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ABSTRACT: Inhibition of anomalous aggregation of tau
protein would be an attractive therapeutic target for
Alzheimer’s disease (AD). In this study, tannic acid (TA), a
polymeric plant polyphenol, and its monomer, gallic acid
(GA), were introduced as the references to afford a molecular
framework that integrates tau binding properties and
inhibitory effects. Using a thioflavin S fluorescence assay and
electron microscopy, we demonstrated that TA could
competently inhibit the in vitro aggregation of tau peptide
R3, corresponding to the third repeat unit of the microtubule-
binding domain, with an IC50 of 3.5 μM, while GA’s inhibition
was comparatively piddling (with an IC50 of 92 μM). In the isothermal titration calorimetry experiment, we found that TA could
strongly bind to R3 with a large amount of heat released. Circular dichroism spectra showed TA dose-dependently suppressed
the conformational transition of R3 from a random coil structure to a β-sheet structure during the aggregation process. Finally, a
structural model was built using molecular docking simulation to elucidate the possible binding sites for TA on the tau peptide
surface. Our results suggest that TA recognizably interacts with tau peptide by forming a hairpin binding motif, a key framework
required for inhibiting tau polymerization, in addition to hydrogen bonding, hydrophilic−hydrophobic interactions, and static
electrical interactions, as reported previously. The inhibitory effect of TA on human full-length tau protein (tau441) was also
verified by electron microscopy. This finding hints at the possibility of TA as a leading compound of anti-AD drugs and offers a
new stratagem for the rational molecular design of a tau aggregation inhibitor.

Alzheimer’s disease (AD) is characterized by two hallmarks:
intracellular neurofibrillary tangles (NFTs) composed of

bundles of abnormally aggregated tau protein and extracellular
senile plaques (SPs) consisting largely of β-amyloid (Aβ)
protein.1−3 Although the neurodegenerative processes in AD
are unclear, it has in general been believed that oligomeric
nucleating cores are formed initially, followed by a period of
quick fibril growth during fibril formation.4,5 Interestingly, it has
been seen that the degree of cognitive impairment in AD
correlates better with NFTs than with SPs.6 Tau oligomers and
paired helical filaments (PHFs) are recognized as major
elements that confer cellular toxicity.7−10

The past decade has witnessed a renaissance of interest in
inhibitors of tau aggregation as potential disease-modifying
drugs for AD. Numerous small-molecule inhibitors with their
ability to inhibit the assembly of tau have been described.11−15

Reviews have summarized the available data concerning small-
molecule inhibitors of tau aggregation from a medicinal
chemistry point of view.16−18 However, only a few of them
have been studied for their structure−activity relationships
(SARs).11,19 Precise atomic-level structural information about
the early aggregation intermediates and their small-molecule
binding partners is lacking, as is a basic understanding of the
fibril self-assembly processes.

Compared with β-amyloid, the lack of aromatic residues on
the tau peptide chain limits its potential for hydrophobic
interactions with inhibitors. Instead, hydrogen bonding or
hydrophilicity has been shown to play a crucial role for tau
aggregation inhibitors.20 Phenolic hydroxyl groups are known
for their greater acidity compared to that of aliphatic hydroxyl
groups and for their ability to form hydrogen bonds. Hence, a
group of plant polyphenols, categorized according to their
structure in flavonoids, tannic acid, and lignin, have been
reported to show inhibitory activity upon protein aggrega-
tion.21,22

We have previously performed an initial screening to
correlate the number and position of the hydroxyl groups on
the flavonoid moiety with inhibitory activity.23 Another
important plant polyphenol molecule in which we are most
interested is tannic acid, a water-soluble ester polymerized by
gallic acid. It has been demonstrated that tannic acid
significantly inhibits the aggregation of Aβ.24,25 However, very
little is known about the interaction between TA and tau
protein.
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This study was launched to investigate the inhibitory activity
of tannic acid to tau aggregation at the atomic level, by using
model protein, a short tau peptide, R3 (residues 306−336,
VQIVY KPVDL SKVTS KCGSL GNIHH KPGGG Q,
according to the longest tau peptide), corresponding to the
third repeat unit of the microtubule-binding domain of tau. R3
is believed to be pivotal for the biochemical properties of full
tau protein, because (1) R3 forms the core of PHFs produced
during tau aggregation,26 (2) R3 exhibits the highest self-
assembly speed and the lowest critical concentration in filament
formation,27 and (3) the tau aggregation process is believed to
be initiated from the VQIVYK hexapeptide (tau306−311), which
is located at the N-terminus of R3.28 All our experiments were
conducted using a polymeric plant polyphenol, tannic acid, in
comparison with its molecular monomer, gallic acid (Figure 1).
We demonstrated that TA could competently inhibit R3
aggregation in vitro, while GA’s inhibition was comparatively
piddling. We found that TA could strongly bind to R3 with a
large amount of heat released. Meanwhile, TA dose-depend-
ently suppressed the conformational transition of R3 from a
random coil structure to a β-sheet structure during the
aggregation process. Finally, using molecular simulation, a
structural model was built to elucidate the possible docking
orientation for TA on the tau peptide surface. Our results
suggest that tau peptide recognizably interacts with TA by
forming a hairpin structure, a key structural feature required for
inhibiting tau polymerization, in addition to hydrogen bonding,
hydrophilic−hydrophobic interaction, and static electrical
interaction, as reported previously.18 The inhibition of human
full-length tau by TA was also verified by electron microscopy.
This finding hints about the possibility of TA as a leading
compound of anti-AD drugs and offers a new stratagem for the
rational molecular design of a tau aggregation inhibitor.

