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Anionic Contribution for Fibrous Maturation of Protofibrillar Assemblies of the
Human Tau Repeat Domain in a Fluoroalcohol Solution
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ABSTRACT: Tau protein forms fibrous aggregates in the brain of patients with Alzheimer’s disease. This
type of aggregatioin vitro is promoted efficiently by polyanions and anionic micelles. Here, we report
another cosolvent system that induces the fibrous aggregation of human tau four-repeat déR2jn (

The protein aggregation was primarily achieved by a nonanionic agent 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP), while the ionic condition was modified by inorganic salts. The aggregation analysis by three
spectroscopic methods revealed a two-phase kinetics of the aggregatd&iRin the presence of HFIP

at ~4—6%. Large increases in the light-scattering, the thioflavin-binding, and the secondary structure
content oft4RD have progressed within a few minutes at°87 which was followed by another slower
aggregation phase. Electron microscopic analysis demonstrated that the amorphous granules are formed
in the faster step, which acquired a fibrous shape in the slower step in the solution containing NacCl. In
the absence of the salt, however, the fibrous maturation was inhibited. Examination of various salt species
in place of NaCl demonstrated that binding of anions to the precursor aggregates was essential for the
fibrous maturation. On the basis of the results, we proposed an aggregation scheme of tau in which the
formation of a thioflavin-binding intermediate occurred ahead of its fibrous maturation. The anionic
environment was suggested to play a crucial role in the fibrous maturation and, therefore, could be an
vivo determinant of the morphology of the aggregates of tau.

Formation of neuronal intracellular inclusions of the 10). However, tau and its repeat domain are highly soluble
microtubule-associated protein tau is a hallmark pathology in water and hard to aggregatevitro without assistance of
of Alzheimer's disease (AB)and other tauopathied {4). cofactors. Up to now, two different groups of chemicals,
In the early stages of AD, the amorphous deposit of tau is polyanions (e.g., heparin) and anionic micelles, are known
formed in the brain of the patients, while the neurofibrillary to be strong enhancers of the fibrous aggregatida-(6).
tangles (NFTs) are developed in the more advanced stage#\nionic sites are clustered on the surface of the cofactors,
of the diseases( 6). NFTs are principally composed of two  which has implicated that the anionic surface of the biological
types of fibrous aggregates of tau, the paired helical filament membrane or the microtubule is ansitu nucleation site of
(PHF) and the straight fibers (SR3)(Because the maturation the fibrous aggregation of tatig—20). The clustered anionic
of the amorphous aggregates into NFTs correlates with environment has been suggested to attract the positively
cognitive impairment &, 7), it is crucial to elucidate the  charged tau repeat domains and condensate them on the
physical mechanisms through which these changes occursurface of the macromolecular cofactat§,(17, 18). In fact,

Tau is a natively unfolded protein. Its microtubule-binding the efficiency of the polyanions or the fatty acids for
repeat domain is sufficient for forming PHF and SF and induction of the aggregation was impaired when the ionic
therefore contains the building principles of the fibeBs-( concentration in solution was increased and the electrostatic
attractive force on the anionic surface was shielded 18—

. ! Tms Wl\ﬁ_fk_ V;’as Sfurégofte? by aé Qfant'i”?d ftor SCignct:iﬁﬁ Res‘iarCh 20). However, it should also be noticed that the anion binding
rom tne Ministry o ucation, science, sports, an ulture, Japan . . .

(15659050) and CREST of the Japan Science and Technology Corpora—to Fau would alter t,he protein Conformat'c_m substantially,
tion. which may also be tightly coupled with the fibrously ordered
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1 Abbreviations: AD, Alzheimer's disease; NFTs, neurofibrillary In this study, to get deeper insights into the fibrillation
tangles; PHF, paired helical filament; SF, straight filidikD, the four- mechanisms of tau, we tried to induce the fibrous aggregation

repeat domain of human tau protein; DTT, dithiothreitol; ThT, thioflavin _ ; ; ;
T; HFIP, 1,1,1,3,3,3-hexafluoro-2-propanol; TFE, 2,2,2-trifluoroethano; of the four-repeat domain of taw4RD) using a solution

