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Abstract To investigate the importance of the seventh residue
of the second and third repeat fragments (R2 and R3 peptides)
of the microtubule-binding domain (MBD) for tau filamentous
assembly, the residues Lys and Pro were substituted (R2-K7P
and R3-P7K). The filament formations of the R2 and R3 pep-
tides were almost lost due to their substitutions despite their
overall conformational similarities. The NOE analyses showed
the importance of the conformational flexibility for the R2 pep-
tide and the coupled extended and helical conformations for the
R3 peptide in their limited N-terminal regions around their sev-
enth residues. The result shows that the filament formation of
MBD is initiated from a short fragment region containing the
minimal conformational or functional motif.

© 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

The microtubule (MT)-associated protein tau is an impor-
tant component of the neuronal cytoskeleton and plays a role
in the formation and stabilization of MTs. The tau protein is a
highly soluble protein with a random conformation and shows
almost no tendency to aggregate under physiological condi-
tions. Many neurodegenerative diseases, however, are charac-
terized by the abnormal aggregation of this tau protein into an
insoluble paired helical filament (PHF), the major component
of the neurofibrillary tangles (NFTs). In the brains of Alzhei-
mer’s disease (AD) patients, the tau protein dissociates from
axonal MTs through an extensive phosphorylation and abnor-
mally aggregates itself to form the insoluble NFT (reviewed in
[=3D. Since the degree of dementia in AD patients signifi-
cantly correlates with the appearance and distribution of this
tangle [6], it is of importance for the prevention and medica-
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Abbreviations: AD, Alzheimer’s disease; MBD, microtubule-binding
domain; MT, microtubule; NFT, neurofibrillary tangle; NOESY,
nuclear Overhauser effect spectroscopy; NOE, nuclear Overhauser
effect; PHF, paired helical filament; TFA, trifluoroacetic acid; TFE,
trifluoroethanol; ThS, thioflavin S; TOCSY, total correlation spec-
troscopy; TSP, 3-(trimethylsilyl)propionic acid

tion of AD to find a method of inhibiting such an abnormal
aggregation of the tau protein.

The tau protein binds to MTs through the MT-binding
domain of the three- or four-repeat sequence located in
the C-terminal half (Fig—1) [2:3] Although the structural de-
tails of the tau protein self-assembly are yet to be completely
elucidated, it was clarified that the core structure of PHF is
mainly composed of the microtubule-binding domain (MBD)
[7], which promotes the tau protein assembly in vitro [§].
Recently, we have reported that the in vitro filament forma-
tion of four-repeat MBD is mainly promoted by the second
and third repeat fragments (R2 and R3), and their filament
formation properties are considerably different in points,
such as speed, optimal trifluoroethanol (TFE) content, and
process for heparin-induced filament formation [9=TT]. Also,
we determined the conformations of the R2 and R3 peptides
in TFE solution and found that the R3 peptide shows
amphipathic extended and a-helical structures at the N-ter-
minal Vall-Lys6 and LeulO-Leu20 sequences, respectively,
whereas the averaged backbone conformation of the R2
peptide shows an amphipathica-helical structure at the
Ile3-His25 sequence [TU.TZ,T3]; von Bergen et al. [T4] also re-
ported that this VQIVYK local sequence of the R3 repeat
plays an important role in the aggregation of the
tau protein into Alzheimer’s PHF. As the R2 and R3 pep-
tides are both composed of similar amino acid sequences,
it can be considered that some specific amino acid residues
in their repeat peptides cause such a different conforma-
tion/aggregation property.

The main reason the extended structure is formed at the
N-terminal region of the R3 peptide, but not of the R2 peptide,
could be the presence of the Pro residue at the seventh posi-
tion. Therefore, as part of a series of studies attempting to clar-
ify residues responsible for the filamentous assemblies
characteristic of the R2 and R3 peptides, their seventh resi-
dues, Lys and Pro, were substituted (R2-K7P and R3-P7K)
(EigI). In this paper, we report their filament formation
and conformation characteristics, investigated by the CD,
ThS fluorescence and 'H NMR measurements.

