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The microtubule-associated protein tau is a highly soluble protein that shows hardly
any tendency to assemble under physiological conditions. In the brains of Alzheimer’s
disease (AD) patients, however, tau dissociates from the axonal microtubule and
abnormally aggregates to form paired helical filaments (PHFs). One of the priorities
in Alzheimer research is to clarify the mechanism of PHF formation. In recent years,
several factors regulating tau assembly have come to light, yet some important ques-
tions remain to be answered. In this work, the His-tagged gene constructs of the four-
repeat microtubule binding domain (4RMBD) in tau protein and its three mutants,
4RMBD S305N, N279K, and P301L, were expressed in E. coli and purified. Gel filtra-
tion chromatography and dynamic light scattering measurement yielded a Stokes
radius of 3.1 nm, indicating that the His-tagged 4RMBD normally exists in buffer solu-
tion in a dimer state, which is formed by non-covalent intermolecular interactions.
This non-covalent dimer can further polymerize to form filaments in the presence of
polyanions such as heparin. The kinetics of the in vitro aggregation was monitored by
thioflavine S dye fluorescence and CD measurements. The aggregation of 4RMBD was
suggested to be a nucleation-dependent process, where the non-covalent dimer acts
as an effective structural unit. The aggregation rate was strongly affected by the
point mutation. Among the 4RMBD mutants, the rate of S305N was exceptionally fast,
whereas N279K was the slowest, even slower than the wild-type. The aggregations
were optimal in a weakly reducing environment for all the mutants and the wild type.
However, the aggregations were affected differently by buffer pH, depending on the
4RMBD mutation.
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Abbreviations: AD, Alzheimer’s disease; CD, circular dichroism; DLS, dynamic light scattering; DTT, dithiothrei-
tol; FPLC, fast protein liquid chromatography; FTDP-17, Frontotemporal Dementia with Parkinsonism linked to
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ered saline; PHFs, paired helical filaments; PIPES, piperazine-N,N′-bis(2-ethanesulfonic acid); 4RMBD, tau con-
struct with four-repeat microtubule binding domain; SDS-PAGE, sodium dodecylsulfate polyacrylamide gel elec-
trophoresis; ThS, thioflavine-S.

Alzheimer’s disease (AD) is the most common cause of
dementia in the elderly population. AD is accompanied
by a number of structural and metabolic alterations in
the brain, and is characterized by two histopathological
hallmarks, extracellular deposits of β-amyloid in neuritic
plaques and intracellular neurofibrillary tangles (NFTs)
(1). The latter are composed of bundles of paired helical
filaments (PHFs), the abnormal aggregation of tau pro-
tein. Tau is one of the main, though not exclusive, neuro-
nal microtubule-associated proteins. The most important
function of tau is the stabilization of axonal microtubules
(2). It is a highly soluble protein and shows hardly any
tendency to assemble under physiological conditions. In
the brains of AD patients, however, tau dissociates from

form insoluble fibers (3). The principle of these tau
pathologies remains elusive.

In adult human brain, multiple tau isoforms are
expressed from a single gene comprising 15 exons. By
alternative splicing of exons 2, 3 and 10, six major tau
isoforms consisting of 352 to 441 amino acids are pro-
duced (4). Recently, a group of frontotemporal dementias,
now termed FTDP-17, was found to be related to muta-
tions in tau (5). At present, eight mutants (G272V,
N279K, ∆K280, P301L, P301S, S305N, V337M, and
R406W) of tau protein have been identified in FTDP-17
(4), and most of them, i.e., N279K, ∆K280, P301L, P301S,
and S305N, cluster in the four-repeat microtubule bind-
ing domain (4RMBD). Besides leading to a reduced abil-
ity of tau to interact with microtubules, or to increase
alternative mRNA splicing of exon 10, missense and dele-
tion mutants in tau may have an additional effect, the
stimulation of filament assembly. Phosphorylation is
believed to be another factor that negatively modulates
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the function of microtubule stabilization (6). Hyperphos-
phorylation is an invariant feature of the filamentous tau
deposits in neurodegenerative diseases (7).

One of the priorities in Alzheimer research is to clarify
the mechanism of PHF formation. However, the progress
of such investigations using model systems such as trans-
fected cells or transgenic mice has been relatively slow
(8), and our knowledge on tau aggregation stems largely
from in vitro data.

Tau has resisted all efforts of crystallization; therefore,
most of the structural information so far was obtained by
spectral methods. These data indicate a natively
unfolded conformation with very little secondary struc-
ture (9, 10). This loose and open structure may explain
why tau survives in the presence of heat, denaturants or
acid without losing its biological function. In recent
years, several factors regulating tau assembly have
emerged (11): (i) Polyanion stimulates assembly by com-
pensating for the positive charge (12, 13). (ii) A three- or
four-repeat microtubule binding domain in tau aggre-
gates more readily than full-length tau (14). (iii) Some
but not all types of tau mutations lead to accelerated fila-
ment formation (15–18). (iv) The aggregation reaction is
a nucleation-dependent process (19). (v) The aggregation
is strongly promoted by covalent-bonded dimerization
through Cys322 of tau (20).

