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Information on the structural scaffold for tau aggrega-
tion is important in developing a method of preventing
Alzheimer’s disease (AD). Tau contains a microtubule
binding domain (MBD) consisting of three or four re-
peats of 31 and 32 similar residues in its C-terminal
half. Although the key event in tau aggregation has
been considered to be the formation of b-sheet struc-
tures from a short hexapeptide 306VQIVYK311 in the
third repeat of MBD, its aggregation pathway to fila-
ment formation differs between the three- and
four-repeated MBDs, owing to the intermolecular and
intramolecular disulphide bond formations, respectively.
Therefore, the elucidation of a common structural elem-
ent necessary for the self-assembly of three-/
four-repeated full-length tau is an important research
subject. Expanding the previous results on the aggrega-
tion mechanism of MBD, in this paper, we report that
the C�H . . . n interaction between the Ile308 and
Tyr310 side chains in the third repeat of MBD is in-
dispensable for the self-assembly of three-/
four-repeated full-length tau, where the interaction pro-
vides a conformational seed for triggering the molecular
association. On the basis of the aggregation behaviours
of a series of MBD and full-length tau mutants, a pos-
sible self-association model of tau is proposed and the
relationship between the aggregation form (filament or
granule) and the association pathway is discussed.

Keywords: C�H . . . p interaction/isoleucine residue/
microtubule binding domain/tau protein/tyrosine
residue.

Abbreviations: AD, Alzheimer’s disease; CD, circular
dichroism; DTT, dithiothreitol; EM, electron

microscopy; His, histidine; MBD, microtubule bind-
ing domain; MT, microtubule; PHF, paired helical
filament; ThS, thioflavin S; 3Rtau, three repeat
full-length tau; 4Rtau, four repeat full-length tau;
3RMBD, three-repeated MBD; 4RMBD,
four-repeated MBD.

Tau is a major microtubule (MT)-associated pro-
tein that is also the main component of the aber-
rant filaments like the neuropil threads or the
neurofibrillary tangles (1, 2), found in the brain of
Alzheimer’s disease (AD) patients. Tau is highly sol-
uble and adopts a natively unfolded structure in
solution. However, in the brains of AD patients, tau
dissociates from axonal MTs through extensive
phosphorylation and aggregates to form an insoluble
paired helical filament (PHF) called the neurofibrillary
tangle (3�9). Information on the mechanism of
PHF formation of tau is important for elucidating
the mechanisms and the development of therapeutic
drugs for AD.

In the central nervous system of the adult human
brain, six tau isoforms are expressed ranging in size
from 352 to 441 amino acids (Fig. 1) (10�12). Tau
contains a microtubule binding domain (MBD) con-
sisting of three or four repeats of 31 and 32 similar
amino acid sequences in the C-terminal half, and
binds to and stabilizes microtubules (13�15).
Generally, the key event in tau polymerization is the
formation of a b-strand structure from the short hex-
apeptide 306VQIVYK311 in the third repeat of MBD
(16, 17), where the residual number corresponds to the
longest isoform. An X-ray crystal analysis of this pep-
tide showed that it adopts a b-strand conformation
and forms b-sheets with neighbouring peptides that
combine in a face-to-face interdigitating ‘steric zipper’
structure (18).

Tauopathies can be characterized on the basis of the
isoform composition of their filaments (19, 20). For
example, filaments in Pick disease contain three repeats
(3R: R1-R3-R4), whereas those in progressive supra-
nuclear palsy and corticobasal degeneration contain
four repeats (4R: R1�R2�R3�R4). Filaments in AD
incorporate three- and four-repeated tau. On the other
hand, we previously reported that the association path-
way of four-repeated MBD (4RMBD) is different from
that of three-repeated MBD (3RMBD) in the
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following points: (i) the elemental unit for the associ-
ation is an intermolecular Cys�Cys disulphide-bonded
dimer between the neighbouring third repeats (R3) for
3RMBD and an intramolecular disulphide-bonded
monomer between the second (R2) and third (R3) re-
peats for 4RMBD (21, 22), and (ii) the presence of
dithiothreitol (DTT), a reducing agent, decreases the
filament formation ability of 3RMBD, but it increases
that of 4RMBD (23). Therefore, information on the
common structural element that enables the initial
self-association of three- and four-repeated MBD
(3R/4RMBD) or tau (3R/4Rtau) is crucial for develop-
ing AD inhibitors. Recently, we reported the import-
ance of Tyr located at position 310 (24) and of its
interplay with Ile308 in the progress of the filament
formation of 4RMBD (25). Thus, it is important
upon confirming the universal role of this interplay
in the initial association to examine whether the inter-
play between these Ile and Tyr residues is similarly
indispensable for the filament formation of 3RMBD
and 3R/4Rtau. In this article, we report that the inter-
play of Ile308 and Tyr310 residues is the least indis-
pensable structural element for initiating the molecular
association of 3R/4Rtau as well as of 3R/4RMBD, and
the C�H . . . p interaction formed between their side
chains functions as a conformational seed for trigger-
ing molecular self-association. Although the mechan-
ism of tau PHF formation is not yet completely
elucidated, the present result provides important infor-
mation on key residues and structural scaffolds essen-
tial for initiating the molecular association, which is
useful for designing AD inhibitors.

