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Although one of the priorities in Alzheimer’s research is to clarify the filament formation
mechanism of the tau protein, it is currently unclear how it is transformed from a normal
structure in a neuron. To examine which part and what structural change in the tau
protein are involved in its transformation into a pathological entity, the initial in vitro
self-aggregation features of each repeat peptide (R1-R4) constituting a three- or
four-repeat microtubule-binding domain (3RMBD or 4RMBD) in the tau protein was
investigated by measuring both the fluorescence and light scattering (LS) spectra on
the same instrument, because these MBD domains constitute the core moiety of the
tau paired helical filament (PHF) structure. The conformational features of the R1
and R4 peptides in trifluoroethanol were also investigated by 'H-NMR and molecular
modeling analyses and compared with those of the R2 and R3 peptides. The analyses of
the LS spectra clarified (i) the self-aggregation rates of R1-R4, SRMBD and 4RMBD at a
fixed concentration (15 mM), (ii) their minimum concentrations for starting filament
extension, and (iii) the concentration dependence of their self-aggregations. The fluor-
escence analyses showed that the R2and R3 peptides have high self-aggregation abilities
atthe extension and nucleation steps, respectively, in their fillament formation processes.
It was shown that the R2 repeat exhibits a positive synergistic effect on the aggregation
of 4ARMBD. The R1 and R4 repeats, despite their weak self-aggregation abilities,
are necessary for the intact PHF formation of tau MBD, whereas they exerted a negative
effect on the R3-driven aggregation of SRMBD. The conformational analyses showed the
importance of the amphipathic conformational features of the R1 to R4 peptides, and
the intermolecular disulfide bonding abilities of the R2 and R3 peptides for the PHF
formation. On the basis of the present spectral and conformational results, the possible
role of each repeat structure in the dimeric formation of MBD at the initial in vitro
aggregation stage is discussed.
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Abbreviations: 3RMBD, three-repeat microtubule-binding domain; 4RMBD, four-repeat microtubule-binding
domain; AD, Alzheimer’s disease; CD, circular dichroism; DQF-COSY, double quantum-filtered chemical shift-
correlated spectroscopy; DTT, dithiothreitol; EM, electron microscopy; FTDP-17, frontotemporal dementia with
parkinsonism linked to chromosome 17; HPLC, high-pressure liquid chromatography; I1g, intensity of light
scattering; LS, light scattering; LLS, laser light scattering; MBD, microtubule-binding domain; MAP,
microtubule-binding protein; MT, microtubule; NOE, nuclear Overhauser effect; NOESY, nuclear Overhauser
effect spectroscopy; PHF, paired helical filament; R1, first repeat peptide of the four-repeat microtubule-binding
domain; R2, second repeat peptide of the four-repeat microtubule-binding domain; R3, third repeat peptide of the
four-repeat microtubule-binding domain; R4, fourth repeat peptide of the four-repeat microtubule-binding
domain; RMSD, root-mean-square deviation; SA, simulated annealing; SDS-PAGE, sodium dodecylsulfate poly-
acrylamide gel electrophoresis; TFA, trifluoroacetic acid; TFE, trifluoroethanol; ThS, thioflavin S; TOCSY, total
correlation spectroscopy; TSP, 3-(trimethylsilyl)propionic acid.

Microtubules (MTs) play an important role in the
maintenance of cell shape, cell division, axonal transport,
secretion, and receptor activity, and maintain their func-
tions with the help of microtubule-associated proteins
(MAPs) (1). Tau protein, one of the neuronal MAPs in
the mammalian brain, included six isoforms from 352 to
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441 amino acids in length, and these isoforms are produced
from a single human tau gene by alternative mRNA spli-
cing of exons 2, 3 and 10 located on chromosome 17 (2-5).
The MT-binding region of the tau protein is located in the
C-terminal half and is called the microtubule-binding
domain (MBD) (6, 7). It is composed of a three- or four-
repeat structure (BRMBD or 4RMBD, respectively),
where each repeat peptide (named R1 to R4, from the
first unit to the fourth unit) consists of 31 or 32 amino
acid residues (Fig. 1). No notable dissimilarity is observed
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Fig. 1. (a) Schematic diagram of the
entire four-repeat human tau pro-
tein, His-tagged four-repeat MBD
(4RMBD) and three-repeat MBD
(BRMBD) used in this work, and
(b) the amino acid sequences of
these repeat peptides. The regions
from the first to the fourth repeat struc-
turein MBD are named R1 to R4, respec-
tively. The number of amino acid
residues in (a) refers to the longest iso-
form of the human tau protein (441 resi-
dues).
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Fig. 2. Schematic representation of
the filament accumulation process of
the tau repeat peptide or MBD,
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among the four repeat structures, and they have relatively
similar and conserved amino acid sequences.

The tau protein is by nature a highly soluble protein with
a random conformation in aqueous solution, and shows
hardly any tendency to assemble under physiological con-
ditions. In the brains of Alzheimer’s disease (AD) patients,
however, it dissociates from axonal MTs and aggregates
abnormally to form an insoluble paired helical filament
(PHF), which is implicated in neurodegeneration (2).
Therefore, one of the priorities in Alzheimer research is
to elucidate the mechanism of PHF formation by the tau
protein, because such knowledge could potentially lead to
the development of therapeutic strategies. However, a defi-
nite conclusion has not yet been drawn because of the lack
of PHF structural information at the atomic level, although
many in vivo and in vitro studies have been performed thus
far (8-11).