■ MATERIALS AND METHODS

Materials. The R3 peptide was synthesized using a solid-
phase peptide synthesizer and purified by reverse-phase high-
performance liquid chromatography (HPLC) to a 95.0% level.

The purified peptide was lyophilized and stored at −20 °C
before it was used. A fresh working solution of R3 was prepared
in Tris-HCl buffer (50 mM, pH 7.5) with a peptide
concentration of 1 mg/mL. The 441-amino acid isoform of
human brain tau was purchased from Sigma-Aldrich (T0576,
tau441 human). Heparin (average molecular weight of 6000)
and ThS were also purchased from Sigma-Aldrich. Tannic acid
and the other chemicals were of analytical reagent grade. All the
experiments were conducted under an open atmosphere.

Kinetics of R3 Aggregation and Inhibition Monitored
by Fluorescence. The fluorescence experiments were
performed on a Hitachi F-7000 fluorescence spectrophotom-
eter with a 2 mm quartz cell maintained at 37 °C using a
circulating water bath. A 15 μM solution of R3 was prepared
using 50 mM Tris-HCl buffer (pH 7.5), and 10 μM thioflavin S
(ThS) dye was added to the R3 solution prior to the
determination. Aggregation was induced by the addition of
heparin (final concentration of 3.8 μM). For the inhibition
assay, 7.5, 15, and 30 μM tannic acid were added to the reaction
mixture, and the kinetics of each sample was immediately
monitored with a fluorescence spectrophotometer, with
excitation at 440 nm and emission at 500 nm. The excitation
and emission slit widths were both set at 10 nm. For each curve
of time-dependent ThS fluorescence, the measurement was
taken three times and averaged. The background fluorescence
of the sample was removed when necessary. The inhibition of
R3 aggregation by gallic acid was also investigated following the
method discussed above for comparison.

IC50 Determination. A 1 mg/mL stock solution of R3 was
diluted to a final concentration of 15 μM in 500 μL of Tris-HCl
buffer containing 3.8 μM heparin, in the absence or presence of
TA or GA at different concentrations (0−15 μM for TA and
0−150 μM for GA), and incubated at 37 °C for 4 h. Then ThS
(final concentration of 10 μM) was added to each solution, and
fluorimetry was performed using a Hitachi F-7000 fluorescence
spectrophotometer (excitation at 440 nm and emission at 500
nm). The IC50 value was calculated for each compound.

Figure 1. Chemical structures of gallic acid (A) and tannic acid (B).
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Inhibition of Peptide Oligomers. The diluted R3 samples
(15 μM) in a 50 mM Tris-HCl buffer solution (pH 7.5)
containing 3.8 μM heparin and 10 μM ThS were incubated at
37 °C for 5, 10, 20, 30, 40, 50, and 60 min. Each of the resulting
solutions contained a certain portion of oligomers different
from the others’ because of the discrepancy of the incubation
time. The fluorescence of each sample was recorded on a
Hitachi F-7000 fluorescence spectrophotometer (λex = 440 nm;
Exslit = Emslit = 10 nm) with a 2 mm quartz cell maintained at
37 °C using a circulating water bath. A fixed amount of TA (15
μM) was then added to each sample, and the mixed solutions
were further incubated for 2 h, following a fluorescence
characterization. The fluorescence intensities at 500 nm were
collected to examine the impact of TA on the oligomers of tau
peptide during the early aggregation process.
CD Measurement. The sample solutions of R3 (15 μM)

were prepared using 20 mM phosphate buffer (pH 7.5) in the
absence or presence of TA, and an optimal concentration of
heparin (3.8 μM) was added to induce the aggregation of each
reaction mixture. All measurements were taken at 37 °C with a
JASCO J-810 spectrometer under a constant flow of nitrogen
gas. A cuvette with a 10 mm path length was used for spectra
recorded between 190 and 260 nm with sampling points every
0.1 nm. The measurement for each experiment was repeated
three times, and the results were collected. Direct data of each
sample (θ, in millidegrees) were converted to mean residue
ellipticity ([θ] in degrees square centimeters per decimole)
using the equation [θ] = θ/(cl), where c is the concentration
(15 μM) and l is the path length (10 mm).
EM Measurement. Characterization of the R3 Filament