2. Materials and methods

2.1. Chemicals and peptides

Heparin (average molecular weight, 6000) and thioflavin S (ThS)
were obtained from Sigma Co. The R2 and R3 peptides and their sub-
stitutes (R2-K7P and R3-P7K) were synthesized using a solid-phase
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Fig. 1. (A) Schematic diagram of entire human four-repeat tau protein
and (B) R2 and R3 peptides corresponding to second and third
fragments of four-repeat MBD. In the R2-K7P and R3-P7K peptides,
the seventh residue positions of R2 and R3 peptides are substituted for
Pro and Lys residues, respectively. The regions from the first to the
fourth MBD repeats in (A) are represented by R1-R4, respectively.
The numbering of the amino acid residues refers to the longest isoform
of human tau (441 residues).

peptide synthesizer. These peptides were characterized by mass spec-
trometry and determined to be >95.0% pure by reverse-phase HPLC.
The peptides were obtained in the form of lyophilized powder (includ-
ing trifluoroacetic acid as counterion).

2.2. CD measurements

Each peptide was adjusted to 40 uM in water, TFE, or their mixture
of different ratio, in which the pH was adjusted to 4.0 by adding HCI
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 under N, gas flow, the measurement from 190 to 260 nm
was repeated eight times and the results were summed. Then, the molar
ellipticity was determined after normalizing the peptide concentration.
The same experiment was performed at least three times using freshly
prepared samples, and average values are presented in this paper. Data
are expressed as mean residue ellipticity [0] in deg cm? dmol ™.

2.3. ThS fluorescence intensity measurements

The concentration of each peptide was adjusted to 15 uM using
50 mM Tris—HCI buffer (pH 7.5) containing 10 uM ThS dye. It was re-
ported that thioflavin dyes such as ThS can be used to quantify fila-
ment formation in solution [I3]. Aggregation was induced by adding
3.8 uM heparin to the solution prior to ThS fluorescence intensity mea-
surement. Fluorescence intensity was measured using a JASCO
FP6500 instrument with a 2-mm quartz cell, whose temperature was
maintained at 25°C by a circulating water bath. The aggregation
kinetics was analyzed by recording the time-dependent change of
ThS fluorescence intensity at an excitation of 440 nm and an emission
of 490 nm. The background fluorescence intensity of each peptide was
subtracted when required.

2.4. 'H NMR measurements

Each peptide was used without further purification by dissolving in
water/TFE-d, mixture to prepare a sample solution of 1-2 mM con-
centration (20% and 100% TFE for the R2 and R2-K7P peptides,
and 0%, 40% and 100% TFE for the R3 and R3-P7K peptides). 'H
NMR spectra were recorded using a Varian unity INOVAS500 spec-
trometer with a variable temperature-control unit. The 'H chemical
shifts were referenced to 0 ppm for 3-(trimethylsilyl)propionic acid
(TSP). The conventional NMR measurement was performed at
298 K. Two-dimensional total correlation spectroscopy (TOCSY)
and nuclear Overhauser effect spectroscopy (NOESY) spectra were ac-
quired in a phase-sensitive mode using standard pulse programs avail-
able in the Varian software library. The proton peaks of the R2-K7P
and R3-P7K peptides were assigned by referring to the previous
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reports of the R2 and R3 peptides in TFE [IUIZ]. Assuming the same
correlation time for all the protons, the offset dependence of NOESY
cross peaks was used for the estimation of the secondary structure of
the peptide, by which NOE intensities were classified into three catego-
ries (strong, medium, and weak).

3. Results and discussion

3.1. Conformational similarity between R2 and R3-P7K peptides
and between R3 and R2-K7P peptides

To investigate the effect of the substitution of the seventh
residue on the overall conformations and flexibilities of the
R2 and R3 peptides, their CD spectra were measured as a
function of TFE content. The results for the R2-K7P and
R3-P7K peptides are shown in Fig. J; those for R2 and R3
were previously reported [TU,IZ]. Although the quantification
of CD spectra in terms of secondary structure components is
often unreliable, the spectra are useful to estimate the gross
conformational state. The CD spectra of all the peptides in
water predominantly showed a random conformation charac-
terized by a negative peak at approximately 197 nm, whereas
the spectra in 100% TFE were indicative of an a-helical struc-
ture characterized by two negative peaks at approximately 209
and 222 nm. Detectable conformational transitions were ob-
served when the peptides were dissolved in an approximately
20% TFE solution, and the conformations of a-helical struc-
tures consistently increased in proportion to the TFE content.
Since these CD spectral changes were completely reversible
and no notable lag times were observed, it could be stated that
the transitions between the random and helical conformations
of these peptides are sufficiently flexible and the peptides
change their conformations easily, depending on the hydro-
phobic and hydrophilic balance of the solvent.

