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Microtubule-associated protein tau is a highly soluble protein and shows hardly any tendency to assemble
under a physiological condition. However, in the brains of Alzheimer’s disease (AD) patients, tau protein
dissociates from the axonal microtubule and abnormally aggregates to form an insoluble paired helical
filament (PHF). One of the priorities in Alzheimer research is to clarify the mechanism of PHF formation.
In recent years, several reports on the regulation of tau assembly have been published. But, it is still unclear
how transition of tau protein from its normal structure to a PHF state occurs in the neuron. To know which
part and what structural change in tau protein participates in its transition into a pathological entity, our
target is to analyze the structures of three- to four-repeat microtubule-binding domains (MBDs) in tau
protein, focusing on the conformational and self-associational features of each repeat structure, because
these repeat domains constitute the core moiety of the PHF structure. We investigated the initial in vitro
aggregation feature of each repeat peptide using the thioflavin fluorescence method and determined the
solution conformations of repeat peptides in trifluoroethanol by "H-NMR and molecular modeling analyses.
On the basis of the present spectral and conformational results, we propose a model of the repeat-dependent
PHF formation pathway of the four-repeated MBD in tau protein. We believe that this model is helpful in
considering rational approaches to preventing tau deposition in AD and other tauopathies.
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Fig. 1. Schematic Representation of Dissociation from Microtubules and Abnormal Aggregation to Form an Insoluble

Paired Helical Filament (PHF) of Tau Protein
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Fig. 2. (A) Schematic Diagram of the Entire Four-Repeat Human tau Protein, His-Tagged Four-Repeat MBD
(4RMBD) and Three-Repaet MBD (3RMBD), and (B) the Amino Acid Sequences of These Repeat

Peptides

The regions from the first to the fourth repeat structure in MBD are named R1 to R4, respectively. The number of
amino acid residues in (A) refers to the longest isoform of the human tau protein (441 residues).
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Fig. 3. Heparin-Induced in vitro Aggregation Profiles of (A) 3RMBD and 4RMBD, and of (B) Repeat Peptides, as
Functions of Reaction Time, Monitored Based on ThS Fluorescence Intensity
The ThS fluorescence intensities of 15 uM 3RMBD, 4RMBD, and repeat peptides (50 mM Tris-HCI buffer, pH
7.5) were monitored after the addition of 3.8 pM heparin, with the excitation and emission wavelengths both set at

440 nm and 550 nm.
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Fig. 4. Time Profiles of ThS Fluorescence Intensity Changes of R2 and R3 Peptides at Different Water /TFE Ratios
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Fig. 5. CD Spectra of R1-R4 Repeat Peptides at Different Ratios of Water/TFE Mixture at PH 4.3
The sample solution was adjusted to 40 uM in water, TFE, and a mixture of these solvents. Data
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were expressed in terms of a mean residue ellipticity(0) in units of deg cm” dmol™.
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Table 1. Number of constraints of R1-R4 peptides

Peptides R1 R2 R3 R4

Total number of NOEs 373 374 273 395
Intra-residue NOEs 208 211 157 222
Sequential NOEs 103 106 82 115
Inter-residue NOEs 62 57 34 58
Peptides 20 25 23 24

Rl R1
M-tereninal M-terminal

Fig. 6. Stereoscopic Superpositions of the Most 20 Stable Conformers of R1-R4
Each conformer is projected so as to be superimposed on the Leul0-Lys24 (R1), Ile3-Lys20 (R2), Leul0-
Leu20 (R3), and Ser5-Ser20 (R4). The upper and lower sides of conformers correspond to the N- and C-terminal
regions, respectively.
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Table 2. Structural statistics of stable 20 structures of R1-R4 peptides.

Peptides R1 R2 R3 R4
Average value (esd)
RMS deviation* (backbone) (A)  0.81 (37) 0.68 (25) 0.55 (17) 0.73 (22)
RMS deviation from NOE (A) 0.093 (1) 0.069 (2) 0.008 (1) 0.070 (2)
NOE violations > 0.10A 10.5 (12) 11.0 (8) 324 13.1(9)
Energy (kcal/mol )
overall 387 (7) 315 (6) 85(2) 335 4)
noe 182 (7) 133 (7) 32 (1) 142 (4)
angle 80 (3) 90 (3) 30 (1) 99 (3)
bond 25 (1) 25 (1) 7.3(3) 25 (1)
improper 20 (1) 9.0 (8) 6.4 (1) 21(2)
van der Waals 79 (4) 58 (4) 8 (1) 45 (3)

*Calculated from residues 10 to 24 for R1

R1

, residues 3 to 20 for R2, residues 10 to 20 for R3, and residues 5 to 22 for R4.

R4

Fig. 7. Averaged Backbone Conformations of R1-R4 Peptides in TFE Solution, Constructed by 'H-NMR and

Molecular 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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Fig. 8. TFE Content-Dependent Deviations of the CaH Proton Chemical Shifts of R3 Peptide Compared with

Those in Water

The bars arranged from left to right for each residue, represent the differences (in ppm) in chemical shifts in
20, 40, 60, 80, and 100% TFE compared with those in water, respectively. The horizontal line corresponds to the
chemical shift of each residue in water. The upper and lower sides of the base line represent the downfield and

upfield shifts of the proton, respectively.
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Fig. 9. Helical Wheel Drawings of 10-20 Sequence of the Most Stable Conformers of
Respective Four Repeats, Viewed From the N-Terminal Side
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Fig. 10. A Model for the in vitro Repeat Peptide-Dependent Dimer Formation of 4RMBD
Dimer formation of 4RMBD is promoted by heparin. Heparin promotes (a) hydrophobic interactions between
the R3 extended regions thrugh electrostatic interactions, and (b) the successive hydrophobic interactions
between amphipathic a-helical-like intermediate structures of the R1-R4 peptides through electrostatic
interactions of heparin with the polar and/or basic residues of the heparin-induced amphipathic intermediate
structures of repeat peptides. In this figure, the black bars, open arrows and springs represent heparins, 3
-sheet structures, and a-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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