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ABSTRACT. Alzheimer’s disease is characterized in part by the accumulation of full-length tau proteins
into intracellular filamentous inclusions. To clarify the events that trigger lesion formation, the aggregation

of recombinant full-length four-repeat tau (htau40) was examined in vitro under near-physiological
conditions using transmission electron microscopy and spectroscopy methods. In the absence of exogenous
inducers, tau protein behaved as an assembly-incompetent monomer with little tertiary structure. The
addition of anionic inducers led to fibrillization with nucleation-dependent kinetics. On the basis of circular
dichroism spectroscopy and reactivity with thioflavin S and 8-anilino-1-naphthalenesulfonic acid fluorescent
probes, the inducer stabilized a monomeric species with the folding characteristics of a premolten globule
state. Planar aromatic dyes capable of binding the intermediate state with high affinity were also capable
of triggering fibrillization in the absence of other inducers. Dye-mediated aggregation was characterized
by concentration-dependent decreases in lag time, indicating increased nucleation rates, and submicromolar
critical concentrations, indicating a final equilibrium that favored the filamentous state. The data suggest
that the rate-limiting barrier for filament formation from full-length tau is conformational and that the
aggregation reaction is triggered by environmental conditions that stabilize assembly-competent conforma-
tions.

Tau is a microtubule-associated protein implicated in the protomer concentration, below which filament formation is
progression of AD and other tauopathic neurodegenerative not supported, and seeding behavior, whereby the addition
diseases 1). It purifies from normal brain tissue as an of preformed nuclei or filaments surmounts the energy barrier
ensemble of alternative splice products with monomeric of nucleation. Experience with recombinant tau constructs
quaternary structure?). In disease, however, tau protein suggests, however, that classic nucleatielongation theory
accumulates in lesions composed of fibrillar aggregates as elaborated for spontaneous self-association (i.e., homo-
displaying the crosg-sheet diffraction pattern of “amyloid”  geneous nucleation) is insufficient to completely account for
(3). In vitro, tau can be induced to assemble with sigmoidal the aggregation behavior of tau. For example, recombinant
kinetics consistent with a nucleation-dependent procéss ( full-length tau produced in vitro or through expression in
5). This behavior is typically ascribed to the requirement situ does not spontaneously assemble as predicted by theory,
for a necessary but scarce species in the reaction pathwayeven at high levels of supersaturatiah-Q). Moreover, the
termed the “nucleus™d). Once formed, however, subsequent predicted seeding behavior is inefficient in the absence of
lengthening of the nascent filament by stepwise addition of exogenous fibrillization promoter®9,(10).
protomeric species is energetically favorable and follows in  These data suggest that molecular events in addition to
a reaction termed elongation. The favorable elongation those underlying classic nucleatiealongation behavior are
reaction relative to the less favorable nucleation reaction responsible for triggering the fibrillization of full-length tau
results in the characteristic features of this mechanism, jsoforms. Because tau is posttranslationally modified in
including a preequilibrium phase characterized by a time lag disease, abnormal phosphorylation, glycation, and/or oxida-
during which nucleation proceeds, the existence of a critical tion reactions have all been suggested to play triggering roles.
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In fact, the ultrastructure of tau filaments in AD tissue plate reader (Molecular Devices, Sunnyvale, CA) operated
suggests that the trigger may not involve spontaneous self-at sensitivity 10, high PMT using black-matrix, clear-bottom

association at all. In end stage disease, individual PHFs96-well isoplates (Wallac, Turku, Finland) sealed with

appear in endwise association with membranes, consistentransparent foil (NUNC, Denmark).

with surface-mediated nucleation and unidirectional extension  Circular Dichroism. Samples were prepared for CD

from stable tatrmembrane complexed4). These data are  analysis by desalting (Bio-Rad Econo-Pac 10DG column)
consistent with a heterogeneous nucleation mechanismiinto 100 mM NaClQ and 10 mM HBOs, pH 7.4. These
where association of tau with other intracellular components puffer components were employed because of their transpar-
triggers aggregation. This reaction can be mimicked in vitro ency at far-UV wavelengthsl). Spectra were collected
by contacting purified preparations of full-length recombinant (186-260 nm) at 25°C with an AVIV model 202 CD
tau protein with polyanions or anionic micelles, vesicles, or spectrometer and a quartz cuvette with 1 mm path length.
microspheres, with fibrillization proceeding over a period Four repetitive scans (4 s integration time, 1 nm step size,
of hours §, 15, 16). Immediately after contact, and well  and 1 nm bandwidth) were recorded, averaged, and corrected
before filament formation, species of tau form that can be for buffer-only blank without additional filtering or smooth-
detected by ThS, a noncovalent probefesheet structure  ing. Raw CD signals (in millidegrees) were converted to
(5). We have termed these species “intermediates”, becausénean residue molar ellipticityd]y (with units of degcn?/
of the timing of their appearance during the reaction time dmol) using the formulad]y = [6]od(10cn), where Plobs
course, and have proposed that they are the true substrateig the observed ellipticity in millidegreekis the path length
for the nucleation reaction. This interpretation predicts that in centimetersg is the molar concentration of protein, and
tau fibrillization is triggered by conditions that support the n is the number of residues in the proteR0). Secondary
adoption of assembly-competent conformations. structure compositions afi-helix (normal and distorted),
Here we test this hypothesis using full-length recombinant $-strand (normal and distorted), turns, and random coil were
tau protein and anionic inducers of assembly. The data estimated from net spectra using CONTIN/L21), CDSSTR
indicate that the stabilization of an intermediate folding state (22), and SELCON3 (23) algorithms. Resultant estimates
characterized by increas@dsheet structure is sufficient to  were then averaged and presente®D (24).

