HMW-MAP2) pro-
teins are primarily concentrated (12). There, cytosolic AD-
tau may sequester MAP2 from MTs, resulting in defects in
MT assembly (14).
Ser/Thr protein phosphatase 2A (PP2A) is a major brain tau
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complex of a catalytic C, a scaffolding A, and one member of
four families of regulatory B subunits. B subunit binding to the
core enzyme modulates PP2A substrate specificity, intracellu-
lar targeting, and interaction with binding partners (16). Nota-
bly, B� (or PPP2R2A)-containing PP2A isoforms (PP2A/B�)
can directly interact with tau, and this interaction is required
for efficient dephosphorylation of tau by the phosphatase (17–
19). Besides binding to tau, PP2A/B� also directly interactswith
(18, 20, 21) and regulates MT dynamics (22). Because neuronal
PP2A/B� expression levels are down-regulated in AD (23), we
have proposed that deregulation of normal PP2A-tau and
PP2A-MT interactions likely contribute to deregulation of tau
andMT disruption in AD (18). Phosphorylatedmature HMW-
MAP2 and juvenile lowmolecular weight MAP2c isoforms can
also be dephosphorylated by PP2A catalytic subunit in vitro (24,
25). However, the specific PP2A isoform that dephosphorylates
MAP2 isoforms in cultured neurons (26, 27) and rat brain slices
(28) remains to be identified. The abundance of PP2A/B� in
neuronal cell bodies and processes (23) and its association with
the MT cytoskeleton (20, 21) make this particular PP2A
holoenzyme a potential candidate for regulating MAP2. We
showhere that, as observedwith tau, endogenous PP2A/B� can
co-purify with, directly bind to and dephosphorylate MAP2.
Significantly, a conserved proline-rich Fyn-binding motif in
MAP2 and tau plays a critical role in regulating the interaction
of PP2A/B� with both MAPs. Our data underscore the impor-
tance of bothMAP2 and tau asmultivalent, compartmentalized
anchoring proteins for major signaling enzymes like PP2A/B�
and Fyn.Wepropose that deregulation of these protein-protein
interactions has the potential to contribute to alterations in
normal enzyme-substrate relationships and signaling pathways
in AD.

EXPERIMENTAL PROCEDURES

Materials and Reagents—Unless indicated, all chemicals
were from Sigma. Okadaic acid (OA) was from LC Laborato-
ries. Purified synthetic peptides were purchased from Ameri-
can Peptide Company. Purified fyn kinase was from Upstate
and PKA from Sigma. Previously characterized purified pro-
teins used in this study included: Bovine brain, taxol-stabilized
MTs (18); bovine brain and recombinant PP2A/B�, AC, and C
enzymes (17, 18, 29); PKA-phosphorylated bovine brain tau
(18); recombinant wild-type three- (3R-Tau) and four-repeat
(4R-Tau) human tau isoforms (18, 29); and recombinant wild-
type and mutated rat MAP2c proteins (30, 31). Fixed and fresh
human brain cortex from a 73-year-old male and fixed cortical
tissue from a 22-week gestation male fetus, both of them with
no neuropathological abnormalities, were obtained through
the Alzheimer Disease Center Brain Bank at UT Southwestern,
Dallas, TX (23).
Purification and Proteolysis of HMW-MAP2—HMW-MAP2

was purified from bovine heat-stable MAPs by gel filtration
chromatography on Hiload Superdex 200 (Amersham Biosci-
ences Pharmacia) following published procedures (32). Throm-
bin cleavage of MAP2 was carried out as described previously
(33), by incubating purified HMW-MAP2 with thrombin (10
units/ml) in PEM buffer (0.1 M PIPES, pH 6.9, 2 mM EGTA, 5
mM MgCl2, 1 mM DTT) for 30 min at 37 °C. The mixture was

then boiled for 5 min and centrifuged for 15 min at 14,000 � g
in an EppendorfTM microcentrifuge to recover heat-stable
HMW-MAP2.
Purification and Analysis of Bovine Brain MAPs Fractions—

White (WM) and gray (GM) matter were separated from
bovine brain cortex as reported earlier (34). MAPs were puri-
fied from bovine GM or WM using taxol-dependent proce-
dures and sedimentation, then dissociated from MTs and dia-
lyzed, exactly as described previously (20, 34). Purified MAPs
were in PEM buffer mixture of protease inhibitors (Complete
miniTM, Roche). In some experiments, purified MAPs from
bovine GM (�5 mg proteins) were loaded on Hiload Superdex
200 columns, and 80 � 1.5 ml fractions were collected for fur-
ther Western blot analyses. In parallel, PP2A activity was mea-
sured in 10 �l aliquots of the collected fractions.
Analysis of PP2A Activity—Endogenous PP2A activity in

