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ABSTRACT: Tau fibrillization is a potential therapeutic target for Alzheimer’s and other neurodegenerative
diseases. Small molecules capable of both inhibiting aggregation and promoting filament disaggregation
have been discovered, but knowledge of their mechanism of action and potential for testing in biological
models is fragmentary. To clarify these issues, the interaction between a small-molecule inhibitor of tau
fibrillization, 3,3′-bis(â-hydroxyethyl)-9-ethyl-5,5′-dimethoxythiacarbocyanine iodide (N744), and full-
length four-repeat tau protein was characterized in vitro using transmission electron microscopy and
fluorescence spectroscopy. Analysis of reaction time courses performed in the presence of anionic
fibrillization inducers revealed that increasing concentrations of N744 decreased the total filament length
without modulating lag time, indicating that filament extension but not nucleation was affected by inhibitor
under the conditions that were investigated. Critical concentration measurements confirmed that N744
shifted equilibria at filament ends away from the fibrillized state, resulting in endwise filament
disaggregation when it was added to synthetic filaments. Both increasing bulk tau concentrations and
filament stabilizing modifications such as pseudophosphorylation and glycation antagonized N744 activity.
The results illustrate the importance of mechanism for the design and interpretation of pharmacological
studies in biological models of tau aggregation.

Alzheimer’s disease (AD)1 is diagnosed and staged in part
by the appearance of tau-bearing lesions in characteristic
regions of the brain (1). Lesion-associated tau differs from
normal tau in primary structure, being posttranslationally
modified, in secondary structure, adopting extensiveâ-sheet
conformation, and in quaternary structure, being organized
into filaments with straight and paired-helical morphologies
(2). Tau-bearing lesions appear in conjunction with neuronal
death and cognitive decline (3, 4), suggesting that tau
aggregation in some cell populations may directly contribute
to disease signs. Tau fibrillization would be an attractive
therapeutic target under these circumstances because the
formation of ligand binding sites unique to the disease state
accompanies its appearance.

To examine the feasibility of this strategy, small-molecule
libraries have been screened in search of fibrillization
antagonists (5-7). Multiple classes of inhibitors have been
discovered, with especially potent antagonist activity found
for members of the cyanine dye family. One of these, N744,

has been characterized in detail (5). When added to in vitro
aggregation reaction mixtures, N744 yields a dose-dependent
decrease in filament numbers and mass at the reaction plateau
with an IC50 more than 1 order of magnitude below bulk
tau concentrations. Thus, N744 acts substoichiometrically
with respect to tau. N744 also drives the endwise disaggre-
gation of synthetic filaments prepared from full-length
recombinant tau isoforms, suggesting it modulates equilibria
at filament ends.

Whether this pharmacodynamic spectrum is appropriate
for modulating aggregation in the disease state depends on
the mechanism of inhibitor action and the fidelity of the in
vitro models on which it is based. The latter typically employ
purified recombinant tau isoforms and exogenous inducers
such as anionic surfactant micelles (8, 9), lipid vesicles (10),
microspheres (10), or polyanions (11-13) to accelerate the
reaction so that it is detectable over tractable time periods
(14). Inducer-mediated fibrillization proceeds through a
heterogeneous nucleation mechanism (15), where the interac-
tion of tau with anionic surfaces overcomes the energy barrier
to spontaneous filament formation. Under near-physiological
conditions of pH, ionic strength, full-length tau concentration,
and reducing environment, tau filaments appear on anionic
surfaces with Poisson frequency (16), suggesting that nucle-
ation events are random, noninteracting, and dependent on
the number of nucleating bodies (i.e., micelles, vesicles, etc.)
in solution. Growth of the filament population follows
nucleation-dependent kinetics, characterized by a lag phase,
during which nucleation occurs, an exponential growth phase,
during which filament extension dominates, and a plateau
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phase, when the rates of protomer association to and
dissociation from filament ends balance each other (10, 16).
The balance between association and dissociation reactions
is reflected in the “critical concentration” and can be
quantified as the highest protein monomer concentration that
does not support fibrillization (17). Whether the inducer is
a long chain fatty acid, alkyl sulfate detergent, or carboxylate-
modified microsphere, the reaction plateau is reached after
incubation for<24 h, at which time filament morphology
and mass-per-unit length correspond to one hemifilament of
authentic PHF (18, 19). For this morphology, the equilibrium
at filament ends attained in the plateau phase as reflected in
critical concentration is independent of inducer structure (16,
20, 21). In contrast to filament extension, the rate of filament
nucleation as reflected in lag times and filament length
distributions depends in part on the number of nucleating
particles in solution and therefore the structure and concen-
tration of the inducer (9, 10).

Although the model described above is useful for inves-
tigating the mechanism of candidate fibrillization inhibitors,
the use of modification-free recombinant tau preparations
may be inadequate for fully gauging the inhibitory potential
of promising fibrillization ligands. In disease, tau is the target
of multiple posttranslational modifications that accumulate
during lesion formation, including (but not limited to)
phosphorylation and glycation (22-24). Both modifications
reduce net charge which, depending on the sites involved,
can lead to lowered filament critical concentrations (21).
Thus, the modification state of tau may be an important factor
in the ability of compounds such as N744 to antagonize tau
fibrillization in a biological context.

