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ABSTRACT. Tau is a microtubule-associated protein in mammalian brain. In Alzheimer’s disease, this
protein is present in the somatodendritic compartment of certain nerve cells, where it forms a portion of
paired helical filament, the major constituent of the neurofibrillary tangle. For clarification of the
mechanism of this formation, recombinant human tau and its fragments (N-terminal half, C-terminal half,
and 4-repeats) expressedischerichia coliwere prepared, eight peptide fragments (C-tait8)Lof the

C-tail region were synthesized, and the conformation and capacity for aggregation essential for filamentous
structure formationn vitro were examined. Recombinant full-length tau, the N-terminal half, 4-repeats,
and the C-terminal half did not form filamentous structures in aqueous solution after standinfGat 20
Peptides corresponding to the C-tail region of tau, C-tail 5, C-tail 7, and C-tail 8, produced the paired
filament or single straight filament in acidic solution. The rate of filament formation by each peptide
was followed by circular dichroism, which showed the C-tails to have predominantly random coil structures
immediately following dissolution in agueous solution and be gradually converted fogheet structure.

The kinetics of aggregation were characterized by a delay period during which the solution remained
clear, followed by a nucleation event which led to a growth phase, whose negative peak intensity at 218
nm in circular dichroism increased due to filamentous structure formation. This delay was eliminated by
seeding supersaturated solution of preformed filaments. C-tails interacted with recombinant full-length
tau to form definite single straight filament. The C-tail region of tau is thus shown indispensable to the
formation of paired helical filament and nucleation to reduce the rate of paired helical filament formation
in amyloidogenesisn vitro. These findings may provide some clarification of the pathogenesis of
Alzheimer’s disease.

The microtubule-associated protein tau has been isolatedamount in Alzheimer’s disease brain is about 8 times that in
by copurification with tubulin from cells of many different  control cases1(1), and the 3- and 4-repeat regions of tau
species 1, 2), and its presence has been shown restricted isoforms are incorporated into the Pronase-resistant core of
almost entirely to axons in the braiB{5). Tau promotes PHF (12). Current Alzheimer’s disease research is conducted
microtubule assembly and stability in the nervous system primarily to determine the nature of PHF deposits in the
(6). Multiple isoforms of tau (six types) are generated from prain, and mechanisms leading to PHF formation, though
a single gene through alternative RNA splicirig-@). In partially understood, should be clarified more fully. To
normal cells, this protein is associated with axonal micro- clarify the functions of tau under normal and pathological
tubules, whereas in Alzheimer’s disease, it is present in the conditions, the structure and self-assembly of this protein
somatodendritic compartment of certain nerve cells as theshould be examined18—19). Recombinant human tau
major component of the paired helical filament (PHR)e isoforms expressed ifEscherichia colihave been shown
principal constituent of the neurofibrillary tangfé, (10. Its biologically functional in microtubule assemblg@). The
mechanism for PHF formatidn vivo is not fully understood.
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1 Abbreviations: PHF(s), paired helical filament(s); SSF(s), single ; _ ; ; ;
straight filament(s)SAPP, 8 amyloid precursor protein; SDS, sodium ing to C terminal residues, 67695, of ﬁAPP in the

dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; IPTG, presence of ta2(l), suggesting the C-terminal fragment of
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the fine structure of tau, recombinant human tau and its the tau cDNA fragment thus obtained was subcloned into
fragments expressed . coli were prepared, and C-tail Ndd/BarnHI-cut plasmid pAR3040 to generate pSC15 whose
peptide fragments were synthesized to determine the par-human tau proteins can be synthesized under the control of
ticular portion of tau that is critically required for PHF T7 RNA polymerase promoter. The recombinant plasmid,

formation. pSC15, was transformed . coli BL21(DE3) cells. The
recombinant plasmids, pSC17 (containing N-terminal half
MATERIALS AND METHODS tau), pSC18 (containing C-terminal half tau), and pSC19

(containing 4-repeats of tau), were generated after introducing
Ndd/BarmHI-cut PCR products into théldd/BanHI-cut
plasmid pAR3040 and transformed irfo coli BL21(DE3).

