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ABSTRACT The microtubule-associated protein (MAP)
tau is abnormally hyperphosphorylated in Alzheimer disease
and accumulates in neurons undergoing neurofibrillary de-
generation. In the present study, the associations of the
Alzheimer-hyperphosphorylated tau (AD P-tau) with the high
molecular weight MAPs (HMW-MAPs) MAP1 and MAP2
were investigated. The AD P-tau was found to aggregate with
MAP1 and MAP2 in solution. The association of AD P-tau to
the MAPs resulted in inhibition of MAP-promoted microtu-
bule assembly. However, unlike the coaggregation of AD P-tau
and normal tau, the association between AD P-tau and the
HMW-MAPs did not result in the formation of filaments/
tangles. The affinity of the tau—AD P-tau association was
higher than that of HMW-MAPs-AD P-tau because normal
tau inhibited the latter binding. The association between AD
P-tau and the HMW-MAPs also appeared to occur in siftu
because these proteins cosedimented from the Alzheimer
brain extracts, and, in the sediment, the levels of the HMW-
MAPs correlated with the levels of AD P-tau. These studies
suggested that the abnormally phosphorylated tau can se-
quester both normal tau and HMW-MAPs and disassemble
microtubules but, under physiological conditions, can form
tangles of filaments only from tau.

Alzheimer disease (AD) is characterized by a specific type of
neuronal degeneration (called “neurofibrillary degenera-
tion”), in which the neuronal cytoskeleton is progressively
disrupted and displaced by the appearance of bundles of paired
helical filaments (PHF), the neurofibrillary tangles. Neurons
with neurofibrillary tangles lack microtubules, and microtu-
bule assembly from AD brain cytosol is not observed (1). PHF
are comprised mainly of the microtubule-associated protein
(MAP) tau in an abnormally hyperphosphorylated state (2, 3).
In AD brain, in addition to PHF, there is a soluble pool of the
abnormally hyperphosphorylated tau (AD P-tau) (4). Com-
pared with normal tau, which contains two to three phosphate
groups, the AD P-tau contains 5-9 mol of phosphate per mol
of the protein (4).

Unlike normal tau, the abnormal tau does not promote the
in vitro assembly of microtubules (5, 6). By enzymatic dephos-
phorylation, but not deglycosylation, the microtubule assem-
bly-promoting activity of both the PHF-tau and the AD P-tau
can be restored (7-9). The AD P-tau inhibits the normal
tau-promoted microtubule assembly, which is probably due to
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interaction with normal tau, and the coaggregation of these
proteins results in tangles of ~3.3-nm straight filaments (10)
structurally similar to those formed from the enzymatic de-
glycosylation of the PHF tangles (8). However, in this likely
mechanism of the Alzheimer neurofibrillary degeneration, it is
not understood why, in the absence of functional tau, micro-
tubules are not maintained by the high molecular weight
MAPs (HMW-MAPs) or whether HMW-MAPs are involved
in the formation of the neurofibrillary tangles.

The assembly of microtubules is not promoted by the
endogenous MAPs in AD brain cytosol (1), and the heat-stable
fraction from AD brain cytosol does not promote the assembly
of tubulin into microtubules (11). Like tau, the HMW-MAPs
are also phosphoproteins, and hyperphosphorylation de-
presses their ability to promote microtubule assembly (12).
But, to date, there are no data available on either the phos-
phorylation state or the microtubule assembly-promoting ac-
tivity of MAP1 or MAP2 isolated from AD brain. In this
paper, we show that the AD P-tau sequesters not only normal
tau but also MAP1 and MAP2, inhibits the ability of these
HMW-MAPs to maintain the structure of microtubules, and,
under physiological conditions, forms tangles of filaments with
tau but not MAP1 or MAP2.

MATERIALS AND METHODS

Tissue Source. Histopathologically confirmed AD and, as a
control, Huntington disease brains obtained between 3 and 5 h
postmortem and stored at —75°C were used. The human tissue
was obtained from the Brain Tissue Resource Center McLean
Hospital, Belmont, MA.

Antibodies. mAb Tau-1, ascites (13), and anti-MAP1 and
anti-MAP2 (Boehringer Mannheim) were used at dilutions of
1:25,000, 1:200, and 1:500, respectively.