On the basis of its activity spectrum, we postulated that
N744 acted as an antagonist of the anionic inducer, inhibiting
both nucleation and extension reactions. Here we test this
hypothesis using kinetic analysis in the context of recom-
binant full-length tau isoform htau40. We also address the
issue of posttranslational modification by extending the
observations to glycated htau40 and pseudophosphorylation
mutant htau40T212E. Results indicate that N744-mediated
antagonism of inducer activity is limited to the extension
reaction, and is itself antagonized by bulk tau concentration
and posttranslational modifications. The implications of these
observations for pharmacological testing in biological models
of tau lesion formation are discussed.

EXPERIMENTAL PROCEDURES

Materials. Recombinant His-tagged wild-type htau40,
pseudophosphorylation mutant T212E, assembly incompetent
double mutant htau40I277P/I308P, and both glycated (∼1 mol/
mol stoichiometry) and nonglycated double mutant
htau40C291A/C322Awere prepared as described previously (21,
25). Stock solutions of alkyl sulfate inducer C18H37SO4Na
(Research Plus, Bayonne, NJ) were prepared in a 1:1 H2O/
2-propanol mixture. Glutaraldehyde, uranyl acetate, and 300
mesh carbon-coated copper grids were from Electron Mi-
croscopy Sciences (Ft. Washington, PA). Stock solutions of
N744 (deCODE Genetics, Lemont, IL) and ThS (Sigma, St.
Louis, MO) were prepared in DMSO and water, respectively.
Although ThS is an impure substance (26), solutions of it
were prepared assuming a molecular mass of 440 Da.
Carboxylate-conjugated polystyrene microspheres (90 nm

diameter, molecular area of 12 Å2/equiv) were from Bangs
Laboratories, Inc. (Fishers, IN).

Fibrillization Assays. Under standard conditions, tau
preparations were incubated without agitation in assembly
buffer [10 mM HEPES (pH 7.4), 100 mM NaCl, and 5 mM
dithiothreitol] for up to 24 h in the presence or absence of
fibrillization inducers (C18H37SO4Na or carboxylated micro-
spheres). The DMSO vehicle concentration was kept ate5%
in all reaction mixtures. For analysis by EM, aliquots were
removed, treated with 2% glutaraldehyde (final concentra-
tion), mounted on Formvar/carbon-coated 300 mesh grids,
and negatively stained with 2% uranyl acetate as described
previously (27). The interfacial filament concentration (Γf)
is defined as the summed lengths of all filaments>50 nm
in length per unit area of grid surface, and is reported in
units of length per field( the standard deviation or as a
percentage of wild-type htau40 control values( the standard
deviation.

Right-angle laser light scattering (LLS) assays were
performed as described previously (28), with the contribution
of micellization to scattering intensity controlled by parallel
reaction mixtures containing htau40I277P/I308P, an assembly
incompetent mutant of htau40 (20). Net scattering intensities
collected at a 90° scattering angle,In(90°), are directly
proportional toΓf values determined by the electron micros-
copy assay (20).

Critical Concentration Determination.Tau samples (3-8
µM, final concentrations) were added from serially diluted
stocks to assembly buffer at room temperature and incubated
for 26 h in the presence of 50µM anionic surfactant C18H37-
SO4Na and in the absence of agitation, and then analyzed
by laser light scattering as described previously (20). The
net intensity of scattered light corresponding to fibrillization
was plotted against tau concentration. The critical concentra-
tion was estimated from the abscissa intercept.

ThS Fluorescence Measurements.Tau was aggregated at
37 °C as described above except that the reaction mixtures
contained 2-40µM ThS and varying concentrations of N744
(0-4 µM). The time course of resultant changes in fluores-
cence was monitored at aλex of 440 nm and aλem of 495
nm in a FlexStation plate reader (Molecular Devices,
Sunnyvale, CA) operated at sensitivity 10, high PMT using
black-matrix, clear-bottom 96-well isoplates (Wallac, Turku,
Finland) sealed with transparent foil (NUNC). Initial veloci-
ties and plateau levels of fluorescence were estimated by
fitting time courses to sixth-power polynomials and rectan-
gular hyperbolas, respectively, as described previously (10).

Dye Aggregation.N744 (0.25-5 µM, total concentration)
was incubated (37°C for 2 h) in assembly buffer (containing
5 mM DTT) and then subjected to absorbance scans (450-
650 nm). Concentrations of dye monomer (Cm) were
estimated as described by West and Pearce (29). Briefly, the
extinction coefficient for the N744 monomer was established
in methanol (ε560 ) 1.36× 105 M-1 cm-1) and then used to
estimate the monomer concentration in aqueous solutions
after deconvoluting absorbance data with a triple-Gaussian
function. The N744 dimer concentration (Cd) was estimated
from the total dye concentration (C) and the assumption (29)

The dissociation constant for dimerization (Kdim) was then

Cd ) (C - Cm)/2 (1)
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calculated from the function (29)

Thus, the slope of double log plots ofCm versusCd was
taken as an indicator of reaction order (i.e., dimerization),
whereas the ordinate intercept was taken asKdim.