trigger the fibrillization of full-length tau protein. Hydrodynamic AnalysisAnalytical size-exclusion chro-
matography was performed (£) on a 24 mL (10x 300
EXPERIMENTAL PROCEDURES mm) Superose 6 10/300GL column equilibrated with 10 mM

HEPES, pH 7.0, and 100 mM NacCl buffer and operated at
0.5 mL/min. Standard26) included thyroglobulin (8.0 nm),
d equine apoferritin (6.2 nm), yeast alcohol dehydrogenase (4.6

Ann Arbor, MI) was dissolved in ethanol (333 mM) an d bovi loumin (3.6 Hvdrod .
stored at-80 °C until used. Glutaraldehyde, uranyl acetate, nm)_, and bovine serum afoumin 3. ”.”?)- ydrodynamic
radii were estimated from partition coefficients as described

and 300 mesh carbon-coated copper grids were from Electron _
Microscopy Sciences (Fort Washington, PA). Stock solutions preV|ou§Iy 26)‘_ . )
of thiazin red (TCI America, Portland, OR) and ThS (Sigma, Velocity sedimentation measurements were performed in
St. Louis, MO) were prepared in water, whereas Congo Red linear 4-20% sucrose gradients contqmlng 10 mM_ HEPES,
(City Chemical, West Haven, CT) and ANS (Sigma, St. PH 7.4, and 150 mM.NaCI. Standards mcluded bovine serum
Louis, MO) were prepared in DMSO and ethanol, respec- albumin (4.3_8), bovine erythrocyte carbonic anhydrase (3.2
tively. Carboxylate-conjugated polystyrene microspheres (90 S), myoglobin (1.9 S), and cytochrone(1.6 S). After

nm diameter, molecular area 12 A%eq) were from Bangs centrifugation (200009 for 20 h at 4°C), gradients were
Laboratories, Inc. (Fishers, IN). fractionated and sedimentation coefficients were estimated

as described previoush2€). Native molecular mass was
calculated from hydrodynamic parameters as described
previously @7) using a partial specific volume calculated
from the tau amino acid sequen@s8). Theoretical hydro-
dynamic radii for tau in native, molten globule, premolten
globule, random coil, and denatured states were calculated

Congo Red, thiazin red, or ANS). For analysis by EM, from molecular mass using the empirical equations deduced
) = )
aliquots were removed, treated with 2% glutaraldehyde (final y Tcherkasskaya et al29). Observed (i.e., apparent)

concentration), mounted on Formvar/carbon-coated 300 mesff. . ) ,
grids, and negatively stained with 2% uranyl acetate as rictional ratios {/fo)obs Were calculated from hydrodynamic
’ radii (rhyq) by the equationq7):

described previouslyy( 16). Random images were viewed
in a Phillips CM 12 transmission electron microscope N
operated at 65 kV, captured on film at 86680000-fold (f/f0)obs = Tnyd [(BYM/4N)™] 1)
magnification, digitized, and imported into Optimas 6.5.1

for quantification of filament lengths and number8).( wherev is the partial specific volume calculated as described
Individual filaments=50 nm in length were counted manu- above, M is the molecular mass, and is Avogadro’s
ally. number.

ThS Fluorescence Measuremerfau was aggregated at Analytical Methods Sigmoidal reaction progress curves
37°C as described above except that the reactions containedvere fit to a three-parameter Gompertz function as described
10 uM ThS. Resultant changes in fluorescence were moni- previously @). Lag times, defined as the time when the
tored atlex = 440 nm andlem = 495 nm in a FlexStation  tangent to the point of maximum polymerization rate

Materials. Recombinant His-tagged htau40 was prepared
as described previoushLT, 18). AA (Cayman Chemicals,

Fibrillization Assays.Under standard conditions, htau40
was incubated without agitation in assembly buffer (10 mM
HEPES, pH 7.4, 100 mM NacCl, 5 mM dithiothreitol) at 37
°C for up to 24 h in the presence or absence of fibrillization
inducers (AA, carboxylate-modified microspheres, ThS,
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Table 1: Recombinant Htau40 Physical Properties 3
. . Guanidine
hydrodynamic radius (nm) 5450.9
sedimentation coefficiensfy ) 20+0.1 8M urea
native molecular mass (D&) 45000+ 8000 2
native molecular mass (D%) 47881 )
native structure monomer :o 2
(f/fo)obs 2.32+0.39 E Pre-molten globule
(ffo)shape 1.95+0.3%
axial ratio (prolate ellipsoid) ~19:1
agstimated from hydrodynamic parameteét&stimated by mass Molten globule
spectroscopy: Corrected for hydration assuming 0.5 g of water/g of )
protein. 1 Native

12 3 4 5 6

Folding State
Ficure 1: Tau protein is a monomer with random coil character.
The (/fo)ons (Observed frictional ratio) estimated for recombinant
poly-His-tagged htau40 by hydrodynamic metho@s Table 1)
was compared to theoretical valu@® for the protein in six folding
states (1, native; 2, molten globule; 3, premolten globule; 4, random
coil; 5, denaturedri 8 M urea; and 6, denatured 6 M guanidine
hydrochloride) calculated (by eq 1) on the basis of empirical
correlations between the hydrodynamic radius and chain le@gh (
Each folding state is depicted as a category arbitrarily placed at
equal intervals on the abscissa, whereas the solid line is drawn solely
to aid visualization. The relative errors for calculat&),s values
are reportedly<10% 9). The hydrodynamic behavior of the tau
preparation used throughout this work was characteristic of a
monomer in random coil state.

intersects the abscissa of the sigmoidal cur8®@),(were
calculated from the resultant Gompertz parametédys (
Hyperbolic reaction progress curves were fit to the
polynomial series31):
y=o+pt+yt?+ ..+t 2)
wherey is fluorescence intensity at tinteand the coefficient
/3 approximates the initial velocity.
Concentratior-response data were fit to a three-parameter
log-normal function:

y= el ~05lInGexb1?)

