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ABSTRACT: The mechanism through which arachidonic acid induces the polymerization of tau protein
into filaments under reducing conditions was characterized through a combination of fluorescence
spectroscopy and electron microscopy. Results show that polymerization follows a ligand-mediated
mechanism, where binding of arachidonic acid is an obligate step preceding tau-tau interaction.
Homopolymerization begins with rapid (on the order of seconds) nucleation, followed by a slower elongation
phase (on the order of hours). Although essentially all synthetic filaments have straight morphology at
early time points, they interact with thioflavin-S and monoclonal antibody Alz50 much like authentic
paired helical filaments, suggesting that the conformation of tau protein is similar in the two filament
forms. Over a period of days, synthetic straight filaments gradually adopt paired helical morphology.
These results define a novel pathway of tau filament formation under reducing conditions, where oxidation
may contribute to final paired helical morphology, but is not a necessary prerequisite for efficient nucleation
or elongation of tau filaments.

Evidence suggests that the polymerization of tau into
filaments plays a decisive role in the chain of events that
culminate in neuronal death (1). The phenomenon is not
unique to AD,1 but common to a wide range of neurode-
generative disorders, includingdementia pugilistica, posten-
cephalitic parkinsonism, adult Down Syndrome, Pick’s
disease, and myotonic dystrophy (2). Although tau filaments
appear in a stereotypic manner during progression of these
diseases, the temporal and spatial distribution of neurons that
develop the pathology is disease-dependent (3, 4). In fact,
the development of neurofibrillary pathology may represent
part of a final common pathway of neurodegeneration that
is initiated in response to diverse insults in different brain
regions.

Tau filaments appear in two morphologies: SFs, which
average 10-15 nm in width; and PHFs, which are up to 20
nm in width and have a helical pitch associated with them.
The two forms are closely related structurally, copurify with
one another, and share epitopes recognized by monclonal
antibodies (5, 6). Although it has been argued that SFs are
precursors of PHFs in AD (7), the forces that give rise to
either morphology are unknown. Tau protein does not
polymerize spontaneously at physiological concentrations

(low micromolar), and efforts to stimulate the polymerization
of recombinant tau by changing its state of phosphorylation
alone have failed.

These data suggest that an additional factor is required to
guide the formation of tau filaments. Indeed, it has been
shown that a variety of anionic species can promote tau
polymerization, guiding the formation of SFs and PHFs from
recombinant tau (8-11). Two principal pathways have been
proposed: oxidation dependent and oxidation independent.
The former pathway requires covalent disulfide bond forma-
tion between tau protomers before assembly is mediated by
polyanions such as heparin or RNA (11, 12). Proteolytic
fragments containing the C-terminal third of tau assemble
better than intact tau under these conditions (12, 13). The
oxidation-independent pathway proceeds under reducing
conditions from full-length tau monomer, and does not
require proteolysis for efficient rates of reaction (14).

Recently we showed that fatty acids are extremely power-
ful inducers of tau polymerization under near-physiological
conditions of pH, salt concentration, temperature, and
reducing environment (14). Here we employ these agents to
assess the mechanism of tau polymerization by the oxidation-
independent pathway. The results show how filament forma-
tion can begin in normal neurons before major changes in
the redox state of the cell have occurred.

EXPERIMENTAL PROCEDURES

Materials. Full-length monomeric recombinant tau protein
(htau40) and monoclonal antibodies Alz50 (15) and Tau5
(16) were purified and handled as described (17). AA was
from Fluka (Ronkonkoma, NY), whereas DTT and ThS were
from Sigma (St. Louis, MO). PHF was purified as described
previously (18) and supplied by Dr. Hanna Ksiezak-Reding
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(Albert Einstein College of Medicine, New York, NY). AA
was reconstituted in 100% ETOH and stored under argon
gas at-80 °C.

Tau Polymerization Assay. Under standard conditions,
htau40 (0.08-4 µM) was incubated with AA (10-100µM)
in buffer A (10 mM HEPES, pH 7.4, 100 mM NaCl) under
reducing conditions (5 mM DTT) either at room temperature
or at 37 °C. Samples were processed for fluorescence
spectroscopy or electron microscopy as described below.