Analytical Methods.Sigmoidal fibrillization progress
curves were fit to a three-parameter Gompertz function as
described previously (20). Lag times, defined as the time
when the tangent to the point of maximum polymerization
rate intersects the abscissa of the sigmoidal curve (30), were
calculated from the resultant Gompertz parameters (20).

Concentration response curves for aggregation and dis-
aggregation were fit to the function

wherey andymax are the total filament lengths measured in
the presence and absence of inhibitor (at concentrationx),
respectively, andn is the Hill coefficient. Measurements were
normalized so thatymax was always defined as 100%, whereas
ymin, the total filament length remaining when inhibitor
concentrations were extrapolated to saturation, was not
constrained.

The EC50 for ThS fluorescence (defined as the concentra-
tion of ThS probe required to produce half-maximal initial
velocity or plateau fluorescence) was estimated from the
abscissa intercepts of double-reciprocal plots analyzed at
varying N744 concentrations.

Cooperativity of N744 competition was assessed using Hill
plots of the form

wherey is the fluorescence in the presence of N744 expressed
as a fraction of the fluorescence recorded in the absence of
N744 andn is the Hill coefficient (a measure of cooperat-
ivity).

The Ki for N744 binding was estimated using a Schild
plot modified to include the contribution of inhibitor coop-
erativity (31):

with parameters determined as described above.
All parameters estimated by linear or nonlinear regression

are reported with the standard error.

RESULTS

Kinetic Analysis of N744 ActiVity. To determine the effects
of N744 on tau aggregation kinetics, the time course of
htau40 fibrillization was examined in the presence of the
anionic microsphere inducer under standard, near-physio-
logical conditions of pH, ionic strength, bulk tau concentra-
tion (4 µM), and reducing conditions. Microspheres were
chosen as the inducer because, unlike anionic surfactants,
they do not undergo micellization or otherwise change
structure during reaction time courses that can affect lag time
(10). In the absence of N744, tau formed filaments with

nucleation-dependent kinetics, characterized by lag, expo-
nential growth, and plateau phases (Figure 1A). Consistent
with previous results (5), increasing concentrations of N744
led to decreases in total filament length remaining at 24 h
[i.e., reaction plateau (Figure 1A)]. The maximum growth
rate, corresponding to the slope at the point of inflection,
also decreased with increasing N744 concentrations (Figure
1A). In contrast, N744 had little effect on fibrillization lag
times (Figure 1B). Because lag times depend in part on
nucleation rates (32), these data indicate that N744 did not
inhibit filament nucleation. Rather, N744 selectively inhibited
the extension phase of fibrillization, leading to slower growth
rates for the filament population and decreased total filament
length (i.e., total filament mass) at the reaction plateau.

N744 Modulates the Critical Concentration.To test this
hypothesis, the critical concentration of htau40 fibrillization
was determined in the presence of varying N744 concentra-
tions using a corrected laser light scattering assay (20). The
critical concentration corresponds to the maximal solubility
of the protein above which all additional assembly competent
protein enters the polymeric phase, and for a nucleation-
elongation mechanism, the critical concentration approxi-
mates the equilibrium constant for filament extension (33).

Kdim ) Cm
2/Cd (2)

y ) ymin +
ymax - ymin

1 + 10(logIC50-logx)n
(3)

log
y

1 - y
) -n log[Ν744] + log IC50 (4)

log(EC50 ratio - 1) ) log[N744]n - log Ki (5)

FIGURE 1: Effect of N744 on tau fibrillization kinetics. (A)
Fibrillization of wild-type htau40 (4µM) in the presence of a
carboxylate-substituted polystyrene microsphere inducer (90 nm
diameter, 12 Å2/equiv molecular area; 124 pM) was assayed as a
function of incubation time and N744 concentration at room
temperature. Each data point [(b) 0, (O) 0.25, (9) 0.5, and (0)
0.65 µM N744] represents total filament lengths calculated from
electron micrographs (mean of duplicate determinations), whereas
each curve represents the best fit of the data points to a three-
parameter Gompertz growth function. The presence of N744 led
to decreases in total filament lengths at the reaction plateau. (B)
Values for lag time were calculated from data in panel A and
replotted vs N744 concentration. N744 yielded concentration-
dependent decreases in the level of plateau fibrillization but not
lag time.
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It is the highest protein concentration that does not support
fibrillization, and therefore can be estimated from the
dependence of fibrillization on bulk protein concentration
(17). C18H37SO4Na was chosen as the inducer for this
experiment because it supports fibrillization with the same
critical concentration as anionic microspheres but is amenable
to light scattering techniques (20). The critical concentration
for wild-type htau40 in the presence of the C18H37SO4Na
inducer and DMSO vehicle under standard assembly condi-
tions was 2.2( 0.2µM (Figure 2A). The presence of N744
shifted the curves relating light scattering intensity to tau
concentration to the right (Figure 2A), indicating that the
critical concentration was dependent on N744 concentration.
Indeed, replots of critical concentration versus N744 con-
centration indicated that the former steadily increased with
N744 concentration (Figure 2B). These data confirm that the
decreased level of fibrillization observed in the presence of
N744 resulted from changes in equilibria at filament ends.
They also reveal that the inhibitory effects of N744 on
plateau filament length could be overcome by increasing bulk
tau concentrations (Figure 2A).