As a useful approach to achieving this end, it appears
important to clarify which part and what structural change
in the tau protein are most responsible for its transforma-
tion into a PHF. Since the MBD repeat structure constitu-
tes the core moiety of the PHF structure (6, 12), and many
mutations in FTDP-17 lie in MBD (2, 13), analysis of the
self-assembly of each repeat peptide is important to clarify
the mechanism of MBD filament formation, even though
the filament of each repeat peptide may not directly
reveal the intact features of the tau PHF structure. There-
fore, we have been investigating the conformational and
self-associational features of each repeat peptide in MBD

by various spectroscopic methods (14-18), because such
data are minimally available at present.

To monitor the in vitro aggregation of the tau protein,
several different techniques have been employed. A widely
used method for assessing the polymerization of filamen-
tous macromolecular compounds is the light scattering (LS)
method, which measures the turbidity of the reaction
solution (79). In this method, the laser light scattering
(LLS) method has usually been used to increase the sensi-
tivity of monitoring the polymerization of tau in vitro (20).
However, we have succeeded for the first time in monitor-
ing tau aggregation under physiological conditions (around
4 uM) by the 90° angle light scattering (LS) method, in
which the sensitivity of LS is increased by carefully select-
ing the wavelength of the incident light and applying 90°
angle light scattering. Compared with the LLS method, the
LS measurement can be performed directly on the fluores-
cence instrument, and is, therefore, more convenient to use.
On the other hand, it has been reported that the fluores-
cence measurement of a thioflavin dye such as ThS (thio-
flavin S) can be used to monitor filament formation in
solution in real time (21).

The process of self-aggregation of the tau peptide can be
divided into the following steps: activation — nucleation —
extension — PHF (Fig. 2). Although both the ThS fluores-
cence and LS methods can be used to monitor aggregation,
their principles are different, i.e., the LS method is only
sensitive to insoluble filament formation via the extension
step in solution (19, 20, 22), whereas the ThS fluorescence
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method can also cover the nucleation step before the exten-
sion step (21, 23). Thus, a detailed analysis of the whole
self-aggregation process (nucleation — elongation — PHF
formation) of the tau peptide can be expected by using a
combination of these two methods.

To evaluate the contribution of each repeat structure to
MBD filament formation quantitatively, we investigated
the in vitro aggregation features of four repeat peptides
by a combination of the ThS fluorescence and LS methods.
Also, the conformations of R1 and R4 in trifluoroethanol
(TFE) solution were determined by CD, "H-NMR and mole-
cular modeling analyses, and compared with those of R2
and R3 (15, 16) to consider the conformational contribution
of each repeat peptide to the self-aggregation of MBD.
In this paper, we report our results and discuss the
possible role of each repeat structure in the initial in vitro
aggregation of MBD.

MATERIALS AND METHODS

Chemicals and Recombinant MBDs—Heparin (average
molecular weight, 6000) and thioflavin S (ThS) were
obtained from Sigma Co. Tau repeat peptides (R1, R2,
R3, and R4) were chemically synthesized using a solid-
phase peptide synthesizer. These peptides were character-
ized by mass spectrometry and determined to be >95.0%
pure by reverse-phase HPLC. The samples (including TFA
as a counterion) were obtained in the lyophilized form. The
gene expression and purification of His-tagged three- and
four-repeat MBDs (3RMBD and 4RMBD) of human
brain tau (Fig. 1) were performed according to a previous
paper (11). Their purities were confirmed by SDS-PAGE
analyses.

Light Scattering Assay of Aggregation—Insoluble fila-
ment formation via the extension processes of each repeat
peptide was measured by 90° angle light scattering (LS)
using a JASCO spectrofluorometer (model FP6500), where
the excitation and emission wavelengths were both set at
550 nm. The peptide was adjusted to a final concentration of
15 pM in 50 mM Tris-HCI buffer (pH 7.5) and placed in a
fluorometer cuvette with a 1-cm pathlength. The sample
(~300 ul) was maintained at 37°C by a circulating water
bath, and heparin was added to achieve a final reaction
concentration of 3.8 uM. The intensity change of LS after
heparin addition was plotted as a function of time.
Although data were collected every 2 s, we used only
data obtained every 30 s or 1 min, and in some instances,
2 min for the purposes of plotting.

On the other hand, the concentration dependence of LS
intensity was determined as follows. Repeat peptides of
various concentrations (3-25 pM) were prepared in
50 mM Tris-HC1 buffer (pH 7.5). After adding heparin to
a final concentration of 3.8 uM, the peptides were incubated
at 37°C overnight. Then, their LS intensities at 550 nm
were measured as a function of concentration. All experi-
ments were performed at least three times, and the data
were averaged.