Electron Microscopy. Aliquots of tau polymerization
reactions were removed as a function of time (0-7 days)
and immediately treated with 2% glutaraldehyde (final
concentration) at room temperature forg1 h. Samples were
mounted on Formvar/carbon-coated 300 mesh grids, nega-
tively stained with 2% uranyl acetate (14), and viewed in a
JEOL JEM-1220 transmission electron microscope operated
at 60 kV. Images were captured either digitally on a Kodak
Megaplus 1.6i digital camera or on black and white film,
and processed with Metamorph software (Universal Imaging
Corp, West Chester, PA). Filament dimensions were quanti-
fied from six random images per grid. Filament lengths were
calibrated using parallel images of 200 nm latex beads
(Electron Microscopy Sciences, Fort Washington, PA). Total
filament lengths (i.e., the sum total of all filament lengths
within a field) are reported( standard deviation.

Fluorescence Spectroscopy. The principles of this method
have been described previously (12, 19, 20). ThS was added
to tau polymerization reaction products at a final concentra-
tion of 0.5-5 µM. After gentle mixing, fluorescence was
read directly in an SLM 8000c fluorimeter (λex ) 440 nm;
λem ) 490 nm; 1 nm bandwidth) operated at 800 V, gain
10, and slit 16 at room temperature. Under these conditions,
polymer-bound ThS fluoresces brightly, whereas free ThS
or ThS in the presence of monomeric tau or fatty acid does
not (see below). For kinetic analysis, AA was added directly
to a stirred cell containing htau40, buffer A, DTT, and ThS,
and fluorescence data were collected every 2-4 s for up to
60 min.

Analytical Methods. Monoclonal antibody affinities and
protein contents were estimated as described previously (17).
All statistical errors are reported as standard deviations unless
otherwise noted.

Tau polymerization time courses were fit as a two-phase
exponential association reaction:Y ) Ymax1(1 - e-kob1‚X) +
Ymax2(1 - e-kob2‚X), whereY is proportional to the amount of
tau polymer,X is time, andkob is the observed rate constant
of the reaction. The time required for half-maximal signal
development (t1/2) was calculated( 95% confidence inter-
vals.

Reaction order was established from double-logarithmic
(van’t Hoff) plots as described previously (21). Results are
reported as slope( standard error of the estimate.

Scatchard analysis of htau40 polymerization reactions
consisted of plottingν/[x] vs ν, whereν is polymer-bound
ThS fluorescence, and where [x] approximates the free
concentration of varied ligand. All analyses assume validity
of the steady-state assumption, and that [x]free ≈ [x] total.

RESULTS

Synthetic Filaments Resemble Authentic Tau Filaments
Immunologically.To assess the relationship between syn-
thetic SFs prepared from recombinant htau40 (14) and
authentic PHFs isolated from AD brain (18), samples of each
were compared on the basis of three criteria. First, the binding
affinity between selected monoclonal antibodies and tau
filaments was quantified. Previously, we showed that mono-
clonal antibodies against tau fall into selectivity classes: one,
exemplified by antibody Tau-5, binds continuous epitopes
on tau irrespective of aggregation state; another, exemplified
by antibody Alz50, binds the PHF-tau conformation selec-
tively (17). The relative selectivity of these antibodies for
purified, synthetic SFs prepared from pure htau40 was
assessed. All Scatchard plots were linear, indicating that
Tau-5 and Alz50 interact with tau via single, noncooperative
binding sites (17). The binding constants (Kd) calculated from
these plots (summarized in Table 1) show that monoclonal
antibody Tau-5 bound monomeric htau40, synthetic SFs
created from htau40, and authentic PHFs with similar affinity.
These data are consistent with Tau-5 binding a continuous
epitope that is accessible and presented nearly identically in
monomeric and filamentous tau. In contrast, the conforma-
tion-selective monoclonal antibody Alz50 bound synthetic
filaments with ≈14-fold higher affinity than monomeric
htau40. Although this level of selectivity is not as great as
that between authentic PHF and monomeric htau40, the data
suggest that tau in synthetic SFs has a conformation
approaching that found in authentic PHF.