MAP-containing fractions was measured for 5 min at 30 °C
using 32P-phosphorylated myosin light chain as a substrate, as
described previously (17, 35). Duplicate aliquots were preincu-
bated with 5 nM OA prior being assayed for phosphatase activ-
ity. Since we were unable to detect PP4 and PP6 in MAP-con-
taining fractions, PP2A activity was defined as the myosin light
chain phosphatase activity sensitive to 5 nM OA.
PP2A Binding Assays—PP2A binding assays were performed

using nondenaturating gel electrophoresis as described previ-
ously (17, 18, 29, 36). Briefly, purified PP2A proteins were incu-
bated for 20 min on ice with the indicated proteins, in a final
volume of 5�l buffer (25mMTris, 1mMDTT, 1mMEDTA, 50%
glycerol, pH 7.5). After incubation, samples were applied on
pre-cast 4–15% polyacrylamide nondenaturating gels (Bio-
Rad), and analyzed by Western blotting.
SDS-PAGE and Western Blotting—Protein concentration

was detected by the method of Bradford using the Bio-RadTM
Protein Assay Kit. Proteins (�30 �g) were resolved on 4–15%
gradient SDS-polyacrylamide gels (Amersham Biosciences or
Bio-Rad) and analyzed byWestern blotting. Antibodies utilized
included: mouse “2G9” and rabbit anti-B� (37); mouse anti-�-
tubulin (Sigma); mouse anti-C (BD Biosciences); mouse
(Sigma) and rabbit (Cell Signaling Technology) anti-MAP2;
anti-HA “16B12” (Covance Research Products); anti-Tau
“Tau-5” (BIOSOURCE International); rabbit anti-PP4C and
anti-PP6C (Bethyl Laboratories). Immunoreactive proteins
were detected with SuperSignal chemiluminescent substrates
(Pierce). Protein expression levels were quantified after scan-
ning blots by densitometry using Kodak Image softwareTM.
In Vitro Phosphorylation/Dephosphorylation of MAPs and

HMW-MAP2—Endogenous MAPs (100 �g aliquots) in PEM
buffer were preincubated on ice for 15 min in the presence of 5
nM OA or vehicle alone, then further incubated for 30 min at
30 °C in the presence of 50 �M [�-32P]ATP (2 �Ci) in a final
volume of 20 �l of PEM buffer. Purified bovine brain HMW-
MAP2 (�3 �g) in PEM buffer was phosphorylated by PKA for
30min at 30 °C in the presence of 20�M [�-32P]ATP (1�Ci), 10
mMMgCl2, 1mMDTT and 10�M cAMP. Themixturewas then
boiled for 5 min and centrifuged for 15 min at 14,000 � g in an
Eppendorf microcentrifuge. 32P-labeled, heat-stable HMW-
MAP2 was recovered in the resulting supernatant. For dephos-
phorylation assays, aliquots of 32P-labeled MAPs or HMW-
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MAP2 were first incubated for 15 min on ice in the absence or
presence ofOA then incubated at 30 °Cwith the indicated puri-
fied PP2A enzymes. All reactions were halted by addition of 3�
SDS-PAGE sample buffer. The samples were resolved on
4–16% gradient SDS-polyacrylamide gels (Amersham Biosci-
ences) followed by autoradiography. 32P incorporation into
MAP2was directly quantified using a PhosphorImager (Molec-
ular Dynamics).
MT Co-sedimentation Assays—MT co-sedimentation assays

were performed as described previously (18). Briefly, PP2Awas
incubated for 15min at room temperature in PEMbuffer in the
absence or presence of HMW-MAP2 then incubated for
another 15 min with taxol-stabilized MTs in PEM buffer. The
samples were then centrifuged at �50,000 � g for 20 min at
25 °C in a Beckman TLA 100.3 rotor. MT pellets were resus-
pended to the starting volume, and equivalent aliquots of super-
natant and pellets were analyzed by SDS-PAGE followed by
immunoblotting. The presence of pelletedMTs was verified by
Ponceau Red staining of the immunoblots (not shown).
Cell Culture and Transfection—Control Neuro-2a (N2a,

American Type Culture Collection) and N2a cells stably
expressing HA-tagged PP2A B� subunit (38) were maintained
in DMEM (Invitrogen) containing 2.5 mM Hepes, pH 7.4, 10%
fetal bovine serum (HyClone), and 10�g/ml gentamycin (Invit-
rogen). When indicated, cells were transiently transfected with
a pCMV-neo vector encoding ratMAP2b (a gift fromDr. Craig
Garner, Stanford School of Medicine), using Metafectene
ProTM reagent following the manufacturer’s instructions
(Biontex Laboratories), and processed 36 h post-transfection.
Immunoprecipitation Assays—Freshly dissected adult hu-

man cortical GMwas homogenized at a ratio of 1 g tissue/10ml
IP buffer (25 mM Tris, 150 mM NaCl, 1% Nonidet P-40, 4 mM