Effect of Posttranslational Modification.Unlike recom-
binant preparations, tissue-derived tau contains posttransla-
tional modifications that can modulate aggregation behavior.
For example, both pseudophosphorylation and glycation of
htau40 lead to decreases in critical concentration (21). Thus,
modifications such as these are predicted to antagonize the
activity of N744. To test this hypothesis, concentration
response curves were prepared for both wild-type htau40 and
pseudophosphorylation mutant htau40T212E in the presence
of the C18H37SO4Na inducer. The latter preparation was
chosen for analysis because it returns the largest change in
critical concentration of any phosphorylation mimicry mutant
studied to date, thereby ensuring that any differences in N744
potency would be large enough to measure. Moreover, it
binds N744 with an affinity similar to that of htau40 (34),
eliminating differences in binding affinity as a variable.
When N744 was present under standard conditions, the IC50

for N744 inhibition of htau40 fibrillization at 24 h was 280
( 20 nM (Figure 3). In contrast, the IC50 for pseudophos-
phorylation mutant htau40T212E treated under identical condi-
tions was 630( 20 nM (Figure 3). These data confirm that
N744 potency is sensitive to modifications that modulate
equilibria at filament ends. To extend the analysis to
glycation, the fibrillization of glycated and nonglycated
htau40C291A/C322Awas examined in the presence and absence
of N744. The C291A/C322A mutant was used for this

FIGURE 2: Effect of N744 on the critical concentration of assembly.
(A) The fibrillization of wild-type htau40 incubated (room tem-
perature for 26 h) with the C18H37SO4Na inducer (50µM) in
assembly buffer was assayed as a function of N744 [(9) 0, (O) 1,
and (b) 4 µM] tau concentration (3-8 µM) by static laser light
scattering. Each data point represents the average ((standard
deviation;n ) 4) net intensity of scattered light,In(90°), at a specific
tau concentration, whereas each solid line represents linear regres-
sion analysis of the data points. The critical concentration of
assembly (estimated from the abscissa intercept of each regression
line) was dependent on N744 concentration. (B) Replot of data in
panel A, where each point corresponds to the critical concentration
as a function of N744 ((the standard error of the regression fit),
whereas the solid line is drawn solely to aid visualization. The
critical concentration increases with increasing concentrations of
N744.

FIGURE 3: N744 action is antagonized by posttranslational modi-
fications. (A) Wild-type htau40 (b) and pseudophosphorylation
mutant htau40T212E (O) and (B) nonglycated (9) and glycated (0)
htau40C291A/C322Awere each incubated (5 h at 22°C) at 4µM with
the C18H37SO4Na inducer (50µM) in assembly buffer and various
concentrations of N744 in DMSO without agitation. Aliquots were
then removed, stained with uranyl acetate, and viewed in a
transmission electron microscope as described in Experimental
Procedures. Each point represents the total length of all filaments
expressed as a normalized percentage of filament lengths measured
in the absence of N744 (triplicate determination( the standard
deviation), whereas the curve represents the best fit of the data
points to eq 3. Under these conditions, N744 inhibitory potency
was attenuated by both pseudophosphorylation and glycation.
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experiment because it eliminated potential complications
arising from cysteine oxidation during the glycation reaction
(21). IC50 values for N744-mediated inhibition of nonglycated
and glycated htau40C291A/C322Afibrillization were 420( 310
nM and 1.3( 0.6 µM, respectively (Figure 3). Again, the
differential sensitivity to N744 did not arise from differences
in N744 binding affinity (data not shown). Together, these
data predict that posttranslational modifications, such as those
that accompany tau fibrillization in vivo, can influence the
potency of fibrillization inhibitors and potentially antagonize
their activity.

N744 Binds CompetitiVely with ThS.The submicromolar
potency of N744 against recombinant full-length htau40
suggests that it binds one or more sites with prearranged
structure. In fact, the planar aromatic nature of the dye
indicates that these may be the sameâ-sheet-containing sites
bound by fluorescent reporter dyes such as ThS. To test this
hypothesis, the ability of N744 (0-4 µM) to compete with
ThS binding (2-40 µM) was determined using fluorescence
spectroscopy in the presence of anionic microspheres. This
inducer yields slow aggregation kinetics and so is ideal for
measurement of initial rates (16). In the absence of N744,
ThS bound tau species with an apparent EC50 of 11 ( 2 µM
on the basis of double-reciprocal plots of initial velocity of
fluorescence development versus ThS concentration (Figure
4A). Increasing concentrations of N744 yielded a family of
lines with common ordinate intercepts, consistent with it
acting as a competitive inhibitor of ThS binding. This pattern
held for both initial velocity and plateau levels of fluores-
cence. However, replots of double-reciprocal plot slopes
versus N744 concentration were parabolic (data not shown),
suggesting that the interaction of N744 with tau species was
cooperative, and precluding estimation ofKi by this method.