Synthetic Tau SFs Resemble Authentic PHFs in Their
Ability To Bind ThS.As a second criterion of similarity, the
ability of synthetic filaments to interact with ThS was
assessed. This fluorescent probe is used routinely to identify
elements of the fibrillar pathology (neurofibrillary tangles,
neuritic plaques, and neuropil threads) in Alzheimer’s disease
(AD) tissue. It is unusual in that both its excitation and its
emission spectra shift to longer wavelengths upon binding
tau filaments. These properties permit selective detection of
filamentous tau in authentic fibrillar lesions of AD (Figure
1A). ThS also binds synthetic SFs formed from recombinant
htau40 in vitro, yielding a red shift in excitation optimum,
from 380 to≈400 nm (Figure 1B), and a red shift in emission
optimum from≈445 (19) to ≈495 nm (Figure 1C). Similar
Stokes shifts occur when ThS binds authentic PHF in vitro
(12, 22). These fluorescence changes appeared within

Table 1: Affinity Measurements Reveal That Synthetic Filaments Resemble Authentic Tau Filaments with Respect to Monoclonal Antibody
Alz50 Immunoreactivity

ratiod

antibodya htau40b Kd (nM) PHFb Kd (nM)
synthetic polymerc

Kd (nM) htau40:PHF htau40:SF

Tau-5 0.26( 0.01 0.35( 0.02 0.31( 0.08 0.74( 0.05 0.84( 0.22
Alz50 25.0( 3.8 e0.33( 0.11 1.82( 0.12 g76 ( 28 13.7( 2.3

a Tau-5 (16); Alz50 (15). b Data from ref17. c Prepared from recombinant htau40 and AA as described under Experimental Procedures.d Ratio
) Kd of tau binding/Kd of PHF-tau binding. Values less than unity reflect selectivity for tau, whereas values greater than unity reflect selectivity
for PHF-tau.
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seconds of mixing, and displayed classical saturation equi-
libria with respect to dye concentration. Scatchard plots of
ThS binding to synthetic SFs were linear (estimated atλex

) 440 nm;λem ) 490 nm), suggesting that ThS binds to a
single class of sites on filaments and does not participate
directly in the polymerization reaction. Binding proceeded
with an apparentKd of 0.96( 0.31µM (Figure 1D). These
data suggest that synthetic tau SFs retain the ThS pharma-
cophore found on authentic, AD-derived tau filaments and
on synthetic PHF.

Synthetic Tau SFs Resemble Authentic Filaments Mor-
phologically.As a final criterion of similarity, the packing
of tau protomers within synthetic tau SFs and authentic PHFs
was assessed through seeding experiments. When authentic
PHFs were incubated (e3 h) under standard conditions+
AA in the absence of recombinant tau protein, they continued
to appear in the transmission electron microscope as blunt-
ended, short helical structures (Figure 2A). As shown
previously (14), incubation (e3 h) of htau40 under identical
conditions yielded synthetic filaments of SF morphology
(Figure 2B). Yet when htau40 was incubated under identical
conditions in the presence of authentic PHFs, the latter were
capable of serving as templates for the extension of synthetic
filaments. When viewed at high magnification, the synthetic
extensions appeared to have SF morphology, and typically
grew from only one end of the PHF (Figure 2C). It should
be noted that, under the solvent conditions and incubation
times employed, no elongation of synthetic tau from authentic
PHFs occurred in the absence of AA.

These synthetic PHF/SF chimeras resemble authentic
chimeras isolated from AD brain (5, 23). The ability of PHFs
to serve as templates for the elongation of synthetic SFs
suggests that the tau-tau contacts and hence the internal
packing of tau protomers are similar in synthetic SFs and
authentic PHF. Furthermore, they suggest that PHFs are truly
“paired”, being composed of two intertwining SF-like

hemifilaments. We conclude that the synthetic SFs we
produce from recombinant htau40 are closely related to
authentic PHFs in structure, and that they present a useful
and relevant model for examining tau filament assembly.

Fatty Acid-Mediated Tau Filament Formation Proceeds
Via a Condensation Mechanism.Because the polymerization
of recombinant htau40 is completely dependent upon the
presence of polymerization inducers (14), it is possible to
control and quantify the earliest events in tau filament
formation. As shown in Figure 3, incubation of htau40 at
low micromolar concentration under standard conditions did
not yield filamentous material, even after 7 h of incubation
(Figure 3A). In contrast, the addition of AA to physiological
concentrations of htau40 (1-4 µM) resulted in the near-
instantaneous formation of globular structures averaging 21.7
( 6.7 nm (n ) 187) in their longest dimension (Figure 3B).
Within 1 h, nascent filaments up to 1µm in length were
visible (Figure 3C). Longer time points showed that filament
elongation continued, but that the number of filaments or
nucleation centers increased only slowly over time (Figure
3D). These results suggest that the primary role of tau
polymerization inducers such as fatty acids is to nucleate
the reaction (i.e., to facilitate the formation of small tau
aggregates that serve as centers for elongation into filaments),
and that the nucleation reaction is fast relative to filament
elongation.