ThS Fluorescence Assay of Aggregation—The concentra-
tion of each repeat peptide was adjusted to 15 uM using
50 mM Tris-HCI buffer (pH 7.5) containing 10 pM ThS dye.
After adding heparin to a final concentration of 3.8 pM, the
time-dependent change in fluorescence intensity at 37°C
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was monitored on a JASCO FP6500 instrument with a
2-mm quartz cell with excitation at 440 nm and emission
at 490 nm. The background fluorescence of the sample was
subtracted when needed.

For the seeding experiment, seeds were prepared by
incubating 15 uM peptide mixed with 3.8 pM heparin in
50 mM Tris-HCI buffer (pH 7.5) at 37°C overnight. The
filaments formed were then ultrasonicated with an ultra-
sonic disrupter (UD200, Tomy Seiko Co.) for 3—4 min.

CD Measurement—The sample solution was adjusted to
40 pM in water, TFE, and a mixture of these solvents, with
the pH was adjusted to 7.5 by the addition of HC1 or NaOH.
All measurements were carried out at 25°C with a JASCO
J-820 spectrometer in a cuvette with a 2-mm path length.
For each experiment, the measurement from 190 nm to
260 nm was repeated eight times under N, gas flow, and
the results were summed. Then, the molar ellipticity was
determined after normalizing the sample concentration.
The same experiment was performed at least three times
using the newly prepared samples, and average values are
presented in this paper. Data are expressed as mean resi-
due ellipticity [0] in units of deg cm?® dmol .

H-NMR Measurement and 3D Molecular Modeling of
R1I1 and R4 Peptides—The methods for proton peak assign-
ment and 3D molecular construction were the same as
those used for R2 and R3 (15, 16). The 'H-NMR spectra
of the peptides (2 mM) dissolved in TFE-d, were recorded
with a Varian Unity INOVA500 spectrometer. 'H chemical
shifts were referenced to 0 ppm for TSP at 298 K. Because of
the low solubility at pH > 5.0, the pH was adjusted to
3.9 with HCI or NaOH. In order to trace direct single-
and multiple-relayed through-bond connectivities succes-
sively, TOCSY spectra were recorded at mixing times of 40
and 100 ms. The NOESY spectra were also measured at
mixing times of 100, 200, and 300 ms. Assuming the same
correlation time for all protons, the offset dependence of the
NOESY cross peaks was used to estimate proton-proton
distance. The vicinal coupling constants obtained from
DQF-COSY measurements were used to estimate the pos-
sible torsion angles: Juncen = 1.9-1.4cos® + 6.4cos?,
where ¢ = |0 — 60|° for the ¢ torsion angle around the
C';_1-N;-Co;-C’; bond sequence (24).

Three-dimensional structures that fulfill the NOE
distance and J torsion angle constraints of intra-
molecular proton pairs were constructed by dynamic SA
calculations (25) using the CNS program (26). After rando-
mization of the peptide into extended strands correspond-
ing to each disjointed molecular entity, the initial
structures were constructed by referring to NMR data
structures and statistical analysis of the averaged proper-
ties of many peptides. The constructed structures were
then annealed for 15 ps at 50,000 K and cooled to 300 K
at a rate of 250 K/step for 10 ps, and the minimization of
more than 5,000 steps was continued. The constraints for
distances and torsion angles were used as harmonic poten-
tial functions. As the input data for the distance constraint,
the proton-proton pairs were classified into three distance
groups according to their NOE intensities: strong
(1.8-3.0 A), medium (1.8-4.0 A) and weak (1.8-5.0 A).
The torsional constraint was applied to the ¢ torsion
angle, that is, —120 + 40° for *Jyncen > 8 Hz, —75 + 25°
for *Juncor < 6 Hz, and —100 + 60° for the others. The
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Fig. 3. Time dependence of LS intensities of tau repeat pep-
tides. Theintensity of the 90° angle LS of each repeat peptide (15 uM
concentration in 50 mM Tris-HCl buffer, pH 7.5) was monitored as a
function of time (h) at 37°C after the addition of 3.8 pM heparin, with
the excitation and emission wavelengths both set at 550 nm.

RMSD analyses of the energy-minimized structures were
carried out using the MOLMOL program (27).

RESULTS

Aggregation Kinetics of Repeat Peptides by Light
Scattering—The 90° angle LS measurement is a useful
method for directly assessing the aggregation process of
tau protein. Since ideal Rayleigh scattering is dependent
on the radius of the particles, the wavelength for monitor-
ing the aggregates of the tau repeat peptides was surveyed
by synchronous scanning with a fluorometer, and the exci-
tation and emission wavelengths of 550 nm were found to
be most suitable for the dimensions of the filaments of R2,
R3, BRMBD and 4RMBD.