Advances by in vitro experimental approaches have
opened the way towards a systematic study of the assem-
bly mechanism of tau protein. But still, some important
questions remain to be answered. For example, is tau
aggregation based on β-sheet formation or some other
structure? What is the building block of the filament?
How does buffer pH affect aggregation? Which environ-
mental condition, oxidizing or reducing, promotes aggre-
gation? More detailed inspections should be conducted.

With these in mind, we have performed a study on the
kinetics of tau aggregation. His tagged gene constructs of
4RMBD in tau protein and its three mutants, 4RMBD
N279K, P301L and S305N (Fig. 1), were expressed and
purified. The aggregation rates of 4RMBDs in vitro were
monitored by the thioflavine S (ThS) dye fluorescence
method and CD measurement. Several factors regulating
the aggregation reaction are discussed based on these data.

MATERIALS AND METHODS

Chemicals and Recombinant Proteins—Heparin [aver-
age molecular weight (MW), 6000], bovine albumin, oval-
bumin, lysozyme, and ThS were obtained from Sigma. A
cDNA (clone T9) encoding human brain tau was kindly
provided by Professor H. Mori (Osaka City Univ.). Wild-
type 4RMBD constructs (Fig. 1) were prepared by PCR
amplification using clone T9 as the template, according
to a previous paper (6). The N279K, P301L, and S305N
mutants of 4RMBD were prepared using a Quick-Change
Site-directed Mutagenesis Kit (Stratagene). After their
sequences were confirmed, they were subcloned into a
pET23-NHis vector, constructed from the pET-23d vector
(Novagen) by adding 8 amino acids (MHHHHHHM,
where M and H are methionine and histidine residues,
respectively) to the N-terminus of the 4RMBD as a His-
tag. His-tagged wild-type and mutant 4RMBDs were
expressed in Escherichia coli transformed by these vec-

tors, according to the instructions of the manufacturer
(Novagen). Bacteria pellets were re-suspended in lysis
buffer (50 mM Tris-HCl pH 7.5, 50 mM NaCl, containing
protease inhibitor) and sonicated. The supernatants were
then purified by the following three steps: (i) Cation-
exchange FPLC. Column: HiPrep 16/10 SP XL (Amer-
sham Biosciences). Eluting buffer: 50 mM Tris-HCl,
pH7.5, 1 mM DTT with a gradient of NaCl. (ii) Nickel-
chelating Sepharose (Amersham Biosciences, gravity
flow column), step-washed with imidazol in 50 mM Tris-
HCl, pH7.5, buffer, containing 0.5 M NaCl. (iii) Gel filtra-
tion FPLC. Column: Superdex 75 HR 10/30 (Amersham
Biosciences). Eluting buffer: 50 mM Tris-HCl, pH 7.5,
150 mM NaCl. The purity after each purification step
was checked by SDS-PAGE. Protein concentrations were
determined by UV absorption at 280 nm. A schematic
diagram of the full-length tau, its His-tagged four-repeat
domain (His 4RMBD), and related MBD constructs are
shown in Fig. 1, where the numbering of amino acid resi-
dues corresponds to the longest isoform of human tau of
441 residues.

Dynamic Light Scattering (DLS) Analysis—All meas-
urements were performed at 20°C using a DynaPro-801
molecular sizing instrument (Protein Solutions, Char-
lottesville, VA). The AutoPro software package was used
for all data analyses. In the experiment, a protein solu-
tion in a 7 µl flow cell was illuminated by a 25 mW, 780
nm solid-state laser, and the intensity of light scattered
at an angle of 90° was measured at intervals of approxi-
mately 4 µs by a solid-state avalanche photodiode. Using
an autocorrelation function, the translational diffusion
coefficient (Dτ) of the sample particles in solution was
evaluated by measuring the fluctuations in the intensity
of the scattered light. The hydrodynamic radius (RH) of
the sample particle was derived from Dτ using the
Stokes-Einstein equation, Dτ = kbT/6πηRH, where kb is
the Boltzmann constant, T is absolute temperature, and
η is solvent viscosity. The mass of the sample particles
was estimated from RH assuming that the particles are
spherical and of standard density. Based on an attempt to
fit the sizes of the sample particles to monomodal distri-
bution (one particle size), the polydispersity, baseline,
and sum-of-squares parameters give an indication of the
homogeneity of the particle sizes in the sample.

Purified 4RMBDs were concentrated to 10 mg/ml in
Millipore centrifugal filter devices. Protein samples of
300 µl in volume were filtered through 0.1 µm inorganic
membranes (Whatman Anatop) before being placed in
the DLS cuvette.