To extend this observation, the time course of tau
polymerization was examined in real time using ThS
fluorescence. As shown in Figure 1, and reported previously
(12, 20, 22), the Stokes shift that occurs upon ThS binding
to filaments allows selective detection of polymer in the
presence of monomer. ThS fluorescence (λex ) 440 nm;λem

) 490 nm) did not appear until fatty acid was added to
htau40, again confirming that the reaction is fatty acid-
dependent (Figure 4). Upon addition of AA, ThS fluores-
cence appeared immediately, and increased linearly for the

FIGURE 1: Synthetic filaments bind ThS. ThS is a fluorescent dye used to stain various pathological structures including NFT. (A) A 40
µm thick section of superior temporal gyrus from a late-stage case of AD stained with≈200µM ThS (10 min× 22 °C) and viewed under
fluorescence microscopy (λex band-pass filter) 400-440 nm;λem high-pass filter) 480 nm) reveals staining of tau filaments within
authentic NFTs. (B, C) Fluorescence spectroscopy reveals that ThS also binds synthetic htau40 SFs. The optima for (B) excitation (estimated
at fixed λem ) 490 nm) and (C) emission (estimated at fixedλex ) 440 nm) of ThS fluorescence (2µM) were determined in assembly
buffer (10 mM HEPES, pH 7.4, 100 mM NaCl, 5 mM DTT) containing htau40 (2µM) in the presence (solid line) or absence (dotted line)
of AA (50 µM). Measurements were made after 1 h incubation at room temperature. AA-induced filament formation produces red Stokes
shifts in both excitation (from≈380 to ≈400 nm) and emission (from≈445 to ≈495 nm) optima. Because of these Stokes shifts, the
fluorescence of tau polymer-bound ThS can be detected with minimal interference from unbound ThS whenλex ) 440 andλem ) 490-510
nm. Neither htau40 nor AA alone induce shifts in ThS fluorescence. (D) Scatchard plot of ThS fluorescence (λex ) 440 nm;λem ) 490 nm)
measured after 1 h incubation under standard conditions at room temperature (1µM htau40; 50µM AA) in the presence of varying
concentrations of ThS (0.5-2 µM), whereν is the fraction of bound ThS (approximated by dividing fluorescence by total ThS concentration)
and [X] approximates free ThS concentration. These data are consistent with ThS interacting with synthetic htau40 SFs in a noncooperative
manner through a single class of binding site.
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first 10 s of reaction. Thereafter, the extent of ThS
fluorescence increased nonlinearly for the remainder of the
time course. These data fit a two-phase exponential associa-
tion (modeled as described under Experimental Procedures;
r2 ) 0.991). When measured at physiological tau concentra-
tion (2µM), the first phase had at1/2 of 22.5( 0.5 s, whereas
a second, slower phase had at1/2 of 6.3 ( 0.2 min. Both
phases correlated with the total length of tau filaments
produced as estimated by quantitative electron microscopy
(Figure 4). These data suggest that polymeric species of
htau40 produced following exposure to AA, including small
aggregates appearing at the earliest time points, are ThS-
positive. The results also suggest that AA-dependent tau

polymerization proceeds through a condensation mechanism,
with rapid nucleation into small, ThS-positive structures
followed by a slower elongation phase yielding SFs.

Tau Filament Nucleation Is CooperatiVe. Typically, po-
lymerization reactions that proceed by a condensation
mechanism exhibit a cooperative dependence on protomer
concentration, and a threshold or “critical” concentration for
assembly. To determine whether fatty acid-mediated htau40
assembly exhibited these properties, the relationship between
htau40 concentration and ThS fluorescence (λex ) 440 nm;
λem ) 490 nm) appearing in 1 h was examined. The results
show that the reaction is biphasic (Figure 5A). The first phase
was observed at tau concentrations below 0.5µM, and
consisted of a graded increase in fluorescence as tau
concentrations were raised. When plotted on double-
logarithmic axes (van’t Hoff plot), a slope of 0.74( 0.17
was obtained, indicating that the dependence of ThS fluo-
rescence on tau concentration was essentially linear. This
phase may correspond to conformational changes in tau
monomers. The second phase spanned tau concentrations
ranging from 0.6 to 1.2µM, and consisted of a steep rise in
fluorescence with increasing tau concentration. Within this
range, fluorescence increased as the third power of tau
concentration (van’t Hoff slope) 3.00( 0.32µM). On the
basis of the abscissa intercept, the critical concentration (i.e.,
the minimal htau40 concentration required for self-associa-
tion and polymerization in the presence of fatty acid) of tau
polymerization was estimated as 0.50( 0.09µM. This value
lies well within the total concentration of all tau proteins
thought to exist in normal neurons (see Discussion).