The intensity—time profiles of repeat peptides at fixed
concentration (15 uM) are shown in Fig. 3. These results
indicate that the aggregation rates of these repeat peptides
are totally different from one another. The R3 peptide accu-
mulated most quickly, with a halftime of 0.5 £ 0.1 h. The R2
peptide accumulated much more slowly than R3 (halftime =
15+ 3 h), although the LS intensity of the 15 uM R2 peptide
after standing overnight was larger than that of R3 (see
Fig. 4). In contrast, no apparent increase in LS intensity
was observed for the R1 and R4 peptides within this experi-
mental time, indicating that their self-aggregation abilities
are very weak compared with those of R2 and R3. On the
other hand, the aggregation profiles of 4RMBD and
3RMBD also differed considerably from each other. It
was seen that 4RMBD accumulated faster (half time =
~1.0 h) than 3RMBD (half time > 3.0 h). Since the
absence/presence of the R2 repeat differentiates the
4RMBD/3RMBD structures, this accumulation difference
may indicate that the R2 repeat structure plays an import-
ant role in promoting the aggregation of the tau MBD
region.

Critical Concentration of the Repeat Structure for
Filament Formation—The repeat peptides at various con-
centrations were incubated overnight at 37°C in 50 mM
Tris-HCI buffer containing 3.8 uM heparin, and their LS
intensities were measured. The intensity—concentration
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Fig. 4. Concentration dependence of LS intensities for R2
(open squares), R3 (open circles), 3BRMBD (filled circles)
and 4RMBD (filled squares). Each repeat peptide was prepared
using 50 mM Tris-HCl buffer (pH 7.5). After adding 3.8 M heparin,
the peptide was incubated at 37°C overnight. The intensity of LS
(I1,s) was plotted as a function of concentration, with the excitation
and emission wavelengths both set at 550 nm. The observed inten-
sities were fitted to straight lines with > 0.98 by linear regression.

tau construct slope _)_(_imercept
(critical conc., wM)

o0 RI 0 =
R2 498 + 1.3 3.40 = 0.18
1 R3 257209 1.05 £ 0.21

mn R4 0 —
= mwm 3RMBD 287+ 09 6.06 = 0.07
i 4RMBD wild 1044 £+ 1.6 5.26 £ 0.10

Fig. 5. Slopes and x-intercepts of repeat peptides, SRMBD
and 4RMBD. The values are the averages of three trials.

profiles are shown in Fig. 4, and the x-intercepts and slopes
of the respective regression lines are given in Fig. 5. The
respective profiles were fitted to the straight lines of 72 =
0.98 by linear regression analysis in the concentration
ranges of 4-21 pM for R2, 4-21 pM for R3, 7-21 uM for
3RMBD, and 5-15 uM for 4RMBD; reliable data were not
obtained for concentrations above about 25 uM because of
precipitation of the filaments in the solution.

The x-intercepts in Fig. 5 indicate the critical concentra-
tions of the respective MBD constructs for starting the
filament extension process within the sensitivity of the
LS method (see Fig. 2). These data reflect the thermo-
dynamic features of filament formation, obtained by steady
state experiments (measurement at an equilibrium state
after overnight incubation). The value of the critical con-
centration demonstrates the ease with which the tau
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peptide forms insoluble filaments. No tau peptide can effec-
tively form mature filaments (via the extension process) at
concentrations below the critical concentration. Peptides
with small x-intercepts can start the extension reaction
in more dilute solutions (at lower concentrations), and
vice versa. It should be noted that these data are incom-
mensurable with the LS intensity—time profile in Fig. 3,
because the latter illustrates the speed of filament growth
at a fixed concentration (15 uM) of repeat peptide (a
dynamic feature). Additionally, the critical concentration
did not necessarily correlate with the association rate
obtained by the ThS fluorescence method (11, 16, 17),
the dynamic feature of filament formation including the
nucleation process of the tau repeat peptide in the solution
state (discussed later).

Comparison of the ThS Fluorescence and LS Methods
for Aggregation of a Repeat Peptide—As stated in the Intro-
duction, the nucleation — extension — PHF formation
process for filament formation could be monitored by a
combination of the ThS fluorescence and LS methods.
The time-intensity profiles of the R2 and R3 peptides
are shown in Fig. 6, in which the fluorescence and LS inten-
sities are plotted on the same time scale, on the basis of the
intensities of both profiles saturated at 120 min in the case

(a) 400 250
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200 ¢
1100

ThS fluorescence
Intensity of LS
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Time / hr
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Fig. 6. Time profiles of ThS fluorescence (solid lines) and LS
(broken lines) intensities of the (a) R2 and (b) R3 peptides.
The ThS fluorescence and LS intensities of 15 uM R2 and R3 pep-
tides (50 mM Tris-HCl buffer, pH 7.5) were monitored as functions of
time at 37°C after the addition of 3.8 pM heparin, with the excitation
and emission wavelengths both set at 550 nm for LS and at 440 nm
and 550 nm for ThS measurement.
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of the R3 peptide. Although the two curves for LS (broken
line) and ThS fluorescence (solid line) show similar
sigmoidal-like profiles, the characteristic difference in
peptides could be observed in their filament formation
processes.

Concerning the R3 peptide (Fig. 6b), the LS intensity
showed a lag time of about 3 min after the addition of
heparin, while the ThS fluorescence intensity increased
abruptly without any lag phase. Then, at about 7 min,
the ThS fluorescence curve was preceded by the LS
curve. After that, both the LS and fluorescence curves
reached a plateau in almost the same time range from
about 40 min to 120 min. Since the ThS fluorescence and
LS methods can monitor the processes from the nucleation
step and extension step, respectively (Fig. 2), these differ-
ent profiles show that filament formation of the R3 peptide
is mainly a fast nucleation process, where the initial
reaction time up to ~7 min (especially in first 3 min, the
LS curve shows a lag phase, while the ThS fluorescence
shows an abrupt increase) may be spent in forming the
nucleation core, which is more sensitive to ThS fluorescence
than to LS.