Molecular Size Estimation by Gel Filtration Chroma-
tography—A HiLoad Superdex 75 16/60 (Amersham Bio-
sciences) column was used for gel filtration chromatogra-
phy. The elution buffer was 50 mM Tris-HCl (pH 7.5),
containing 150 mM NaCl. The flow rate was controlled at
0.5 ml/min. Three protein samples with different molecu-
lar mass, BSA (66.4 kDa), ovalbumin (44.3 kDa), and lys-
ozyme (14.3 kDa), were selected as the standards for col-
umn calibration. These were mixed and dissolved in 50
mM Tris-HCl buffer (pH 7.5) to a concentration of 0.1
mM for each protein component, and 1.0 ml of the stand-
ard protein solution was applied to the column. A calibra-
tion curve was thus obtained for the calculation of appar-
ent MW from the elution volume. A sample solution (10
J. Biochem.
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mg/ml) of 4RMBDs was applied to the column under the
same conditions.

Electron Microscopy—15 µM 4RMBD tau was mixed
with 3.8 µM heparin in 50 mM Tris-HCl, pH 7.5, contain-
ing 1 mM DTT, and the solution was incubated at 37°C
for 100 min. A 600-mesh copper grid was used for nega-
tive staining EM. A drop of the protein solution was
placed on the grid along with a drop of 2% uranyl acetate.
After 2 min, excess fluid was removed from the grid. Neg-
ative-staining electron microscopy was performed in a
electron microscope (Hitachi H-600.) operated at 75 kV.

Monitoring 4RMBD Aggregation by Fluorescence Meas-
urement—Wild-type and mutant 4RMBDs were adjusted
to a concentration of 15 µM using 50 mM Tris-HCl buffer
(pH 7.5) containing 1 mM DTT and 10 µM ThS dye.
Aggregation was induced by adding heparin to the solu-
tion (final concentration 3.8 µM), and mixing with a
pipette prior to fluorescence measurement. A fluores-
cence time scan was obtained on a JASCO FP-770F
instrument with a 2-mm quartz cell, with the tempera-
ture kept at 37°C by a circulating water bath. The kinet-
ics of 4RMBD aggregation was analyzed by recording the
time-dependent curve of fluorescence intensity with exci-
tation at 440 nm and emission at 490 nm. The excitation
and emission slit widths were set at 10 nm. Background
fluorescence of the sample was subtracted when needed.

CD Spectra—15 µM 4RMBD and 3.8 µM heparin were
mixed in 50 mM Tris-HCl buffer (pH 7.5) containing 1
mM DTT, and incubated at 37°C. Prior to recording the
circular dichroism (CD) spectrum, the sample solution
was diluted in 20 mM phosphate buffer (pH 6.8) to a con-
centration of 2 µM protein and then transferred into a
2.0-mm-path-length quartz cell. Measurements were per-
formed with a JASCO FP-720 spectropolarimeter coupled

with a data processor for summing up the signals. All the
CD spectra were recorded over the wavelength range of
190–250 nm at 37°C under a flow of dry N2 gas. The scan
speed was 50 nm/min. For each spectrum the measure-
ment was performed eight times and averaged.

RESULTS

Hydrodynamic Size of 4RMBD Constructs in Solu-
tion—SDS-PAGE revealed that the purity of the 4RMBD
samples was very high, with a molecular mass corre-
sponding to the protein band of ~14.5 kDa, consistent
with the theoretical value of 4RMBD constructs (Fig. 2a).
On the other hand, however, the retention time for gel fil-
tration was much shorter than anticipated, probably due
to the oligomerization of the protein in buffer solution. A
detailed investigation of the oligomer state of 4RMBD in
buffer solution was thus performed.

Systematic gel filtration chromatography was carried
out to estimate the oligomer size of 4RMBD. In Fig. 2b,
the elution volumes of standard proteins were 56.5 ml
(BSA, 66.4 kDa), 63.0 ml (ovalbumin, 44.3 kDa), and 99.0
ml (lysozyme, 14.3 kDa), respectively, while the elution
volume of wild-type 4RMBD was 66 ml. According to the
relationship between elution volume and molecular mass
of standard proteins (column’s calibration curve), the
apparent molecular mass of 4RMBDs was estimated at
~43 kDa, about three times the theoretical value. The
elution volumes of the 4RMBD mutants, S305N, P301l,
and N279K, were the same as that of wild-type, suggest-
ing that the wild-type 4RMBD and its mutants probably
exist in an oligomer state (named S, see below) under
such buffer conditions.

To substantiate further the oligomer state of 4RMBD
in buffer solution, DLS analyses were performed. The
hydrodynamic radii (RH) of 4RMBDs in buffer solution
could be estimated from the variation of scattered light at

Fig. 1. Schematic diagram of the full-length human tau pro-
tein (clone T9), His 4RMBD and related tau constructs. The
positions of the FTDP-17 mutations used in this work are indicated.
The regions from the first to fourth MT-binding repeat are repre-
sented as R1 to R4. The numbering of the amino acid residues refers
to the longest isoform of human tau (441 residues). From top to bot-
tom: Full-length tau (the longest isoform in the human central
nervous system, 441 residues), His 4RMBD (tau construct contain-
ing 4 pseudo-repeats with a His tag at the N-terminus). K18 (tau
construct comprises 4 pseudo-repeats, R1–R4, ~31 residues each),
K12 (tau construct comprises 3 pseudo-repeats and a short tail at
the C-terminus, 121 residues), and K19 (tau construct comprises 3
pseudo-repeats, R1, R3, and R4)