Experimental procedures

Chemicals
General laboratory chemicals and molecular biology reagents
[heparin with a mean molecular weight around 6,000, and thioflavin
S (ThS)] were purchased from (Sigma Co, MO, U.S.A.).

Preparation of VQIVYK residue-substituted MBD and tau
mutants
A cDNA (clone T9) encoding the human brain tau gene (2N4R,
0N4R and 0N3R) was provided by Professor H. Mori (Osaka City
University). Wild-type four repeat full-length tau (4Rtau), three
repeat full-length tau (3Rtau) 4RMBD, and 3RMBD constructs
(Fig. 1) were prepared by polymerase chain reaction amplification,
using clone T9 as the template, as previously reported (24). The gene
expression in Escherichia coli and the purification of histidine (His)-
tagged 4R/3RMBD and 4R/3Rtau were performed as described in a
previous article (21), and the purity of the recombinant protein was
confirmed on the basis of a single band by SDS�PAGE.

A series of VQIVYK residue-substituted genes or Cys-substituted
genes of His-tagged 4R/3RMBD and 4Rtau/3Rtau were obtained
using several wild-type tau DNA, mutagenized primers and the
QuikChange site-directed mutagenesis kit from (Stratagene, CA,
U.S.A.). The gene expression and purification of a His-tagged
mutant were performed in the same manner as that of the wild pro-
tein. The purity of each mutant was confirmed on the basis of a
single band by SDS�PAGE. The sample concentration was deter-
mined by Bradford protein assay, measuring 280 nm UV absorption
(e¼ 1280mol�1 l cm�1 for Tyr residue).

ThS fluorescence measurement
A solution of each sample at 25 mM were prepared using 50mM
Tris�HCl buffer (pH 7.6), and 10 mM ThS was added. After
adding 6.25mM heparin, fluorescence intensity was measured with
a JASCO FP-6500 instrument at 25�C, with an excitation at 440 nm
and an emission at 500 nm. The background fluorescence of each
sample solution was subtracted when needed. The averaged value
of three times measurements was used for the data presentation.

Fig. 1 Schematic representations of (A) longest 4R-tau isoform including two N-terminal inserts (2N4R) among six different tau isomers,
together with three- and four-repeat isomers of 4Rtau (0N4R), 3Rtau (0N3R), 4RMBD and 3RMBD used in this work and (B) amino acid
sequences of first to fourth repeats (R1�R4). Residual numbering is adapted to that of the longest isoform 4Rtau (441 residues).
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Circular dichroism measurement
A solution of each sample at 25 mM were prepared using 20-mM
phosphate buffer (pH 7.6). After adding 6.25 mM heparin, the circu-
lar dichroism (CD) spectral change was measured with a JASCO
J-820 spectrometer at 25�C. For each experiment, eight spectra
were summed up, and the molar ellipticity was determined after
normalizing for the protein concentrations.

Electron microscopy measurement
A solution of each sample at 25 mM was mixed with 6.25mM heparin
in 50mM Tris�HCl buffer (pH 7.6) and then incubated at 37�C for
48 h. Sample solutions (10 ml) were placed on 600-mesh copper grids
and negatively strained with 2% uranyl acetate for 1min. The spe-
cimens were examined with an electron microscope (Hitachi Co.,
Tokyo, Japan) operated at 75 kV.