(3)
wherey is the amount of product at ligand concentration
a is the maximum amount of product appearing at optimal
concentratiorx,, andb is a constant.

Nucleation statistics were fit to a Poisson distribution:

indicated that the preparation consists of a monomer in
random coil conformational state at the start of the aggrega-
tion pathway (Figure 1), consistent with the behavior of
tissue-derived porcine ta2)(and recombinant nontagged
human htau4033).

Surface-Mediated Intermediate Formation Is First Order
with Respect to Tau Concentratidlonomer progresses to
polymer through an intermediate stage characterized by an
ability to bind ThS, a fluorescent probe ffsheet structure
(5). Because ThS fluorescence appeared immediately during
fibrillization lag time and also below the critical concentration
of filament formation as assessed by electron microscopy
and laser light scattering measurements, it was assumed to
directly reflect the concentration of nonfilamentous species.
To further characterize these species, the time course of ThS
Solution Authentic tissue-derived tau proteins are asym- fluorescence resulting from incubation of monomeric htau40
metric monomers when free in solutioB)( Conversely, it in the presence of carboxylated microspheres was followed
has been claimed that recombinant tau forms dimers at highin real time. ThS fluorescence appeared immediately upon

(4)

where P(n) is the probability of a microsphere randomly
nucleatingn filaments when the average number of filaments
per microsphere ig.

RESULTS

Recombinant Tau Protein Is an Extended Monomer in

concentration 12) in a reaction that is further favored by
the presence of a poly-His tag3). Dimerization has been
postulated as a key prenucleation step in tau aggregai®n (

contacting the microspheres and then increased hyperboli-
cally as a function of time (Figure 2A). In contrast,
preincubation of tau with microspheres prior to addition of

In view of these conflicting claims, recombinant htau40 was probe resulted in immediate formation of ThS fluorescence,
subjected to hydrodynamic analysis using a combination of whereas incubation of tau with ThS alone (at low micromolar
gel filtration chromatography and velocity sedimentation. concentration) yielded only modest fluorescence (data not
Results show that, under the near-physiological buffer shown). These data confirmed that intermediates formed after
conditions used for fibrillization experiments, recombinant contacting the microsphere surface and were not induced by
htau40 is an asymmetric monomer with hydrodynamic the presence of low micromolar concentrations of probe.
properties similar to those of authentic tau (compare Table Previously, intermediate formation was shown to be first
1 with ref 2). order with respect to microsphere concentrati®h (To
Empirical formulas relating hydrodynamic radius to chain determine reaction order with respect to tau protein, the intial
length have been derived for different folding stat2s)( velocity of ThS fluorescence production was measured as a
The utility of these equations for comparing proteins of function of tau concentration. Because initial velocities were
differing chain lengths can be increased by converting estimated during fibrillization lag time, the rate of appearance
hydrodynamic radii into frictional ratio$/{o)onsas described  of ThS fluorescence was assumed to reflect the formation
in Experimental Procedures. Comparison of the experimen- of prefibrillar species. Replots of these data in double log
tally determined f(fo)ons Value for recombinant poly-His-  format revealed a slope of 0.9 0.02, indicating that the
tagged human htaud40 with these theoretical predictionsappearance of ThS fluorescence is first order with respect
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Ficure 3: Critical concentration for tau filament and intermediate
B formation in the presence of anionic microspheres. Carboxylate-
substituted polystyrene microspheres (90 nm diameter, 13e&A

molecular area; 124 pM) were incubated (24 h at°&j) with

10 varying concentrations of htau40@ uM) in the presence of ThS

(4 uM) and then assayed for fibrillization by EMOj and
intermediate formation by ThS fluorescen® @ssays. Each data
point represents the meanSD of triplicate determinations whereas
the solid lines represent the best fit of the data points to a linear
regression (eq 2). In the case of fibrillization, the regression line
9 intercepted the abscissa at 2868).10uM htau40, indicating the
existence of a critical concentration. In contrast, ThS fluorescence
was detectable below the critical concentration of fibrillization, with
the regression line intersecting the abscissa at the origin. Whereas
fibrillization was characterized by a critical concentration, appear-
ance of ThS fluorescence was not.

In initial velocity

A 0 1
In [tau] (uM)
FIGURE 2: Intermediate formation is first order with respect to tau  11) and indicates that the final equilibrium between filament
concentration. (A) The time course of ThS fluorescence formation ends and unincorporated tau is similar in the presence of
resulting from incubation (37C) of htau40 at 0.50), 1 (), 2 diverse anionic inducers. The relationship between final ThS
(©), and 4uM (@) in the presence of carboxylate-substituted fl intensity at ilibri dt trati
polystyrene microspheres (90 nm diameter, 1126 molecular uorescence Intensity at equiiibrium and tau concentration
area; 124 pM) was followed by fluorescence spectroscopy. Each below the critical concentration for fibrillization also was
point represents a fluorescence measurement at inteereas solid linear under these conditions (Figure 3). In contrast to
lines represent the best fit of the data points to a sixth power filament formation, however, the curve intersected the

polynomial series. The rate and extent of ThS fluorescence increased, )5 ~issa within one standard error of the estimate of the
with increasing tau concentrations. (B) Replot of the initial velocities