N-Terminal Amino Acid Sequence Determination of Re-
combinant Human Tau and Its Fragment&rude protein
samples were separated by SEFAGE and electroblotted
onto a siliconized-glass fiber membrane according to Eck-
erskorn et al. Z6). A protein band detected after staining
with Coomassie Brilliant Blue was cut out of the membrane,
washed in distilled water, and dried, and the N-terminal
amino acid sequences were determined using an Applied
Biosystems 477A sequencer.

Expression and Purification of Recombinant Human Tau

Amplification of Human Tau cDNA by PCR{uman brain
cDNA library (cloned inAZAPII) was kindly provided by
Prof. Sakaki (University of Tokyo, Japan). Phage was
propagated irE. coli LE392 as the host cell. Phage DNA
was prepared according to the plate lysate methg), (
digested with the restriction enzynieoRI, and used as the
template for PCR. To amplify full-length human tau cDNA,
forward primer 1 (40-mer) containing oligonucleotide
sequences comprised of the start codon ATG and its flanking
region, 3>3TGTCGACTATCAGGTGAACTTTGAACCAG-
GATGGCTGAGC-3, and reverse primer 2 (40-mer) con-
taining oligonucleotide sequences comprised of a comple-
mentary stop codon, TCA, and its flanking regiori; 5 . X
TTATTGACCGCCCCAGGGGCCTGATCA CAAACCCTG- and Its Fragments.Overmght cultures_ ofE. coli C(_alls

) — . transformed with a parental or recombinant plasmid were
CTTG-3, were synthesized. The sequences of these primers . A .
: . : diluted 1:10 in fresh medium (NZCYM2Q@) and grown for

were determined based on previously published human tau o . .

: , 1 hat37°C. After adding IPTG to 1 mM and culturing for
CDNA (). PCR reactions with vent DNA polymerase (New 1—4 h, the cells were collected by centrifugation. Recom-
England Biolabs) were conducted using standard buffer. Thebinant,tau rotein was assessedyb resusgendiﬁ the pellet
reaction mixture (10@:L) contained 1uM of each primer, P y P g P

from 1 mL of culture in 10QuL of sample buffer, boiling
200uM of each dNTP, 200 ng of DNA template, 14 of : ) 0
10 x PCR buffer, and 42 units of DNA polymerase. The for 5 min, and running on a 10% SBAGE gel and then

best conditions for three-step PCR were template denatur-Staining with Coomassie Brilliant Blue. Cells containing
ation at 94°C for 4 min followed by 30 cycles of 57C, 1 pSC15 (full-length tau) were treated with lysis buffer (50

min; 73°C, 2 min; 94°C, 1 min, followed by a final cycle mM T”Sf'rd’ pH8.0, 1 mM ED'fI'A, g:l M l(;laCI) ck(:nltalnlng q
of 57 °C. 1 min: and 72C. 10 min 4 mg of lysozyme, 12.8 mg of sodium eoxyc olate, an
' ' ' ' 20 uL of DNasel (I mg/mL) per gram oE. colifor 1 h at

Following confirmation of the above amplified whole 4 °C, boiled for 10 min, and centrifuged at 27@for 30
sequence as true human tau cDNA (htau 24 isoform, 383 ... at 4°C. Tau could be further purified owing to its

amino acids), the DNA was used as template DNA for solubility in 2.5% perchloric acid and insolubility in 25%

prepgration of the N-terminal half (IMet to 191Pro), C- glycerol €7) and by phosphocellulose column chromatog-
terminal half (192Met to 383Leu), and 4-repeat (192Met to raphy 6). Native Alzheimers PHFs were obtained from
318Leu) sequences of human tau cDNA through PCR Dr. S. Katayama (Mitsubishi Chemical Corp.).