Results

Interplay between Ile and Tyr residues in the R3
repeat is essential for the aggregation of 3RMBD
as well as of 4RMBD
The aggregation behaviours of a series of 3RMBD
mutants, in which the residue of the 306VQIVYK311

sequence was substituted with Ala or Tyr, were inves-
tigated by ThS fluorescence measurement, CD spec-
troscopy and EM. The results are summarized in
Table I, in which some results of 4RMBD mutants
(25) are given for comparison. Selected examples are
shown in Fig. 2. The ThS fluorescence intensity of the
monosubstituted mutant by Ala showed that the mu-
tation of I308 or Y310 residue causes the complete
disappearance of the filament formation, although
the Ala mutation of other residues still has aggregation
ability with a detectable extent (data not shown). To
investigate the importance of Tyr at position 310 in the
aggregation of 3RMBD, the aggregation behaviours of
a series of Y310A-fixed and Tyr-scanned mutants of
the 306VQIVYK311 sequence were investigated.
Consequently, the following two important results

were observed. First, the aggregation ability of
3RMBD is considerably lost only by Y310A regardless
of the Tyr substitution for other residues in the
306VQIVYK311 sequence, except Q307Y/Y310A.
These mutants inhibited filament formation, although
a small number of granulated aggregates were formed.
In particular, the complete loss of aggregates was
induced by I308Y/Y310A. Such a remarkable loss of
aggregation ability by Y310A was also observed for
4RMBD, indicating that Tyr310 in the third repeat
of MBD is essential for the filament formation despite
the number of repeats. Second, Q307Y/Y310A shows a
high aggregation ability and has a similar filament
morphology to 3RMBD. This suggests that the
self-association mechanism of Q307Y/Y310A is essen-
tially the same as that of 3RMBD (discussed later).

The complete loss of the aggregation abilities of
I308A, Y310A and I308Y/Y310A indicates clearly
that the interplay between I308 and Y310 residues is
essential for the molecular aggregation of 3RMBD. It
is clear from Table I that these aggregation behaviours
are almost the same as those of 4RMBD. Previously,
we reported that the building units for molecular ag-
gregation are different between 3RMBD and 4RMBD
(22), that is, the intermolecular R3�R3 disulphide-
bonded dimer for 3RMBD and the intramolecular
R2�R3 disulphide-bonded monomer for 4RMBD.
However, the present result indicates that the interplay
between I308 and Y310 residues in the R3 repeat is a
common structural element indispensable for initiating
the molecular association of both MBDs.

Interplay between I308 and Y310 residues is based
on the C�H . . . p interaction
The comparison between the aggregation abilities of
wild MBD and its I308A or Y310A mutant (Table I)

Table I. Comparison of ThS fluorescences, CD amplitudes and EM morphologies of 3RMBD/4RMBD and their mutants (25 kM)
a,b
.

Wild/Mutant

Without DTT With DTT

Relative

fluorescence

intensity (%)

Relative

change (%) of

molar ellipticity

at 200 nm EM morphology

Relative

fluorescence

intensity (%) EM morphology

3RMBD 100 100 Filament 25 Short filament
Y310A 0 0 No granule and no filament 0 No granule and no filament
I308A 0 0 No granule and no filament 0 No granule and no filament
I308V 60 50 Short filament 20 Short filament
I308Y/Y310A 0 0 No granule and no filament 0 No granule and no filament
I308Y/Y310I 0 0 No granule and no filament 0 No granule and no filament
Q307Y 250 150 Filamentþ granule(þ2) 300 Granule(þ2)
Q307Y/Y310A 70 40 Short filament 20 Short filament
Q307Y/V309A/Y310A 0 0 No granule and no filament 0 No granule and no filament
4RMBD 100 100 Filament 120 Filament
Y310A 0 0 No granule and no filament 0 No granule and no filament
I308A 0 0 No granule and no filament 0 No granule and no filament
I308V 90 90 Filament 120 filament
I308Y/Y310I 0 0 No granule and no filament 0 No granule and no filament
Q307Y 300 150 Filamentþ granule(þ2) 300 Filamentþ granule(þ2)
Q307Y/Y310A 100 90 Filament 120 Filament
Q307Y/V309A/Y310A 0 0 No granule and no filament 0 No granule and no filament

