Eur. J. Biochem. 271, 545-552 (2004) © FEBS 2004

doi:10.1046/j.1432-1033.2003.03956.x

Different associational and conformational behaviors between
the second and third repeat fragments in the tau
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The third repeat fragment (R3) in the four-repeat micro-
tubule-binding domain of the water-soluble tau protein has
been considered to play an essential role in the protein’s
filamentous assembly. To clarify the associational and con-
formational features that differentiate R3 from the second
repeat, R2, the heparin-induced assembly profiles of these
peptide fragments were monitored by the thioflavin fluor-
escence method and electron microscopy. The trifluoro-
ethanol-induced reversible conformational change from a
random structure to an o-helical structure, in an aqueous
solution, was monitored by CD measurement, and the
structure of R2 in trifluoroethanol solution was analyzed by
a combination of two-dimensional "H-NMR measurements
and molecular modeling calculations to facilitate compar-
ison with the structure of R3. The speed of R3 assembly was
remarkably faster than that of R2, in spite of their similar

amino acid sequences. The averaged NMR conformers of
R2 exhibited the whole-spanning a-helical structure. Similar
features observed in R2 and R3 conformers in trifluoro-
ethanol were that the Leul 0—Leu20/Lys20 sequence takes a
helical structure with the amphipathic-like distribution of the
respective side-chains, whereas the C-terminal moieties are
both flexible. In contrast, a notable difference was observed
at the N-terminal Vall-Lys6 sequence, namely, a helical
conformation for R2 and an extended conformation for R3.
These conformational behaviors would be associated with
the different self-aggregation speeds and seeding reactions
between R2 and R3.

Keywords: tau protein; microtubule-binding domain; repea-
ted fragment; self-assembly; amphipathic structure.

Aggregation of the microtubule-associated tau protein is a
significant event in neurodegradation [1], because the water-
soluble tau protein self-aggregates into a water-insoluble
structure known as the paired helical filament (PHF),
which is a major component of the pathological lesion in
Alzheimer’s and other diseases [2]. These aggregates are
neurotoxic, as they destroy the cell interior and lead to the
development of neuropathological diseases. Therefore, the
inhibition of PHF formation may be effective in preventing
such a pathological progression.

Although data on the physicochemical behaviors of the
tau protein, associated with self-assembly, have increased
in recent years, the underlying mechanism at the mole-
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cular level remains to be clarified, because the water-soluble
tau protein is flexible and takes a random conformation
under physiological conditions. It has been reported that the
three- or four-repeat microtubule-binding domain (MBD),
each repeat consisting of 31 or 32 amino acid residues,
located in the C-terminal half (Fig. 1), assumes the core
structure of PHF [3] and promotes tau assembly in vitro [4].
Therefore, it is important to examine the structural features
of the MBD, in order to understand the mechanism
underlying PHF formation. In particular, we have focused
on clarifying the self-associational and conformational
features of the repeat fragments in MBD. Little such data
has previously been reported, despite its usefulness in
determining the contribution of each repeat fragment to
PHF formation.

Recently, we have determined the structure of the third
repeat of MBD (R3 in Fig. 1), in water and trifluoroethanol
(TFE) solutions, by using the 'H-NMR method [5,6], and
clarified the extended-like structure of the N-terminal
VQIVYK sequence and the helical structure of the
LeulO-Leu20 sequence, with an amphipathic distribution
of the corresponding side-chains, in TFE. This conforma-
tional behavior may be associated with the filament
formation of MBD, because the VQIVYK local sequence
of R3 was reported to play an important role in the assembly
of the tau protein into PHF, which is responsible for
Alzheimer’s lesion [7]. On the other hand, it has been
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Fig. 1. Schematic representation of the four-repeat microtubule-binding
domain (MBD) moiety in the entire human tau protein (A) and the amino
acid sequence of each repeat (B). The regions from the first to the fourth
repeat fragments in MBD (A) are named R1 to R4, respectively. The
numbering of the amino acid residues in (A) refers to the longest
isoform of human tau protein (441 residues).