amplification. The synthesized forward and reverse primers
(40-mer) contained Bidd site in the initiation condon, ATG, ¢ - "Hiuman Tau IsoformPeptide fragments corresponding
and aBanHI site just behind the stop codon, respectively. to the C-tail region of a human tau, htau 24 isoforg), (
Cloning of PCR Products of FuII—I__(_ength Tau in E. coli. ere synthesized by a solid-phase mett28) with a peptide
Full-length PCR products were purified and theirefids  synthesizer (Biosearch Model 9500). As shown in Figure
phosphorylated by T4 polynucleotide kinase. Plasmid DNA 1 the peptides included C-tail 1 (32835), C-tail 2 (336-
(pUC18) was digested witBma and dephosphorylated by  350) C-tail 3 (351-363), C-tail 4 (364-380), C-tail 5 (338-
calf intestinal alkaline phosphatasé&. coli cells (JM 109) 380), C-tail 6 (336-363), C-tail 7 (351-380), and C-tail 8
were transformed with a ligation mixture, and the transfor- (326-380). The peptides, each having an N-terminal amino
mants containing the recombinant plasmid, pSC7, were group and a C-terminal carboxyl group, were cleaved from
selec_:t_eql as white colonies on the LB/X-gal plate containing the resin with hydrogen fluoride by the Low-High procedure
ampicillin. (29) and purified by chromatography on a gel filtration
DNA Sequencing Both strands of cloned human tau column (Sephadex G-50F or G-25F), ion-exchange column
cDNA were sequenced by the dideoxy chain termination (CM52 or DE52, Whatman), reversed-phase column (Shim-
method R4) using a sequencing kit (United States Biochemi- pack ODS-PREP(H), Shimadzu), and desalting column
cal) with synthetic oligonucleotides as primers. (Sephadex G-10). Peptide purity was assessed by TLC,
Construction of Expression Vector§he plasmid pSC7  analytical high-pressure chromatography, and amino acid
containing a full-length human tau cDNA insert was first analysis. Peptide sequences were determined by a gas-phase
modified to produce pSC71 possessing a unidied protein sequencer (Applied Biosystems Model 470A). Pep-
restriction enzyme site in the initiation codon ATG, using tide molecular weight was determined with a FAB mass
two annealed oligonucleotides. To express cloned humanspectrometer (JEOL HX100).
tau cDNA in anE. coli pAR (25), a vector system was Preparation of Paired Helical Filaments from Synthetic
established. Following cleavage witdd/BanHI of pSC71, C-Tail Peptides Synthetic C-tail peptide fragments were

Synthesis of Peptides Corresponding to the C-Tail Region
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Ficure 1: Fragments of a human tau isoform, htau 84 The residues of the fragments are numbered. The secondary structure of C-tall
8 was predicted by the method of Chou and Fasr38&h f, a-helix; s,5-sheet; t, turn. The N-terminus starts from the second amino acid,
since the initiating methionine residue is cleaved awaf.ircoli cells.