Preparation of Rat Brain Cytosol. One-month-old rats were
killed, and the brains were removed and kept at —20°C for 24 h.
The tissue was then thawed and homogenized in 1 g/1.0 ml of
100 mM Mes buffer (pH 6.7) containing 2 mM EGTA and 0.5
mM MgCl,. The homogenate was centrifuged at 100,000 X g
for 1 h, and the supernatant was referred as the cytosolic
extract.

Isolation of AD P-Tau and Normal Tau. AD P-tau was
isolated by the method of Kopke et al. (4). Normal tau was
isolated as described (5) for acid-soluble tau (tau isolated from
a HCIO, brain extract).

Abbreviations: AD, Alzheimer disease; PHF, paired helical filaments;
MAP, microtubule-associated protein; HMW-MAP, high molecular

weight MAP; AD P-tau, AD-hyperphosphorylated tau.
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Isolation of MAP1 and MAP2 from Rat Brain. HMW-
MAPs were isolated from fresh rat brains. They were isolated
from taxol-stabilized microtubules according to the protocols
of Vallee (14) and Fujii et al. (15). To protect proteins from the
action of phosphatases and proteases, fresh rat brain tissue was
chopped and immediately placed in buffer solution containing
a mixture of the following protease and phosphatase inhibi-
tors: 0.1 mg/ml N-p-tosyl-L-arginine methyl ester, 5 ug/ml each
of leupeptin, pepstatin, and aprotinin, 1 mM phenylmethyl-
sulfonyl fluoride, 0.1 mM chloroquine, 10 mM soybean trypsin
inhibitor, 50 mM sodium fluoride, 1 mM sodium vanadate, and
10 mM B-glycerophosphate. The tissue was homogenized, and,
from the 180,000 X g supernatant, taxol-stabilized microtu-
bules were prepared at 10 uM taxol and 1 mM GTP concen-
trations according to Fujii ef al. (15). MAP1 was dissociated
from the 100,000 X g microtubule pellet with 10 ug/ml
poly-L-aspartic acid (47 kDa; Sigma) and 1 mM GTP according
to Fujii ef al. (15). MAP2 was then dissociated from microtu-
bules devoid of MAP1 with 10 uM taxol and 350 mM KCI
according to Vallee (14). Preparations of both MAPs were
dialyzed against 10 mM Mes buffer (pH 6.7) containing 0.2
mM EGTA and 0.05 mM MgCl, for 18 h with three changes.
Then, the samples were lyophilized and stored at —75°C until
used.

Binding of AD P-Tau to MAPs in Solution. MAP1 or MAP2
(70 pg) was mixed with AD P-tau (8 pg) in a final volume of
100 ul of 100 mM Mes buffer (pH 6.7) containing 2 mM
EGTA, 2% BSA, 0.5 mM MgCl,, 1 uM aprotinin, and 1 uM
leupeptin (binding buffer). The mixture was allowed to interact
for 30 min at 37°C and then was overlaid on 100 ul of 8%
sucrose in the binding buffer and centrifuged for 1 h at
100,000 X g. After the centrifugation, 150 ul of the upper
portion was separated, and the lower portion either was mixed
by a Vortex mixer for negative stain electron microscopy or was
sonicated for 1 h in a bath sonicator for determination of the
levels of MAPs and AD P-tau by radioimmuno-slot blot assay
(see below).

Protein Determination, Immunoblots, Radioimmuno-Slot
Blot, Dephosphorylation, and Electron Microscopy. Protein
concentrations were estimated by the method of Bensadoun
and Weinstein (16). Sample preparations and immunoblots
were carried out as described (17). The levels of normal and
AD P-tau MAP1 and MAP2 were determined by the radio-
immuno-slot blot method of Khatoon et al. (18).

Isolation of Tubulin. Rat brain tubulin was isolated through
two temperature-dependent cycles of microtubule polymer-
ization—depolymerization (19) followed by phosphocellulose
ion exchange column chromatography (20).

Microtubule Assembly Assay. MAP1 or MAP2 (1 mg/ml)
was mixed at 4°C with purified rat brain tubulin (2 mg/ml) and
1 mM GTP, all in polymerization buffer (200 mM Mes, pH
6.7/1 mM EGTA/1 mM MgCl,). The assembly was carried out
as described (5). The state of assembly of microtubules was
confirmed by negative stain electron microscopy (21).