To assess cooperativity, concentration response curves
were plotted in Hill plot format, yielding a family of parallel
lines that shifted toward higher IC50 values with increasing
concentrations of the ThS probe (Figure 4B). The overall
pattern was again consistent with competitive inhibition at
every tested concentration of probe and inhibitor. The Hill
coefficient averaged 1.4( 0.1 (n ) 5 curves), indicating
the presence of positive cooperativity.

In cooperative competitive binding reactions,Ki can be
estimated from the ordinate intercepts of Schild plots
modified to include effects of positive cooperativity (31).
Although the precise molar concentration of ThS is unknown
in these experiments, derivation ofKi values for competitive
binding depends on probe concentration relative to its EC50

rather than to its absolute concentration andKD (35). Using
this approach, aKi value for N744 of 170( 10 nM was
determined (Figure 4C). Together, these data confirm that
the binding affinity of N744 is substoichiometric with respect
to bulk tau concentrations and that its binding site consisted
of the sameâ-sheet-containing elements bound by ThS.

N744 Forms Supramolecular Aggregates.ThS reacts with
multiple aggregation reaction products, including partially
folded intermediates (10) and mature filaments (36). Al-
though it is difficult to distinguish multiple binding sites of
differing affinity from true cooperativity, the former phe-
nomenon generally resembles negative cooperativity (37),
whereas both the fibrillization inhibition and competitive
binding isotherms for N744 are characterized by positive
cooperativity. Positive cooperativity potentially stems from

allosteric transitions, where the binding energy of one ligand
influences the binding of another by stabilizing conforma-
tional changes in the protein, or by the creation of more
favorable binding sites for subsequent ligands via direct
ligand-ligand interactions (38). With respect to the latter
mechanism, thiacarbocyanine derivatives are known to self-
associate both in aqueous solution and on solid surfaces
because of strong dispersion forces between their nearly

FIGURE 4: N744 binds competitively with ThS. (A) Htau40 (4µM)
was incubated (22°C) with a carboxylate-substituted polystyrene
microsphere inducer (124 pM) in the presence of 2, 4, 10, 20, 30,
or 40µM ThS probe and 0 (b), 0.13 (O), 0.25 (9), 0.5 (0), 1 (2),
and 2.5µM N744 (4) and then subjected to fluorescence spec-
troscopy (λex ) 440 nm;λem ) 495 nm). Double-reciprocal plots
of the initial velocity of fluorescence development vs ThS
concentration (duplicate determination) show that increasing con-
centrations of N744 led to increasing ThS EC50 values (abscissa
intercept) without changes in maximum fluorescence velocity (i.e.,
the ordinate intercept). The pattern is consistent with N744 acting
as a competitive inhibitor of ThS binding. (B) Competitive
fluorescence data shown in panel A were replotted in Hill format
(eq 4) against varying concentrations of ThS probe [(9) 2, (0) 4,
(b) 10, (O) 20, and (2) 30 µM]. Each solid line represents a best
fit to a linear regression. N744 inhibitory activity was cooperative
at all ThS concentrations that were investigated, with Hill coef-
ficients averaging 1.4( 0.1. The family of shifting parallel lines
confirms that N744 competes with ThS binding under these
conditions. (C) EC50 and Hill coefficients determined from panels
A and B, respectively, were replotted in Schild format modified to
included inhibitor cooperativity (eq 5) and fit to a linear regression.
On the basis of the abscissa intercept, theKi for competitive N744
binding was 170( 10 nM.
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planar faces (39). Shifts in absorbance spectra accompany
thiacarbocyanine aggregation depending on the quaternary
structure of the aggregate that is formed. Hypsochromic shifts
to shorter wavelengths are generally called H-bands. In
solution, these correspond primarily to small aggregates
(dimer, trimer, etc.), but much larger sizes can be attained
especially when they are grown on solid substrates (40).
Bathochromic shifts to longer wavelengths are termed
J-bands. These correspond to large aggregates that at high
concentrations in solution can achieve a liquid crystal state
(41). Although both classes of aggregates are composed of
parallel dye molecules stacked plane to plane, they differ in
the angle of slippage (R) between successive molecular
planes (Figure 5).

To determine whether N744 aggregated in solution, its
absorbance spectrum was measured as a function of con-
centration. In neat methanol, which does not support dye
oligomerization (29), N744 absorbance appeared as a major
band at 568 nm with a weak vibrational shoulder at 547 nm
(Figure 6A). At low micromolar concentrations in aqueous
solution (i.e., assembly buffer), the monomer appeared to
be centered at 562 nm, consistent with the solvatochromic
behavior of many thiacarbocyanine derivatives (42). As N744
concentrations increased, a second maximum centered at 522
nm also became apparent. On the basis of absorption spectra

of other thiacarbocyanine dyes (29), the 522 nm band
corresponds to an H-dimer of N744 (Figure 5). To confirm
this prediction, the amount of monomer as a function of bulk
N744 concentration was determined by absorbance spec-
troscopy and used to calculate the concentration of putative
dimer using eq 1. A double log plot of monomer versus dimer
concentration was linear with a slope of 1.7( 0.2, confirm-
ing that the reaction was consistent with dimerization (Figure
6B). On the basis of the ordinate intercept of this plot, the
dissociation equilibrium constant for dimerization (Kdim) was
2.1 ( 0.4 µM. These data demonstrate that N744 readily
dimerizes at low micromolar concentrations under near-
physiological buffer conditions.