EDTA, 25 mM sodium fluoride, 1 mM sodium orthovanadate,
pH 7.4) containing a mixture of protease inhibitors (Roche).
MAP2b-transfected control and stable N2a cells lines were
homogenized at a ratio of 1� 100-mmdish/ml IP buffer. Tissue
or cell homogenates were immunoprecipitated using either
mouse anti-C antibodies, control immunoglobulins (IgG) or
anti-HA monoclonal antibody-coupled affinity matrix, as
described previously (29). Aliquots of immunoprecipitates
were analyzed by SDS-PAGE followed by immunoblotting with
anti-MAP2, anti-HA, or anti-PP2A subunit antibodies.
Immunohistochemistry—Immunohistochemical procedures

were performed in the UT Southwestern Pathology Immuno-
histochemistry Laboratory, as described previously (23, 39).
Briefly, paraffin sections (3�mthick) from formalin-fixed brain
cortices were immunostained at room temperature on an auto-
mated immunostainer using heat-induced epitope retrieval
techniques. Labeling was performed using horseradish peroxi-
dase (HRP)/diaminobenzidine (DAB) or alkaline phosphatase/
new fuchsin detection. Positive reactions with DAB and new
fuchsin were identified as dark brown and red reaction prod-
ucts, respectively. Sections were counterstained with hema-
toxylin, and photographed on a Nikon Optiphot-2 micro-
scope. Positive and negative controls were included in each
run.

RESULTS

B�-containing PP2A Holoenzymes Co-purify with HMW-
MAP2 fromBovineGrayMatter—To investigatewhether PP2A
could co-purify with endogenous MAP2, MAPs were first pre-
pared from adult bovine cortical GM. This approach was based
on the observations that HMW-MAP2 is primarily distributed
in neuronal cell bodies and dendrites, and that somatodendritic
regions are concentrated in GM (34). As expected, Western
blot analysis of MAP fractions prepared from adult bovine GM
confirmed the presence of HMW-MAP2 proteins (Fig. 1A).
Purified MAPs that had been dissociated from MTs were next
resolved by gel filtration chromatography and analyzed by
Western blotting for the presence of MAP2 and PP2A. HMW-
MAP2-enriched fractions were detected as a major peak on the
gel filtration profile. Notably, a fraction of PP2A B� and C sub-
units co-eluted with HMW-MAP2 in selected gel filtration
fractions (Fig. 1B). Nanomolar concentrations of OA that
inhibit PP2A, PP4, and PP6 phosphatases in vitro, but not PP1,
PP5, or calcineurin (41), enhanced phosphorylation of endoge-
nous HMW-MAP2 (Fig. 1C). Indeed, HMW-MAP2 was the
prevalent MAP that became phosphorylated following incuba-
tion of bovine GMMAPswith 5 nMOA (Fig. 1D). In contrast to
HMW-MAP2 proteins that are largely located in the somato-
dendritic compartment, tau proteins are predominantly found
in axons, which are concentrated in brain WM (42). Tau pro-
teins were identified as the primary bovine WM MAP that
became phosphorylated in response to OA under equivalent
experimental conditions. However, we also observed minor
OA-sensitive pools of phospho-tau in the GM, and phospho-
MAP2 in theWMfractions. Those are consistent with the pres-
ence of low levels of tau in dendrites (10) and small amounts of
MAP2 inWM (34, 43). In contrast to PP2A, we were unable to
detect the presence of either PP4 or PP6 phosphatases byWest-
ern blotting inMAP fractions from either GMorWM(data not
shown), indicating that PP2A enzymes were the primary phos-
phatases inhibited by 5 nM OA in those fractions. Interestingly,
we measured similar PP2A activity levels (�1 � 0.2 nmol/min/
mg, n � 3) inMAPs fractions purified from either GM orWM,
usingmyosin light chain as substrate. Together, these data indi-
cate that phosphorylatedMAP2 and tau proteins aremajor and
preferential PP2A substrates in the GM andWM, respectively.
PP2A Co-immunoprecipitates with Endogenous or Expressed