aThe fluorescence intensities and CD amplitudes of mutants correspond to values relative to those of wild 3RMBD and 4RMBD without
DTT at 1 h after initiating aggregation by addtion of heparin.
bEM morphology at 48 h after initiating aggregation by addition of heparin.
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indicates that the interplay between I308 and Y310 is
based on the C�H . . . p interaction between their resi-
dues, where the C�H group of the Ile side chain inter-
acts with the p electron of the Tyr phenyl ring. This is
supported by the suppressed aggregation ability of
I308V compared with that of the wild type because
Val has a lower hydrophobicity than Ile. It is import-
ant to note that the filament formation via the
C�H . . . p interaction is dependent on the positional
relationship between Ile and Tyr residues because
I308Y/Y310I showed a complete loss of their molecu-
lar aggregation ability, similarly to the case of I308Y/
Y301A. This clearly indicates that Ile should be
located on the N-terminal side compared with Tyr,
that is, the C�H . . . p interaction should be formed
along the N side!C side direction of the sequence.

As could be deduced from the aggregation beha-
viours of the Q307Y, Q307Y/Y310A and Q307Y/
V309A/Y310A of 3R/4RMBD, a structural require-
ment for filament formation via the C�H . . . p inter-
action is a planar backbone of the 306VQIVYK311

sequence. The 306VQIVYK311 sequence in the R3
repeat was previously showed to be planar by NMR
analysis in both aqueous and 2,2,2-trifluoroethanol so-
lutions (26) and X-ray crystal structure (18). The
planar conformation of 306VYIVYK311 sequence in
the Q307Y enables an intramolecular C�H . . . p inter-
action between I308 and Y310 residues on one side of

the plane and a similar C�H . . . p interaction between
the Y307 and V309 residues on the opposite side
(Fig. 3). These C�H . . . p interactions on both sides
could almost be related with a 2-fold symmetry run-
ning along the centre of a pleated peptide plane of the
VYIVYK sequence. This would be the reason Q307Y
markedly increased aggregation rate, which became
3-fold higher than that of wild MBD. The similar

Fig. 2 (A) Time-dependent ThS fluorescence intensity profiles, (B) time-dependent CD spectral changes and (C) negative-staining EM images of
3RMBD and its Y310A, I308A, Q307Y and Q307Y/Y310A mutants. The Q307Y/V309A/Y310A mutant shows essentially the same results as
I308A. The respective CD spectra from bottom to top at the 200 nm correspond to those obtained at 0min, 3, 6 and 24 h after adding heparin to
the solution. The length of the bar in (C) corresponds to 500 nm.

Fig. 3 Double C�H . . . p interactions of Q307Y�V309 and
I308�Y310 pairs on both sides of planar VYIVYK backbone of R3
repeat in Q307Y mutant.
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aggregation ability of Q307Y/Y310A to that of wild
MBD and the complete lack of the aggregation ability
of Q307Y/V309A/Y310A also support the C�H . . . p
interaction between the V309 and Y307 side chains.

C�H . . . p interaction between Ile and Tyr residues in
R3 repeat is essential for the molecular aggregation
of 3R/4Rtau
To determine whether the common structural element
indispensable for starting the molecular association of
3R/4RMBD is also applicable to that of full-length
tau, a series of 306VQIVYK311 residue-substituted mu-
tants of 3R/4Rtau were prepared and examined for
their aggregation behaviours. The results are given in
Table II, and some examples are shown in Fig. 4.

The CD spectra of 3R/4Rtau and their mutants
showed no notable conformational change for 46 h
after starting aggregation. This may result from that
the flexible sequences bound to both sides of MBD
affect the aggregation behaviour of tau in such a way
that the structural change accompanied by the MBD
aggregation is not smoothly propagated toward the
whole structure. However, it is clear that the
C�H . . . p interaction between I308 and Y310 residues
is indispensable to the filament formation of 3R/
4Rtau. The I308A and Y310A of 3R/4Rtau completely
lost their aggregation ability. In contrast, I308V or
Y310W showed similar aggregation ability to 4Rtau.
A marked increase in the aggregation rate of Q307Y,
probably due to double C�H . . .p interactions of
Y307�V309 and I308�Y310 pairs, was also observed
for 3R/4Rtau. These results clearly confirm the im-
portance of the C�H . . . p interaction between the
I308 and Y310 residues for the filament formation of
tau as well as of its MBD.