In contrast, the R2 peptide aggregated very slowly. As
shown in Fig. 6a, the overall rates of increase of both inten-
sities were relatively small, and the ThS fluorescence curve
was mostly ahead of the LS curve. At the beginning of the
reaction, both the LS and ThS fluorescence intensities
increased very slowly. This time—intensity profile suggests
that filament formation of the R2 peptide proceeds with a
slow nucleation process, consistent with the results of the
seeding effect of R2 aggregation.

Seeding Effect for the Aggregation of the R2 Peptide—
Previously, we investigated the seeding effect of the tau
repeat peptide on filament formation and observed that
filament formation by the R2 peptide is largely promoted
only by a template of homogeneous aggregates, whereas
that of the R3 peptide is scarcely affected by any repeat
seed. Thus, in order to analyze the R2-dependent seeding
effect of the R2 peptide in more detail, the rate of increase in
ThS fluorescence intensity was examined as a function of
R2 seed concentration. These results are shown in Fig. 7a,
and the relationship between the rate of increase in ThS
fluorescence intensity and seed concentration is shown in
Fig. 7b. Because the nucleation step is skipped in this seed-
ing experiment, the result reflects the extension process of
the R2 peptide.

The linear equation of Fig. 7b can be theoretically
expressed by

O kulM)P ~ P~ kiglP - P
where <€ = initial velocity of the extension reaction, [M] =
initial monomer concentration, [P] = initial seed concentra-
tion, Py = minimum seed concentration necessary to start
the seeding reaction, and k,, and k. are the association
and dissociation constants of the extension reaction,
respectively. However, k,, > k. should be pointed out
for tau aggregation, because no notable dissociation process
was observed for pure seeds. Thus, the equation can be
simplified as dC/dt = k,,[M][P — Py]. The result indicates
that the R2 seed-dependent aggregation (filament forma-
tion) of the R2 peptide is a first-order reaction, i.e., R2
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Fig. 7. Seeding effect on the
aggregation of R2 peptide:
(a) time dependence of ThS
fluorescence intensity at dif-
ferent R2 seed concentration
and (b) relation of the maxi-
mum aggregation rate to the
seed concentration. R2 peptide
(15 uM) was mixed with a small
amount of R2 seed (from 0.375 to
1.53 uM) in 50 mM Tris-HCI buf-
fer (pH 7.5), and then 3.8 pM
heparin was added to induce
aggregation. The aggregation
was monitored at 37°C by the
ThS fluorescence method, with
the excitation and emission wave-
lengths set at 440 nm and 550 nm,

i | i { respectively. In (a), the fluores-

Concentration of seed / uM

cence intensity of the R2 peptide
containing R2 seed was sub-
tracted from that of the R2
peptide without R2 seed. The
maximum aggregation rate of
(b) corresponds to the steepest
slope of each curve in (a).

0.5 1.0 1.5 2.0

Fig. 8. CD spectra of R1 and
R4 repeat peptides at differ-
ent water/TFE ratios at pH
R4 4.3. Curves from top to bottom
in the 210-230 nm region were
measured spectrally in 0, 5, 10,
20,30,50and 100% TFE. The CD
spectra at pH 7.5 were almost
the same.
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peptide + R2 seed — R2 aggregate, where k., =(3.2+0.4) x
10° M~ min~! and Py = 0.3 + 0.1 uM. The P, value is about
tenfold smaller than that listed in Fig. 5, indicating a pro-
minent seeding effect for the R2 peptide. However, since
such a relationship was not observed in the absence of
heparin under the same conditions, it should be noted
that the ability of heparin to promote R2-filament forma-
tion is much stronger than that of the filamentous R2
template.

TFE-Induced Conformational Changes of Repeat
Peptides—To investigate which part of each repeat peptide
is most flexible and solvent-sensitive, the CD spectra of the
R1-R4 peptides were measured at different water/TFE
ratios. The results for R1 and R4 are shown in Fig. §;
those for R2 and R3 were previously reported (16). All
repeat peptides manifested similar solvent-dependent
spectral changes, although the molar ellipticity of R3
was considerably smaller than those of the others.
The CD spectra in aqueous solution predominantly show

Wavelength / nm

arandom conformation characterized by a negative peak at
about 197 nm, but the spectra in TFE indicate an a-helical
structure characterized by two negative peaks at about
209 nm and 222 nm. The detectable conformational transi-
tions start at approximately 20% TFE, and the o-helical
content increases as the TFE content increases and is
negligibly affected by the pH change. The conformations
reversibly interchanged between the random and helical
structures without any notable lag time or energy barrier,
depending on the TFE/water ratio. This suggests that all
repeat peptides can change their conformations easily,
depending on the hydrophobic and hydrophilic balance of
the solvent.