RESULTS

MAP1 and MAP2 Bind to AD P-Tau. Our observation of the
sequestration of normal tau by the AD P-tau (5, 10) led us to
examine whether the abnormal tau also interacted with the
HMW-MAPs and could in this way be responsible for the
breakdown of the microtubule network in the affected neurons
in AD. We determined the association of the increasing
amounts of HMW-MAPs to a fixed amount of AD P-tau in
solution under near physiological conditions, as described (10).
The levels of the MAPs and AD P-tau were determined in the
sedimentable phase. The sedimentation of the proteins alone
was deducted from that of the proteins mixed at each concen-
tration. We found that isolated MAP1 and MAP2 bound to
AD P-tau (Fig. 1). Because the isolation procedure could have
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Fic. 1. Binding of MAP1 and MAP2 to AD P-tau. The binding of
MAPI1 and MAP2 to AD P-tau was determined as described using a
fixed amount of AD P-tau or normal tau (8 ug in 100 ul) and MAP1
and MAP2 (70 ug/100 wl). The proteins were mixed in 100 mM Mes
buffer (pH 6.7) containing 2 mM EGTA, 0.5 mM MgCl,, 2% BSA, 1
uM aprotinin, and 20 uM leupeptin (binding buffer) and were
incubated for 30 min at 37°C. Similar incubations were carried out
using rat brain cytosol (100 ug protein/100 ul) as the source of tau,
MAPI, and MAP2. The incubated samples were overlaid a 100-ul
cushion of 8% sucrose in the binding buffer and centrifuged at
100,000 X g for 60 min. As a control, MAP1, MAP2, and brain cytosol
mixed with normal tau (8 pg) were processed identically to the
mixtures of these proteins with AD P-tau. The amounts of tau, MAP1,
MAP2, and tubulin (in the case of cytosolic extract) in the pellet and
the supernatant fractions were assayed by radioimmuno-slot blot. AD
P-tau bound to all of the MAPs when using both purified proteins and
proteins in brain extract. The levels of binding of AD P-tau were within
tau > MAP2 > MAPI.

modified the MAPs and affected their interaction with AD
P-tau, the binding of AD P-tau also was carried out with the
cytosolic extract of the rat brain. To avoid polymerization of
tubulin during the incubation, the rat brain was kept at —20°C
for 24 h before it was used for the preparation of the cytosolic
extract. When the cytosol was used, binding of AD P-tau to
MAPI1, MAP2, and normal tau was seen (Fig. 1), and no
aggregation of tubulin was observed in the sediment (data not
shown). However, unlike association of the AD P-tau with
normal tau, the coaggregation of HMW-MAPs and AD P-tau
did not form tangles or long filaments (Fig. 2). These results
suggest that AD P-tau binds not only normal tau but also
MAP1 and MAP2 but that the latter binding does not result
in the formation of long filaments or tangles.

Normal Tau Competes with MAP1 and MAP2 for Binding
with AD P-Tau. Because normal tau also binds to AD P-tau (5,
10) and because, in the affected neurons of patients with AD,
the PHF are mainly comprised of tau (2, 3), we investigated
whether normal tau could compete with MAP1 and MAP2 for
the binding to AD P-tau. For this investigation, the binding of
AD P-tau to MAP1 and MAP2 was carried out with or without
the addition of normal tau. The presence of normal tau almost
abolished the binding of AD P-tau to the HMW-MAPs, and
the amount of normal tau bound to AD P-tau was higher than
the amounts of MAP1 and MAP2 (Table 1). These results
suggested that the affinity of the association of normal tau to
AD P-tau is higher than that between the HMW-MAPs and
the AD P-tau.