Cyanine dye aggregation is sensitive to the presence of
binding substrate, including proteins with varying secondary
structure (43-46). To determine whetherâ-sheet-containing
tau species affected N744 aggregation, htau40 pretreated with
the C18H37SO4Na inducer in assembly buffer was exposed
to N744 and the resultant absorbance pattern measured after
incubations for 0 and 30 min. These conditions lead to
formation of inducer micelles (9), which interact with tau
and stabilize tauâ-structure (16). Because micelles could
complicate the absorbance pattern of N744, parallel reaction
mixtures were prepared by replacing tau with mixed histones,
a protein preparation that induces surfactant micellization
but that does not fibrillize under these conditions (20).
Histone concentrations were chosen on the basis of Corrin-
Harkins plots (10) to yield similar amounts of micelles as
tau protein (20). Thus, the histone-containing reaction served

FIGURE 5: Hypothetical structures for N744 aggregates. N744 is a
symmetrical thiacarbocyanine derivative consisting of two hetero-
cyclic rings containing nitrogen atoms linked by a conjugated
methine bridge. Dyes of this class form aggregates in aqueous
solution with H- or J-type absorbance character depending on the
angle of slippage (R) between successive molecular planes (R
defines the angle between the line of centers of a column of dye
molecules and the long axis of any constituent molecule), with small
slippage angles (R < ∼32°) resulting in bathochromic shifts (i.e.,
J-bands) and large slippage angles (R > ∼32°) resulting in
hypsochromic shifts (i.e., H-bands). (A) Monomeric structure
predominates in methanolic solution. (B) Hypothetical structure of
N744 in H-dimer aggregation state. (C) Hypothetical N744 tetramer
for which R ) 32°. H- and J-aggregates are characterized by
slippage angles of greater than and less than 32°, respectively.

FIGURE 6: N744 absorption spectra. (A) N744 (5µM) in methanol
(O) exhibits a single peak consistent with monomeric structure. In
assembly buffer (solid lines), increasing concentrations of N744
(0.5, 1, 2, 3, 4, and 5µM) revealed the presence of both monomeric
(M) and dimeric (D) species, with the latter more pronounced as
bulk N744 concentrations increase. (B) Concentrations of monomer
(Cm) and dimer (Cd) calculated from data in panel A were replotted
against each other on a double logarithmic scale and fit to a linear
regression. The regression slope was 1.7( 0.2, consistent with
N744 undergoing a dimerization reaction. The dissociation equi-
librium constant for dimerization (Kdim) was 2.1( 0.4 µM.
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as a control for nonspecific, micelle-associated changes in
N744 absorbance. Difference spectra between tau and histone
reactions are shown in Figure 7. Immediately after N744
had been added, the difference spectrum showed the presence
of both H-dimer and monomer peaks in the tau sample with
the latter predominating. After incubation for a further 30
min, however, the pattern evolved so that dimer predomi-
nated over monomer. In addition, a broad shoulder appeared
at wavelengths ofe500 nm, consistent with the formation
of higher-order H-aggregates (Figure 7). Together, these data
indicate that N744 is prone to aggregation in aqueous
solution, that both dimers and higher-order oligomers form
complexes with tau under fibrillization conditions, and that
dye aggregation is a potential source of positive cooperativity
in competitive binding and activity assays.

DISCUSSION

Mechanism.N744 inhibits tau fibrillization cooperatively
with respect to N744 concentration and substoichiometrically
with respect to bulk tau concentration, yielding fewer
filaments of shorter length at reaction plateau than vehicle-
only controls (5). N744 also promotes the disaggregation of
mature synthetic filaments. On the basis of this pattern, it
was predicted that N744 was an antagonist of the inducer,
potentially interfering with both nucleation and extension

phases of assembly (5). Anionic inducers present surfaces
that bind free tau and shift the equilibrium of monomer
conformations toward assembly competent states (9; Figure
8). These are characterized in part by partially folded,
â-sheet-enriched structures that can be detected through their
ability to bind ThS (10, 16). Assembly competent species
self-associate on anionic surfaces to form oligomeric nuclei
(47). The unfavorable nucleation reaction may correspond
to interactions orthogonal to the nascent filament axis
unrelated toâ-sheet formation (48). Free tau then adds to
nascent filament ends to extend theâ-sheet structure parallel
to the axis of the fiber and perpendicular to the inducer
surface (Figure 8). A similar morphological relationship
between tau filaments and membranes has been observed in
biopsy specimens of AD tissue (49), suggesting this general
sequence of events (i.e., heterogeneous nucleation) may be
pathophysiologically significant. At a minimum, therefore,
micellar anionic inducers modulate tau conformational
equilibria to trigger nucleation. They may also act catalyti-
cally (50) by increasing the concentration of assembly
competent species free in solution (i.e., not micelle-associ-
ated).