On the other hand, the a-helical content calculation (29)
from the CD ellipticity at 222 nm showed a marked differ-
ence in the transition degree to the o-helical structure
between R3 and the other peptides; (R1 = 8.1, R2 = 9.7,
R3 = 7.6, R4 = 7.0%) at 0% TFE, (10.5, 12.2, 8.0, 10.4%)
at 10%, (15.7, 17.6, 12.1, 21.4%) at 20%, (23.3, 21.7, 17.8,
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29.3%) at 30%, (27.1, 28.2, 20.6, 33.7%) at 50%, and (56.4,
53.6, 34.2,52.4%) at 100% TFE. This indicates that the TFE
content-dependent a-helical region of the R1, R2 or R4
structure is larger than that of R3, indicating that the con-
formation of the R1, R2 or R4 peptide is more sensitive than
that of R3 to changes in external environmental conditions
such as the type of solvent.

Conformations of Repeat Peptides in TFE Solution—The
R1 and R4 peptide structures in TFE solution were
analyzed by both 'H-NMR spectroscopy and molecular
modeling calculations, to compare the TFE-induced confor-
mations of the R2 and R3 peptides already determined by
the same method (15, 16). The diagram of short-, medium-
and long-range proton-proton connectivities along the pep-
tide backbone, observed by NOESY, is shown in Fig. 9.
Using NOE constraints for proton-proton distances and
Juncqu constraints for ¢ torsion angles, 100 possible con-
formers were constructed by dynamic SA calculation. The
statistics of the 20 most stable conformers are summarized
in Table 1, and their superposition on the backbone struc-
ture is shown in Fig. 10. The constructed conformers exhib-
ited the ao-helical structures of the Leul0-Lys24 sequence
for the R1 peptide and the Ser5—-Ser20 sequence for the R4
peptide. Although both the N- and C-terminal moieties
were flexible and did not take any definite 3D structure,
their extents differed considerably. Large flexibility was
observed at the N-terminal region of R1, which is in con-
trast to the large flexibility at the C-terminal region of R4.
Characteristically, both the helical regions of R1 and R4
showed amphipathic residual side chain distributions
(Fig. 11). It is noteworthy that the a-helical conformations
of the R2 and R3 peptides in the TFE solution take also
similar amphipathic residual side chain distributions
(14, 16).

DISCUSSION

To monitor the in vitro aggregation of the tau protein,
several different techniques, including sedimentation
assay, electron microscopy (EM), and ThS fluorescence
and LS analyses, have been employed. Concerning the
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Table 1. Structural statistics for 20 stable structures of R1
and R4 repeat peptides.

R1 R4
Number of structures 20 20
Number of constraints
Total number of NOEs 373 395
Intraresidue NOEs 208 211
Sequential NOEs 103 106
Inter-residue NOEs 62 57
Dihedral angles 20 25
Average value (esd)
RMS deviation* (backbone) (A) 0.81(37) 0.68(25)
RMS deviation from NOE (A) 0.093(1) 0.069(2)
NOE violations > 0.10 A 10.5(12) 11.0(8)
Energy (kcal/mol)
Overall 387(7) 315(6)
NOE 182(7) 133(7)
Angle 80(3) 90(3)
Bond 25(1) 25(1)
Improper 20(1) 9.0(8)
van der Waals 79(4) 58(4)

*Calculated from residues 10 to 24 for R1 and residues 5 to 22 for R4.

LS method which measures the turbidity of the reaction
solution, the 90° LS approach using laser light as the
incident light has proven to be useful for monitoring tau
aggregation under physiological conditions (around 4 pM)
(20). However, for the first time, we succeeded in monitor-
ing the aggregation process of tau repeat peptides using the
conventional light used for fluorescence measurement. By
carefully selecting the wavelength of the incident light, it
was possible to improve the LS sensitivity in monitoring
the aggregation process of the repeat peptides. Compared
with the LLS method, this method can be performed
directly on the instrument used for ThS fluorescence mea-
surement, which is another approach to monitoring the
in vitro aggregation of the tau protein, thus making the
observation of two different filament formation behaviors
on the same instrument possible.
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N-terminal

Fig. 10. Stereoscopic superpositions of the most stable 20
conformers of R1 and R4. Each conformer is projected so as to
be superimposed on the LeulO-Lys24 (R1) or Ser5—Ser20 (R4)
sequence. The upper and lower sides of conformers correspond to
the N- and C-terminal regions, respectively.

Lys-14 | Lys-11
4
lle-17 Ser-15
Leu-10
val-13 Ser-19
Asn-12
Lys-16
R1

R3 R4

Fig. 11. Helical wheel drawings of 10-20 sequences of the
most stable conformers of R1-R4, viewed from the N-
terminal side. Blue-, red- and black-colored letters represent
basic, polar and hydrophobic residues, respectively. The cysteine
residues in R2 and R3 are shown by green-colored letters.
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The time—LS intensity profiles shown in Fig. 3 clarified
the dynamic features of filament growth of each repeat
peptide at a fixed concentration. On the other hand, the
concentration—LS intensity profiles of the peptide filaments
prepared by overnight reaction (Fig. 4) indicated the
minimum concentration necessary to start the filament
extension process, and reflect the ease of filament forma-
tion and the thermodynamic features of filament growth of
each peptide.