On the other hand, the difference between the aggre-
gation behaviours of tau and MBD was observed in
the ThS fluorescence intensity and electron microscopy
(EM) morphology of their Q307Y/Y310A mutants.

The Q307Y/Y310A of 3R/4Rtau no longer showed
notable aggregation behaviour such as that of 3R/
4RMBD, indicating that the single C�H . . . p inter-
action from the back side on the planar hexapeptide
in the R3 repeat is not passable for the molecular ag-
gregation of tau. This would be due to the effect of the
N- and C-terminal flexible regions bound to both sides
of MBD, because the N- and C-terminal regions
remain largely disordered, form a fuzzy coat and fold
back onto the repeats (27) to form transient intramo-
lecular contact (28). In such a situation, it would be
reasonable to consider that the filament formation of
3R/4Rtau proceeds via the C�H . . . p interaction be-
tween Ile308 and Tyr310 residues on one side of the R3
repeat, although no such a structural restriction is
required up to the granule formation stage, as
observed for Q307Y.

Different effect of reducing agent on molecular
aggregations of MBD and tau
Our previous study clarified that the building units for
3RMBD and 4RMBD are intermolecular R3�R3
disulphide-bonded dimers and intramolecular R2�R3
disulphide-bonded monomers, respectively (22), and
this difference results in the marked suppression and
enhancement of the molecular aggregations of
3RMBD and 4RMBD, respectively, by the addition
of DTT, a reducing agent (23). To confirm the effect
of DTT on the molecular aggregations of 3R/4Rtau,
the aggregation behaviours of the respective wild-type
and mutants with and without DTT were compared in
terms of the ThS fluorescence intensity and EM
morphology; the results are given in Table II.

As previously reported, DTT enhanced the molecu-
lar aggregation of both wild and mutant 4RMBDs
including a single C�H . . . p interaction, whereas the
molecular aggregations of 3RMBD and its mutant
via a single C�H . . .p interaction were considerably
suppressed by DTT. DTT increased the fluorescence

Table II. Comparison of ThS fluorescences and EM morphologies of 3Rtau/4Rtau and their mutants (25 kM)
a,b
.

Wild/Mutant

Without DTT With DTT

Relative

fluorescence

intensity (%) EM morphology

Relative

fluorescence

intensity (%) EM morphology

3Rtau 100 Filament 10 Granule(þ1)
I308A 0 No granule and no filament 0 No granule and no filament
Y310A 0 No granule and no filament 0 No granule and no filament
Q307Y 300 Granule(þ2) 300 Granule
Q307Y/Y310A 10 Granule(þ1) 0 No granule and no filament
4Rtau 100 Filament 10 Glanule(þ1)
I308A 0 No granule and no filament 0 No granule and no filament
I308V 40 Short filament 5 No granule and no filament
Y310A 0 No granule and no filament 0 No granule and no filament
Y310W 100 Filament 150 Filament
I308Y/Y310I 0 No granule and no filament 0 No granule and no filament
Q307Y 300 Granule(þ2) 300 Granule(þ2)
Q307Y/Y310A 10 No granule and no filament 5 No granule and no filament
Q307Y/V309A/Y310A 0 No granule and no filament 0 No granule and no filament

aThe fluorescence intensities of mutants correspond to the values relative to those of wild 3Rtau and 4Rtau without DTT at 1 h after initiating
aggregation by addition of heparin.
bEM morphology at 48 h after initiating aggregation by addition of heparin.
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intensity of 4RMBD to nearly the same extent as that
of 3RMBD without DTT, and this would indicate that
the folded structure of the intramolecular R2�R3 dis-
ulphide-bonded 4RMBD is disadvantageous for the
aggregation and the DTT-induced open structure con-
fers 4RMBD similar aggregation ability to that of
3RMBD dimers, because we clarified that 4RMBD
under a reduced solution is composed of the intermo-
lecular associated dimers (21). In contrast, the
DTT-induced transition of the intermolecular R3�R3
disulphide-bonded dimer of 3RMBD to the monomer
lost its original aggregation ability.