dissolved in distilled water, 20 mM acetate (pH 4.0), 20 mM HCI (pH 7.5), and CD spectra were measured immediately.
MES (pH 6.0), or 20 mM Tris-HCI (pH 7.5) at a final
concentration of 0.£0.3 mM. The solution (20@L) was RESULTS
placed in an Eppendorf tube (0.5 mL), for incubation at 20 Cloning, Expression, and Purification of Recombinant
°C. Human Tau and Its FragmentsHuman tau cDNA was
Transmission Electron Microscopyror electron micros-  amplified by PCR and cloned, and the sequence was
copy, a drop of sample was placed on a carbon-coateddetermined by dideoxy chain termination. The cloned DNA
collodion grid, followed by application of 2% uranyl acetate sequence was identical with previously published human tau
and observation under a JEM 1200EX electron microscopeclone htau24 cDNA §) except for only a single base
at 80 kv. (636G—A transition), and there was no change in the
CD Measurement CD spectra were measured at 2D corresponding amino acid (Pro). The cloned human tau
on a JASCO J-600 spectropolarimeter equipped with a cDNA was overexpressed iB. coli and purified by heat
personal computer and a quartz cell with 1 mm light path. treatment and phosphocellulose column chromatography. The
The results were expressed as mean residue elliptiélly, [ expressed protein was confirmed as true human tau protein
Temperature was controlled with a thermostatically con- based on N-terminal amino acid sequences read as Ala-Glu-
trolled cell holder. Synthetic C-tail peptides (0.3 mM) were Pro-Arg-GIn-Glu-Phe-Glu-Val-Met-Glu-Asp-His-Ala-Gly-
dissolved in distilled water and incubated at°ZQ Prior to Thr-Tyr-Gly, indicating the initiating Met residue to have
measurement, the sample solution was diluted to3uM already been cleaved iB. coli cells. Figure 1 illustrates
with distilled water to enhance the signal-to-noise ratio, the constructs used in this study. Cloned human tau cDNA
following which no change in CD spectra of the sample could served as template DNA for constructing the N-terminal half
be detected for at least 2 or 3 days. CD spectra of synthetic(1Met to 191Pro), C-terminal half (192Met to 383Leu), and
C-tail peptides were measured in buffer and in buffer 4-repeat (192Met to 318Leu) sequences, which were also
containing SDS and TFE, respectively. Sample solutions overexpressed i&. coli and purified by heat treatment and
of the C-tail peptides (3060 «M) were prepared by diluting  phosphocellulose column chromatography. Analysis of the
stock solutions with 20 mM Tris-HCI (pH 7.5), 20 MM SDS  N-terminal amino acid sequences indicated deletion of the
in 20 mM Tris-HCI (pH 7.5) and 40% TFE in 20 mM Tris-  initiating Met residue. SDSPAGE of the recombinant
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proteins showed full-length tau and its dissected fragments
to have molecular weights exceeding those expected from
actual mass.

Filamentous Structure Formation from Recombinant Full-
Length Tau and FragmentsStudy was made to determine
whether recombinant tau constructs are capable of self-
assembly in aqueous solution. In agueous solution (water,
pH 4.0, and pH 7.5) of recombinant full-length tau after
standing at 20C, no definite filamentous structures could
be found by electron microscopy, as was also the case for
aqueous solution (water, pH 4.0, and pH 7.5) of the
N-terminal half, 4-repeats, and C-terminal half.

Paired Helical Filament Formation from C-Tail Peptide
Fragments As shown in Figure 1, the C-tail region of full-
length tau was first dissected into four segments, as C-tail
1, C-tail 2, C-tail 3, and C-tail 4. The capacity for self-
assembly in water, 20 mM acetate (pH 4.0), and 20 mM
Tris-HCI (pH 7.5) was examined. Only C-tail 3 formed
filamentous structures during prolonged incubation. This tail
in water or 20 mM acetate (pH 4) had showed very little
linear thin filament formation after incubation at 2G for
36 days (data not shown). In 20 mM Tris-HCI (pH 7.5), no
formation occurred. Longer C-tail 5, C-tail 6, C-tail 7, and
C-tall 8 corresponding to connected segments of C-tail 1 to
C-tail 4 (Figure 1) were synthesized and examined for self-
assembly and morphology in different aqueous solutions.
C-tail 5 in 20 mM acetate (pH 4.0) formed very long SSFs
after incubation at 20C for 28 days (Figure 2a). SSF is a
filament showing a more uniform axial pattern of stain
exclusion than PHF under electron microscopic observation.
This uniformity may be due to the formation of a strongly
twisted helical strand. PHF consists of two filaments wound
loosely together. Many separated fine particles maint2@
nm in diameter were formed following dissolution at ZD.