Based on the concentration—LS intensity relationship of
each repeat peptide (Fig. 5), the following discussion is
possible: Among the four repeat peptides, the R3 peptide
has the highest potency for starting the filament formation
reaction because of its lowest critical concentration. The R1
and R4 peptides showed no marked filament formation
under the present experimental conditions, probably in
part due to the lack of intermolecular disulfide bond for-
mation via their cysteine residues, as judged from the fact
that a reducing agent such as DTT decreases the filament
formations of R2, R3 and 4RMBD (11, 16) significantly. The
critical concentration of SRMBD was significantly higher
than that of R3. As 3RMBD is constructed by attaching R1
and R4 to the N- and C-terminal ends of the R3 peptide,
respectively, this suggests that the R1 and R4 repeats in
3RMBD exert a negative effect on the R3-driven self-
aggregation of SRMBD. On the other hand, the critical
concentration of 4RMBD was lower than that of 3SRMBD,
indicating the positive synergistic effect of the R2 repeat
structure for the 4RMBD filament. The present data also
suggest that the four repeat tau isoform (4RMBD) has a
greater tendency to form filaments than the three repeat
tau isoform (3RMBD). This would explain why four-repeat
tau isoforms promote their PHF assembly faster than
three-repeat isoforms (30). Since the shortest three-
repeat isoform is expressed only in immature human
brain (31), this result may also explain why the aged
population has a higher risk of AD.

Another important parameter is the slope of the
concentration-LS intensity curve in Fig. 4. Generally,
the slope reveals the positive effect of the peptide concen-
tration on filament formation. However, it should be
noted that the slope of the concentration-LS intensity
curve is different. In addition to the positive effect of pep-
tide concentration on the filament extension process, the
slope is affected by many factors, for example, the morphol-
ogy of the filament formed by different tau constructs.
Although the intensity of light scattering is mainly depen-
dent on the number of “scattering particles” in solution, the
shape of the filament could also have some effect on light
scattering. Any asymmetry from sphere shape will result in
errors in the “Rayleigh Scattering” theory. For filaments
formed at a certain concentration, the larger the size,
the fewer the number. Therefore, if the tau constructs
form very long filaments, the number will be fewer and
the slope of the concentration dependence curve will be
smaller.

Previously, we reported the EM images of the R2, R3 and
4RMBD filaments (11, 16) prepared in the same manner as
those in Fig. 4. Both the R2 and R3 peptides produced
nonphysiological filaments without helical structures.
In contrast, the EM image of 4RMBD shows a
typical paired-helical filament structure similar to that
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of full-length tau protein (11), in which the double-stranded
twisted appearance is formed with a crossover repeat of
~80 nm. Similar PHF formations have been reported for
3RMBD (8). This implies that the collaborative aggregation
of the R1 and R4 repeat units is necessary for the intact
PHF formation of tau MBD, despite their weak abilities to
self-assemble.

On the other hand, the profiles shown in Fig. 6 suggest
that the filament formation of R3 is mainly dominated by
the extension process (nucleation rate > extension rate),
whereas the filament formation of the R2 peptide is domin-
ated by the nucleation process (extension rate = nucleation
rate). The EM images of the R2 and R3 peptides (11, 16)
support this interpretation, because it is reasonable to con-
sider that the long and wide filaments of R2 are mainly
formed via the fast extension/slow nucleation process,
whereas the short and narrow filaments of R3 are result
from the fast nucleation/slow extension process. This is also
supported by the seed experiment (Fig. 7), in which the R2
seeds promoted the assembly of the R2 peptide according to
a first-order reaction. Since the filaments of the R3 peptide
are mainly formed by self-aggregation via the fast nuclea-
tion reaction and minimally affected by any type of seed
(16), the contributions of the R2 and R3 peptides to the
MBD filament formation process are obviously different.

To clarify which structural part in the tau MBD region is
the most flexible and solvent-sensitive, we investigated the
TFE-induced conformational change of each repeat peptide
by CD and NMR spectroscopic methods. The CD spectral
comparison of R1-R4 showed TFE-induced transition
degrees of R1 ~ R2 ~ R4 > R3 from a random structure
to an a-helical structure in aqueous solution, and the con-
formational comparison of R1-R4 in TFE solution (Fig. 12)
clarified that the R3 peptide takes an amphipathic
extended structure and an o-helical structure at the
N-terminal Vall-Lys6 and central Leul0-Leu20 regions,
respectively; on the other hand, the averaged backbone
conformations of the R1, R2 and R4 peptides consist of a
sequential mixture of amphipathic a-helical and random
structures. The N-terminal Vall-Lys6 extended structure