Fig. 2. (a) SDS-PAGE of the 4RMBD wild type construct. On
the left is the band of the wild type 4RMBD. On the right are the
molecular mass markers. (b) Gel filtration FPLC for the estimation
of the molecular size of the wild-type His 4RMBD. Gel filtration was
carried out on a Superdex 75 column, using 50 mM Tris-HCl (pH
7.5) containing 150 mM NaCl as the elution buffer at a flow rate of
0.5 ml/min. BSA (66.4 kDa), ovalbumin (44.3 kDa) and lysozyme
(14.3 kDa) were used as the standard proteins for the estimation of
molecular mass. The elution volumes are: 56.5 ml (BSA), 63.0 ml
(ovalbumin), and 99.0 ml (lysozyme). The elution volume of 4RMBD
is 66 ml, indicating a molecular mass of 43 kDa, corresponding to
the hydrodynamic radius of ~3.0 nm.
Vol. 134, No. 1, 2003
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90°. The DLS data are listed in Table 1. Again, this
experiment showed that the average RH of wild-type and
mutant 4RMBDs are about 3.10 nm, corresponding to a
hydrodynamic size of ~45 kDa.

Kinetic Analysis of the Filament Formation Reaction—
Electron microscopy (EM) (Fig. 3) shows that the aggre-
gated 4RMBD has a typical PHF ultrastructure, a dou-
ble-stranded twisted appearance with a cross-over repeat
of ~80 nm, which is similar to that of full-length tau pro-
tein (11). This implies that the PHF formation of tau pro-
tein can be monitored by its 4RMBD fragment.

It has been reported that thioflavine dyes such as ThS,
which has been applied to staining NFTs in postmortem
brain (21), can also be used to quantify PHF formation in
solution in real time (22). We used this assay to monitor
the kinetics and to examine factors influencing filament
assembly.

The aggregation of wild-type 4RMBD at various con-
centrations was induced by heparin. The kinetics of
aggregation was then monitored from the time depend-
ence of the fluorescence intensity. As shown in Fig. 4a,
the fluorescence intensity reached a maximum within 40

min., with a half-time of about 5 min. A linear relation-
ship between maximum fluorescence intensity and sam-
ple concentration (Fig. 4b) indicates that the fluorescence
intensity is proportional to the amount of filaments
formed in solution, I = K[C], where I and C represent the
intensity of ThS fluorescence and the filament concentra-
tion respectively, and K is a constant.

Gel filtration experiments and DLS analyses revealed
that 4RMBD exists as oligomers (the subunit, named
state S) in Tris-HCl buffer (pH 7.5). Hence, the whole
process of filament formation can be regarded as a transi-
tion of the aggregation state, from the oligomer (subunit,
state S), to the polymer (filament, state F), and the fol-
lowing two steps are possible:

(a) nS  N ( = (S)n ) (nucleation)

(b) N + m S ↔ F (elongation),

Fig. 3. Electron micrograph of PHF of wild-type 4RMBD. The
sample was negatively stained with 2% uranyl acetate. Arrows indi-
cate the typical PHF ultrastructure, the double-stranded twisted
appearance with a cross-over repeat of ~80 nm.

Table 1. Dynamic light scattering measurements of wild-type
and mutated 4RMBDs.

aMean hydrodynamic radius derived from the measured transla-
tional diffusion coefficient using the Stokes-Einstein equation.
bPolydispersity value, indicating the standard deviation of the dis-
tribution of particle size about the reported mean radius. cSum of
squares measuring the closeness of fit between the experimental
data and an autocorrelation function generated from the analysis
results.

Protein Molecule RH
a 

(nm)
Molecular mass 

(kDa)
Polyd 
(nm) b SOSerror

c

Wild 3.08 44.7 0.8 13.400
S305N 3.10 45.1 0.7 9.614
P301L 3.18 47.8 0.8 12.127
N270K 3.09 44.7 0.6 8.761

Fig. 4. Kinetic analyses of the in vitro aggregation of wild-
type 4RMBD. The protein concentration was adjusted in range of
10.6 mM to 21.8 mM, using 50 mM Tris-HCl buffer (pH7.5) contain-
ing 1 mM DTT and 10 µM ThS dye. Aggregation was induced by
adding heparin to the solution (final concentration 3.8 µM) and mix-
ing with a pipette prior to fluorescence measurement. The kinetics
of aggregation of the wild-type 4RMBD protein was observed from
the fluorescence time scan. (a) Time dependence of the fluorescence
intensity. (b) Calibration of maximum fluorescence intensity with
MBD4s concentration. (c) Linear regression analysis of data log
d[I]/dt versus log[S]: log d[I]/dt = –4.90163 + 2.83079 log[S], where
d[I]/dt is the maximum assembly rate obtained from the time
dependence curve in (a), the slope in the initial 5 min.

heparin
J. Biochem.
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where N represents a nucleus comprising n subunits S.
Suppose that the elongation step can be ignored (this is
reasonable, because few nuclei N exist in solution at the
beginning of the spontaneous aggregation), then, the
maximum rate of PHF formation at the beginning of the
reaction should be determined by the nucleation step (a),

.