The separated fine particles gradually assembled near very|
short single or paired filaments (Figure 2b), which subse-
quently were slowly transformed into longer paired filaments
in parallel. These filaments became loosely twisted and
finally turned into long SSFs (Figure 2a). Early in incuba-
tion, many fine particles became attached to growing paired
filaments but eventually disappeared, all within a period of
a month at 20C. C-tail 5 formed short paired filaments in
parallel in water after incubation at 2C for 63 days. C-tail
5in 20 mM MES (pH 6) and 20 mM Tris-HCI (pH 7.5)
showed no filaments under the same conditions. C-tail 6
produce no filamentous structures in 20 mM acetate (pH 4.0)

or water. . '
) o i ) FIGURE 2: Electron micrograph of filamentous structures formed
C-tail 7 formed several thin filaments in parallel in water from C-tail 5 and C-tail 7. (a) C-tail 5 (0.146 mM) in 20 mM acetate

after incubation at 20C for 5.5 h (Figure 2c). Similar  buffer (pH 4.0) was incubated at 2@ for 28 days. (b) C-tail 5

filamentous structures were formed in 20 mM acetate (pH (%1f467m('jv') in %0) rg'\f ?}°7et(%tes b”;‘;gr. (pH ‘t‘-o) Was.'“cubb"’t‘t%d %tzzoo
: - °C for ays. (C -tal o m In water was Incupbated a

4.0) but were shorter t.han in water. No filamentous o< 0\ 55 Scale bars represent 100 nm.

structures could be seen in 20 mM MES (pH 6.0) or 20 mM

Tris-HCI (pH 7.5). particles were completely converted into parallel paired

As shown in Figure 3, C-tail 8 containing most of the tail filaments after 26 days (Figure 3c). Essentially the same
region of tau protein produced many parallel paired filaments was noted for C-tail 5. Longer incubation time led to very
in water and 20 mM acetate (pH 4.0) after incubation at 20 closely assembled parallel paired filament formation (Figure
°C. Single and paired filaments were-6 and 13 nm in 3d). This formation from C-tail 8 was noted to occur at pH
diameter, respectively. At the start of formation, many fine 3—4 and below, where, only shorter pairs were evident (data
particles could be seen attached to the filaments (Figure 3a),not shown). At pH 5-5.5, several parallel paired filaments
but these gradually disappeared and were replaced by manypecame loosely twisted (data not shown). At pH7E5, only
parallel paired filaments (Figure 3b). Most of the fine a fine particle aggregate could be seen.
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Ficure 3: Electron micrograph of different types of filamentous structures formed from C-tail 8. C-tail 8 (0.088 mM) in water was incubated
at 20°C for 9 days (a), 18 days (b), 26 days (c), and 29 days (d). All scale bars represent 100 nm.

C-Tail Peptide Fragment Conformation in Aqueous Solu-
tion. The CD spectra of C-tail peptide fragments were
measured immediately following dissolution in water, 20 mM
acetate (pH 4.0), 20 mM Tris-HCI (pH 7.5), 20 mM Tris-
HCI (pH 7.5) containing 20 mM SDS, and 20 mM Tris-HCI
(pH 7.5) containing 40% TFE. The CD spectra of the C-tail
peptide fragments (C-tails-18) in water or buffer alone

assumption (Figure 5a).60].1s nm after incubation for 8 h
was 2.5 times that immediately following dissolution. A
gradual change in the CD spectrum after a day was noted
for C-tail 7 in aqueous solution. Strikingly greater negative
Cotton effect was noted with two peaks at 208 and 220 nm,
indicating a-helical structure formation. CD spectra at
different times of incubation showed no isodichroic point.

showed all peptide fragments to have unordered structures An aqueous solution of C-tail 7 would thus appear to cause

C-tail 4, C-tail 5, C-tail 7, and C-tail 8 assumedhelical
structures in 20 mM SDS and 40% TFE (Figure 4), but C-tail
1, C-tail 2, C-tail 3, and C-tail 6 remained essentially random
under the same conditions (data not shown). C-tail 4, C-tall
5, C-tail 7, and C-tail 8 in SDS and TFE solution were
examined for their ability to aggregate, based on molar
ellipticity in 20 mM SDS and 40% TFE. Between 5 and
120 uM, the molar ellipticity at 220 nm changed less than
5%, indicating essentially no aggregation.

C-Tail 7 and C-Tail 8 Conformation in WaterBoth tail
CD spectra were noted following incubation at°2Din water
(Figure 5). The CD spectrum of C-tail 7 measured im-
mediately after dissolution showed a negative maximum
value below 200 nm, indicating a random caoil structure to
be predominant (Figure 5a). Rapid change in the CD
spectrum was evident following incubation at 20. The

a three-state transition, as random eeif5-sheet— o-helix.