Fatty Acid Dependence of Tau Polymerization.To assess
the dependence of tau assembly on fatty acid concentration,
2 µM htau40 was incubated with AA concentrations varying
from 10 to 80µM (Figure 5B). At low AA concentrations
(10-30 µM), the reaction appeared graded but highly
cooperative, with ThS fluorescence increasing as the third
power of AA concentration (van’t Hoff slope 2.89( 0.86;
slope ( 95% confidence interval). The reaction then
maximized (30-40 µM) and began decreasing (>40 µM).
Similar biphasic behavior has been observed in other AA-
dependent processes (24) and may reflect the critical micel-
lization concentration (≈25 µM) of this fatty acid. Alterna-
tively, it may result from sequestration of htau40 protomers
at high AA concentration. These data demonstrate that tau
polymerization is dependent on AA concentration, with
filament formation requiring at least 10µM AA.

Ligand-Dependent Tau Polymerization. Two limiting
classes of ligand-dependent polymerizations have been
characterized: a ligand-mediated reaction mechanism, wherein
polymerization inducer must bind protomer before self-
association; and a ligand-facilitated reaction mechanism,
where inducer acts to stabilize preexisting aggregates of
protomer. The two mechanisms can be distinguished experi-
mentally by examining the ligand dependence of polymer-
ization at varying protomer concentrations. For ligand-
facilitated reactions, the potency of ligand increases with
increasing concentrations of protomer (25). For ligand-
mediated reactions, polymerization is protomer concentration
independent. For cooperative systems, which yield nonlinear
data plots, differences in ligand potency are most easily
observed as changes in the ordinate intercept of Scatchard
plots (25).

FIGURE 2: Synthetic tau filaments resemble authentic AD-derived
filaments morphologically. The similarity between synthetic SFs
prepared from recombinant htau40 and authentic AD-derived tau
filaments is apparent when tau is polymerized onto PHF “seeds”
and viewed in the transmission electron microscope. (A) Authentic
PHFs incubated under standard assembly conditions (<3 h) in the
absence of htau40 and AA remain as PHF. (B) Recombinant htau40
(4 µM) incubated in the presence of AA (100µM) forms synthetic
filaments with straight morphology. (C) Authentic PHFs incubated
under standard assembly conditions in the presence of htau40
(4 µM) and AA (100µM) over short (<3 h) time periods serve as
seeds for elongation of synthetic htau40 SFs. The portion of a
representative chimera corresponding to authentic PHF lies between
arrowheads. The presence of authentic PHF/SF chimeras in AD
brain has been noted previously (5, 23). These data suggest that
the PHF is truly “paired”, being composed of two intertwining SF-
like filaments. Furthermore, they suggest that the tau-tau contacts
between tau monomers in synthetic SFs and authentic tau filaments
are similar. Bar) 100 nm.
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To distinguish which mechanism best describes AA-
dependent htau40 polymerization, AA-dependent induction
of ThS fluorescence (λex ) 440 nm;λem ) 490 nm) was
assessed at three different htau40 concentrations (at or above
the critical concentration). Discontinuities appearing at higher
AA concentrations were avoided by examining the reaction
in detail only within the early, cooperative phase observed
at low AA concentrations (10-30 µM). When these data
were plotted in Eadie-Scatchard format (Figure 6), a
hyperbolic plot reflecting positive cooperativity was observed
(26). Plots of this shape are typical of self-associating systems
that bind small-molecule ligands (25). As tau protomer
concentration was varied, no changes in the potency of AA
as polymerization inducer were detected. In each case, ThS
fluorescence was first detectable at 10µM AA. This is
apparent as all three curves share the same ordinate intercept,

which is proportional to the potency of AA and the number
of potential AA binding sites on tau (Figure 6). Assuming
the number of arachidonic acid binding sites does not vary
with tau concentration, these data suggest that the AA
dependence of tau polymerization is not dependent on
protomer concentration, and that the reaction mechanism is
most consistent with a ligand-mediated scheme (25). That
is, under the conditions of these experiments, AA-induced
tau filament formation follows an ordered reaction mecha-
nism, with the binding of AA to tau preceding its homo-
polymerization. On the basis of the critical concentration data
discussed above, the process can begin at htau40 concentra-
tions as low as 0.5µM, and is detectable at AA concentra-
tions as low as 10µM.