MAP2—In addition to co-purify with endogenous HMW-
MAP2, bovine brain PP2A/B� co-sedimented with purified
bovine brain HMW-MAP2 andMTs (Fig. 2A). PP2A C subunit
was found in MAP2 immunoprecipitates prepared from adult
human GM extracts (Fig. 2B), or from bovine brain (data not
shown). Because of interferencewith tubulin, whichmigrates at
a similar molecular weight as B�, we were unable to confirm
that B� subunits were present in the MAP2 immunoprecipi-
tates. Thus, to assess whether PP2A/B� interacts with MAP2,
immunoprecipitation assays were carried out in cultured neu-
roblastoma cells. To that end, control N2a and N2a cell lines
stably expressing HA-tagged B� (38) were transiently trans-
fected with a plasmid encoding the HMW-MAP2b isoform.
Since anti-PP2A subunit antibodies do not quantitatively
immunoprecipitate PP2A/B� heterotrimers, anti-HA mono-
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clonal antibody-coupled affinity matrix was utilized to immu-
noprecipitate PP2A/B� holoenzymes in cell homogenates, as
reported previously (29, 44). MAP2b proteins were recovered
in HA-B� immunoprecipitates (Fig. 2C), in support of the exis-
tence of PP2A/B�-MAP2 protein complexes.
PP2A/B� Holoenzymes Directly Bind To and Dephosphory-

late Purified MAP2 in Vitro—Potential direct interactions
betweenHMW-MAP2 and PP2Awere further analyzed in vitro
using purified proteins and gel shift mobility assays (Fig. 3A).
We have previously utilized the same experimental strategy to
demonstrate that tissue-purified or recombinant PP2A/B�
enzymes specifically interact with tau (17, 18). In those assays,
nearly all PP2A/B� enzymes interacted with MAP2 at a 2:1
MAP2:PP2A molar ratio. In contrast, we were unable to detect
formation of complexes between dimeric PP2A (AC) enzymes
and MAP2 even when MAP2 was present at an 8-fold excess
over PP2A, supporting a critical role for B� in increasing the

affinity of PP2A for MAP2. We have also reported that
PP2A/B� holoenzymes can dephosphorylate PKA-phosphory-
lated tau much more efficiently than dimeric or monomeric
PP2A enzymes (17). Similarly, PKA-phosphorylatedMAP2was
more readily dephosphorylated by PP2A/B� than AC or C
enzymes (Fig. 3, B and C). In vitro PKA-phosphorylated MAP2
and tau proteins effectively competed as substrates for
PP2A/B� (Fig. 3D). As previously observed with tau (18), the
presence of assembledMTs also inhibited the MAP2 phospha-
tase activity of PP2A/B�.
Identification of a PP2A-binding Domain inMAP2—To start

delineating the PP2A-binding domain inMAP2, gel shift assays
were first carried out with PP2A/B� and thrombin-digested
MAP2. Cleavage of bovine brainMAP2 by thrombin yields: 1) a
28 kDa C-terminal polypeptide fragment which includes the
four tandem repeats in the MT-binding domain (MTBD) and
part of the upstream proline-rich region; and 2) a larger N-ter-

FIGURE 1. PP2A/B� co-purifies with and dephosphorylates endogenous HMW-MAP2 from bovine gray matter. A, equivalent aliquots (100 �g) of MAPs
purified from adult bovine brain gray matter (GM) were analyzed in parallel by SDS-PAGE (Coomassie-stained SDS-gel) and immunoblotting with anti-MAP2
antibodies (Blot). MW, molecular weight markers. B, MAPs purified from bovine GM were subjected to gel filtration chromatography. Analysis of collected
fractions by Western blotting showed that PP2A B� and C subunits were present with HMW-MAP2 in the major protein peak visible on the gel filtration profile.
Note that PP2A subunits corresponding to unbound enzymes were also detected in non-MAP2 containing fractions that eluted much later in the profile (not
shown). C, equivalent aliquots (�5 �g of proteins) of HMW-MAP2-enriched fractions identified by gel filtration were pooled together and pre-incubated with
okadaic acid (OA) at the indicated concentrations, or vehicle alone, then autophosphorylated in the presence of 100 �M [�-32P]ATP (2 �Ci). Samples were
analyzed by gel electrophoresis followed by autoradiography. MAP2 bands were detected after staining of the gels. 32P incorporation into HMW-MAP2 was
determined on dried gels using a PhosphorImager, and normalized for MAP2 protein loading. Data are expressed as the percentage of MAP2-associated 32P
that was present in the absence of OA. D, equivalent aliquots (100 �g) of purified MAPs from adult bovine gray (GM) or white (WM) matter were pre-incubated
for 15 min with 5 nM OA (�) or vehicle (�), then autophosphorylated in the presence of 100 �M [�-32P]ATP (2 �Ci). Samples were analyzed by SDS-gel
electrophoresis followed by autoradiography. Parallel Western blot analysis of duplicate samples confirmed that the major phosphorylated bands visible on
the autoradiograph corresponded to HMW-MAP2 and tau proteins, which are enriched in the GM and WM fractions, respectively (not shown). For A–D,
representative data are shown. Similar results were obtained in three separate purifications.
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minal fragment containing the projection domain (33). As
shown in Fig. 4A, PP2A/B� preferentially interacted with the
C-terminal domain of thrombin-cleavedMAP2. To better nar-