The CD spectrum of C-tail 8 in water measured im-
mediately after dissolution showed a negative peak at 198
nm, indicating C-tail 8 predominantly to take on a random
coil structure (Figure 5b). No gradual change in the CD
spectrum was noted after incubation at°Z0 A negative
peak at 198 nm very slowly shifted to 218 nm, indicating
predominantly g-sheet structure for the peptide. CD spectra
at different times of incubation showed isodichroic points
at 206 nm, and thus a two-state transition. The intensity of
the negative peak at 218 nm was easily altered by the
presence of parallel paired filaments. A solution containing
many such filaments showed a strong negative peak at 218
nm. Figure 6a shows the time course of ellipticity at 218
nm. This parameter at 0.088 mM did not change for 22 days
but thereafter gradually increased to a maximum in 29 days.

negative Cotton effect at 218 nm became remarkably For 5-sheet structure formation, there was thus a lag time

stronger, indicating the formation of thsheet structure

of 22 days; formation proceeded logarithmically, finally
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Ficure 4: CD spectra of C-tail 4 (a), C-tail 5 (b), C-tail 7 (c), and C-tail 8 (d) in different solutions. CD spectra were measured in 20 mM
Tris-HCI (pH 7.5) (), 20 mM Tris-HCI (pH 7.5) containing 20 mM SDS-{), and 20 mM Tris-HCI (pH 7.5) containing 40% TFE (---)

at 20°C.

reaching a plateau in 29 days. That paired filaments the mixture at pH 6.0. The addition of preformed paired
subsequently accelerated the formation of this structure filaments to the mixture considerably accelerated the forma-
appears to reflect the occurrence of these events. Figure 6a,tion of tightly twisted paired filaments.
indicates higher concentration of C-tail 8 and higher incuba-
tion temperature to lessen the lag time of transformation. At DISCUSSION
60°C, C-tail 8 rapidly assumed thsheet structure though PHFs are composed of the microtubule-associated protein
there was considerable precipitation of this tail after incuba- tau, in a hyperphosphorylated state. The hyperphosphoryl-
tion for 3 days. The optimum pH fof-sheet structure  ation of tau rendered it incapable of binding to microtubules.
formation was 3-4, the same as that of paired filaments.  The abnormal phosphorylation of tau was previously con-
Figure 6¢ shows the effects of preformed paired filament sidered a prerequisite for self-assembly into PHEs (
on the rate of transition from a random coil fbsheet  Extensive conformational change occurs when tau protein
structure. The increase in negative ellipticity at 218 nm was is converted to PHF. Some amino and carboxy termini of
significantly accelerated by a small number of preformed tau are cleaved in extracellular tangles, indicating the core
paired filaments. The structural change was proportional to of PHF to possibly be comprised of three to four tandem
added preformed paired filaments, and thus was mediatedrepeat regions of tau which normally functions in the
by a mechanism in which paired filaments autocatalytically microtubule-binding domair8(). Only shortened 3-repeat
accelerate filament formation. That is, preformed paired tau fragments have been shown to assemble in paired helical-
filaments served as a template for subsequent formation. Thelike filamentsin vitro (19).
formation of a small number of paired filaments leads to  For further clarification of the structural features of tau
PHF formation. required for PHF formatioim vitro, a method for producing
Interaction of Full-Length Tau with C-Tails 5, 7, and 8 PHFsin vitro should be established. A recombinant isoform
Neither full-length tau nor C-tail produced any filaments in (htau 24) of human tau and its fragments, the N-terminal
MES (pH 6.0), but did so through interactions with each half, C-terminal half, and 4-repeats expresse#.inoli, were
other in this buffer. An equimolar mixture of full-length  prepared and examined for self-assermiblyitro. No PHF
tau and C-tail 5 or C-tail 7 produced loosely twisted paired formation from recombinant full-length tau or fragments in
filaments in MES (pH 6) following prolonged incubation normal aqueous solution could be found. Tau isolated from
(Figure 7a,b). Such a mixture of full-length tau and C-tail brain tissue self-assembles into fibrous structules (6.
8 formed tightly twisted paired filaments resembling SSFs PHF-like structures have been observed from recombinant
in MES (pH 6.0) after incubation for 154 days (Figure 7¢). human tau with 4-repeats corresponding to the 441 amino
Paired filament formation thus appears to occur slowly in acid isoform (htau40) expressedn coli (32).
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FicurRe 5: CD spectra of C-tail 7 and C-tail 8 in water. (a) Spectra
of C-tail 7 (0.3 mM) were obtained immediately following 0
dissolution after incubation for 0 h, 2 h, 5.5 h, 8 h, 1 day, 2 days, I 1 I 1 I |
and 3 days at 20C, reading downward at 215 nm. (b) Spectra of =