FTIR, Fourier transform infrared; CD, circular dichroism; TEM, —System without polyanions or anionic micelles. A question
transmission electron microscopy. addressed here was whether the anionic environment was
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required for the fibrillation oft4RD under the condition Circular Dichroism (CD) SpectroscopZD measurements
where the aggregation a4RD was strongly induced by of 74RD in the far-UV region were performed using a Jasco
nonionic cofactors. Solubility of the polypeptide backbone J-820 spectropolarimeter (JASCO Co., Tokyo, Japan). A
was reduced by alcoha?{), which is well-known to induce  quartz cell with a path length of 0.5 mm was used. The
secondary structure formation, chain collapse, and assemblytemperature of the sample cell was controlled at 10 or 37
of polypeptide chains2p—29). Although the alcohol is often  °C by means of the Peltier-type PTC-423S apparatus (JASCO
regarded as a membrane-mimicking cosolvedt 80), its Co.). The spectral measurements were done with the
nonionic character is in clear contrast with biomembranes bandwidth of 1 nm, the response of 1 s, the scan rate of 100
or other membrane-mimicking agents such as anionic nm/min, and the accumulation of 4 or 8 times. The kinetic
detergents. Under the condition where the aggregation ofchange in the molar ellipticity at 220 nm6{b.q) was
74RD was strongly induced by the alcohol, the ionic monitored with the data interval of 5 s, the bandwidth of 5
condition was adjusted by inorganic salts such as NaCl. nm, and the response of 4 s. The secondary structural analysis
Using this strategy, we could find a fine solution balance of the CD spectra was performed using the CDPro program
that promotes the fibrous aggregation@RD and cast a  package31), which includes the well-established programs
new light on an actual role of the anionic environment in CONTINLL and SELCOM3, as well as two reference

the fibrous aggregation of tau. spectral sets. Both of the reference sets include spectra for
denatured proteins. Runs of the two programs using the two
MATERIALS AND METHODS data sets gave four independent estimates of the secondary

structure content for each experimental spectrursdéiD.

Cloning, Expression, and Purification of Recombinant rq average and deviation of the four values were calculated.

74RD. The encodingt4RD of cDNA was cloned by . .
polymerase chain reaction amplification from an adult human Transmission Electron Microscopy .(TEMIEM was
brain cDNA library using the primers GCCAAGAGCCAT- performed with a H-7000 electron microscope (Hitachi,
ATGCAGACAGCCCCCGTG and TTTGGCGTTCTCGAG-  JaPan) operated at 75 kV, at a magnification of 40000
GAAGGTCAGCTTGTG. The PCR-amplified fragment of The samples were app.hed to carbon grids and stained with
74RD was digested wittiNdd and Xhd and was ligated to 2% uranyl gce.tate. The"|m.ages were recorded on F.G electron-
the Ndd —Xhd fragment of the pET-22b vector (Novagen, microscopic f|Im_s (Fuji film, Japan), developed in D-19
EMD, Darmstadt, Germany). The correct DNA sequence was (Kodak) for 3 min. )
confirmed by DNA sequencing. The expression product of  FTIR SpectroscopyTIR spectra were measured using
T4RD contains His tags in the C-terminal portion, and the Jasco FT-IR 680 Plus (JASCO Co.). Atmospheric water
formula weight oft4RD was 15 607. Recombinas4RD vapor was removed by flushing the spectrometer with
was purified using a standard protocol for His-tagged proteins Nitrogen. Interferograms were recorded between 1800 and
by means of the Ni-bound chelating sepharose column1500 cm*, and 128 spectra were averaged. They were

(Amersham Biosciences, Chicago, IL) followed by cationic acquired in the transition mode using a CaF2 liquid cell with
ion-exchange chromatography. a spacer of 5Qum. The reference spectra of solvents and

water vapor were subtracted afterward. The samples for the
FTIR measurement were prepared by dissolving AR0of
74RD in D,O containing 10 mM Tris (pD 7.5), 5 mM DTT,
and 100 mM NacCl. The HFIP concentration was 0 or 4.3%.
The samples were placed at 3C for 30 min and then
transferred to the cell for the measurements.