To examine whether the association between the AD P-tau
and the HMW-MAPs also occurred in situ, we determined the
levels of these proteins in the 27,000 X g to 200,000 X g extracts
of AD and control brains; AD P-tau is known to isolate in the
27,000 X g to 200,000 X g brain extracts whereas normal tau
and HMW-MAPs stay in the 200,000 X g supernatant (4). The
levels of MAP1 and MAP?2 showed a direct correlation with
the levels of AD P-tau in the 27,000 to 200,000 X g pellet
whereas the levels of the HMW-MAPs in the 200,000 X g
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FiG. 2. Electron micrographs showing the products of association
of AD P-tau with tau, MAP1, and MAP2 negatively stained with
phosphotungstic acid. MAP1- and MAP2-AD P-tau aggregates were
induced as described in Fig. 1. Under identical conditions, 150 ug of
normal tau and 8 ug of AD P-tau/100 ul also were incubated. Aliquots
of the incubated mixture of MAP1 and AD P-tau (a), MAP1 alone (b),
MAP?2 and AD P-tau (c), or tau and AD P-tau (d and e) were taken
after centrifugation and were examined by negative stain electron
microscopy. Association of AD P-tau with only tau and not MAP1 or
MAP2 resulted in the formation of filaments/tangles. (Bars = 1 um for
a and d; 0.5 pm for b, ¢, and e.)

supernatant had an inverse correlation. Therefore, the ratio of
the HMW-MAPs in the pellet to these proteins in the super-
natant directly correlated with the amount of AD P-tau in the
27,000 to 200,000 X g fraction (Fig. 3). The control brains did
not contain any detectable levels of the abnormally phosphor-
ylated tau and had only background levels of MAP1 and
MAP2 in the 27,000 X g to 200,000 X g fraction. Furthermore,
no tubulin aggregation was detected in either AD or control

Table 1. Effect of normal tau on the binding of MAP1 and
MAP2 to AD P-tau

% bound protein

MAPI, MAP2, Tau,
Addition of 70 pg 70 pg 70 pg
Normal tau (8 pg) 123 +32 18.0 £3.6 143 +35
AD P-tau (8 ug) 24.0 £3.6 307 =24 457=*21
Normal tau (50 ug)
plus AD P-tau (8 ug) 143 £35 197 £3.0 42.0+27

The binding and the quantitation of the bound proteins were carried
out in solution as described. Results represents the mean = SD of six
values. Addition of normal tau abolished the binding of MAP1 and
MAP?2 to AD P-tau.
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Fic. 3. Relationship of the ratio of HMW-MAPs in the pellet/
supernatant to the levels of AD P-tau in the pellet. The levels of MAP1
or MAP2 were determined in the 200,000 X g supernatant (Supt) and
the 27,000 to 200,000 X g pellet (Pellet) from brain homogenates of 12
(MAP2) to 13 (MAP1) AD cases (®) and four Huntington disease
cases (O). The levels of AD P-tau also were determined in the 27,000 X
g to 200,000 X g fraction from the same brains by radioimmuno-slot
blot using Tau-1 as the primary antibody (18). The AD P-tau values
are expressed as cpm of the !2°I secondary antibody used. The
Pellet/Supt ratios of the HMW-MAPs were obtained from the means
of triplicate assays determined at three different concentrations. The
levels of the MAPs correlate directly with the levels of AD P-tau in the
27,000 X g to 200,000 X g pellet, and levels of the HMW-MAPs in the
200,000 X g supernatant correlate inversely with the AD P-tau in the
pellet. The Pellet/Supt ratios of the HMW-MAPs show a significant
direct correlation with the AD P-tau levels (p < 0.05).

brain extracts. These findings suggested that AD P-tau asso-
ciated with HMW-MA Ps not only in vitro but probably also in
situ.

AD P-Tau Inhibits MAP1- and MAP2-Promoted Microtu-
bule Assembly. Like tau, MAP1 and MAP2 promote the
assembly of tubulin into microtubules and help maintain the
microtubule structure. Because of the association of MAP1
and MAP2 with AD P-tau, we investigated, in an in vitro
microtubule assembly assay, whether this association com-
peted with the interaction of the HMW-MAPs with tubulin
and microtubules. The microtubule assembly assay was carried
out as described. AD P-tau was added to MAP1 or MAP2
before it was mixed with tubulin, and the microtubule assembly
was determined. AD P-tau inhibited the microtubule assembly
(Fig. 4 a and b). However, unlike the inhibition of the
tau-promoted microtubule assembly (Fig. 4c), which appears
to be due to a higher affinity of normal tau to associate to AD
P-tau than to tubulin, the HMW-MAPs-promoted assembly
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F1G.4. Inhibition of the MAP1- and MAP2-promoted microtubule
assembly by AD P-tau. Polymerization of tubulin was determined as
described. The assembly reaction was carried out using (i) 1.0 mg/ml
MAPI1 or a mixture of MAP1 and 2 mg/ml AD P-tau (a) or (if) 1.0
mg/ml MAP2 or MAP2 plus 2 mg/ml AD P-tau (b). For comparison,
the inhibition of tau-promoted microtubule assembly is reproduced (c)
from our previous report (5).