SFs Can SerVe as Precursors to PHFs.Over the short
time courses analyzed above, the morphology of htau40

FIGURE 3: Fatty acid-induced tau filament formation is a rapid process. Recombinant htau40 (4µM) was incubated in the absence (A) or
presence (B-D) of AA (100 µM) under standard conditions. Aliquots were removed as a function of time (A, 7 h; B, 0 h; C, 1 h; D, 3 h)
and processed for transmission electron microscopy as described under Experimental Procedures. (A) In the absence of AA, htau40 does
not polymerize over 7 h of incubation. (B) The addition of AA to physiological concentrations of htau40 results in the immediate formation
of globular structures averaging 21.7( 6.7 nm (n ) 187) in their longest dimension (see inset for higher magnification). (C) Within 1 h
of incubation, these extend to form nascent filaments up to 1µm in length. (D) After 3 h of incubation, synthetic filaments with SF
morphology continue to elongate, while the number of filaments increases only slowly. These results suggest that tau polymerization begins
with the formation of nuclei immediately upon fatty acid addition and is followed by a slower elongation phase.
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polymers produced under reducing conditions is almost
exclusively that of SFs (8, 14). On the basis of monoclonal
antibody affinity, ThS reactivity, and morphology, these
filaments represent hemifilaments of the PHF. To ascertain
the long-term fate of these filaments, aliquots of htau40
incubated with AA over a period of days at 37°C were
examined by transmission electron microscopy. The results,
illustrated in Figure 7, reveal that htau40 can form filaments
with extensive PHF-like morphology after 2 days of incuba-
tion. These results suggest that SFs can lead to PHFs through
annealing of near-neighbors, or by serving as “seeds” for
slow extension of a second hemifilament to form a full PHF.

DISCUSSION

Although a growing body of evidence suggests the
polymerization of tau protein into the filamentous forms
found in neurodegenerative disease is a guided process, the
exact nature of the inducer active pathologically and its
mechanism of action is contentious. In vitro data suggest
that polyanions, such as heparin or RNA, can guide the
formation of PHF-tau from recombinant tau protein, so long
as the tau is modified by oxidation and covalent dimer

formation (11, 12) or by selective proteolysis (13). Intact,
full-length monomeric tau protein (htau40) assembles poorly
under these conditions (9, 11, 27). Here we have shown that
another class of polymerization inducer, AA, can promote
tau filament formation much more efficiently than polyanions

FIGURE 4: Short time course of tau filament formation. Recombi-
nant htau40 (4µM) was incubated under standard conditions for
30 min with constant stirring in the presence of ThS while
fluorescence intensity (λex ) 440 nm;λem ) 490 nm) was recorded
every 2 s. After≈3 min incubation, AA (75µM final concentration)
was added (arrow). The left ordinate records a rapid increase in
ThS fluorescence upon addition of AA (dots). Aliquots from a
parallel reaction were taken att ) 1, 3, 9, and 30 min, and analyzed
by quantitative transmission electron microscopy as described under
Experimental Procedures. Resultant estimates of total filament
length/field are shown on the right ordinate (open squares), with
error bars corresponding to( one standard deviation. These data
show a close kinetic correlation between total AA-induced total
filament length as estimated by electron microscopy and the AA-
induced increase in the intensity of ThS fluorescence.

FIGURE 5: Tau filament formation is cooperative with respect to
protomer and inducer concentrations. Tau polymerization was
monitored by ThS fluorescence (λex ) 440 nm;λem ) 490 nm)
after 1 h of incubation under standard conditions at room temper-
ature in the presence of variable concentrations of (A) htau40
(0.05-2 µM htau40; 50µM AA) or (B) AA (10-80 µM AA; 2
µM htau40). See text for details.