row down the PP2A-binding sequence in MAP2, we next per-
formed binding assays using purified PP2A/B� and wild-type
and mutated recombinant forms of MAP2c, the shortest juve-
nile isoform ofMAP2.MAP2c is similar to adult HMW-MAP2,
except that it contains only threeMT-binding repeats and lacks
a 1372 amino acid sequence in the projection domain (2). Gel
shift assays demonstrated that PP2A/B� efficiently interacted
with wild-type rat MAP2c (Fig. 4B), and MAP2c proteins lack-
ing the 154–467 N-terminal projection domain, or the 154–
467 C-terminal region (Fig. 4C). Deletion of the MTBD and/or
upstream 290–297 proline-rich motif significantly decreased
the ability of MAP2c to form a complex with PP2A, but did not
fully abolish PP2A binding. However, deletion of the 220–297
sequence in MAP2c containing nine proline-rich motifs pre-
vented formation of MAP2c-PP2A complexes. Based on these
data and the observation that the thrombin cleavage site in
HMW-MAP2 and MAP2c is conserved (45), we propose that:
1) PP2A/B� has independent binding sites in MAP2c that are
containedwithin the 256–400 sequence ofMAP2c; 2) Deletion
of the proline-rich 290–297motif and/or theMTBD decreases
the affinity of MAP2c for PP2A; 3) at least two PXXP motifs
within the 256–297 region, which contains seven PXXPmotifs,
are critically required for efficient PP2A-MAP2c binding.
MAP2 and Tau Isoforms Compete for PP2A Binding in Vitro—

Tau isoforms contain either three (3R-Tau) or four (4R-Tau)
�32 amino acid imperfect repeats in the MTBD (46). We have
previously shown that PP2A/B� interacts with tau via a domain

FIGURE 2. PP2A co-sediments and co-immunoprecipitates with either
endogenous or transfected HMW-MAP2. A, co-sedimentation assays were
performed with purified bovine brain PP2A/B� (200 nM) that had been pre-
incubated for 15 min with purified bovine brain HMW-MAP2 (2 �M) in PEM
buffer alone, then incubated for 15 min at room temperature with �20 �M

purified bovine brain taxol-stabilized MTs. The samples were centrifuged, and
fractions corresponding to supernatants (S) and MT pellets (P) were collected
for analysis. B, equivalent aliquots (1 ml) of total human GM homogenates
were immunoprecipitated with anti-MAP2 antibody (MAP2 IP) or with control
IgG (Control IP). C, total cell extracts were prepared from MAP2b-transfected
N2a cells (Control N2a) and N2a cells stably expressing the HA-tagged B�
subunit (N2a-B�), and immunoprecipitated with monoclonal HA-tag anti-
body-coupled affinity matrix. For A–C, samples were analyzed on 4 –15% gra-
dient polyacrylamide gels followed by immunoblotting. The top part of the
blots was cut and analyzed with monoclonal anti-MAP2 antibodies. The bot-
tom part of the blots was revealed with monoclonal anti-B�, anti-C, or anti-HA
antibodies. Representative blots are shown. Similar results were obtained in
three separate assays.

FIGURE 3. PP2A/B� binds to and dephosphorylates purified HMW-MAP2 in vitro. A, purified bovine brain PP2A heterotrimeric PP2A/B� and dimeric AC
enzymes were incubated on ice for 20 min with purified bovine brain MAP2 at the indicated concentrations, or buffer alone. The samples were subsequently
analyzed by nondenaturating gel electrophoresis and Western blotting with anti-PP2A subunit and anti-MAP2 antibodies. The position of PP2A enzymes and
PP2A/MAP2 complexes is shown. Similar results were observed in three separate gel shift assays, and when using either recombinant, cardiac, or bovine brain
tissue-purified PP2A preparations (not shown). B, representative autoradiograph showing the time-course of dephosphorylation of 32P-labeled, PKA-phos-
phorylated bovine brain MAP2 by bovine brain PP2A/B�. Incubation with OA blocks the dephosphorylation of MAP2 by PP2A. C, equivalent aliquots (200 nM)
of 32P-labeled, PKA-phosphorylated bovine brain MAP2 were incubated for the indicated times with 40 nM bovine brain PP2A/B�, AC or C enzymes. Samples
were resolved by SDS-PAGE followed by autoradiography. The amount of 32P remaining in MAP2 was quantified on dried gels using a PhosphorImager. Data
shown are the mean � S.D. of results from four separate experiments performed with distinct enzymatic preparations, and are expressed as the percentage of
MAP2-associated 32P that was present at time 0 before exposure to PP2A. D, equivalent aliquots of 32P-labeled, PKA-phosphorylated bovine brain MAP2 (200
nM) were pre-incubated for 15 min with either buffer alone, taxol-stabilized MTs (2 �M), or bovine brain PKA-phosphorylated tau (200 nM), then incubated for
30 min with bovine brain PP2A/B� (40 nM) or buffer alone. The samples were then processed as described in C (n � 4). Note that dephosphorylation of MAP2
by PP2A is MT- and tau-sensitive.