The increasing rate of fluorescence intensity should be

= A + n log [S] (A = log (Kk)),

where d[I]/dt is obtained from the increasing slope of
fluorescence intensity during the initial 5 min of each
experiment (Fig. 4a). According to the above equation, a
double log plot of d[I]/dt vs. the concentration of sample
[S] (oligomer) should give a straight line with a slope of n.
Such a linear plot was indeed obtained (Fig. 4c). Using
the linear fitting method, we calculated the slope n = 2.83
with a correlation coefficient of r = 0.9874. A good linear
correlation supports our assumption that filament forma-
tion is a nucleation-controlled reaction. This result is con-
sistent with the value reported in the literature (19),
where aggregation was examined using dimeric tau K19
(linked by an intermolecular disulfide bond). The value n
= 2.83 means that the nucleus consists of about three
subunits S.

Filament Formation Alters the Random Coil Structure
of 4RMBD—In order to investigate the possible confor-
mational change that occurs during the process of PHF
formation, we measured CD spectra, which are sensitive
to the overall secondary structure of a protein (23). From
the ThS fluorescence results, it is already clear that,
although 4RMBD forms a filament structure at concen-
tration of about 15 µM in Tris-HCl buffer (pH 7.5) in the
presence of heparin, such aggregation does not proceed
effectively, if the protein concentration is too low, or if the

buffer conditions are altered. On the other hand, CD
measurement requires a relatively low concentration of
protein (~2 µM) and also a buffer other than Tris-HCl,
because Cl- ions affect the far-UV CD spectrum. There-
fore, in the CD experiments, a two-step procedure was
adopted. In the first step, 4RMBD was incubated to form
filaments in Tris-HCl buffer as described in the above
section. Then, the sample solution was diluted to 2 µM
concentration in 20 mM phosphate buffer (pH 6.8), which
is suitable for CD measurement.

Figure 5 demonstrates how the CD spectrum changes
as the aggregation reaction proceeds. Each spectrum was
recorded at a different time after the aggregation reac-
tion was induced by heparin. In the spectrum of state S
(time zero), there is a negative peak at 200 nm, indicative
of a largely random coil structure (18). Two variations in
the CD spectrum should be noted. (i) The intensity of the
negative peak at 200 nm decreases as aggregation pro-
ceeds. Since this decrease correlates well with the
increase in fluorescence intensity in Fig. 4a, we believe
that the aggregation of 4RMBD (state S) is accompanied
by a conformation change. (ii) Accompanying filament
formation, a shallow, broad, negative peak appears in the
range of 210 nm to 220 nm in the CD spectrum. This may
reflect the formation of a local secondary structure. For
example, it may be possible that the peptide chains
change their folding pattern from a random coil to an
aggregated form in the progress of aggregation. Although
it is not yet clear which type of secondary structure the

d N[ ]

dt
------------- k S[ ]

n
=

d I[ ]

dt
----------- Kd N[ ]

dt
------------- Kk S[ ]

n
= =

d I[ ]

dt
-----------log Kk( )log n S[ ]log+=

Fig. 5. Change of the CD spectrum with the process of fila-
ment formation. 4RMBD (15 µM) was mixed with heparin (3.8
µM) in 50 mM Tris-HCl buffer (pH 7.5) containing 1 mM DTT, and
incubated at 37°C. After different incubation times, a small amount
of solution was taken out and diluted (7 times) in 20 mM phosphate
buffer (pH 6.8) for CD measurements.

Fig. 6. Aggregation of different 4RMBD mutants into fila-
ments. The protein was adjusted to a concentration of 15 µM using
buffer solution containing 1 mM DTT and 10 µM ThS dye. Aggrega-
tion was induced by adding heparin to the solution (final concentra-
tion 3.8 µM) and mixing with a pipette prior to fluorescence meas-
urement. The kinetics of aggregation was monitored by fluorescence
time scan. Two kinds of buffers were used (a) 50 mM Tris-HCl (pH
7.6), (b) 50 mM MES (pH 6.2).
Vol. 134, No. 1, 2003
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aggregated form actually takes, α-helix or β-sheet, the
extent of disorder in the overall structure gradually
decreases as the filament is formed.

Mutant-dependent Aggregation Rate and pH Effect—It
is generally believed that a mutation in the microtubule
binding domain plays an important role in PHF forma-
tion in frontotemporal dementias FTDP-17 (15–18). Our
results indeed support this assumption. The aggregation
kinetics of wild-type and mutant 4RMBDs were analyzed
by real-time ThS fluorescence assay (Fig. 6). The aggre-
gation rates differ widely among the wild type and
mutants. The aggregation of the S305N mutant is excep-
tionally fast, with a half-time of only 3 min. In contrast,
that of the N279K mutant is the slowest, even slower
than the wild-type 4RMBD. A previous study revealed
that aggregation can be strongly enhanced by point
mutations, particularly by the mutation P301L (14).
However, the present experiment shows that S305N has
a pronounced effect on the aggregation reaction, even
larger than that of P301L.