FIGURE 6: Fatty acid-induced tau filament formation proceeds via
a ligand-dependent mechanism. Tau polymerization was monitored
by ThS fluorescence (λex ) 440 nm; λem ) 490 nm) after 1 h
incubation under standard conditions at room temperature in the
presence of variable concentrations of AA (10-30 µM). Results
are depicted as Scatchard plots, whereν is polymer-bound ThS
fluorescence and [X] approximates the concentration of free AA.
Curves were generated at htau40 concentrations of 0.5µM (9),
0.8 µM (0), and 1µM (b) htau40. Dashed lines represent curves
extrapolated above the critical micellization constant of AA,
assuming that the total number of AA interaction sites (the abscissa
intercept) does not vary with tau protomer concentration. The
resultant plots are convex because of the cooperative relationship
between AA concentration and tau filament formation (see Figure
5). A hypothetical plot of a noncooperative binding reaction is
shown for comparison as a dotted line (see Figure 1D for an actual
example). Each plot retains a common intercept on the ordinate,
suggesting that the potency of AA as an inducer of htau40
polymerization does not depend on htau40 protomer concentration.
This pattern is consistent with a ligand-mediated mechanism and
inconsistent with a ligand-facilitated mechanism (25). In ligand-
dependent processes, binding of ligand (AA) is an obligate first
step in the polymerization reaction.

FIGURE 7: Fatty acid-induced filaments adopt PHF morphology
when incubated for long periods. Recombinant htau40 (4µM) was
incubated (37°C) with AA (100 µM) under standard conditions
for 7 days, during which time aliquots were removed and subjected
to transmission electron microscopy. After 2 days of incubation
(shown above), extensive helical morphology became apparent
(periodicity) 88( 15 nm;n ) 16 periods). The presence of many
junctions and spurs (arrowheads) suggests that SFs may evolve into
PHFs by annealing with near-neighbors. Bar) 100 nm.
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under normal physiological conditions of pH, temperature,
ionic strength, and tau protein concentration. Moreover,
initiation of the reaction does not require phosphorylation
or other modification of full-length tau protein, and proceeds
under the reducing conditions encountered within normal
eukaryotic cells (28).

These results support an alternative mechanism of tau
filament assembly (Figure 8). Under basal conditions, total
intracellular tau concentrations average≈2 µM in brain (29).
Tubulin is present in vast excess (≈20 µM dimer; 30), and
theKd for tau/tubulin interaction is low (≈100 nM;31). Thus,
in the absence of phosphorylation, it is predicted that>99%
of total tau should be in complex with microtubules, leaving
a free intracellular tau concentration far below the critical
concentration required for tau homopolymerization. In reality,
tau protein normally contains covalent phosphate which can
increase theKd for tau/tubulin interaction (32), and drive up
the intraneuronal concentration of free tau. The first step in
the process of filament formation may involve hyperphos-
phorylation, which can further drive monomeric tau con-
centrations to levels that support SF formation. On the basis
of data presented here for htau40, the critical concentration
for fatty acid-mediated filament formation is reached when
25% (≈0.5µM) of total tau is free in solution. Still, elevated
tau concentrations produced by phosphorylation or other
mechanisms do not lead to filament formation directly.
Rather, we propose that under reducing conditions the
transient or prolonged elevation in inducer concentration
results in very rapid nucleation of monomeric tau into nascent
filaments. Nucleation follows a ligand-mediated mecha-
nism: that is, binding events are strictly ordered, with inducer
(AA) binding being an obligate first step. Binding may
stabilize an altered conformation of tau, which then under-
goes homopolymerization. Once nucleation has occurred, tau
filaments elongate with straight morphology, corresponding
to single hemifilaments of the PHF. But over extended time
periods (days), the filaments can attain the classic dimensions
of the PHF. The evolution of PHF from SF observed in vitro
may result from annealing and joining of neighboring SFs,
or from slow extension of a second hemifilament to form a
full PHF. The latter process may involve oxidation, for
although the Cys residues found within the microtubule
repeat domain remain fully reduced for 24 h under the DTT
concentrations used here (33), they may slowly oxidize to

form tau dimers after this time. Whatever the mechanism,
an apparent progression of authentic tau filaments from SF
to PHF morphology has been observed in AD brain (7). In
other tau filament-forming diseases, such as progressive
supranuclear palsy, SFs actually predominate (34, 35).