Molecular Interactions between PP2A, MAP2, and Tau

14988 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 18 • APRIL 27, 2012



encompassing the MTBD and upstream proline-rich region
that is common to the shortest 3R-Tau and longest 4R-tau iso-
forms (18). Interestingly, MAP2 and tau isoforms share many
sequence similarities in this region (1). Indeed, comparative
analysis of the putative PP2A/B�-binding domain in human tau
and ratMAP2c revealed some remarkable overlap (Fig. 5A). Gel
shift assays showed that Tau andMAP2 isoforms actually com-
peted for binding to PP2A. PP2A/B� appeared to bind equally
well to human 4R-tau and either bovine adult HMW-MAP2
(Fig. 5B) or rat MAP2c (Fig. 5C). In contrast, PP2A/B� prefer-
entially interacted with MAP2c rather than 3R-Tau (Fig. 5D).
Fyn-binding PXXP Motifs Critically Regulate the Interaction

of MAP2 and Tau with PP2A/B�—Since MAP2 and tau share
the common “RTPPKSP” proline-rich sequence within their
PP2A-binding domain (Fig. 5A), we hypothesized that this
motif couldmodulate the ability of theseMAPs to interact with
PP2A/B�.Wehave previously reported that 10�Mof the longer
KKVAVVRTPPKSP peptide hinders binding of PP2A/B� to
native bovine brain tau (18). This peptide, as well as the shorter

RTPPKSP version, also inhibited binding of PP2A/B� to
recombinant human 3R-Tau (Fig. 6A). Likewise, the corre-
sponding KKVAIIRTPPKSP and RTPPKSP MAP2 peptides
impaired formation of PP2A-MAP2c complexes. Interestingly,
the protein-tyrosine kinase Fyn avidly binds through its SH3
domain to the “RTPPKSP” motif in MAP2c (4) and 3R-Tau (3,
5, 9). Accordingly, increasing concentrations of Fyn inhibited
the association of PP2A/B� with eitherMAP2c or 3R-Tau (Fig.
6B). The Ser and Thr residues in the RTPPKSP motif in MAP2
and tau are also targets for kinase-mediated phosphorylation in
vivo (4, 9). Unlike the nonphosphorylated RTPPKSP peptide,
the synthetic RpTPPKSP phosphopeptide failed to significantly
inhibit binding of PP2A/B� to either MAP2c or 3R-Tau (Fig. 6,
C andD). Of note, we were unable to detect complex formation
between PP2A and either Fyn or the RpTPPKSP peptide under
the same experimental conditions (not shown). Altogether,
these results support the critical importance of the RTPPKSP
motif in modulating the interaction of MAP2 and tau with
PP2A.

FIGURE 4. Identification of a PP2A-binding domain in MAP2. A, bovine brain PP2A/B� (250 nM) was incubated on ice for 20 min with either buffer alone,
intact bovine brain MAP2 (500 nM) or thrombin-digested MAP2 (dMAP2, 2 �M). The samples were subsequently analyzed by nondenaturating gel electro-
phoresis and Western blotting with anti-PP2A C subunit antibodies. As observed with intact MAP2, PP2A/B� was able to form a complex with the smaller
C-terminal polypeptide fragment containing the MTBD of MAP2, but not with the larger N-terminal projection domain that is generated by thrombin
cleavage of MAP2 (33). The asterisk indicates PP2A/B� in complex with small amounts of undigested MAP2. B, bovine brain PP2A/B� (250 nM) was
incubated on ice for 20 min with intact purified recombinant rat MAP2c (1 �M), prior to being analyzed by gel shift assay and Western blotting with
mouse anti-C and anti-B� subunit antibodies. Representative blots from at least 5 separate experiments are shown. For A and B, note that variable levels
of AC dimers were found to dissociate from uncomplexed PP2A/B� heterotrimers during nondenaturating electrophoresis, as reported previously (17).
C, ability of bovine brain PP2A/B� (250 nM) to form complexes with full-length and truncated recombinant MAP2c fragments (1 �M) was assessed by gel
shift assays as described in B. Densitometry of the immunoblots from three separate binding assays was used to assess the binding of recombinant
MAP2c proteins to PP2A/B�: ���, �90% binding; �, 5–20% binding; �, no detectable binding. Proline-rich PXXP motifs and the thrombin cleavage
site in rat MAP2c are indicated for reference.
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DISCUSSION