)

C-tail 8 (0.088 mM) were obtained after incubation for 18, 21, 24, 8 -
26, 28, and 29 days at Z&, reading downward at 218 nm. by

Nonphosphorylated recombinant tau and hyperphospho- ?,
rylated tau have recently been shown to form PHFs in the g i
presence of sulfated glycosaminoglycans such as heparin and ;-
heparan sulfate3@). Such structures have been prepared 2
under certain conditions such as dialysis of the urea-soluble XE 7]
fraction of tau of porcine brain and its microtubules, spraying &
of glycerol solution of tau, vapor diffusion in hanging drops = ]
in the protein crystallization, and the presence of sulfated 14
glycosaminoglycans. These conditions differ from those of
this study in which aqueous solution containing tau was made Day
to stand without disturbance over a long period at°@0 FiIGURE 6: (&) Time course ofi-sheet structure formation from

PHF-like structure formation would thus appear to occur only ﬁgﬁii'tgrie“d"‘éztet[]g‘tiﬁgr%;’;2eir:c’r:ren;et‘it?vneOf];asat‘ne%;té‘dg“eﬁ; tl"‘é‘?; at
_under special COﬂdItIOI’lS.. Vapor diffusion in hanging drops 218 nm. Concentration of C-tail 8: 0.088), 0.1 ©), 0.15 (),
increases the concentration of tau. A few short rod structuresg 2 (»), and 0.35 mM ). (b) Effects of temperature on the
were noted to form at 60C (data not shown). An aqueous formation of -sheet structures form C-tail $-Sheet structure
solution of recombinant full-length tau showed a negative formation was monitored as the increase in negative mean residue
Cotton effect at 194 nm, thus indicating a random structure. elliPticity at 218 nm. Aqueous solution (0.3 mM) of C-tail 8 in

: . L water was incubated at 20C (@), 37 °C (O), and 60°C (a),
This effect at 194 nm decreased with rise in temperature roshoctively. The CD spectrum after incubation for 4 days at 60

from 10 to 70°C. Thus, with increasing temperature, the °C could not be measured owing to the large amount of precipitate
random structure disappears and is replaced with a morein solution. (c) Rate enhancement fsheet structure formation
ordered secondary structurd4f. This situation has also by preformed aggregate. The formation was monitored as the

been noted for elastin. Below 2fC. elastin extension increase in negative mean residue ellipticity at 218 nm. Aqueous
d | Lo ' dtof fil solution (0.2 mM) of C-tail 8 in water was incubated atZDwith
occurs, and at 37C, elastin is coacervated to form filaments  reformed aggregate auM (O), 1uM (@), 2 uM (a), and 4uM

(39). (m), respectively.

C-tail fragments of tau, C-tail 5, C-tail 7, and C-tail 8,
formed paired filaments in acidic aqueous solution. Hydro- at 35% (C-tail 5), 40% (C-tail 7), and 35% (C-tail 8),
phobic amino acids of these C-tail fragments were presentrespectively, these values exceeding those for htau24 (24%).
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Ficure 7: Electron micrograph of filaments formed from a mixture
of recombinant full-length tau and C-tails. A mixture of 0.124 mM
recombinant full-length tau and 0.146 mM C-tails 5 (a), 7 (b), and
8 (c) in MES buffer (pH 6.0) was incubated at 20 for 71 days,

54 days, and 154 days, respectively. All scale bars represent 10
nm.