Preparation of Protein SolutionsAll of the sample
solutions were prepared by dissolving lyophilizetRD to
the buffer solution containing 10 mM Tris (pH 7.5), 5 mM
dithiothreitol (DTT), and 2QuM thioflavin T (ThT), with
pH being adjusted by HCI. The solution additionally
contained salts and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
or 2,2,2-trifluoroethanol (TFE). ThT was purchased from
Sigma-Aldrich Co. Other chemicals are of reagent grade

and obtained from Nacalai Tesque Co. (Kyoto, Japan). The  Structural Change of4RD in the Low Concentration
concentration of4RD was 12uM, except for the Fourier  Range of HFIPWe tested various alcohol species including
transform infrared (FTIR) spectral measurement. The protein methanol, ethanol, and TFE, but only HFIP was effective in
concentration was determined by the Bradford assay. inducing the aggregation e#RD without assistance of ionic
Kinetic Monitoring of the Aggregation of4RD. For cofactors. The strong effect of HFIP on the conformation of
monitoring kinetic changes in the light scattering and the 74RD was revealed by the CD spectroscopy in the far-UV
ThT fluorescence, the sample solution in a quartz fluores- region at 25°C. The spectrum without HFIP showed a typical
cence cell (3x 3 mm) was prepared at 1T in a water pattern for a highly disordered protein conformation (Figure
bath. The cell top was tightly sealed with the Parafilm. The 1A). The spectral shape changed quite sharply4t-6%
fluorescence cell was then transferred into the sample cellHFIP (Figure 1B), developing a spectral pattern representa-
folder of the fluorescence spectrometer F-2500 (Hitachi, tive of a large content of secondary structures within a few
Japan). The temperature of the cell folder was adjusted atminutes after the sample preparation. Turbidity of the sample
25 or 37 °C using a circulating water bath. The light- solutions also increased substantially within 15 min (mea-
scattering intensity was measured with the excitation/ sured by absorbance at 340 nm). The effects of HFIP at
emission wavelengths of 340 nm and the bandwidths of 2 higher concentrations than 10% were not considered in this
nm. The ThT fluorescence was measured with the excitation/study. The results indicated that HFIP in the relatively low
emission wavelengths of 440 and 480 nm and the bandwidthsconcentration range was a strong inducer of the aggregation
of 5 and 10 nm, respectively. The dead time for the of t4RD accompanied with the secondary structure forma-
temperature equilibration after the jump was about 60 s. tion. In contrast, TFE altered the CD spectrunt4RD more

RESULTS
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Wavelength (nm) Ficure 2: Kinetic analysis of the aggregation oARD induced

by HFIP monitored by the light scattering (A), ThT fluorescence
(B), and PJ220 (C). Thick solid lines, 100 mM NacCl and 4.3% HFIP

at 37 °C; thin solid lines, 0 mM NaCl and 4.4% HFIP at 3C;

and broken lines, 100 mM NaCl and 4.3% HFIP atZ5 The
solutions additionally contained 10 mM Tris (pH 7.5), 5 mM DTT,
and 20uM ThT, and the protein concentration was/. Arrows

in A and B indicate notches separating the faster and slower phases
of the kinetic traces.

B
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increase of HFIP up to 4.2% strongly enhanced the aggrega-
tion. The traces in Figure 2 were obtained at 4.3 or 4.4%
HFIP in the presence of 0 or 100 mM NacCl. At the higher
concentration of HFIP, the aggregation rate was too large to
monitor by the present method. The result in Figure 2A
showed that a large increase in the light-scattering intensity
occurred quite rapidly within a few minutes, followed by a
much slower phase. The kinetic profile obtained by the ThT-
binding method was similar to that obtained by the light
scattering and exhibited a two-phase pattern very clearly
(Figure 2B), indicating that both of the faster and slower
aggregation phases were accompanied with the enhancement
of the ThT binding. Secondary structure formatiorrdRD
in the aggregation process was monitored Bjxb The
temperature jump from 10 to 37C induced the rapid
reduction in P].2o (Figure 2C). It also changed in the two-
phase manner (Figure 2C). Note that the amplitude of the
change in the slower phase was small for the sample
containing 100 mM NaCl (a thick line of Figure 2C). The
results for all of the three methods demonstrated that the
kinetic property of the HFIP-induced aggregationztdRD
was not profoundly affected by the concentration of NaCl
) ) ) (thin lines of Figure 2). We also observed that the incubation
HFIP-Induced Aggregation of4ARD Monitored by Light gt 25°C substantially reduced the aggregation rates (broken
Scattering and ThT BindingThe aggregation of4RD in lines of Figure 2). In Table 1, kinetic parameters for the faster
the_ HFIP solution depend_ed cr|t|c_ally on the temperature, and slower aggregation phases at'87are given by fitting
which allowed us for using a simple temperature-jJump the traces of Figure 2 using a simple double-exponential
protocol. The samples were prepared at°l and the  fynction (see the caption of Table 1 for details).
aggregation was induced by elevation of temperatures Up to  \jorphological Analysis of the Aggregates by TEM.
37 °C (see the Materials and Methods). The aggregation Nanoscale morphology of the aggregates in the HFIP solution
kinetics was monitored by light scattering (Figure 2A), \yas studied by the negatively stained TEM method. In the
thioflavin-dye binding (Figure 2B), and[2z0 (Figure 2C).  presence of 100 mM NaCl and 4.3% HFIP, a large amount
Many previous reports used thioflavin S for studying the f granular aggregates was formed rapidly within 2 min of
fibrous aggregation of taulf), but thioflavin S slightly ~jncubation at 37C (Figure 3A). No clear fibrous component
altered the kinetic properties of the HFIP-induced aggregation \yas detected on the TEM grid. However, after a longer
(data not shown). Instead, ThT was used because it did nofincypation period, the fibrous components appeared in the
have the undesirable effect. ThT is known to bind specifically sample containing 100 mM NaCl (parts B and C of Figure
to the amyloid-type aggregates of various protein speciesg) More than 80% of the aggregates on the TEM grid were