The study of tau has attracted much attention in the past
decade due to its role in ADpathogenesis, and its genetic link to
frontotemporal dementia (11). Yet, MAP2 is a major neuronal
MAP that regulates MT and actin cytoskeletal organization,
dendritic morphogenesis and organelle trafficking (2). Like tau,
the biological function of MAP2 is controlled by phosphoryla-
tion and dephosphorylation events (12). While “PP2A” has
been identified as a MAP2 phosphatase in numerous studies,
we provide experimental evidence that PP2A/B�, a major brain
PP2A isoform, not only dephosphorylates but also directly
interacts with MAP2. The PP2A/B� holoenzyme co-purified
withMTs andMAP2 frombovineGM, and co-sedimentedwith
purifiedMAP2 andMTs. Yet, it is unlikely thatMAP2 serves to
anchor the phosphatase toMTs since PP2A/B� retains its abil-
ity to bind to subtilisin-cleaved MTs, which have reduced
capacity to bind both tau and MAP2 (18). Moreover, as
observed with tau (18), PP2A/B� binds to a region comprising
the MTBD, and the presence of MTs inhibits the MAP2 phos-
phatase activity of PP2A. Together with the observation that
MT-associated PP2A/B� is inactive (18, 21), it is anticipated
that only MT-unbound MAP2 and tau proteins can be effec-
tively dephosphorylated by PP2A/B�. The prevalence of
PP2A/B� in the cytosol andMTs in close proximity with either
tau or MAP2 augments the chances for fast dephosphorylation
of these MAPs by PP2A in response to MT disassembly.
Accordingly, Fan et al. have reported that cholesterol defi-
ciency in cultured neurons induces the detachment of PP2A

from MTs and subsequent increase of cytosolic PP2A activity
and MAP2 dephosphorylation (27). In turn, this induces inhi-
bition of dendrite outgrowth, indicating that PP2A does not
need to be on dendrites per se to regulate MAP2 function in
dendritic morphogenesis. Results from immunohistochemical
studies comparing the distribution of PP2A/B� and MAP2 in
the developing andmature human brain (supplemental Fig. S1)
also suggest that PP2A/B� most likely associates with and
dephosphorylates MAP2 in neuronal cell bodies rather than in
dendrites. Other phosphatases, such as PP1 and kinase-associ-
ated phosphatase are better positioned than PP2A/B� to
dephosphorylate dendritic MAP2 (2, 12). We also do not
exclude the possibility that other PP2A isoforms or phospha-
tases not studied here could act as somatodendritic MAP2
phosphatases.
As observed earlier for tau (17), the B� subunit was required

for optimal binding to and dephosphorylation of MAP2 by
PP2A. The (AC) dimer was less active toward p-MAP2 than
monomeric C, in agreementwith previous studies showing that
PP2A catalytic subunit activity is allosterically modulated by
the regulatory A subunit (47).We were unable to detect forma-
tion of AC-MAP2 (Fig. 3) or C-MAP2 complexes (not shown)
by gel shift assays, suggesting that the affinity of these PP2A
enzymes for MAP2 is too low to allow formation of protein-
protein complexes that can withstand the conditions of native
gel electrophoresis.
We found that soluble MAP2 and tau could compete for in

vitro binding to and dephosphorylation by PP2A/B�. Binding

FIGURE 5. Adult and fetal MAP2 and tau isofoms compete for binding to PP2A/B�. A, schematic diagrams comparing the approximate boundaries of the
PP2A-binding domain in rat MAP2c deducted from Fig. 4, and in the longest human adult 4R-Tau and fetal 3R-Tau isoforms (18). Note the presence of the
conserved underlined RTPPKSP motif in all three PP2A-binding domains. B–D, gel shift assays followed by immunoblotting with anti-PP2A subunit antibodies
were performed to compare the ability of bovine brain PP2A/B� (250 nM) to preferentially form a complex with either HMW-MAP2, MAP2c, 3R-tau, or 4R-tau (B:
500 nM each, C and D: 1 �M each). Representative blots from three separate experiments are shown. Note that the bands in B were assembled from the same
blot. Similar results were found using recombinant PP2A/B� proteins (not shown).
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assays indicated that PP2A/B� associates with a domain in
MAP2 encompassing the MTBD and upstream proline-rich
region, as previously reported for tau (18). They suggested the