+ SE estimated from the progress curves shown in panel A versus®"9in (0.03= 0.05uM) (Figure 3), indicating that inter-
tau concentration in double logarithmic format, where the line mediate formation did not have a critical concentration. These

represents the best fit of the data points to a linear regression. Thedata are consistent with the ThS-reactive intermediate being

slope of the replot (0.96 0.02) was consistent with the initial 3 monomer that does not require a minimal concentration
velocity of ThS signal generation being directly proportional to tau for formation

concentration under these experimental conditions. ] .
Intermediate Secondary StructurEhe ability of the tau

to tau protein concentration (Figure 2B). These data suggestintermediate to bind the ThS probe suggests it contains
that the intermediate corresponds to a conformation of increasedS-sheet structure relative to natively unfolded
monomer. It further suggests that aggregation of tau into recombinant starting material. To test this prediction, htau40
supramolecular complexes occurs after intermediate forma-was incubated in the presence or absence of arachidonic acid
tion. inducer for 20 min and then subjected to circular dichroism
Nucleatior-elongation reactions are characterized by a spectroscopy. The analysis was conducted at the critical
critical concentration, above which all additional protomers concentration and within fibrillization lag time to ensure that
incorporate into filaments3d). It is the highest protein  mature filaments did not contribute to the circular dichroism
monomer concentration that does not support fibrillization signal. In the absence of arachidonic acid, full-length htau40
and, therefore, corresponds to the abscissa intercept of thejielded a CD spectrum typical of unfolded proteins, with a
tau concentration dependence cur86)( To determine the  broad minimum of ellipticity centered at 195 nm and a
relationship between intermediate formation and filament shoulder at 220 nm (Figure 4A). Molar ellipticities at 200
critical concentration, the monomer concentration depen- and 222 nm were-13538 and—3236, respectively, consis-
dence of htau4o0 fibrillization and intermediate formation was tent with theoretical studies showing that the coiled state can
determined in the presence of carboxylated microspheresaccommodate substantial local secondary struc88e The
using EM and ThS fluorescence assays, respectively. Fibrilli- presence of arachidonic acid led to an increase inhgd
zation was directly proportional to tau concentration with [6].q ratio, consistent with intermediate formation being
an abscissa intercept of 2.@6 0.10 uM (Figure 3). This accompanied by an increase in secondary structure and a
value is consistent with estimates made by laser light loss in random coil (Figure 4A). The final ellipticity values
scattering methods in the presence of anionic surfactdnts ( at 222 and 200 nm were characteristic of the premolten
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Ficure 4: Intermediate formation is accompanied by changes in
secondary structure. Htau40 (M) was incubated (20 min at 25
°C) in 100 mM sodium perchlorate and 20 mM boric acid, pH 7.4,
in the presence®) or absence®) of 50 uM AA inducer and then
immediately subjected to far-UV CD spectroscopy (7). (A)
Intermediate formation was accompanied by an increasé] igs[
and a decrease i¥],20, consistent with the formation of secondary
structure. (B) CD spectra were individually fit by CDSTTR,
SELCONS3, and CONTIN/LL algorithms to calculate estimates of
total a-helical, 3-strand, and random coil/turn conformation. The
three estimates were then averaged and plattesD for htau40

in the presence (black bars) or absence (white bars) of AA inducer.
Intermediate formation was accompanied by increasegs-don-
formation and decreases in random coil/turn conformatiop. ¥,
0.05, comparing the two populations.

globule folding state 37). The amounts of secondary
structure were estimated by fitting CD spectra to three

independent algorithms as described in Experimental Pro-

Chirita et al.
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Ficure 5: Effects of intermediate formation on ANS fluorescence
spectra. Reactions containing assembly buffer and no addi#ns (
1.9uM htau40 &), 1.9uM htau40 and 5M AA inducer @), or
0.8uM protamine and 5@M AA inducer (O) were prepared. After
incubation (24 h at 28C), aliquots were removed, treated with 20
uM ANS (final concentration), and immediately subjected to
fluorescence spectroscop§ef = 350 nm;lem = 400—600 nm).
ANS in buffer alone fluoresced weakly at the optimum wavelength
of lem = 500 nm @). In contrast, intermediates prepared by
incubation of htau40 with AA inducer fluoresced brightly with a
blue-shifted optimum oflem, = 487 nm (). Neither tau without
inducer @) nor AA micelles formed in the presence of protamine
(O) were capable of recapitulating the ANS fluorescence enhance-
ment observed in the presence of htau40 with AA inducer,
indicating that ANS binds preferentially to tau intermediates.

%50

enriched in3-sheet content relative to the starting conforma-
tion.

Intermediate Tertiary Structurén addition to its second-
ary structure signature, the premolten globule state is
characterized by a partially collapsed structure with a loosely
packed hydrophobic core. To confirm that the intermediate
had partially folded character, htau40 was incubated in the
presence or absence of arachidonic acid inducer for 24 h
and then examined for an ability to bind ANS, a fluorescent
probe of surface-exposed hydrophobic patcB8s-41). The
analysis was conducted below the critical concentration to
ensure that filaments did not contribute to ANS fluorescence.
ANS in buffer alone fluoresced weakly at an optimum
wavelength ofiem = 500 nm. In contrast, ANS in the
presence of intermediates (prepared by incubation of htau40
with AA inducer) fluoresced brightly with a blue-shifted
optimum of Aem = 487 nm (Figure 5). The increase in
fluorescence intensity was not fully recapitulated by either
tau protein alone or by AA micelles formed from incubation
with protamine, indicating that the enhanced fluorescent
signal observed in the presence of tau and AA came primarily
from binding to altered conformations of tau (Figure 5).
Taken together, the above data suggest that anionic inducers