On the other hand, the 3R/4Rtau showed a different
behaviour from 3R/4RMBD. The ThS intensities of
3R/4Rtau were both decreased by the DTT addition,
and this is in contrast to the cases of 3RMBD and
4RMBD, in which the DTT-dependent molecular ag-
gregation process is dependent on, respectively, inter-
molecular and intramolecular disulphide bond
formation. This discrepancy would mean that such dis-
ulphide bond formation is insufficient to control the
overall aggregation behaviour of 3R/4Rtau, probably
owing to the presence of flexible sequences attached to
both the N- and C-terminal sides of MBD. However,
the aggregation ability of the Q307Y mutant of 3R/
4Rtau, as well as of 3R/4RMBD, having double
C�H . . . p interactions within the R3 repeat was
hardly affected by the addition of DTT. This would
mean that the double C�H . . . p interactions on the R3
core moiety precede the disulphide bond formation for
the molecular association, and the interaction provides
the platform that is indispensable for starting molecu-
lar association, although it does not proceed to the
mature filament formation.

To investigate the roles of the Cys291 and Cys322
residues of tau in the filament formation, Ala-
substituted mutants of 4R/3RMBD and 3R/4Rtau

were prepared. Their ThS fluorescence intensities and
EM morphologies are given in Table III. The results
showed the different role between the Cys residues of
3RMBD and 4RMBD in their filament formations; the
results were about in accord with those of DTT effect
on the intra/intermolecular disulphide bond formation
in their molecular aggregations. In contrast, no not-
able difference was observed for 3R/4Rtau and these
Ala-substituted mutants similarly decreased the ThS
fluorescence intensities and transformed the filament-
ous morphology to small granules, similar to the case
of DTT addition to wild 3R/4Rtau. This clearly indi-
cates the participation of Cys residues in the second
and third repeats in mature filament formation of tau.
Therefore, we could state that intermolecular/intramo-
lecular disulphide-bonded formation formed in 3R/
4RMBD participates importantly in the filament

Fig. 4 (A) Time-dependent ThS fluorescence intensity profiles and (B) negative-staining EM images of 4Rtau and its Y310A, I308A, Y310W,
Q307Y and Q307Y/Y310A mutants. The Q307Y/V309A/Y310A mutant shows essentially the same results as those of I308A. The length of the
bar in (B) corresponds to 500 nm.

Table III. Comparison of ThS fluorescences and EM morphologies

of C291A and/or C322A mutants of 4R/3RMBD and 4R/3Rtau

(25 kM)a,b.

Wild/Mutant

Relative

fluorescence

intensity (%) EM morpohology

4RMBD 100 Filament
C291A 100 Filament
C322A 80 Filament
C291A/C322A 120 Filament
3RMBD 100 Filament
C322A 20 Short filament
4Rtau 100 Filament
C291A/C322A 20 Granule(þ1)
3Rtau 100 Filament
C322A 10 Granule(þ1)

aThe fluorescence intensities of mutants correspond to values rela-
tive to those of wild-types at 1 h after initiating aggregation by
addition of heparin.
bEM morphology at 48 h after initiating aggregation by addition of
heparin.
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formation of 3R/4Rtau, although DTT-dependent ag-
gregation behaviour is different between MBD and tau.

Discussion

The filament formation of tau protein is based on short
hexapeptide motif (VQIVYK) in the R3 repeat domain
of MBD. This short motif has a planar conformation
even though tau protein has a random structure. The
VQIVYK sequence, in addition to its structural char-
acter, has a partially hydrophobic character and tend
to make a cross b-structure, which is the core of PHF.

The crystal structure of the VQIVYK peptide re-
ported by Sawaya et al. (18) provides a molecular
view of the structural organization of the spine of
tau fibrils. In the crystal structure, the peptide adopts
a planar conformation and forms an anti-parallel
b-sheet with a neighbouring peptide that combines in
a face-to-face interdigitating dry ‘steric zipper’ struc-
ture, where the back surface of this b-sheet constitutes
a wet interface linked through water molecules.

The planar backbone conformation of VQIVYK
peptide enables the direct interactions between the Ile
and Tyr side chains on the same side of the peptide
plane and between the Gln and Lys side chains on the
other side. Therefore, it would be reasonable in a polar
environment such as an aqueous solution to consider
that the C�H . . . p interaction between the side chains
of the Ile and Tyr residues under the hydrophobic en-
vironment provides a conformational seed to form an
anti-parallel b-sheet with the VQIVYK sequence of the
other R3 repeat. As determined from the results given
in Tables I and II, it could say that this C�H . . .p
interaction is the common structural element for initi-
ating the molecular association of 3R/4RMBD and
3R/4Rtau irrespective of their difference in aggrega-
tion pathway.