R1 R2 R3 R4

e

Fig. 12. Averaged backbone conformations of R1-R4 pep-
tides in TFE solution, constructed by 'H-NMR and molecu-
lar modeling analyses. The N- and C-terminal regions
correspond to the upper and lower sides, respectively. The
arrow, ribbon and thin line represent the B-sheet, a-helical and
random structures, respectively.
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of R3 has been reported to be rigid even in aqueous solution
(15), and to play an important role in the PHF formation of
the tau protein (32), together with the Lys12-Leu20
region (33). Thus, the fast nucleation-driven filament
formation behavior of the R3 peptide should be closely
related to this conformational feature. On the other
hand, the conformational analyses of the repeat peptides
suggested the importance of intermolecular disulfide bond
formation for effective filament formation of tau MBD, as is
supposed from the distribution of Cys residues in the heli-
cal wheel drawings of the R2 and R3 peptides (Fig. 11).
Generally, the filament formation by the tau protein
can be divided into the following steps: activation —
nucleation — extension — PHF formation (Fig. 2). Herein
we discuss the possible structural/functional role of each
repeat unit in the initial in vitro filament formation process
of 4ARMBD, on the basis of the above results concerning the
conformational, associational and morphological features
of four repeat peptides (R1-R4). A dimer formation

RI R2 R3 R4
S QK
N —— (
50
N — L
B o
N SOX ¢
—

Fig. 13. Amodel for the in vitro repeat structure-dependent
dimer formation of 4RMBD. Dimer formation of 4RMBD is pro-
moted by a polyanion such as heparin. The polyanion promotes (a)
hydrophobicinteractions between the R3 extended regions through
electrostatic interactions of the polyanion with the polar S, Q and K
residues of the amphipathic extended region, and (b) the successive
hydrophobic interactions between amphipathic the a-helical-like
intermediate structures ofthe R1-R4 peptides through electrostatic
interactions of the polyanion with the polar and/or basic residues of
the polyanion-induced amphipathic intermediate structures of
repeat peptides. In this figure, the black bars, blue open arrows
and red springs represent polyanions, B-sheet structures, and o-
helical-like intermediate structures, respectively. The large and
small dotted lines represent electrostatic (including hydrogen
bonds) and hydrophobic interactions, respectively. N and C indicate
the N- and C-terminals of 4RMBD, respectively.
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model of 4RMBD is proposed in Fig. 13, which could be a
unit structure for PHF formation. Since it has recently
been shown by Mizushima et al. (unpublished results)
that heparin promotes the transformation of the random
conformations of the R1 to R4 repeat peptides in water to
B-sheet structures via helical-like intermediate structures,
the proposed model is based on the repeat peptide being
readily induced to take an amphipathic extended- or
helical-like structure through the electrostatic interactions
with heparin, because the peptide has been shown to be
flexible and to have a high tendency of adopting an amphi-
pathic conformation. The R3 repeat is the most likely
region to act a trigger to start the molecular aggregation
of 4ARMBD, because it shows the fastest self-aggregation
behavior among the four repeat peptides. The N-terminal
Vall-Lys6 region of R3 would take an amphipathic
extended structure in which the polar S, Q and K residues
located on the same hydrophilic side form electrostatic
interactions with the acidic groups of heparin (the 1st
step in Fig. 13), and associate with the facing R3 extended
region through hydrophobic interactions (the 2nd step).
Similarly, the LeulO-Leu20 region of R3 would also be
induced to adopt an amphipathic a-helical-like intermedi-
ate structure through electrostatic interactions with anio-
nic heparin, leading to an association through the
hydrophobic interactions between the amphipathic struc-
tures (the 3rd step). These two factors would be an impor-
tant driving force for the formation of a parallel dimer
structure of 4RMBDs induced by heparin, in which an
intermolecular disulfide bond formation between two
neighboring Cys residues located on the hydrophobic side
of the amphipathic structure stabilizes the dimer structure;
increased PHF formation through intermolecular disulfide
bonds between MBDs has been reported (34). On the other
hand, the amphipathic helical-like intermediate structures
of two neighboring R2 repeats, induced by electrostatic
interaction with heparin and intermolecular disulfide
bond formation, would associate positively with each
other through hydrophobic interactions and then stabilize
the dimer structure of 4RMBD (the 4th step). The heparin-
induced amphipathic helical-like orientations of R1 and R4
would also contribute to the stabilization of the 4RMBD
parallel dimer structure through hydrophobic interactions
(the 5th step); the hydrophobic interactions between two
neighboring R1/R4 amphipathic structures would be insuf-
ficient to stabilize the dimer structure and rather exert a
negative effect on the R3-driven aggregation of SRMBD.
Since the heparin-induced transition of 4RMBD from its
monomeric random structure to a pB-sheet-like dimeric
structure in buffer solution (pH 7.6) is suggested by the
CD spectral, dynamic LS and gel-filtration measurements
(11), we believe that this proposed parallel dimer
consisting of a planar sheet structure could behave as a
unit structure for PHF formation. After the formation of
this dimeric structures, they would associate with one
another in an antiparallel fashion and expand perpendicu-
lar to this planar unit structure, thus forming the cross
B-structure of PHF (fibril). Many assembly models of
the tau protein have been proposed. However, to our
knowledge, the possible contribution of each repeat struc-
ture to PHF formation of tau MBD has not yet been
reported. Therefore, we believe that the present results are

K. Tomoo et al.

useful when considering the repeat structure-dependent
step-by-step PHF formation mechanism of tau protein.
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