5 10
[HFIP] (%)

[0],,,x10° (deg cm’/dmol)

20
[TFE] (%)

Ficure 1: CD spectroscopic analysis ofRD at 25°C. (A) CD

spectra in the far-UV region at various concentrations of HFIP.

The solution additionally contained 10 mM Tris (pH 7.5), 5 mM

DTT, and 20uM ThT, and the protein concentration was A1

The spectra were taken within 5 min after the sample preparation.

(B) Change in ]2z as a function of the concentration of HFIP.
(C) Change in @]220 as a function of the concentration of TFE.

40

gradually (Figure 1C), and no significant increase in solution
turbidity was observed.

including tau (8, 32, 33). The presence of ThT did not
significantly affect the results of the aggregation kinetics and
the TEM experiments of this study (data not shown).

The aggregation of4RD could not be detected at 3.8%
or the lower concentrations of HFIP at 3C, but a slight

fibrous in shape after the incubation for 30 min, although a
precise measure of the amount ratio of the fibrous to the
amorphous components could not be obtained by TEM or
the other methods used in this study. These results indicated
that the initial fast event of the aggregation monitored by
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Table 1: Kinetic Parameters of the Aggregation ProcessedRD in HFIP Solutiond

faster phase slower phase
fraction rate (min) fraction rate (min?)
scattering, 0 mM Nacl 0.594 0.06 1.2+ 0.5 0.41+ 0.08 0.056+ 0.003
scattering, 100 mM NaCl 0.74+0.03 0.82+0.10 0.26+ 0.03 0.056+ 0.006
ThT, 0 mM NaCP 0.53+ 0.07 2.0+ 1.0 0.47+ 0.07 0.049+ 0.010
ThT, 100 mM NaCi 0.62+ 0.03 15+ 04 0.38+ 0.03 0.048+ 0.012
[6]220, 0 MM NaCP 0.80+ 0.02 0.78+0.11 0.20+ 0.02 0.076+ 0.015
[6]220, 100 mM NaCt 0.91+ 0.05 0.76+ 0.08 0.09+ 0.05 0.080+ 0.019

aKinetic traces for the aggregation o4RD monitored by light scattering, ThT binding, artf]£o, whose representatives are shown in Figure
2, were fitted by a double-exponential functigh= A, + A{f exp(—t/t1) + (1 — f) exp(—t/t2)}, wheret is the incubation timef, and (1— f) gave
the fraction parameters of the faster and slower phases, respectively,raathd /1t, gave rate parameters. Each value in the table is calculated
by averaging the values obtained from three independent kinetic tfa¢@®6 HFIP.¢ 4.3% HFIP.

fibrous maturation did not progress. The results of the TEM
analysis demonstrated thatRD rapidly fell into the granular
aggregation state, whereas its fibrous maturation requires the
adjustments of the ionic environment and temperature.