Generally, the filament formation of tau can
be divided into the following stages:
activation! nucleation! extension!PHF forma-
tion. The EM figures showed either a filament or a
granule as the aggregation form of wild or mutant
tau. Herein, we discuss the possible relation between
the aggregation form (filament or granule) and its as-
sociation stage. From the relationship between the dy-
namic light scattering (DLS) data and EM pictures, we
previously reported that the granule forms of MBD
correspond to the nucleation state, which does not fur-
ther proceed to the extension stage, whereas the fila-
ment form proceeds to the stage of PHF formation
(23). It is clear that wild 3R/4RMBD and 3R/4Rtau
proceed to the PHF stage through continuous molecu-
lar piling irrespective of the number of repeats. Thus,
as a possible reason why some mutants stop at the
granular nucleation stage, it could say that such sys-
tematic piling is impossible because of the structural
disorder probably due to an unsystematic molecular
association, although the aggregation is allowed up
to the nucleation stage to some extent. In the case
of the Q307Y mutant, the double C�H . . . p inter-
actions of Val309�Tyr307 and Ile308�Tyr310 pairs
would enable the rapid aggregation progress up to
the nucleation stage, but not up to the filament

formation stage, and this would be further due to the
disturbance of alternative hydrophobic/hydrophilic
stacking layer of the molecules. The presence of N-
and C-terminal flexible regions bound to both terminals
of MBD affect the aggregation behaviour of full-length
tau concerning the time dependence of CD spectral
change and the effect of DTT on the aggregation,
which are considerably different from those of MBD.

On the basis of previous results that the building
units for molecular aggregations of 4RMBD and
3RMBD are intramolecular R2�R3 disulphide-
bonded monomer and intermolecular R3�R3
disulphide-bonded dimer, respectively, possible
aggregation pathway is proposed in Fig. 5A and B.
The four-repeat tau forms an intramolecular
Cys291�Cys322 disulphide bond between the second
and third repeats under a physiological condition
(Fig. 5A). This conformational restriction and the
presence of Pro301 and Pro312 residues would enable
the formation of a U-shaped structure at the R2�R3
linkage of 4RMBD, where these Pro residues are
located at both corners. This model shows that the
anti-parallely arranged MBDs pile up through the al-
ternate hydrophobic and hydrophilic interactions
among the neighbouring SVQIVYK b-strands along
the fiber direction. In this model, the double
C�H . . . p formation by the Q307Y mutation would
change the hydrophilic interaction into the hydropho-
bic one, thus resulting in a rapid aggregation to the
granule form in an aqueous solution. On the other
hand, three-repeat tau would form a parallel dimer
by the intermolecular disulphide bond of Cys322 resi-
due in the third repeat (Fig. 5B). The parallel dimer
would be stabilized by the hydrophilic interaction be-
tween the polar residues of SVQIVYK b-strands,
where the VQIVYK plane in the Gly302�Lys311 se-
quence is rotatable around the o torsion angles of
Pro301�Gly302 and Lys311�Pro312 bonds because
of the lack of a notable energy barrier between the
trans and cis isomers at the Pro�Gly and Lys�Pro
peptide bonds and of the lack of an intramolecular
disulphide bond within MBD, different from the case
of 4RMBD. The neighbouring parallel dimers would
be stacked in an anti-parallel manner and piled up
along the fiber direction through alternative hydropho-
bic/hydrophilic interactions among the KVQIVYK
b-strands. The double C�H . . . p formation by
Q307Y mutation would increase aggregation rate by
the same reason as that for 4Rtau.

In conclusion, the present results indicated that two
factors are important for molecular aggregation of tau:
one is that the C�H . . .p interaction between Ile308
and Tyr310 side chains is an essential structural
factor that enables the initial self-association of 3R/
4Rtau as well as 3R/4RMBD and the other is that
the intermolecular/intramolecular disulphide bond for-
mation in 3R/4RMBD participates importantly in the
filament formation of 3R/4Rtau. Although the mech-
anism of tau PHF formation remains to be elucidated,
the present work provides important information on
key residues and structural scaffolds essential for initi-
ating the molecular association, which is important for
designing AD inhibitors.
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