existence of two peptide binding sequences for MAP2 in this
domain, as described earlier for tau (19). Basic peptide
sequences within this region promote the interaction of tau
with the acidic groove of B� (19). Significantly, conservedPXXP
proline-richmotifs inMAP2 and tau, which bind SH3 domains
of Fyn (3–5) were required for optimal PP2A-MAP2 and PP2A-
Tau interactions. Of note, there is a precedent for the associa-
tion of PP2A with proline-rich SH3-binding motifs in another
protein, GPR54 (48). Interestingly, Fyn kinase could inhibit the
in vitro binding of PP2A/B� to both MAP2c and 3R-Tau. Fyn-
SH3 has much more affinity for 3R- than 4R-Tau (9), while
PP2A/B� binds more tightly to 4R- than 3R-Tau isoforms (18).
AD-like tau phosphorylation and missense tau mutations
found in frontotemporal dementia dramatically increase the
affinity of 4R-Tau for Fyn-SH3 (8, 9), while inhibiting its inter-
action with PP2A/B� (29, 49). Furthermore, down-regulation
of neuronal PP2A/B� expression levels in AD is associatedwith
increased tau phosphorylation (23). Based on these findings
and our in vitro results (Fig. 6), it is tempting to speculate that
changes in the normal composition of tau-Fyn and tau-PP2A
complexes could contribute to tau deregulation and dysfunc-
tion in tauopathies.
Pseudophosphorylation of several Ser/Thr sites in the pro-

line-rich region (residues 172–251) flanking the MTBD of tau
inhibit PP2A/B� binding, and induce functional deficiencies of
tau similar to those observed in AD (49). Here, we show more
specifically that the 230RTPPKSP236 peptide, but not the corre-
sponding phosphopeptide containing the phospho-Thr231 res-
idue, can significantly inhibit PP2A-Tau interactions. These
data suggest that phosphorylation of tau at Thr-231 decreases
its affinity for PP2A, and could explain why tau phosphorylated
at this site is poorly dephosphorylated by PP2A/B� (50). This is
potentially physiologically significant since phosphorylation of
tau at Thr-231 occurs early in AD and can further inhibit the
ability of PP2A/B� to dephosphorylate other major AD-tau
phosphoepitopes (50). Likewise, phosphorylation of the RTP-
PKSP motif in MAP2c at the Thr site occurs during develop-
ment (4) and impairs its ability to associate with PP2A/B�.
Tau proteins were the prevalent MAPs that became phos-

phorylated in response to OA-mediated PP2A inhibition in the
WM (Fig. 1D), in agreement with the observation that PP2A is
the primary tau phosphatase (15, 51). Conversely, MAP2 was
the major MAP dephosphorylated by PP2A in the GM. In AD,
cytosolic hyperphosphorylated tau accumulates in the somato-
dendritic compartment where it sequesters MAP2 and affects
MT dynamics (14). The detachment of HMWMAP2 fromMTs
may underlie the proposed dendritic remodeling in AD (52).
The resulting enrichment of cytosolic MAP2 and Tau in neu-
ronal cell bodies in AD could also affect normal PP2A-MAP2
interactions, thereby perturbing PP2A- and MAP2-controlled
processes.
In conclusion, our results suggest that the role of PP2A/B� is

not confined to its activity as a major tau and MAP2 phospha-
tase, but this prevalent phosphatase also serves as an important
component of localized tau and MAP2 signaling scaffolds.
There is strong evidence that disruption andderegulation of tau
and MAP2 multi-protein complexes can alter the phosphory-
lation state and localization of tau andMAP2, with severe con-

FIGURE 6. The Fyn-SH3 binding, proline-rich RTPPKSP motif modulates
the binding of PP2A/B� to both MAP2 and Tau. Bovine brain PP2A/B� (250
nM) was pre-incubated for 20 min on ice with the indicated peptides (10 �M)
(A, C, D) or with the indicated concentrations of purified human fyn kinase (B),
prior to incubation for another 15 min with either 3R-Tau or MAP2c (1 �M).
The ability of the peptides or fyn to inhibit formation of PP2A-MAP2 or PP2A-
Tau complexes was assessed after gel shift assays and immunoblotting with
anti-B� antibodies. Similar results were obtained in at least three separate
experiments. D, ability of the RTPPKSP (black bars) or RpTPPKSP (gray bars)
peptides to block formation of PP2A-MAP2 or PP2A-tau complexes was quan-
tified after densitometry analysis of the immunoblots. Data are expressed as
the percentage of maximal PP2A-MAP2 or PP2A-tau complex formation
measured in absence of peptide (n � 4, mean � S.D.).
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sequences on cytoskeletal organization, stability and function.
Our findings support the hypothesis that these major brain
MAPs alsomediate the selective and regulated sequestration of
major phosphatases and kinases in discrete neuronal compart-
ments, e.g. cell body, dendrite, or axon, allowing for exquisite
control of localized signal transduction and integration. Besides
regulating MAP2 (this study), tau (17), MT stability (22), and
neurite outgrowth (40), PP2A/B� is a key signaling molecule
functioning inmultiple signaling pathways. Thus, disruption of
tau andMAP2 anchoring function has the potential to alter the
compartmentalization of key signaling enzymes like PP2A/B�
and Fyn, which critically regulate neuronal plasticity and other
neuronal processes. In light of the known deregulation of
PP2A/B� in AD, it will be paramount to establish the precise
regulation and role of these signaling complexes in vivo.
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