The results presented here suggest that N744 does not
antagonize the triggering aspects of anionic surfactant inducer
action. Rather, its inhibitory activity stems primarily from
interference with equilibria at filament ends as indicated by
its dose-dependent modulation of filament critical concentra-
tion. Thus, addition of N744 to aggregation reaction mixtures
results in decreased filament length at reaction plateau
without changes in nucleation rate as inferred from lag time
measurements. As a result, length distributions shift toward
shorter lengths as extension rates decrease relative to
nucleation rates. When N744 is added to mature filaments,
the resultant increase in critical concentration results in
endwise depolymerization (5). The disaggregation reaction
proceeds with pseudo-first-order kinetics at early time points
because initial movement to the new equilibrium is controlled
by the rate of dissociation from filament ends and the starting
length distribution is near-exponential (34).

Together, these data predict that N744 inhibits tau fibrilli-
zation either indirectly by sequestering the tau protomer or
directly by decreasing the rates of association and/or increas-
ing rates of dissociation from filament ends. Examples of
the former have been reported under nonreducing conditions.
Intramolecular disulfide bond formation can trap four-repeat
tau isoforms in assembly incompetent conformations (51,
52). Similarly, some compounds can form covalent adducts

FIGURE 7: N744 forms H-aggregates in the presence of tau
filaments. Fibrillization inducer C18H37SO4Na (50µM) was incu-
bated (2 h at 22°C) in assembly buffer containing either 4µM
htau40 or 0.6µM mixed histones. Aliquots of each reaction mixture
were then brought to 4µM N744 (final concentration) and subjected
to absorption spectroscopy. Difference spectra (Ahtau40 - Ahistone)
calculated immediately after N744 addition (b) show that the tau
sample bound both monomeric (M) and dimeric (D) species but
not higher-order H- or J-aggregates. In contrast, a 30 min incubation
(O) led to substantial aggregation of N744 into both dimer and
H-aggregate forms. These data indicate that N744 can oligomerize
in the presence of tau filaments and partially folded intermediates.

FIGURE 8: Hypothetical scheme for tau aggregation in vitro. Under reducing conditions, tau is a natively unfolded monomer (Ux) that is
assembly incompetent. The presence of anionic inducers stabilizes assembly competent conformations (Uc) that can aggregate through a
nucleation-elongation mechanism. The nucleus (N) corresponds to an essential but scarce cluster of molecules that reacts efficiently with
assembly competent conformations of free tau in an extension reaction to form filaments with the mass-per-unit length of PHF hemifilaments
(F). N744 directly or indirectly interferes with the extension reaction, suggesting it inhibits association with and/or accelerates dissociation
from filament ends. N744 also antagonizes the extension promoting activity of posttranslational modifications such as pseudophosphorylation
and glycation. See the Discussion for details.
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(e.g., Schiff base) with filament-forming proteins, potentially
trapping them as assembly incompetent monomers (53) or
oligomeric complexes (54). Protomer sequestration yields
lower effective monomer concentrations, leading to increased
lag times for homogeneous nucleation and destabilization
of mature filaments (53-55). The latter phenomenon can
appear as an increase in the apparent critical concentration.
Covalent protomer sequestration may mediate the inhibitory
activity of anthraquinones in tau fibrillization, and may
account for the dependence of inhibitory potency on reaction
redox conditions (6). The principal argument against N744
acting in this way is its failure to inhibit the nucleation rate
as reflected in lag time measurements. These negative data
must be interpreted with caution, however, because tau
fibrillization was investigated under heterogeneous nucleation
conditions, the rate of which depends on the number of
nucleating particles in solution as well as supersaturation
(15). It is conceivable that a decreased level of supersatu-
ration secondary to tau sequestration leads to slower nucle-
ation rates that are detectable in homogeneous nucleation
regimes, but not under the heterogeneous nucleation condi-
tions employed in this study.

In terms of direct action, the substoichiometric binding
and inhibitory activities of N744 suggest that its binding site
is present at low concentrations and corresponds to only a
portion of bulk tau in the reaction. But identifying those
species in the context of the proposed assembly pathway
(Figure 8) is complicated by the lack of knowledge of their
relative concentrations, affinity for N744 or ThS probe, or
relative fluorescence yield when bound with ThS. The
presence of anionic inducers leads to the formation of at least
three pools of tau, consisting of free tau in solution, tau
adsorbed to anionic surfaces, and tau filaments (10). As
pointed out above, anionic inducers may also act catalytically
to build up a pool of assembly competent tau in solution.
Because N744 inhibitory activity is expressed at filament
ends, either filamentous tau and/or soluble tau in an assembly
competent conformation could serve as its binding site.

Dye Structure.Aromatic dyes, including ThS and Congo
Red, are popular probes of amyloid conformation because
of their ability to bind extendedâ-sheet structure with high
affinity (56, 57). The exact nature of their binding sites is
unclear, however, with parallel and orthogonal orientations
with respect to the fiber axis being consistent with optical
and X-ray crystallographic experiments, respectively (58-
60). Adding more complexity, the dyes bind nonfibrillar
â-sheet-containing species, including protein monomers (10,
61, 62). For the parallel orientation, the minimum require-
ment for binding may be the number of strands in aâ-sheet,
being at least four for thioflavin T (60). On the basis of its
competitive binding pattern, cyanine dye N744 joins ThS in
binding these sites; however, thioflavin dyes do not inhibit
tau fibrillization under near-physiological assay conditions,
whereas cyanine dyes such as N744 inhibit when present at
low to sub-micromolar concentrations.