cedures (Figure 4B). In the absence of inducer, htau40 stabilize monomeric tau in a partially foldeg-sheet-

adopted 5.5t 1.4%a-helix, 25.0+ 3.9%g-strand, and 69.4

+ 3.6% random coil/turn conformation. These values were
generally similar to those found at room temperature for
bovine tau isolated without harsh heat or acid treatm@&8)s (
The inducer converted an additional A11.2% of residues

to f-conformation at the expense of random coil/turn
conformation. Because the proportion of the preparation in
partially folded conformation is unknown, this increase must
be considered a lower limit. Apparent increasestihelix
content were not significant at< 0.05. These data suggest
that the tau intermediate is a partially folded monomer

enriched conformation and that this conformation precedes
the polymerization reaction.

Intermediate Stabilization Triggers Tau Fibrillizatiowe
hypothesize that formation of the intermediate conformation
is necessary and sufficient for triggering fibrillization. If so,
then conditions that stabilize the intermediate should induce
tau fibrillization. To test this prediction, htau40 was incubated
with increasing concentrations of ThS, a dye that binds tightly
(Kp ~ 1 uM) to the intermediate conformatioB,(9). Other
dyes known to interact witl-structure were investigated
as well, including Congo Red4p) and thiazin red 43).
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Ficure 6: Planar aromatic dyes trigger tau fibrillization. Htau40ufd) was incubated (24 h at 37C) under standard conditions with

(from left to right) (A) 254M Congo Red (CR), (B) 10@M thiazin red (TR), (C) 10«M ThS, (D) 75uM AA (3 h, 37 °C), or (E) 100

uM ANS. Planar aromatic dyes with known ability to bifiesheet structure such as Congo Red, thiazin red, and ThS induced the formation
of tau filaments with twisted ribbon morphology (see Figure 9 for higher magnification image) clearly distinct from the straight filaments
induced by AA. In contrast, the aromatic dye ANS, which binds hydrophobic clusters in the partially folded intermediate, did not have
inducer activity when tested in the rangem0u«M. These data indicate that dyes complementayfs-$éheet structure induce tau fibrillization

and that the filament morphology observed reflects the fibrillization inducer employed=B&0 nm.

Linkage theory 44) predicted that rising dye concentrations
would drive tau monomer equilibrium toward the intermedi- 601
ate conformation by mass action and then toward the
filamentous state through positive polysteric linkage with the
self-association reaction (linkage refers to the influence of
ligand binding upon other equilibria including aggregation
reactions and phase transitions). Results confirmed that
Congo Red, thiazin red, and ThS were all capable of inducing
tau fibrillization independently of anionic inducers (Figure
6). Dye-induced filaments differed from anion-induced
filaments in morphology, growing as twisted ribbons with 0
maximum widths of 25+ 4 nm, minimum widths of 11 10 100 1000
2 nm, and half periodicity of 178 39 nm g = 42) during [TR] (kM)

time periods<24 h. In contrast, straight filaments formed FGURE 7: Potency of thiazin red dependent tau fibrillization. The
over identical time periods with arachidonic acid had a dependence of the tau fibrillization equilibrium on thiazin red

. - _ - : concentration (6 1000u4M) was determined in the presence of 1
consistent width of 13- 2 nm ( = 45) and no twist (Figure (O) of 2 uM (@) htaud0 after 24 h incubation at 3 by

6). Moreove_r, dye-induced filam_ents_ were greater in_ number guantitative electron microscopy. Each data point represents the
and shorter in length than arachidonic acid induced filaments, mean+ SD of triplicate determinations whereas the solid lines

suggesting that dyes were especially efficacious inducers ofrepresent the best fit to a log-normal distribution (eq 3). The
nucleation. Although capable of binding the partially folded concentration response curves were biphasic, with an optimum
. . . ) ... centered onv114 uM.
structure of the intermediate, ANS did not induce fibrilli-
zation at concentrations up to 5@0/, indicating that the
linkage reaction was selective for anionic planar aromatic dye-mediated fibrillization reactions do not depend on tau/
dyes known to bing-sheet structure (Figure 6). Congo Red inducer ratios.
was the most potent and efficacious inducer tested, with Intermediate Stabilization Promotes Filament Nucleation.
concentrations as low as 1M yielding large numbers of  To determine whether thiazin red influenced filament
small filaments (Figure 6). ThS treatment also led to large nucleation rates, the time course of htau40 fibrillization was
numbers of small filaments, but its potency was at least 10- followed by EM over a period of up to 24 h in the presence
fold lower than Congo Red. Thiazin red was the least of 50 and 100uM thiazin red at 37°C and no agitation.
efficacious ligand tested, yielding few filaments of relatively When incubated at htau40 concentratiaris uM, reaction
long length at optimal concentrations. Nonetheless, theseprogress curves were sigmoidal with clear lag, exponential
filaments were most amenable to experimentation (becausegrowth, and equilibrium phases (Figure 8). As thiazin red
they were fewer in number and longer in length), and so concentrations were raised from 50 to 100 in the presence
thiazin red was used for detailed characterization experimentsof 0.8 uM htau40, lag times decreased from 0#30.09 h
described below. to 0.30 +£ 0.04 h (Figure 8). These data suggest that
To quantify the potency of the reaction, htau40 was acceleration of tau fibrillization with dye inducers results
incubated with varying concentrations of thiazin red and from increased rates of filament nucleation.
assayed for fibrillization using quantitative EM. Inducer  To confirm this observation, tau fibrillization induced by
activity followed a biphasic log-normal concentration re- anionic microspheres was examined in the presence and
sponse curve with an optimum potency of 442 and 115 absence of thiazin red. Nucleation events were counted as
+ 3uM in the presence of 1 and @ htau40, respectively  the number of filaments formed on the surface of each
(Figure 7). Congo Red followed a similar profile, although microsphere (Figure 9). In the absence of thiazin+&9%
the concentration optimum appeared0-fold lower (data of beads had no filaments;20% had one filament (Figure
not shown). These data indicate that, unlike anionic inducers,9A), and a small percentage had two filaments (Figure 9C).