It has been reported that tau aggregation occurs over a
wide pH range from 6 to 11, and is most favorable at
physiological pH (22). Although filament formation
depends on protein-protein or protein-polyanion interac-
tions, any change in pH could affect the charge state of
the peptide chain, and thus exert a ″perturbation″ on the
folding shape of the peptide chain. Because different
mutants probably have different folding shapes (and thus
different aggregation behaviors), we paid attention to
another aspect, i.e., how pH affects the aggregation of
4RMBD mutants. The aggregation of the wild-type and
three mutant 4RMBDs in five different buffer solutions
(pH 8.3–5.1) was investigated by the ThS fluorescence
assay. All conditions were the same except for the buffer
solution. The results are shown in Fig. 7. Although the
maximum fluorescence intensity (an indication of the
extent of aggregation) varied with the pH of the buffer
solution, the patterns of variation could be divided into

three types. The first type is shown by the N279K and
S305N mutants. For these mutants, the maximum fluo-
rescence intensity is almost the same in different pH
buffers. In other words, the extent of aggregation is little
affected by buffer pH. Wild-type 4RMBD shows the sec-
ond type of pattern. Its aggregation increases with
increasing buffer pH. The P301L mutant shows the third
type of pattern, with an optimal aggregation rate within
pH 6~8. In Tris-HCl buffer, pH 7.5, wild-type 4RMBD
aggregates faster than the P301L mutant. A reverse
result was observed in MES buffer, pH 6.2. In conclusion,
this experiment reveals that pH exerts different effects
on aggregation depending on the type of 4RMBD mutant,
and tau is at high risk of forming filaments at physiologi-
cal pH, similar to the case at non-physiological pH, even
if tau is in a soluble form.

Effect of DTT on Filament Formation—Wild-type
4RMBD (15 µM) was mixed with heparin (3.8 µM) in
Tris-HCl buffer (pH 7.5) containing different concentra-
tions of DTT. After incubation for 40 min at 37°C, the flu-
orescence intensity was measured. Figure 8 illustrates
the relationship between fluorescence intensity and DTT
concentration. As reflected by the fluorescence intensity,
the extent of aggregation was dependent on DTT concen-
tration. Without DTT, the fluorescence intensity was very
low. By adding a small amount of DTT to the solution (0.5
mM), the fluorescence intensity increased abruptly,
indicating that DTT enhances the aggregation of wild-
type 4RMBD. At 1 mM DTT, the fluorescence intensity
reached a maximum value. Similar variations were also
observed for the mutants. These findings indicate that
DTT is helpful for the aggregation reaction. A weakly
reductive environment of 1.0 mM DTT is the optimum
condition for PHF formation.

DISCUSSION

To examine the mechanism of tau filament formation,
recombinant His-tagged 4RMBD constructs were
expressed and purified. Although the experiments were
performed with the tau constructs, not full-length tau, it
was proved that the microtubule binding domain (MBD)

Fig. 7. Effect of pH on the aggregation of different 4RMBD
mutants. Five kinds of buffer solutions were used for the aggrega-
tion reaction. (i) 50 mM NaAc-HAc (pH 5.1) (ii) 50 mM MES (pH
6.2) (iii) 50 mM PIPES (pH 6.8) (iv) 50 mM Tris-HCl (pH 7.5) (v) 50
mM Tris-HCl (pH 8.3). The concentrations of the wild-type 4RMBD
protein and its three mutants were adjusted to 15 µM using the dif-
ferent buffers containing 1 mM DTT and 10 µM ThS dye. Aggrega-
tion was induced by adding heparin to the solution (final concentra-
tion 3.8 µM) and mixing with a pipette. After incubation for 30 min
at 37°C, the fluorescence intensity was measured on a JASCO FP-
770F instrument.

Fig. 8. The effect of DTT on the aggregation of 4RMBD con-
structs. The concentration of the wild-type 4RMBD protein was
adjusted to 15 µM using 50 mM Tris-HCl (pH 7.5) buffer containing
10 µM ThS dye and different concentrations of DTT (from 0 mM to
2.0 mM). Aggregation was induced by adding heparin to the solu-
tion (final concentration 3.8 µM) and mixing with a pipette. After
incubation for 30 min at 37°C, the fluorescence intensity was meas-
ured on a JASCO FP-770F instrument.
J. Biochem.
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is the most important fragment for microtubule-associa-
tion, as well as the PHF formation. We believe that our
results on 4RMBD aggregation provide useful informa-
tion for a better understanding of PHF formation in AD
brain. The selection of His-tagged 4RMBD is primarily
due to its high level of expression and easy purification.
By applying cation exchange and gel filtration FPLC,
together with a nickel chelating Sepharose column, sam-
ples of high purity were conveniently obtained. Although
we can not rule out the possibility that the His-tag may
exert some influence on aggregation, one important pur-
pose of our present work was to inspect the effects of
point mutations. All 4RMBD mutants had the same His-
tag, but showed different aggregation behaviors as found
by the ThS fluorescence method. We believe that these
effects do not result solely from the His-tag. Using gel fil-
tration chromatography and dynamic light scattering, we
found that the hydrodynamic radii of 4RMBDs in Tris-
HCl buffer were much larger than that anticipated for a
14.5 kDa protein, indicating that 4RMBD normally exists
as an oligomer (subunit S) in these conditions. By spec-
troscopic methods, we investigated the aggregation
behavior of 4RMBDs from this oligomer state S. Several
conclusions can be drawn from this research.