reported that the R2-included and -deleted tau proteins
demonstrate a notable difference in their microtubule-
binding ability and PHF formation [8—10]; the four-repeat
and three-repeat isoforms of the tau MBD are a direct
result of the presence or absence of R2, respectively [11].
Therefore, in order to clarify the difference in the associ-
ational and conformational behaviors between R3 and R2
repeat fragments, we investigated their assembly profiles by
the thioflavin S (ThS) fluorescence method and electron
microscopy. Moreover, the TFE-induced conformation of
R2 was analyzed by 'H-NMR spectroscopy and was
compared with that of R3. It is important to investigate
to what extent their averaged conformations differ in
solution (even in a nonphysiological solution), because the
reason why R2 does not play as crucial a role as R3 in PHF
formation, in spite of their nearly identical N-terminal
sequences and the fact that both possess one Cys residue
each (Fig. 1) is, as yet, unclarified.

Materials and methods

Peptide

R1, R2, R3 and R4 peptides, corresponding to the first
(244-274), second (275-305), third (306-336) and fourth
(337-378) repeat fragments of the full-length human tau
protein, respectively, were synthesized in the form of
lyophilized powders (including trifluoroacetic acid as a
counter ion). These peptides were characterized by MS and
were purified to > 95.0%, as assessed by reverse-phase
HPLC.

Electron microscopy

Each repeat peptide (15 um) was mixed with 3.8 pm heparin
in 50 mm Tris/HCl (pH 7.5). The solution was then
incubated at 37 °C for 24 h. For negative-staining electron
microscopy, 600-mesh copper grids were used. A drop of
peptide solution and a drop of 2% uranyl acetate were
placed on the grids. After 2 min, excess fluid was removed
from the grids. Negative-staining electron microscopy was
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performed using an electron microscope (Hitachi H-600)
operated at 75 kV.

Monitoring of aggregation of the MBD repeat fragment
by ThS fluorescence

Each repeat peptide was adjusted to a concentration of
15 pm using 50 mm Tris/HCI (pH 7.5) containing 10 pum
ThS dye. Aggregation was induced by adding heparin (final
concentration 3.8 um) to the solution, which was then
mixed with a pipette prior to measuring the fluorescence.
The time-scanning of fluorescence was carried out on a
JASCO FP-6500 instrument using a 2-mm quartz cell, in
which the temperature was maintained at 37 °C by a
circulating water bath. The kinetics of MBD aggregation
was analyzed by recording the time-dependent curve of the
fluorescence intensity, with excitation at 440 nm and
emission at 490 nm. Background fluorescence of the sample
was reduced as required.

CD measurement

The sample solution was adjusted to 40 um in water, TFE,
and these mixed solvents, where the pH value was adjusted
by adding HCI or NaOH. All measurements at 25 °C were
conducted using a JASCO J-820 spectrometer in a cuvette
with a 2-mm path length. For each experiment under N,
gas flow, measurement from 190 to 260 nm was repeated
eight times 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 newly prepared samples; their averaged
values are presented below, in the Results and discussion.
Data were expressed in terms of a mean residue ellipticity ()
in units of deg cm>dmol™".

NMR measurement

The method used to determine the structure of R2 was the
same as that used for R3 [5,6]. The peptide (2 mm) was
dissolved in TFE-d,, and its 'H-NMR spectra were
recorded using a Varian unity INOVAS500 spectrometer
equipped with a variable temperature-control unit. 'H
chemical shifts were referenced to 0 p.p.m. for 3-(trimethyl-
silyl) propionic acid at 298 K. Owing to the low solubility at
pH values of > 5.0, the pH was adjusted to 3.9 by adding
HCI or NaOH. In order to trace direct single- and multiple-
relayed through-bond connectivities, successively, 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 the protons, the offset dependence of the NOESY
cross-peaks was used for the estimation of proton—proton
distance. The NOE intensities were classified into three
groups (strong, medium and weak). The vicinal coupling
constants obtained from DQF-COSY measurements were
used to estimate the possible torsion angles:

3Jincon = 1.9 — 1.4 cos 0 + 6.4 cos 20 (1)

where ¢ = 0-60° for the ¢ torsion angle around the C’;_;-N;-
Co,;-C’; bond sequence [12].
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Conformational calculations