This higher hydrophobicity may be an indication of paired
filament formation. Hydrophobic amino acids were most
abundant in C-tail 7 (40%). The rates of paired filament
formation under identical conditions followed the order:
C-tail 7 > C-tail 8 > C-tail 5. Paired filament formation

from C-tail 7 was observed after 1 day but for C-tail 8 after
21 days and for C-tail 5 28 days. The rapid change in
morphology of C-tail 7 was supported by its CD spectrum.
Acidic solution of C-tail 7 showed rapid change in its CD

Yanagawa et al.
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FiGure 8: Mapping percentages of amino acid compositions of
different proteins and peptides. Ordinates and abscissas represent
the content of hydrophobic amino acids (Ala, lleu, Leu, Met, Phe,
and Val) and charged amino acids (Asp, Glu, Lys, and Arg). BM1,
BM3, BM4, BM5, and BM6, residues-124, 52-73, 73-88, 88—

98, and 99-110 corresponding to modules of barna3@;j RM5,
RM6, RM8, residues 5377, 78-106, and 126-136 corresponding

to modules of RNase HI3Q); yM5, M6, andal, residues 43

69, 66-93, and 43-58 corresponding to secondary structures of
RNase HI 89); AB(1—-40) and A3(1—-42), residues 672711 and
672—713 of amyloidj precursor protein (40)y, 3, a + 8, and
o/f3, norms of amino acid composition of 4-folding types of natural
proteins 41).

spectrum after incubation at 28C. The CD spectrum
measured after several hours showed a negative maximum
at 218 nm, indicating predominantly thfesheet structure
(Figure 5a).

Figure 8 presents the amino acid compositions of tau
fragments, & peptides, and module fragments of barnase
and RNase HI. Filament-forming peptide fragments were
situated in an area whetd/P was 1.65 or above H/P is
the ratio of the content of hydrophobic amino aci# o
charged amino acidsP?}. htau24 and its C-terminal half,
N-terminal half, and 4-repeats were situated at a site with
H/P below 1.65. A module is a compact structural unit in
a globular protein or domain36), and its boundaries are
determined primarily by intron positions of genes that encode
proteins. Modules and/or their assembly may have roles in
primitive proteins 87). The assembly of disconnected
modules in aqueous solution was studied for confirmation
of this point. Module 1 (+24, 24-mer) fragment of barnase
formed helical filaments in aqueous soluti@8). Peptide
fragments such as module 5 (537, 25-mer), pseudomodule
5 (43-69, 27-mer), andxl (43—58, 16-mer) of RNase HI

o(39) also produced filaments in acidic solutichsAS (1—

40) and A3 (1—42) corresponding to residues 67211 and
672—713 of amyloidg precursor protein formed amyloid
fibrils in vitro (40).

Secondary structure prediction based on the alignment of
htau24 sequencea(@) indicated two putative helical regions
in the C-tail (Figure 1). C-tail 5 and C-tail 7 each contained
a putative helical region and C-tail 8, two putative helical
regions. These three C-tails all possessed helical structures
in lipophilic solution containing TFE and SDS and random

2H. Yanagawa et al., submitted for publication.
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coil structures in aqueous solutions. C-tails 5 and 7 assumediormation at low supersaturation. The addition of seeds thus
fB-sheet structures in an acidic solution after incubation at immediately brings about polymerization. C-tail peptide
20 °C. Figure 8 indicates most filament-forming peptides fragments may initiate PHF formatigmeizo via a nucleation-
have helical structures in lipophilic solutions containing TFE dependent polymerization mechanism. Replication of C-tails
and SDS. Such peptides were module 1 of barnase, modulemay possibly be due to proteolytic fragmentation of PHF.
5, and pseudomodule 5 of RNase HI and peptides.
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