(1) Possible Oligomer State of 4RMBD in Buffer Solu-
tion—Both gel filtration and DLS experiment yield the
result that the hydrodynamic radii of 4RMBD constructs
are around 3.10 nm (apparent MW corresponding to 45
kDa). However, the non-spherical random structure of
4RMBD makes it difficult to estimate the oligomeric
state directly from its hydrodynamic radius (apparent
MW). We believe the best way to solve this problem is to
compare the hydrodynamic radius with that of a known
tau oligomer whose molecular mass is close to that of
4RMBD. Previously, it was reported by Wille et al. (24)
that the Stokes radius of the K12 construct (13.1 kDa)
(Fig. 1) is about 2.5 nm for the monomer and 3.0 nm for
the dimer, based on gel filtration chromatography. Com-
pared with 4RMBD, K12 does not have the second repeat
in the repeat domain. However, the electron microscopy
experiment proved that the length of the repeat domain
is approximately independent of the second repeat, and
the C-terminal tail is little affected (24). These facts sug-
gest that both 4RMBD and K12 can be considered to have
similar rod-like molecular structures of approximately
the same length. Therefore, we conclude that subunit S
with a Stokes radius of 3.1 nm is the dimer of 4RMBD.

It is well known that DTT prevents the formation of
disulfide bonds. Heat shock at 50°C for 5 min induces the
complete reduction of the tau dimer to the monomer in
buffer containing 1–10 mM DTT, provided that the dimer
is linked by an intermolecular disulfide bond (14). How-
ever, our gel filtration chromatography and DLS showed
that the Stokes radii of 4RMBDs did not change when 5
mM DTT was added into the buffer. Moreover, the ThS
fluorescence assay also revealed no significant difference
in aggregation behavior when the 4RMBDs were heated
at 50°C for 10 min in Tris-HCl buffer containing 5 mM
DTT prior to the addition of heparin. Because DTT had
no effect on oligomerization, we believe that the 4RMBD
dimer is formed by non-covalent intermolecular interac-
tions, such as hydrogen bonds, electrostatic and hydro-

phobic interactions, and is not linked by an intermolecu-
lar disulfide bond as has been reported for the K19
construct (Fig. 1) (22).

(2) Could the 4RMBD Non-covalent Dimer Be the Effec-
tive Structural Unit for Filament Formation?—It is widely
accepted that the tau dimer is the building block of fila-
ments (20, 25–27). Is it possible that this non-covalent
dimer can also be an effective building block for aggrega-
tion? Our results appear to give a positive answer. It has
been reported that the tau construct containing the four-
repeat domain, named K18, assembles into PHF from its
monomer state in PBS buffer with a half-life of around
5.5 h (14). In contrast, the present results indicate that
4RMBDs assemble into PHF from the non-covalent
dimer state in Tris-HCl buffer with a half-life less than
10 min, much shorter than that of the K18 monomer.
Hence it is conceivable that the 4RMBD non-covalent
dimer is an effective building block for filament forma-
tion. The large difference in aggregation speed between
4RMBD and K18 appears to be due in part to the differ-
ent buffer conditions, although the effect of the His-tag
can not be ignored for 4RMBD.

Friedhoff et al. proposed a model for the mechanism of
filament formation of tau, in which they believed that the
tau dimer linked by an intermolecular disulfide bond is
the building block of PHFs, because the oxidation of the
SH group promotes the aggregation of tau constructs
(19). This is true for a tau construct containing only one
SH group in the repeat domain. But for 4RMBD with two
SH groups in the repeat domain, a different mechanism
should be considered. Under the present situation, the
″driving force″ of filament formation involves two
aspects, i.e., the covalent force caused by the formation of
an intermolecular disulfide bond, and the non-covalent
force, such as hydrogen bond, electrostatic interaction
and/or hydrophobic interaction, resulting from all the
intermolecular interactions other than covalent bond.
Any structural and/or conformational change to enhance
the ″driving force″ should promote the assembly of tau
molecules.