As noted above, tau polymerization can be promoted by
substances other than fatty acids, such as polyanions. Yet in
addition to being inefficient, and requiring oxidation or
truncation of tau protein to proceed, these substances are
poorly placed to act in vivo. For example, heparin is
primarily extracellular, whereas tau protein is exclusively
intracellular. RNA is intracellular, and present at high
concentration, but is complexed with protein rather than
existing free in solution. In contrast, several lines of evidence
suggest that anionic lipids or lipid-derived substances (such
as fatty acids) may play a role in neurodegenerative disease.
First, ultrastructural analysis of AD brain biopsy material
reveals that tau filaments appear to begin or end in associa-
tion with cellular membranes (36). The clear implication is
that an essential component of the assembly machinery is
membranous. Although this material could be a protein or
other matter, the ability of fatty acids and polyanions to
promote tau polymerization strongly suggests it is the lipid
component of the membrane itself that seeds, nucleates, or
somehow facilitates tau assembly. Second, tau protein binds
lipid (37, 38), NFTs label with antiganglioside antibodies
(39), and isolated PHFs contain glycolipid (40, 41). Indeed,
a pool of tau associates with the plasma membrane in situ
(42). Thus, tau-membrane interaction may be a facet of
normal tau function that is perturbed in AD. Finally, genetic
studies reveal that a risk factor for AD is apolipoprotein E
(apoE), a lipid carrier molecule (43). ApoE could affect tau
polymerization indirectly by influencing the lipid composi-
tion of cellular membranes. Again, although the work
presented herein relies exclusively on AA, it is possible that
tau polymerization is mediated in vivo by other lipids, or
by AA derivatives produced by enzymatic (e.g., prostaglan-
dins) or nonenzymatic means (e.g., isoprostanes;44). Indeed,
inhibition of prostaglandin-mediated tau polymerization may
contribute to the ameliorative effects observed on treatment
of AD cases with cyclooxygenase inhibitors (45).

The model presented above has important mechanistic
implications for the formation of fibrillar pathology in vivo.
First, we have shown that filament nucleation proceeds
rapidly in the absence of tau phosphorylation, a result
consistent with the role of “hyperphosphorylation” in fila-
ment assembly being indirect. It cannot be excluded,
however, that phosphorylation at appropriate sites alters the
critical concentration of tau assembly, or affects the rates of
nucleation or elongation. Second, we predict that tau fila-
ments can be nucleated in response to short-term insults that
result in transient phosphorylation and elevation of polym-
erization inducers such as fatty acids. The stability of the
resultant tau filaments may exceed the lifetime of the insult.
This suggests a potential link between environmental factors
(e.g., blows suffered by a prize fighter) and the onset of
neurofibrillary changes associated with neurodegenerative
disease (e.g,dementia pugilistica). It also suggests a mech-
anism by which changes in tau conformation can accumulate
with time. This is in marked contrast to the proposed
oxidative pathway of PHF formation, which by having a
critical concentration of 1µM dimer, requires that essentially

FIGURE 8: Hypothetical model of tau filament formation in
neurodegenerative disease. See text for details.
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all brain tau be free and dimerized before polymerization
can occur (13).

The model also has implications for tau filament structure.
Despite being disordered in solution (22), tau monomers pack
into filaments displaying organized morphology. The con-
formational changes in tau protomers that accompany fila-
ment formation can be sensed by conformation-selective
monoclonal antibodies such as Alz50 (17). In fact, tau
filaments present a novel pharmacophore that can be bound
and detected with small-molecule probes such as ThS. The
data presented here confirm that SFs and PHFs are closely
related structurally (5). Indeed, the PHF is truly “paired”,
consisting of two SF-like hemifilaments wound around each
other, rather than being a twisted ribbon (46) or a disordered
aggregate (47). Furthermore, seeding experiments with
authentic PHFs suggest that filaments maintain directionality
in their elongation, with growth occurring more efficiently
from one end (the “+” end) than the other end (the “-”
end). Similar behavior (nucleation dependence and polarity
of assembly) has been observed for polymers of actin and
tubulin (48). The ability of PHFs to seed formation of SF
“forks” primarily off one end is consistent with its hemifila-
ments being aligned in a parallel fashion. Because tau dimers
are aligned in an antiparallel arrangement (49, 50), this
suggests that the axis of filament elongation is perpendicular
to the axis of dimer formation (51).

In summary, we have established the mechanism of
assembly for htau40 under reducing conditions. The data
provide a base line for comparison with other tau isoforms
(52), which may differ in their ability to nucleate and extend
filaments. Indeed, familial forms of Frontal Lobar Atrophy
contain mutations in the tau gene, one of which acts to alter
the balance of tau isoforms expressed (53, 54). It will be
important to assess the assembly properties of each of the
six known human tau isoforms under these conditions.
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