Three dimensional structures that fulfil the NOE distance
and J torsion angle constraints of intramolecular proton
pairs were constructed by dynamic simulated annealing
calculations [13] using the cNs program [14]. After rand-
omizing the peptide into extended strands, corresponding to
each disjointed molecular entity, the initial structures were
constructed by referring to the data structures and statistical
analysis of the average property. The constructed structure
was 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 minimi-
zation of more than 5000 steps was continued. The
constraints for distances and torsion angles were used as
the harmonic potential function. As the input data for
distance constraint, the proton—proton pairs were classified
into three distance groups according to the NOE intensi-
ties: 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, i.e. —120 = 40° for 3Juncenn > 8 Hz,
—75 + 25° for *Juncan < 6 Hz, and =100 £ 60° for the
others. The root mean square deviation analyses of energy-
minimized structures were carried out using the MoLMOL
program [15].

Results and discussion

Different behaviors among four repeat fragments
for filament formation

It has been reported that thioflavin dyes, such as ThS, can be
used to quantify the filament formation in solution in real
time [16]. We used this assay to monitor the filamentous
assembly of each repeat MBD peptide, the aggregation of
which was induced by adding heparin. The aggregation
kinetics was then derived from the time dependence of
fluorescence intensity. As shown in Fig. 2A, the fluorescence
intensity of R3 reached a maximum within 50 min
(t,, = ~ 15 min). However, the presence of dithiothreitol
caused a significant decrease in its fluorescence intensity,
indicating that the intermolecular disulfide bond formation
between the Cys residues of neighboring R3 is a major step
for initiating filament formation. In contrast, the increase in
ThS intensity was very slow in R2 (Fig. 2B), indicating that
the aggregation mechanism of R2 is different from that of
R3. As the ThS intensity of R2 also decreased in the presence
of dithiothreitol, the filament of R2 may be formed through
disulfide bonds. However, R2 showed a considerably
different profile from R3, although both peptides contain
one Cys residue and possess similar amino acid sequences
(Fig. 1B). In order to consider the biological/structural
implication of this difference, the effect of seeding for
filament formation was investigated. As shown in Fig. 2C,D,
a notable difference was observed. The R2 peptide showed
an R2-dependent seeding effect, whereas R3 was only

Fig. 2. Heparin-induced irn vitro aggregation profiles. Heparin-induced
in vitro aggregation profiles of R3 with and without 1 mm dithio-
threitol (A), of R2 with and without 1 mm dithiothreitol (B), and of
seeded R3 (C) and R2 (D), as functions of reaction time, monitored
based on thioflavin S (ThS) fluorescence intensity.
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Fig. 3. Electron micrographs of R3 (A) and R2 (B). Samples were negatively stained with 2% uranyl acetate.

slightly affected by any seeding. From these results, it would
be reasonable to consider that the R3 peptide aggregates
easily, without the help of any template. In contrast, the R2
peptide does not aggregate easily, and its filament formation
progresses via a nucleation step, in which the template of
homogeneous aggregates is required.

Figure 3 shows the electron micrographs of R2 and R3
filaments. Both R2 and R3 peptides exhibited thin and
straight filaments. However, a notable difference was
observed in their shapes, that is, the R2 filaments were
considerably longer and wider than the R3 filaments.
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Compared with R2 fibrils, those of R3 showed a nonphys-
iological morphology, probably as a result of the high speed
of assembly, because the R3 peptide, when mixed with a
diluted heparin concentration (< = 1 um) formed biologic-
ally relevant fibrils similar to those of R2.

The filament formation of MBD was therefore thought
to start through the aggregation of R3 and/or R2
peptide, because neither R1 nor R4 peptides showed a
lack of ThS fluorescence intensity and filament forma-
tion, as judged by EM, under the same experimental
conditions.

B R3
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Fig. 4. CD spectra of R2 and R3. CD spectra of R2 (A) and R3 (B) at different ratios of water/trifluoroethanol (TFE) mixture at pH 4.3.
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Fig. 5. Diagram of NOE connectivity between neighboring [d,~g, i + 1) dnng, i+ 1) arg, i+ 3) and dyng, i+ 3)] protons. The strength of the observed NOE

is represented by the thickness of respective bars.