As described above, incubation at 32 of 4RD in the
HFIP solution could only produce the nonfibrous granular
aggregates in the absence of the salts. At various time points
of this incubation, the concentration of NaCl was increased
up to 150 mM, and then the samples were further incubated
for 30 min. The TEM analysis was performed for these final
samples. The results showed that the addition of the salt at
any time points of<45 min could yield a large amount of
fibrous components (data not shown). The results suggest
that the granular aggregates formed in the salt-free condition
are the precursor aggregates that can be maturated into fibrils
with the assistance of anions.

Various salt species in place of NaCl were tested to gain
insight into the mechanisms of the salt-induced fibrous
maturation. The TEM analysis found that 10 mM of NaCl
was not sufficient for the fibril formation of4RD at 4.4%
HFIP (Figure 4A). Addition of 5 mM CaGlor 3.3 mM AICkL
was similarly ineffective (parts B and C of Figure 4). In
contrast, 5 mM of Ng5O, or N&S,05 containing divalent
anions initiated fibrous aggregation to a large extent (parts
D and E of Figure 4). NaSCN in 10 mM could also induce

250nm 100n the fibrillation (Figure 4F). Note that the SCNnion has a
Ficure 3: Negatively stained TEM images @#RD in various stronger binding affinity to positively charged sites of
aggregation states. The sample containing 100 mM NaCl incubatedproteins than the Clanion @34). The result indicated that

at 37°C for 2 min (A), 15 min (B), or 30 min (C). The sample ; A ; ; ;
without NaCl incubated at 37C for 30 min (D) and 5 h (E). The the anion species is a determinant fqr the fibrous maturation
of the aggregates in the HFIP solution.

sample containing 100 mM NacCl incubated at Z5 for 60 min
(F). The sample for G is the same as that for C. Secondary Structures of the Aggregates Formed in the

HFIP Solution.For studying the secondary structure of the
the spectroscopic methods was the formation of the granularaggregates of4RD in 0 and 100 mM NaCl, the CD spectra
precursor aggregates. Their maturation into the fibrous form at three different incubation times (0, 2, and 30 min) at 37
occurred in the later phase. The PHF-type twisted fibers with °C were measured. The existence of the isodichroic point
crossover points were also observed in the maturated samplemong the three spectra at each salt concentration (arrows
(Figure 3G). in Figure 5) strongly suggested that the secondary structures

In the absence of NaCl, however, the aggregates couldformed in the faster and slower aggregation phases were
not gain the fibrous shape in the slower step of the similar to each other. Furthermore, each spectrum in Figure
aggregation. After the incubation at 3T for 60 min, the 5A was quite similar in shape to the corresponding spectrum
shape of the aggregates was still amorphous (Figure 3D).in Figure 5B, which indicated that the secondary structures
Even after the incubation for several hours, the fibrous of aggregates in the absence of NaCl were almost identical
maturation was not observed, and instead, secondary segto those in 100 mM NaCl. To get more detailed structural
regation of the amorphous components occurred (Figure 3E).information, the CD spectra were numerically analyzed using
We also found that most of the aggregates formed &t@25 the CDPro program packaggl). The package includes 10
were amorphous even in the presence of 100 mM NaCl, andreference data sets, but only 2 sets containing spectra of
only a few short fibers were detected (Figure 3F). When the denatured proteins could give good fits and reasonable
incubation at 25°C was prolonged for several hours, the estimate values of the secondary structure content for the




HFIP-Induced Fibrillation of the Tau Repeat Domain Biochemistry, Vol. 43, No. 42, 2004.3617

Table 2: Secondary Structure Analysis of the CD Spectrad®D and Its Aggregates in HFIP Solutiéns

o helix (%) S sheet (%) turn (%) random (%)
0 mM NacCl, 4.4% HFIP, 10C 3+1 15+ 4 9+3 777
0 mM NacCl, 4.4% HFIP, 37C, 30 min 19+ 2 22+3 19+ 2 40+ 3
100 mM NaCl, 4.3% HFIP, 16C 1+2 11+5 10+1 78+ 6
100 mM NacCl, 4.3% HFIP, 37C, 30 min 17+ 2 23+ 2 18+ 2 42+ 7

a Each value is the average of four independent runs of CONTINLL and SELCOMS3 using two reference data sets containing the data of denatured

proteins 81). The spectral data used in this analysis ranged in wavelength from 194 to 240 nm (Figure 5).
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Ficure 5: CD spectra in the far-UV region of4RD and its
aggregates in 0 mM NaCl and 4.4% HFIP (A) or 100 mM NacCl
and 4.3% HFIP (B). Broken lines, spectra at 10 without
aggregation; thin solid lines, spectra at&7 for 2 min; and thick
solid lines, spectra at 37C for 30 min. An arrow in A and B
indicates an isodichroic point of three spectra.