appears to proceed for ~5 min, followed by disassembly. These
turbidimetric changes of the microtubule assembly reaction,
which were confirmed by negative stain electron microscopy
(Fig. 5), suggested that, in the case of the HMW-MAPs, the
AD P-tau mainly competes with microtubules in binding to
MAP1 and MAP2. This scenario was further confirmed by
studies in which microtubules first preformed with tubulin and
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F1G.5. Electron micrographs showing the products of microtubule
assembly with MAP1 and MAP2 and the effect of AD P-tau on the
assembly. Microtubule assembly was carried out from rat brain tubulin
by the addition of MAP1 (a), MAP2 (b), or MAP2 and AD P-tau (c
and d, respectively) as in Fig. 4. Aliquots of the reaction mixture were
negatively stained with phosphotungstic acid after 4 (c) or 30 (a, b, and
d) min of incubation. Only an occasional microtubule was seen with
tubulin alone (data not shown) and with AD P-tau after 30 min of
incubation (), and a large number of microtubules was observed in the
assembly with MAP1 (a), MAP2 (b), and MAP2 with AD P-tau after
4 min of incubation (¢). (Bars = 1 um for a-c and 0.5 um for d.)

the HMW-MAPs were rapidly depolymerized by addition of
AD P-tau to the reaction mixture (Fig. 6). Negative stain
electron microscopy showed formation of a mass of microtu-
bules from tubulin and the HMW-MAPs (Fig. 5 a and b). A
large number of microtubules also were observed during the
first 5 min of the HMW-MA P-promoted microtubule assembly
reaction in the presence of AD P-tau (Fig. 5¢), but no
microtubules were detected after 20 min of incubation (Fig.
5d). Similarly, by negative stain electron microscopy, a prac-
tically complete disassembly of microtubules was observed 20
min after the addition of AD P-tau to the assembled micro-
tubules (data not shown).
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F16. 6. Disruption of the MAP2-promoted microtubules by AD
P-tau. The assembly of microtubules was determined turbidimetrically
as described. The arrow indicates the time of addition of the AD P-tau
(2 mg/ml final concentration) or the same volume of buffer to
MAP2-preassembled microtubules. Samples of the reaction mixture
were examined by negatively stained electron microscopy. Only an
occasional microtubule was seen after 20 min of AD P-tau addition
(not shown).

The possibility that a direct action of AD P-tau on micro-
tubules could be the cause of their disassembly (5) was
investigated (although it was unlikely because AD P-tau does
not interact with tubulin). Addition of AD P-tau to microtu-
bules assembled from MAP-free tubulin and protamine sulfate
(0.1 mg/ml) or taxol (20 uM) did not cause any detectable
disassembly (data not shown), suggesting that AD P-tau does
not disrupt microtubules directly but most likely disrupts only
by sequestering MAPs from microbutules.

DISCUSSION

Independent of etiology, whether genetic or nongenetic, one of
the most characteristic brain lesions of AD (which appears to
be required for the clinical expression of the disease) is the
neurons with neurofibrillary changes undergoing degeneration
(22, 23). Understanding of the mechanism of this neurofibril-
lary degeneration is critical to devising a rational, therapeutic
treatment of AD. We have shown that the AD P-tau competes
with tubulin in binding to normal tau and inhibits the assembly
of microtubules. The association of AD P-tau with normal tau
results in tangles of ~3.3-nm filaments structurally similar to
AD neurofibrillary tangles, in which the PHF had been
untwisted by deglycosylation with endoglycosidase F/N glyco-
sidase F (8, 10). In addition to tau, neurons contain MAP1 and
MAP2, which also promote microtubule assembly and main-
tain the structure of microtubules. A major missing link in the
understanding of the role of the abnormal phosphorylation of
tau in neurofibrillary degeneration has been the nature of the
involvement of the HMW-MAPs.