On the other hand, the TFE content-dependent profiles of a-
helical content (Fig. JC), calculated from the CD ellipticity at
222 nm [T6], showed a marked resemblance between the R3
and R2-K7P peptides and between the R2 and R3-P7K pep-
tides, where the molar ellipticities of the former peptides are
considerably larger than those of the latter peptides. This indi-
cates that the overall conformational and transitional charac-
teristics of the R2 and R3 peptides are highly dominated by
their seventh residues.

3.2. TFE content-dependent aggregation profiles of R2 and R3
peptides

The heparin-induced filament formation characteristics of
the R2 and R3 peptides and their substitution peptides were
investigated on the basis of their reaction time — ThS fluo-
rescence intensity profiles in the aqueous solutions of differ-
ent TFE contents. Consequently, it was shown that the TFE
contents of 20% and 40% are optimal for the effective fila-
ment formations of the R2 and R3 peptides, respectively
(Fig3). The R2 or R3 peptide in the aqueous solution of
this optimal TFE content is in an intermediate transition
state from a random structure to an o-helical structure, as
is obvious from their CD spectral changes (Fig. JC). Since
the increase of ThS fluorescence is considerably inhibited
in an aqueous solution of <10% or >60% TFE [I0], this re-
sult indicates that such an intermediate conformation is the
most likely factor responsible for the filament formations of
the R2 and R3 peptides.
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Fig. 2. CD spectra of R2-K7P (A) and R3-P7K (b) peptides, and a-helical contents of R2, R2-K7P, R3, and R3-P7K peptides at different water/TFE
ratios (C). Curves of (A) and (B) from top to bottom at the 210-230 nm region were spectrally measured at 0%, 10%, 20%, 30%, 50% and 100% TFE.
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Fig. 3. Reaction time — ThS fluorescence profiles of R2, R2-K7P, R3, and R3-P7K peptides at different water/TFE ratios.



3484

In contrast, the TFE content-dependent filament formation
abilities of the R2 and R3 peptides were almost lost by the sub-
stitutions of their seventh residues. The R2-K7P and R3-P7K
peptides showed neither the notable filament formation nor the
TFE content dependency, suggesting that the Lys and Pro res-
idues of the R2 and R3 peptides in MBD are crucial to the
PHF filament formation of the tau protein.

On the other hand, it is interesting to note that the filament
of the R3-P7K peptide, although less extensive, was best
formed in water, but not in 40% TFE (=optimal content for
the R3 peptide), whereas the R2-K7P peptide still showed
the same TFE content-dependent filament formation as the
R2 peptide (optimal TFE = 20%). This indicates that the con-
formations of the R2-K7P and R3-P7K peptides suitable for
filament formations are different from each other.

3.3. NOE connectivity between neighboring protons of
N-terminal region in optimal TFE solution

The CD and fluorescence spectral results suggested that a
transition conformation from the random structure to the
a-helical-like structure, particularly regarding the N-terminal
region containing the seventh residue, could be the most likely
factor responsible for the filament formations of the R2 and
R3 peptides. To investigate their conformational features
responsible for the filament formations, the NOE connectivi-
ties of neighboring protons were compared between the R2
and R2-K7P peptides in 20% and 100% TFE solutions and be-
tween the R3 and R3-P7K peptides in 0%, 40% and 100% TFE
solutions. The sequential NOE networks of the N-terminal
moieties along the peptide backbone protons are shown in
Figs: 4 and J; the results of the R2 and R3 peptides in 100%
TFE were already reported [T0.13], and no notable differences
were observed between the NOE connectivities of R2 and R3
peptides and their substituted ones at their central and C-ter-
minal regions (data not shown).