What structural features confer antagonist activity? Many
polycyclic compounds aggregate in solution to form H- and
J-aggregates (63), and these reactions are facilitated by the
presence of binding substrates such as proteins. For this
reason, aggregation of small molecules has been considered
a nuisance in drug screening assays (64). For example,
anthraquinones form aggregates that inhibit phosphoman-

nomutase/phosphoglucomutase noncompetitively with re-
spect to a carbohydrate substrate (65). Cyanine dyes also
aggregate but are distinctive in their ability to do so at low
concentrations (66) and in the presence of macromolecules
with organized substructure, including duplex DNA (67) and
the secondary structure elements of proteins (44). In contrast
to the interaction between anthraquinones and phospho-
mannomutase/phosphoglucomutase, the binding of cyanine
aggregates to macromolecules can be highly selective. In the
case of duplex DNA, cyanine H-aggregates fill the minor
groove (42, 67) with binding affinity and selectivity depend-
ent on annular shape (i.e., a shape matching the curvature
of the minor groove), van der Waals contacts with the walls
of the groove, hydrogen bonding with the edge of pi-stacked
bases, and release of ordered water molecules (68). Similar
forces may mediate the association of N744 aggregates with
the ThS binding site on tau, rationalizing the cooperative
nature of both dose response and competitive ThS binding
data. Structure-activity relationship data will clarify whether
dye aggregation behavior can be separated from inhibitory
activity.

Pharmacological Potential.N744 and other cyanine dyes
may have utility for inhibiting tau aggregation in biological
models of tauopathy because they readily cross cell mem-
branes (69) and are nontoxic as indicated by the approval of
Cardio-green (Food and Drug Administration Application
011525) for use in humans (70, 71). Absorption spectroscopy
indicates that dye aggregation can follow binding of target
sites, and so may not impose a pharmacokinetic constraint
if it proves to be important for inhibitory activity. But the
mechanism of inhibition reported here suggests that testing
of compounds such as N744 in biological models may be
complicated by other factors. First, the critical concentration
lowering activity of N744 is antagonized by site-specific
incorporation of negative charge, suggesting that physiologi-
cal posttranslational modifications such as phosphorylation
will lower N744 potency. Glycation, which also lowers net
charge and critical concentration, also antagonizes N744
action. Second, as shown in Figure 2A, N744 activity is
antagonized by bulk tau protein concentrations. Current
biological models of tau fibrillization rely on supraphysi-
ological expression levels to empirically drive aggregation
(72). Intracellular tau concentrations can reach 80µM in
these systems, at least 1 order of magnitude above normal
levels (73). Models that rely on high-level expression are
not representative of the disease state, where the total
expression level of all tau isoforms does not markedly
increase (74, 75). Thus, an inhibitory mechanism that may
hold promise in vivo may be difficult to validate in biological
models at least with respect to the sub-micromolar potency
seen in vitro with purified recombinant tau preparations.
Nonetheless, the data presented here suggest that the effects
of both high bulk tau concentrations and posttranslational
modifications can be overcome by N744 as long as the
elevated concentrations needed to do so are tolerated by the
model.

Several pharmacological strategies have been developed
for inhibiting protein conformational changes or the toxicity
associated with them. First, anionic compounds, including
glycosaminoglycan mimetics (76) and sulfated aromatic dyes
(77), may sequester protein to weaken its ability to associate
with itself or other molecules. Application of this strategy
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to tau protein could be problematic, however. Although
depletion of tau over short time periods is well tolerated by
some criteria (78, 79), chronic depletion of protomer may
have deleterious effects (80). A second category includes
aromatic dyes that need not be anionic to serve as aggregation
inhibitors (5, 6, 81). These may act by mechanisms other
than sequestration, but analyses of inhibitory mechanism have
lagged well behind descriptions of composition of matter.
For these molecules, inhibitory potency reported on the basis
of thioflavin dye fluorescence should be interpreted with
caution because of the potential for competitive binding. For
example, rates of filament disaggregation in the presence of
4,5-dianilinophthalimide assessed using thioflavin dye fluo-
rescence as probe appear to be extremely rapid (82)
compared to the time required for endwise dissociation of
protomers from amyloid filaments made on the basis of
electron microscopy or light scattering measurements (34).
These data may result from rapid, diffusion-limited antago-
nism of probe binding rather than filament disaggregation.
Third, disaggregation of mature filaments through the use
of bifunctional reagents has been demonstrated for intracel-
lular targets (83). However, random filament breakage can
yield seeds for aggregate formation which may complicate
their utility in some cases (84). Finally, it is possible to
stabilize the native folded state of aggregating proteins so
that assembly competent intermediates cannot form ef-
ficiently (85). Application of this strategy to tau protein is
complicated by the lack of tertiary structure in its biologically
functional form.

Together, these considerations suggest that inhibition of
tau aggregation is challenging but amenable to pharmaco-
logical modulation. Inhibitory mechanism has important
implications for design and interpretation of pharmacological
studies in biological models.
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