In this study, we investigated whether, in the presence of the
abnormally hyperphosphorylated tau, the HMW-MAPs could
maintain the structure of microtubules. We have found that (i)
the high molecular weight MAP1 and MAP?2 associate to AD
P-tau, (if) the affinity of the binding between the AD P-tau and
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normal tau is higher than that between AD P-tau and the
HMW-MAPs, and (iii) the AD P-tau sequesters the HMW-
MAPs from microtubules, resulting in the disassembly of
microtubules. However, although the association between the
AD P-tau and the normal tau results in the formation of
tangles of thin (=3.3 nm), long filaments reminiscent of
Alzheimer neurofibrillary tangles, the binding of AD P-tau to
MAP1 or MAP2 does not result in the formation of tangles or
individual long filaments.

Previously, it was shown that microtubule assembly was not
achieved from cytosolic extracts from AD brains and that this
impairment was not due to tubulin because microtubules were
formed in the presence of DEAE—-dextran (1). Because of the
abnormal phosphorylation of tau and its lack of activity, it was
postulated to be responsible for the lack of microtubule
assembly. Nevertheless, nothing was known as to why the other
MAPs, MAP1 and MAP2, did not compensate. The present
study shows that the AD P-tau is capable of disrupting the
neuronal microtubule network by sequestering not only nor-
mal tau but also MAP1 and MAP2. The association between
the AD P-tau and the HMW-MAPs occurs when using isolated
proteins and probably also occurs in situ, as demonstrated from
the findings that (7) in the 27,000 X g to 200,000 X g AD brain
extract, the HMW-MAPs cosedimented with the AD P-tau
and (if) the levels of the HMW-MAPs sedimenting in this
fraction correlated directly with the levels of AD P-tau in the
same fraction and with a reduction of the levels of MAP1 and
MAP2 in the 200,000 X g supernatant. These results suggest
that AD P-tau also sequesters HMW-MAPs, making them
sedimentable. However, the composition of this sediment is
unknown, and we cannot rule out the possibility that MAPs in
this fraction also are aggregated with other proteins or mem-
branous components.

In the present study, we have been able to induce the
association of AD P-tau with HMW-MAPs under near phys-
iological conditions. When the nature of these aggregated
proteins was analyzed by electron microscopy, we detected the
presence of protein aggregates. These findings were different
from the bundles of long, thin filaments that we reported for
the association of tau to AD P-tau (10). In fact, HMW-MAPs
have not been observed in isolated PHF (2) except by the
immunocytochemical labeling of Alzheimer neurofibrillary
tangles with an antibody to MAP2 (24) and antibodies to a
fragment of MAP1 (25).

A decrease in the tau phosphatase activity in AD brains has
been shown (26, 27), suggesting that the tau is abnormally
phosphorylated in AD brains, probably due to an imbalance in
the protein phosphorylation/dephosphorylation system. The
nature of the signal that causes the decrease in tau phosphatase
activity of tau is presently not known. Nevertheless, the present
study along with our other recent reports (5, 8, 10) is consistent
with a mechanism of neurofibrillary degeneration in which the
abnormally hyperphosphorylated tau competes with tubulin in
associating with normal tau, MAP1, and MAP2 and inhibits
microtubule assembly. The sequestration of the MAPs (mi-
crotubule-stabilizing proteins) from microtubules causes their
disruption. The aggregates of the AD P-tau and normal tau
work as “seeds” for the polymerization of tau into neurofi-
brillary tangles in which PHF are formed by glycosylation. The
breakdown of the microtubule network leads to a compro-
mised axonal transport and consequently loss of synapses and
retrograde degeneration. The present study and our previous
studies (1, 5, 6, 10) taken together demonstrate that the
abnormally phosphorylated tau is not only inactive in promot-
ing microtubule assembly but also causes disassembly of mi-
crotubules assembled with tau, MAP1, and MAP2. Thus,
neurofibrillary degeneration might be prevented by inhibiting
abnormal hyperphosphorylation of tau.
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