401

I (um/field)




5868 Biochemistry, Vol. 44, No. 15, 2005 Chirita et al.

I, (umifield)

0 5 07" 25
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Ficure 8: Thiazin red modulates tau nucleation rate. The time

course (37°C) of htau40 (0.8:M) fibrillization in the presence of

50 (O) or 100 @) uM thiazin red was determined by EM. Each

data point represents total filament length/field) (as a function

of time whereas each sigmoid curve represents the best fit of the

data points to a three-parameter Gompertz function. Lag times

calculated as described in Experimental Procedures were#.73

0.09 and 0.3@: 0.04 h for 50 and 10@M thiazin red, respectively.

The concentration dependence of the lag time was consistent with

thiazin red increasing the rate of tau filament nucleation.

TR =100 pM
Beads with three or more filaments were never obsermed (100 |-'-‘
= 100). The data fit a Poisson distribution (averaging 0.19 N

filament/microsphere), indicating that nucleation events were 2 AK
random and independent of each other. Addition of thiazin

red to 50uM concentration shifted the Poisson distribution
so that the average microsphere contained 1.95 filament
(Figure 9B,C). Further increase in thiazin red concentrations

TR =50 uM
50

c
Q
=]
(=3
S

to 100uM raised the average still higher to 2.17 filaments/ TR=0uM
microsphere. Together, these data suggest that intermediatr 0 o
stabilization had a large positive effect on nucleation rate Filaments/microsphere

and that the effect Wgs addltlv_g W'Fh anlonlc_ !nducers. Ficure 9: Thiazin red increases frequency of heterogeneous
Effects of Intermediate Stabilization on Critical Concen- nycleation. Carboxylate-substituted polystyrene microspheres (90

tration. In the presence of thiazin red, htau40 fibrillized at nm diameter, 11.6 #eq molecular area; 124 pM) were incubated

submicromolar concentration, far below the critical concen- (24 h at 37°C) with htau40 (4uM) in the (A) absence or (B)

tration estimated in the presence of anionic inducers. To Presence of 5@M thiazin red and then visualized by transmission
larify this i itical trati timat d. EM. In the absence of thiazin red, microspheres induced the
clarify this issue, critical concentrations were estimated as a 5rmation of straight filaments, with frequency rarely exceeding

function of thiazin red concentration. Results showed eXx- one nucleation event per bead. In contrast, the presence of thiazin
tremely low critical concentrations of 0.200.07 and 0.21  red increased nucleation frequency so that multiple filaments per
+ 0.05 at 50 and 10QuM thiazin red concentrations, bead were a common occurrence. Note the change in filament

respectively (Figure 10). These data indicate that thiazin red Morphology to twisted ribbon in the presence of thiazin red. (C)

treat t led t itical trati 10-fold | th Statistical distributions of the number of nucleation events per bead
reatment led to critical concentrations 1U-101d lower than \yere then calculated for reactions conducted in the presence of 0,

did anionic inducers and that the presence of dyes influencedso, and 10«M thiazin red (TR). Each bar represents the number
postnuclear equilibria in addition to nucleation rate and of nucleations (filaments) per bead normalized as percent frequency,
filament morphology. whereas each solid line represents the best fit of the data to the

- el atian . Poisson distribution (eq 4). Thiazin red increased nucleation
Thiazin Re_d I.nd.uces Fibrillization in Mon_omenc Fprm. frequency so that mort(a r(r]wlt?ple filaments per bead were observed.
Although anionic inducers such as arachidonic acid are gar= 100 nm.
monomers below 208M in aqueous solution, the presence
of protein such as tau triggers the rapid formation of micellar at 514 nm and a shoulder at 548 nm (Figure 11). This pattern
aggregates in which fibrillization-inducing activity resides is characteristic of hydrazone tautomers of 1-naphthol-2-
(16). Planar aromatic dyes also self-assemble to form phenylazo derivatives such as thiazin retB50). The
supramolecular aggregates at high concentratii 46), pattern did not change significantly in the presence of
suggesting that formation of anionic micelles may also aqueous buffer with or without tau protein (Figure 11). These
mediate the dye inducer activity. To test this hypothesis, the data suggest that thiazin red does not form detectable
absorbance properties of thiazin red were measured in thesupramolecular complexes under assay conditions and that
presence and absence of tau protein. Dye aggregation ighe active form of the dye is a planar monomer.
accompanied by characteristic shifts in absorbance optima
depending on the structure of the aggregate form@ (n DISCUSSION
methanol, where dye aggregation is not supported, thiazin Triggers of Tau Fibrillization.Isolated tau proteins have
red absorbance was characterized by a major peak centerethe hydrodynamic properties of random coil monomers in
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50 undetectable over a period of weeks. (These data suggest
that the rate-limiting barrier for aggregation of full-length
tau isoforms is conformational in nature.