derivative demonstrated that the fibrous aggregation induced
by HFIP was accompanied with the appearance of the band
at 1614 nm (Figure 6). This is a clear sign for theheet
250 nm structures and typical for the amyloid-type fibrils. At present,
Ficure4: Negatively stained TEM images of théRD aggregates ~ OWever, we cannot exclude the possibility that the aggrega-
formed by incubation for 30 min at 37 in the presence of 10  tion state represented by the IR spectrum could be substan-

mM NaCl (A), 5 mM CaC} (B), 3.3 mM AICl; (C), 5 mM Na- tially different from that analyzed by CD because of the

SQ, (D), 5 MM N&S,0s (E), or 10 mM NaSCN (F). The sample  gifference in the sample conditions.
solutions additionally contained 10 mM Tris (pH 7.5), 5 mM DTT,

20 uM ThT, and 4.4% HFIP. DISCUSSION

experimental spectra of the highly disorderstRD (the Aggregation ofr4RD in the HFIP Solutionln this study,
dotted lines in Figure 5). We therefore used the 2 referencewe searched for the solution conditions in which the fibrous
sets in the present analysis. The results in Table 2 demon-aggregation 0f4RD was promoted without polyanions or
strated that all of thei-helical, 5-sheet, and turn structures anionic micelles and found that HFIP combined with simple
were formed in the aggregation processtdRD. It also inorganic salts enhanced the fibrillation very efficiently
confirmed that the secondary structures of the aggregates infFigure 3C). The amyloid-type fibers in the HFIP solution
the low-salt solution were almost identical to that in the are rich in the ThT-binding sites and tffesheet structures

solution containing 100 mM NacCl. and also exhibited the Congo red birefringence (data not
The amyloid-type fibrous aggregates including the core shown).
part of PHF and SF of tau are known to be richghsheet Alcohol in solution is well-known to break tertiary folds

structures35—39). To confirm theB-sheet-rich conformation  of proteins, while the unfolded protein chains take a
of 74RD in the HFIP-induced fibrils, FTIR spectroscopy was secondary-structure-rich conformation in the alcohol solution
employed. Note that the sample used for the FTIR analysis (22). These alcohol effects on proteins have been argued to
was prepared usingD instead of HO and a higher protein  be membrane-mimicking2g, 30, 40), but the alcohol is the
concentration (12@M). The fibrous aggregation af4RD nonionic agent and therefore distinct from biomembranes or
in this solution condition was confirmed by TEM (data not other membrane-mimicking agents such as anionic deter-
shown). The IR spectrum in the amide | region and its second gents. Thermodynamically, the alcohol effects have been
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74RD and its fibrous aggregates. The protein concentration was
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on the alcohol concentration28). We would suggest that
HFIP enhances the collapse or assembly of polypeptide
chains in low concentrations (e.g., 5% or less), while this
tendency decreases in the higher concentration range of the
alcohol (e.g.,>10%). It has often been argued that the
secondary structure formation of unfolded protein chains in
fluoroalcohol solutions well-correlated with the aggregation
tendency of the proteingl6, 47). However, the mechanism
that underlies this phenomenon could be quite complex,
where fine balancing of thermodynamic forces exerted on
various polypeptide components plays a crucial role.

Fibrous Maturation oft4RD AggregatesThe formation
of the ThT-binding aggregates in the HFIP solution was,
however, not sufficient for4RD to fall into the pathway of
the fibril formation. For the fibrous maturation, the highly
ionic environment was required (Figure 3). High efficiency
of divalent anions and SCNfor inducing the fibrillation
(parts D-F of Figure 4), together with the relatively low
effective concentration range of these anions, indicated that
the direct binding of anions to the positively charged sites

120uM. The sample solutions contained 10 mM Tris (pH 7.5), 5 Of 74RD was responsible for the fibrous maturation of the

mM DTT, and 100 mM NacCl in PO and were incubated at 3T
for 30 min. Broken lines, 0% HFIP; and thin solid lines, 4.3% HFIP.