(3) Conformational Change Is the Prerequisite for Fila-
ment Formation—The CD spectra indicate that a confor-
mational change occurs in the process of filament forma-
tion: from a largely random coil conformation to some
degree of α-helix and/or β-sheet conformation, although
the conformations of α-helix and/or β-sheet could not be
definitely characterized due to sensitivity limitations.
This result supports the conclusion that PHFs comprise
~85% α-helices, as recently reported by Sadqi et al. (25).
Moreover, this result hints that a conformational change
is a prerequisite for filament formation. The interaction
between tau and polyanion is regarded to be the central
event in the development of neuropathology in the AD
brain (28). Under normal situations, tau is a highly
soluble and hydrophilic protein that assumes a largely
random coil conformation. However, in the presence of
polyanions such as heparin, a coil-helix conformational
transition could be induced by the negative charge on the
polyanion (29–31). The local secondary structure of α-
helix and/or β-sheet formed on the tau peptide chain
would activate aggregation through electrostatic and/or
hydrophobic interactions (32).
Vol. 134, No. 1, 2003
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(4) The S305N Mutant Has the Most Pronounced Effect
on Molecular Aggregation—It is remarkable that the
4RMBD S305N mutant aggregates at an abnormally
high rate. This mutation shows the most pronounced
effect on filament formation reported so far. This extraor-
dinary enhancement of aggregation is consistent with the
observation that the S305N missense mutation of the tau
gene is linked to familial tauopathy (33). The present in
vitro data provide a biochemical understanding for this
distinct familial presenile dementia.

Although 4RMBD is necessary for the assembly of tau
in Alzheimer paired helical filaments, its core part is the
third repeat of MBD (R3, Fig. 1). Electron microscopic
analyses showed that the speed of filament formation is
on an order of R3 >> R2 > R4 = R1 (16). Therefore, it
seems reasonable that the S305N mutant, which is
located at the joint position between R2 and R3 repeats,
has the most significant effect on the aggregation of
4RMBD. On the other hand, the N279K mutant showed
little aggregation despite pH variations. This means that
the mutation in FTDP-17 does not inevitably lead to the
acceleration of self-aggregation. However, the pathogenic
mechanisms of the mutations are potentially multiple,
i.e., (i) effects at the RNA level, (ii) a reduction of the abil-
ity of tau to interact with microtubules, and (iii) the stim-
ulation of self-assembly. Although we found that N279K
aggregates even more slowly than the wild type, N279K
may have additional effects, for example, recently we
found by the surface plasmon resonance (SPR) method,
that the heterogeneous interaction of N279K with the
wild type is even stronger than the homogeneous interac-
tion of wild type. In addition, the factor of an inducer mol-
ecule should also be taken into consideration. The slower
aggregation of N279K may depend on the inducer (in this
work, we used heparin as the inducer). So we believe that
even the N279K mutation has a negative effect on in
vitro aggregation, it should not be excluded from the
mutations of pathogenic.

(5) Aggregation of 4RMBDs Is Optimal under a Weakly
Reducing Environment—Which environment, oxidizing
or reducing, promotes filament formation? The answer
remains controversial. Schweers et al. (20) reported that
the tau construct K19 possessing three internal repeats
(Fig. 1) cannot aggregate effectively in a reductive envi-
ronment. Wilson and Binder (34), in contrast, found that
the tau dimer formed under a less reductive environment
inhibits the polymerization process. Our results support
the latter conclusion. We found that a weakly reducing
environment promotes the aggregation of 4RMBD.

One explanation can be given from the viewpoint of
disulfide bond. Because of its reducing properties, DTT
usually inhibits the formation of disulfide bonds, and,
accordingly, has a negative effect on filament formation,
provided that the tau dimer is the effective building block
of the filament and a cross-linkage through the Cys resi-
dues by a intermolecular disulfide bond is the key struc-
ture in the dimer. For K19 (3RMBD), the situation is
exactly like this (35). Nevertheless, for tau constructs
such as 4RMBD, there are two cysteine residues in the
peptide chain (one in R2 and the other in R3, Fig. 1), so
both inter-molecular and intra-molecular disulfide bonds
are possible. However, under normal conditions (oxidiz-
ing or non-reducing environment), intra-molecular

disulfide bonds predominate (entropy priority). Intra-
molecular disulfide bond causes the backbone of 4RMBD
to be folded, and, thus, is disadvantageous (or even fatal)
to tau aggregation. Therefore, 4RMBD can not effectively
assemble under this condition. By adding DTT into the
solution, intra-molecular disulfide bonds are broken, and
the folding shapes of the molecules change to a state favo-
rable for aggregation. So it is conceivable that a small
amount of DTT has a positive effect on the aggregation of
4RMBD. On the other hand, because DTT may inevitably
block the formation of inter-molecular disulfide bond,
higher concentration of DTT may also inhibit the aggre-
gation of 4RMBD, and the extent of aggregation will
gradually decrease with increasing DTT concentration.
Therefore, it is easy to understand why a weakly reduc-
ing environment (1 mM DTT) is optimal for the aggrega-
tion of 4RMBD.

The relationship between the reductive state and cell
degeneration in AD has drawn increasing attention (36,
37). Our experiments revealed that an oxidizing environ-
ment does not invariably promote filament formation.
This also implies that reducing reagents should not
always be viewed as antidotes for PHF assembly.
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