Although truncation reduces the conformational barrier to
aggregation, the macroscopic pathway observed in authentic
25 tissue indicates that the initial steps of aggregation involve
s primarily full-length tau isoforms13). What triggers fibrilli-
zation of full-length tau under physiological conditions? In
the case of anionic inducers it appears to be the stabilization
of monomeric intermediates characterized by increased
pB-structure (as detected by circular dichroism and binding
05 05 10 of fluorescent probe ThS) and partially collapsed tertiary

[tau] (uM) structure (as detected by fluqre.scent probe ANS) resembllir)g
Ficure 10: Critical concentration of tau fibrillization in the ap_remolten globule .state. Slmllar_states mediate the.f|br|II|-
presence of thiazin red. The dependence of fibrillization equilibrium zation of a-synuclein and amylin §5-57), suggesting

on tau concentration (032 xM) was determined in the presence commonality in the mechanism of fibrillization of natively
of 50 (O) or 100uM (@) thiazin red after 24 h incubation at 3T unfolded proteins. However, not all intermediates may be

by quantitative electron microscopy. Each data point represents thethjoflavin dye reactive, and not all reactive intermediates are

mean=+ SD of triplicate determinations whereas the solid lines ; ; _
represent the best fit to a linear regression. Critical concentrations monomers. For example, aggregation of transthyretin mono

determined from the intercepts of regression lines with the abscissaMer initiated by shifting supersaturated solutions to acidic
were 0.204 0.07 and 0.2 0.05 at 50 and 10@M thiazin red pH yields immediate formation of thioflavin dye reactivity
concentrations, respectively. as found here for tau proteif§). In the case of transthyretin,

however, thioflavin dye reactivity appeared in tandem with

I; (um/field)

010 protein oligomers rather than monomers. Consistent with the
reactive species being multimeric, the initial velocity of
thioflavin dye fluorescence increased as a power function
of protein concentration (Figure 1D, r&B). These data
indicate that the intermediates involved in amyloid formation

0.05+

may be structurally diverse.

In the current work, tau assembly intermediates appeared
in the presence of anionic surfactants and microspheres, but
it is likely that other tau fibrillization inducers act similarly.
For example, treatment of tau with the polyanion inducer
o n =56 00 h_eparin mod_ulat_es its ability to serve as a sgbstrate for _pro_tein

kinases, indicating a change in conformation upon binding
Wavelength (nm) (59). In addition, solvent additives such as urea that induce
Ficure 11: Thiazin red induces tau fibrillization in monomeric fiprillization of fu||_|ength tau proteinsqo, 61) also modulate

form. Thiazin red was dissolved in either methar®),(assembly : ~ ;
buffer (0), or assembly buffer containing AM hiaud0 @), the formation of assembly-competent conformations of

incubated for 24 h at 37C, and finally subjected to absorbance Nsulin (62). In both cases, activity resides with urea but not
scans in the range of 4600 nm. All curves showed an guanidine. Together, these data are consistent with the

absorbance maximum centered on 514 nm with a shoulder at 548stabilization of assembly-competent intermediate conforma-
nm, suggesting that thiazin red did not aggregate into supermo-tjons being intimately connected with the triggering of
lecular complexes under standard assay conditions. fibrillization.

The conversion from natively unfolded tau to the as-
solution, consistent with their equilibrium conformation being sembly-competent intermediate has the characteristics of an
“natively unfolded”. Despite the lack of organized tertiary allosteric transition. Initially, natively unfolded htau40 is an
structure, tau monomers do not assemble spontaneoushextended monomer containing25% of residues if§-strand
under physiological conditions over experimentally tractable conformation. In the presence of anionic surfactant inducer,
time periods. The barrier to aggregation can be overcome inhtau40 adopts a condensed conformation containing ad-
vitro through truncation of the tau molecule to short peptides ditional 5-conformation. In addition to anionic surfactants,
within the microtubule-binding repeat region (the region that tau fibrillization can be induced by planar anionic aromatic
mediates fibrillization in vivo). Indeed, peptide fragments ligands complementary t8-sheet structure such as Congo
ranging from as small as two amino aci®&d)to as large as  Red, thiazin red, and ThS. In contrast, the nonplanar anionic
four full repeats $2—54) aggregate spontaneously to form aromatic dye ANS, which has affinity for condensed folding
amyloid filaments over a period of days when incubated at states including premolten globule but not f@rsheet
high concentration X150 uM). Spontaneous assembly structure 63), did not induce tau fibrillization even at
becomes progressively less efficient as the length of tauconcentrations up to 500M. These data suggest that the
increases toward full-length isoforms2), eventually requir- formation of additionaB-sheet structure in the intermediate
ing extremes of ionic strength, pH, temperature, and tau is a key requirement for triggering the nucleation reaction.
concentrationsg). At near-physiological buffer conditions It cannot be excluded, however, that certain structural
and tau concentrations{1.0 «M; ref 5), aggregation of full- elements interfere with nucleation and are resolved by
length isoforms becomes still less favorable and virtually intermediate formation.