explained by a reduction in solubility of the polypeptide
backbone and an increase in solubility of the hydrophobic
componentsq1). Among the alcohols, HFIP and TFE are

precursor aggregates. However, it did not imply that the
electrostatic neutralization was required for condensation of
4RD because the intermolecular association was already
enhanced very strongly by HFIP. The binding of anions to
the positively charged sites ofiRD probably modified the
conformation of the precursors, which initiated their ordered

exceedingly strong agents that induce collapse and secondaryrangement into the fibers. Notably, the secondary structure

structure formation of polypeptide chain26( 41). The
drastic effects of the fluoroalcohols may be originated from
their preferential solvation to the polypeptide components

(42—45). HFIP and TFE are also known as the agents that

promote amyloid-type aggregation of protei28,(46, 47).

Consistently with these previous studies, we found that HFIP

induced the aggregation a4RD accompanied with the
formation of secondary structures (Figure 5 and Table 2)
and the ThT-binding motifs (Figure 2B). The HFIP-induced
aggregation ot4RD occurred even in the low-salt solution
(Figure 2), implying that no ionic cofactor was required to
form the ThT-binding aggregates of the tau repeat domain

We presently observed that TFE did not induce the aggrega-

tion of 74RD, which could be explained by the weaker effect
of TFE on the polypeptide structures than that of HR2B, (
41). Addition of high concentrations of inorganic salts might
induce the aggregation ofiRD in the TFE solution, which
was not tested extensively in this study.

composition of the fibrous aggregates was essentially the
same as that of the amorphous aggregates in the low-salt
solution (Figure 5 and Table 2), whereas nanoscale morphol-
ogy of the aggregates was much different from each other
(Figure 3). This discrepancy indicates that a minor change
in the conformation of the precursor aggregates is critically
important for determining their nanoscale arrangement. In
contrast to the present results for HFIP, polyanions and
anionic micelles induce the fibrous aggregation of tau more
effectively in the lower salt solution1d, 18—20). It is
plausible that the anionic sites of these cofactors play
essential roles in both attraction of tau molecules and their
conformational adjustment.

The nucleation-dependent aggregation kinetics is widely
common for the amyloid-type fibrous aggregation of proteins
(49). This type of kinetics was also demonstrated for the
fibrillation of tau induced by heparirbQ) or anionic micelles

HFIP often dissolves preformed protein aggregates or (17,512). In the present condition, we observed that the kinetic

inhibits aggregation4®), which is in clear contrast with the
present findings. It is also known that HFIP alters the
morphology of the SG rod of PrP by disassembling the
aggregates4@). We also observed that an increase in the
concentration of HFIP up to 18% or more in the present
experimental condition redissolved the aggregatest&D
preformed in the lower HFIP concentration (data not shown).
It is plausible that the alcohol effect on the protein structure

is varied in quality depending on the concentration range of

rate of the precursor formation e##RD was much faster
than the fibrous maturation step in the HFIP solution. This
slow fibrillation step might be nucleation-dependent. In fact,
we observed a notch separating the faster and slower steps
in the kinetic traces monitored by ThT and light scattering
(arrows in parts A and B of Figure 2). An improved
temperature-jump protocol with a better time resolution than
that used in this study is required for clarifying this point.

The scheme in Figure 7 summarizes the aggregation

the alcohol. In fact, we have previously observed that HFIP process oft4RD in the HFIP solution. The granular
in a low concentration range induced collapse of an unfolded thioflavin-binding aggregates are formed as precursors,

protein chain, while in the higher concentration, it induced
a highly expanded helical conformation of the proted)(

Fink and co-workers also found that alcohols promoted
aggregation oft synuclein in a variety of fashions depending

followed by their fibrous maturation with the assistance of
anions and temperature. This aggregation scheme might be
valid for aggregation of tau in a variety of solution conditions
and is actually consistent with the recent observation by the
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Intermediate aggregates
ThT-binding (+)
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Ficure 7: Aggregation pathway of4RD in the HFIP solution.

Kuret's group that the formation of a thioflavin-binding
intermediate on the surface of the anionic micelles occurs

ahead of the fibrous aggregation of tdLr), Their observa-

tion, together with our present results, suggests that the repeat 6.
domain of human tau has a strong intrinsic tendency to form

the thioflavin—dye-binding motif.

Biological Implications.The negatively charged surfaces

of biomembranes or microtubules are candidatesnfeivo
nucleation sites for the tau fibrillationl6—20). Previous
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