TFE-induced conformational change

In order to determine, in greater detail, the reason for the
above-mentioned difference, it is important to investigate
the difference in flexibility and conformational features
between R2 and R3 peptides. To estimate their flexibilities,
the CD spectra at pH 4.3 were measured at different ratios
of the water/TFE mixture (Fig. 4); approximately the same
profiles were also observed at pH 7.0. The conformations of
R2 and R3 peptides showed a similar solvent-dependent
behavior, although their ellipticities were considerably
different. Whereas their CD spectra in water predominantly
showed a random conformation characterized by a negative
peak at &~ 197 nm, the spectra in TFE indicated an o-helical
structure characterized by two negative peaks at ~ 209 nm
and 222 nm. The conformational transitions started at
~20% TFE and the o-helical structure content showed a
direct increase in proportion to the TFE concentration. The
conformations were reversibly transformed to the random
structure upon addition of water to the TFE solution and
were scarcely affected by the pH change. No notable time
lag was observed between the reversible conformational
transitions, indicating that the helical conformations of R2
and R3 peptides are both sufficiently flexible to change their
structures, depending on the hydrophobic and hydrophilic
balance of the solvent. On the other hand, the calculation
from the CD ellipticity [17] indicated a meaningful differ-
ence in the o-helical structure content between R2 and
R3 peptides, i.e. R2 = 9.7% and R3 = 7.6% at 0% TFE,
R2 = 12.2% and R3 = 8% at 10% TFE, R2 = 17.6%
and R3 = 12.1% at 20% TFE, R2 = 21.7% and R3 =
17.8% at 30% TFE, R2 = 28.2% and R3 = 20.6% at 50%
TFE, and R2 = 53.6% and R3 = 34.2% at 100% TFE.
This shows that it is much easier to induce a conformational
change of R2 than of R3, and also indicates that the
transition energy of R2 is less than that of R3.

Conformation of R2 in TFE solution

The structure of R2 in the TFE solution was analyzed by
both 'H-NMR spectroscopy and molecular modeling
calculations; we have previously determined the TFE-
induced conformation of R3 by using the same method
[5,6]. Proton peak assignments were performed using a
combination of (a) connectivity information via scalar

coupling in phase-sensitive TOCSY experiments and (b)
sequential NOE networks along the peptide backbone
protons. The diagram of short-, medium- and long-range
proton—proton connectivity along the peptide backbone,
observed by NOESY, is shown in Fig. 5. The orientation
around the Val26-Pro27 o bond was determined to be frans
from the strong NOE of the CaH (Val26)-CSH (Pro27)
proton pair. The NOESY cross-peak pattern among
neighboring protons suggested an o-helical structure of
the Vall-His25 sequence. Using 374 NOE constraints for
proton—proton distances, and 25 Jyncon constraints for ¢
torsion angles, 100 possible conformers were constructed by
a dynamic simulated annealing calculation. The statistics of
the 20 most stable conformers are summarized in Table 1,
and their superposition on the backbone structure is shown
in Fig. 6. The constructed conformers exhibited o-helical
structures of the Ile3-His25 sequence, whereas the
C-terminal Gly-Gly-Gly-Ser sequence was flexible and did

Table 1. Structural statistics of 20 stable structures of the R2 domain.

Structural feature Value
Number of structures 20
Number of constraints:
Total number of NOEs 374
Intraresidue NOEs 211
Sequential NOEs 106
Inter-residue NOEs 57
Dihedral angles 25

Average values (esd)

RMS deviation (N, Ca, C’) (A) 0.68 (25)*
RMS deviation from NOE (A) 0.069 (2)
NOE violations > 0.10 (A) 11.0 (8)
Energy (kcal/mol)
Overall 315 (6)
NOE 133 (7)
Angle 90 (3)
Bond 25 (1)
Improper 9.0 (8)
van der Waals 58 (4)

# Calculated from residues 3-20.
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N-terminal

not show any definite 3D structure. As the CD spectrum
in the TFE solution suggested an ~ 50% content of the
o-helical structure, it can be predicted that the R2 peptide
is in equilibrium between equimolar amounts of random
and helical conformers; Fig. 6 corresponds to an ensemble
of the latter conformers.