*MeOH
o Buffer o
- tau ~—

Absorbance
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The Tau Aggregation Pathwaydnce f-sheet-enriched  may incorporate into filaments and thereby influence mor-
intermediates are populated, tau aggregates spontaneouslghology at other stages of assembly. Because tau filaments
in a reaction characterized by a lag time and critical develop over a period of decad&s), the final conformation
concentration. In terms of aggregation kinetics, intermediate of filaments in vivo (i.e., paired helical filaments) may reflect
formation leads to shorter aggregation lag times reflecting free energy considerationg4) rather than just the nature
increased rates of nucleation. Because intermediate formatiorof the inducer or structure of the assembly intermediate.
is rapid and intramolecular, oligomerization (including dimer  Triggers and EnhancersNhat triggers fibrillization of
formation) appears to be a secondary reaction potentially full-length tau isoforms in sporadic disease? The endwise
related to nucleation. association of tau filaments with intracellular membranes in

How does intermediate stabilization promote filament biopsy specimens of AD tissud4) suggests that anionic
nucleation? Hypothetical models of amyloid fibrils con- surfaces may present pathophysiologically relevant sources
structed from fiber diffraction patterns provide potential of triggering activity. But as shown here, planar aromatic
clues. Intramolecular refolding model64j, where amino dyes also can trigger the fibrillization reaction, perhaps
acid residues of a single protein protomer form parallel and mimicking the activity of naturally occurring small molecules
cylindrical -sheets, are consistent with monomeric nucleus (75). Indeed, small-molecule metabolites can induce the
cluster sizes determined from nucleation ra&s).(In this fibrillization of proteins other than tau76), suggesting
case, the rate-limiting intramolecular conformational change additional sources of exogenous triggering activity. More-
is necessary and sufficient for the elongation reaction to over, tissue-derived tau contains multiple posttranslational
proceed spontaneously. In other words, intramolecular modifications, and these too may trigger the aggregation

refolding is coincident with the nucleation reaction. In
contrast, the intermolecular associatiorfesheets predicted
by zipper-spine model$6) suggests that nucleation of this
structure involves protein oligomerization to form a stable

reaction. For example, phospho-tau isolated from AD brain
aggregates spontaneously in vitro in a reaction that is
antagonized by phosphatase treatm@i}.(However, these

experiments require pretreatment of tau with urea, a known

unit cell before elongation is supported. Because the taumodulator of intermediate structuréd). In fact, both

nucleus is oligomericl(0), tau filaments are better modeled
by the zipper-spine model than the intramolecular-folding
model put forth for proteins containing polyglutamine)

phosphorylation mimicry and glycation enhance tau fibrilli-
zation at the step of elongatiodl). Acting in this way,
enhancers stabilize filaments and increase the driving force

tracts. We propose that tau nucleation corresponds to anfor nucleation without necessarily triggering the reaction. In

oligomerization reaction involving face-to-face packing of
[-sheet segments arranged orthogonal to the fiber &gis (
67). Seen in this way, one major role of intermediate
formation is to prearrangé-sheet structure for incorporation

terms of the zipper-spine model, triggers and enhancers are
predicted to differentially affect the equilibria orthogonal and
parallel to the filament axis, respectively. It is likely,
therefore, that alternative splicing, mutation, and posttrans-

into the oligomeric nucleus. Once nucleated, the nascentlational modifications will have differential effects on the

filament lengthens by addition of protomers parallel to the
filament axis. Filaments synthesized from recombinant
htau34 containing the P301S mutation attain a fiiraheet
content of 574 6% (3). This value suggests thaistructure
extends far beyond the90 amino acid residue core of paired
helical filaments §8). These data are consistent with the
progression from natively unfolded full-length monomer to
intermediate and finally filament conformation being char-
acterized by continuously increasifigsheet content.

In vitro, tau filament morphology varies with isoforr@9)
and primary structure 5@). The data presented herein

nucleation and extension phases of the tau aggregation
reaction. It will be useful to characterize these modulators
at the level of intermediate formation.

Pharmacological Consideration$au filament formation
is a robust marker of degeneration and, so, is an attractive
target for premortem diagnostic development. Small-
molecule ligands capable of binding amyloid conformation
with high affinity may be useful for this purpos&8). The
data presented here, however, suggest that reagents such as
these must be used with care owing to their ability to drive
the fibrillization reaction. The high concentratiorrsab uM)

indicates that morphology also depends on the nature of therequired for dyes such as ThS to drive fibrillization suggest
inducer. Anionic surfactants and microspheres induce pri- the existence of a preequilibrium, where binding to natively
marily untwisted 13 nm wide filaments from htau40 over unfolded tau is slow because few binding sites are pre-
early time periods, and these transition to twisted filaments arranged. It will be important to determine whether binding
with the mass per unit length of paired helical filaments over affinity for filaments can be separated from affinity for
a period of days70). In contrast, thiazin red induced twisted intermediate states or whether linkage with the nucleation
ribbons with a maximal width of 25 nm from the earliest reaction can be severed.

time points. The factors influencing amyloid filament Conclusions.Protein aggregation is controlled by both
morphology are not fully understood. In the cases3af conformational and colloidal stability in solution, either of
microglobulin (1) and the immunoglobulin light chain  which can be rate limiting for amyloid formation depending
variable domain{2), filament morphology is linked to the  on conditions 79). Despite being natively unfolded, similar
conformational properties of the precursor state. Differences considerations apply to tau protein. Under physiological

tau filament morphology in the presence of different inducers
may reflect similar considerations. In fact, it is conceivable
that nucleation rate, filament morphology, and critical
concentration all depend on the nature of the fibrillization
inducer owing in part to differences in the fine structures of

conditions, the equilibrium conformation of full-length

htau40 is not assembly competent, and so the fibrillization
reaction is triggered by those agents or mutations that
stabilize assembly-competent conformations. Triggering
activity is characterized by greatly accelerated nucleation

the intermediate species they stabilize. Alternatively, dyes rates. In contrast, posttranslational modifications that stabilize
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the
act

filamentous state by promoting the elongation reaction 19.

as enhancers. These are characterized by decreases in

critical concentration without acceleration of the nucleation

reaction. Evolving models of amyloid structure suggest a 20.

physical basis to these observations.
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