As for the R2 and R2-K7P peptides, the fastest filament
formations were both observed in 20% TFE solution,
although their degrees are largely different. Therefore, the
NOE patterns commonly observed (Fig__4A) would be
responsible for the filament formation, i.e., two NOE-con-
nected segments at the N-terminal region. Since it is known
that the extended and helical structures of peptide backbone

10
VQIINK[KLDLSN VQIINK[PLD
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are directly related to the d,n+1) and dnng,i+1) NOE inten-
sities, respectively, it would say that the VQIIN and KLD
fragments correspond to the regions of taking the high con-
formational flexibilities and that the decreased filament
formation of the R2-K7P peptide is due to the partial limi-
tation of these conformational flexibilities by the substitution
of Pro residue. In this regard, the basic KK sequence of the
R2 peptide may be important for accelerating the acidic
heparin-induced filament formation. On the other hand,
the NOE patterns in 100% TFE (Fig_4B) showed the differ-
ent conformations of both peptides at the N-terminal re-
gions, i.e., an o-helical conformation and an extended
structure of the R2 and R2-K7P peptides, respectively. Since
neither peptide in 100% TFE solution showed any filament
formation, this means that the TFE-induced stable
secondary structure such as a typical helix or sheet structure
is not suitable for the filament formation of the R2 peptide.

The NOE connectivities of the R3 and R3-P7K peptides in
0%, 40% and 100% TFE solutions are shown in Fig. 3. The
ThS fluorescence measurement showed that, although
the filament formation of the R3 peptide is optimal in 40%
TFE solution, the filament is still positively formed in 80%
TFE, as compared with that in water. Since the NOE network
of the R3 peptide in 100% TFE was almost the same as that of
80% TFE (data not shown) and is similar to that of 40% TFE,
it would say that the TFE-induced stable conformation of R3
peptide is a suitable form for the filament formation, i.e., the
coupled conformation of an extended VQIVYK structure
and a helical LSK structure (continuing to Leu20) at the
N-terminal moiety [I0], and this is in contrast with the case
of R2 peptide. On the other hand, the R3-P7K peptide did
not show such a TFE-independent conformational feature,
and the N-terminal conformation is considerably dependent
on the TFE content. The filament formation observed in water
may result from a relatively rigid and long-range extended
structure, and the basic Lys-Lys sequence may play an
important role in the heparin-induced filament formation.

On the basis of the conformational differences between the
R2 and R3 peptides and their substituted peptides, it would
be possible to discuss the relationship between the conforma-
tional features and the filament formations of these peptides.
The NOE results showed that the break of the high flexible
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Fig. 4. Diagrams of NOE connectivity between neighboring protons along backbone chain of R2 and R2-K7P peptides (d, ¢, i+1)» dNNG,i+1)» aNeii+3)
and d,p +3)) in 20% TFE (A) and 100% TFE (B). Observed NOE intensities are indicated by the thickness of each bar.
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Fig. 5. Diagrams of NOE connectivity between neighboring protons along backbone chain of R3 and R3-P7K peptides (d, N, i+1)» AN, i+1)» NG i+3)
and d,p; +3)) in water (A), 40% TFE (B) and 100% TFE (c) solutions. Observed NOE intensities are indicated by the thickness of each bar.

and random structures at the GIn2-Asn5 and Lys7-Asp9
sequences, caused by the Lys — Pro substitution at the seventh
position, leads to a considerable decrease in the TFE-depen-
dent filament formation ability of the R2 peptide, suggesting
the importance of the conformational flexibility of these
N-terminal regions for the filament formation. In contrast,
the TFE-independent Vall-Lys6 extended and LeulO-Leu20
helical structures were shown to be necessary for an effective
filament formation of the R3 peptide. The break of these
coupled secondary structures at the N-terminal region by the
Pro — Lys substitution leads to a marked decrease in the
filament formation.

In conclusion, the present study clarified the importance of
the seventh residues for the filament formations of the R2
and R3 repeat fragments of MBD, although their accurate
functions have not yet been clarified. Furthermore, an impor-
tant insight obtained from this work is that the filament forma-
tion of MBD could be largely dependent on a short fragment
containing the minimal conformational or functional motif for
forming the core of filament, namely the high flexibility of the
R2 fragment and the coupled extended and helical structures
of the R3 fragment in their limited N-terminal regions around
their seventh residues.
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