Conformational comparison between R2 and R3
in TFE solution

As the NMR data reflect an ensemble of various dynamic
conformers, the conformational comparison between R2
and R3 peptides is possible only in terms of the structural
features observed commonly in various NMR-constructed
conformers of each peptide, and the common features of R2
and R3 backbone conformers are schematically shown in
Fig. 7A,B respectively. A similar conformational feature of
R2 and R3 peptides can be described as follows. The Leul0—
Lys20 sequence of R2 forms an a-helical structure, and the
helix wheel drawing of this sequence shows an amphipathic
distribution of the respective amino acid residues (Fig. 8A),
where the hydrophobic residues, Leul0 and Vall3, and the
hydrophilic residues, Ser11, Serl5, and Ser19, are arranged
on the both sides of the helix axis, respectively, and the polar
residues, Asnl2, GInl4, Lys16, and Lys20, are located at the
interface between both sides. Similar features can also be
observed in the conformation of R3 (Fig. 8B).

The remarkable conformational discrepancy between
the two peptides can be characterized as follows. The
N-terminal Vall-Lys6 sequence of R2 takes a typical
o-helical structure, while that of R3 shows an extended-like
conformation; this structure has also been observed in
aqueous solution [6] and would not be a result of the
presence of the Pro7 residue in R3, because this residue

© FEBS 2004

N-terminal

Fig. 6. Stereoscopic superposition of the most

stable 20 conformers of R2. Each conformer is
projected in order to superimpose on the Ile3—
Lys20 sequence. The upper and lower sides of
conformers correspond to N- and C-terminal
regions, respectively.

~—— AR

Fig. 7. Average backbone conformations. Comparison of averaged
backbone conformations commonly observed in various NMR con-
formers of R2 (A) and R3 (B). The N- and C-terminal regions cor-
respond to the upper and lower sides, respectively.



© FEBS 2004

Leu 10

Fig. 8. Helical wheel drawings. Helical wheel
drawings of the Leul0-Leu20 sequences of the
most stable conformers of R2 (A) and R3 (B),
viewed from the N-terminal side.

takes a trans orientation with regard to the ® torsion angle
both in water and TFE.

This conformational result indicates the following, con-
cerning the difference in time profile between R2 and R3
filament formations (Fig. 2), although the experimental
conditions are different. The extended-like structure of the
N-terminal VQIVYK sequence in R3 is important for
facilitating aggregation without requiring any template for
forming an ordered filament structure, whereas the helical
structure of the N-terminal VQIINK sequence of R2 is
flexible and changes easily into the conformation required
in a particular environmental condition, as judged from the
very slow aggregation and the rapid template-dependent
filament formation.

Concerning the conformation—filament formation rela-
tionship of the MBD, the present work proposes the fol-
lowing possibility, namely, an association through
the helical structures of R2 and R3 repeats and/or the
B-structure-mediated  association of the N-terminal
VQIVYK sequence in R3. At present, a unified scheme
has not yet been established concerning the mechanism of
PHF formation, although it has been proposed [18]. The
present TFE-induced helical structures of R2 and R3
cannot be directly associated with the PHF aggregation of
tau MBD under physiological conditions. However, the
speed of three- or four-repeat MBD assembly could be R3-
dependent, because a lack of the R3 domain leads to a
considerable slow down of the assembly process. Also, the
physiological morphology of the MBD filament formation
absorbs almost the entire effect of the nonphysiological one
of the R3 filament. Therefore, it would be reasonable to
consider that the relationship proposed above is likely to
occur in the PHF formation of tau protein. This is also
suggested from the association through the helical structures
with an amphipathic character, which is enthalpy advanta-
geous [6], and the importance of the extended-like VQIVYK
sequence as a core structure for the PHF formation of tau
protein has been proposed [19].

In conclusion, the present study has clarified, for the first
time, the notable difference between the second and third
repeat fragments in the tau MBD in terms of (a) self- and
seeded-aggregations and (b) the conformation induced by
TFE solution. Knowledge of these different conformational
behaviors will be helpful in future investigations undertaken
to clarify the mechanism underlying the MBD assembly of
the tau protein.
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