Morphology. The reaction mixtures containing 15 μM R3 and
3.8 μM heparin were prepared with 50 μM Tris-HCl buffer
(pH 7.50) in the absence or presence of TA (0, 3, or 15 μM).
The solutions were then incubated at 37 °C for 4 h. After that,
reaction mixtures were spread on 600-mesh copper grids,
negatively stained with 2% uranyl acetate, and examined under
an electron microscope (JEOL JSM-1200EX II) with an
acceleration voltage of 80 kV.
Semiquantitative Assessment of TA’s Inhibition on

Filament Formation of Full-Length Tau. The full-length tau
(1.0 mg/mL) and heparin (0.10 mg/mL) were incubated at 37
°C for 72 h in 50 μL of 50 mM Tris-HCl (pH 7.5) containing
0.1% sodium azide as described previously,21 in the presence or
absence of tannic acid (0, 30, or 60 μM). Aliquots (5 μL) of

assembly mixtures were placed on collodion-coated 600-mesh
copper grids and stained with 2% uranyl acetate, and
micrographs were recorded on a JEOL JSM-1200EXII electron
microscope with an acceleration voltage of 80 kV.

Isothermal Titration Calorimetry. Isothermal titration
calorimetry (ITC) was performed at 37 °C on a VP-ITC
microcalorimeter (MicroCal iTC200) to measure enthalpies
associated with interactions between TA and R3 and between
GA and R3. The solution in the syringe had concentrations of 3
mM TA and 30 mM GA. The R3 solution in the 200 μL sample
cell was adjusted to a concentration of 0.3 mM. Both solutions
were prepared in 50 mM Tris-HCl buffer (pH 7.5) and were
degassed before being used. The first drop was set to 0.4 μL,
and then the TA solution was titrated into the sample cell as a
sequence of 25 injections of 1.6 μL aliquots. The interval
between each injection was set as 120 s to achieve complete
equilibration. The cell stirring speed was 300 rpm throughout
the experiment. A control experiment was performed by
titrating TA and GA to buffer, and the resulting reference signal
was subtracted from corresponding experimental data. Raw data
were obtained as a plot of heating rate (microcalories per
second) versus titration time (minutes). Baseline correction
and integration of the calorimeter response were conducted
using the Origin software provided with the calorimeter.
Thermodynamic parameters N (stoichiometry), Ka (association
constant), and ΔH (change in enthalpy) were obtained by
nonlinear least-squares fitting of experimental data using a
single-site binding model of Origin version 7.0 provided with
the instrument. The free energy of binding (ΔG) and change in
entropy (ΔS) can be calculated using eqs 1 and 2

Δ = −G RT Kln a (1)

Δ = Δ − ΔG H T S (2)

where R is the gas constant and T is the temperature in kelvin.
The binding affinity of tannic acid for the R3 peptide is given as
the dissociation constant (Kd = 1/Ka).

Molecular Docking. The structural model of the R3
peptide was constructed by homology modeling using
Discovery Studio version 2.5 (Accelrys Inc., San Diego, CA)
with template proteins (Protein Data Bank entries 3FQP and
3BKJ) according to a literature method.29 The three-dimen-
sional structure of tannic acid was obtained through a Gauss
View program, and geometry optimization was performed using

Figure 2. Effects of TA and GA on the kinetics of R3 aggregation. (A) Aggregation of 15 μM R3 in the absence and presence of 7.5, 15, and 30 μM
TA. (B) Aggregation of 15 μM R3 in the absence and presence of 150 and 300 μM GA.
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Gaussian 03.30 The tannic acid molecule was docked into the
R3 peptide through a standard docking procedure using
Autodock vina.31 During the docking process, the TA molecule
was regarded as rotatable and subjected to energy minimization.
The TA molecule with the optimal orientation was docked into
the R3 domain, and the results were imported into Discovery
Studio version 2.5 for further rendering.

■ RESULTS AND DISCUSSION
Inhibition of TA on R3 Aggregation Monitored by ThS

Fluorescence. The inhibitory effects of tannic acid and gallic
acid on the aggregation of the R3 peptide were investigated by
a ThS fluorescence assay.32 In these experiments, 15 μM R3 in
50 mM Tris-HCl buffer was induced to aggregate by heparin in
the presence of ThS which binds to the resulting aggregates and
exhibits a dramatic fluorescence change.33 As reported earlier,
the fluorescence intensity in the black curve increases rapidly in
the beginning and saturates in ∼60 min, indicating that PHF
formation proceeds via the steps of nucleation, extension, and
PHF.34 As shown in Figure 2A, the aggregation started slowly
and the amount of resulting aggregates decreased greatly in the
presence of TA, indicating that tannic acid strongly inhibited
R3 assembly. However, gallic acid exhibited a dramatic
difference in its ability to inhibit the aggregation of R3. It
was merely able to inhibit R3 aggregation, even at relatively
high concentrations (Figure 2B). To gain insight into the
inhibition mechanism of TA on R3 aggregation, we also
independently investigated the inhibitory effects of TA toward
the R3 peptide at different stages of aggregation. As shown in
Figure 3, the heparin-induced aggregates of the R3 peptide

increased quickly as the incubation time gradually extended in
the absence of tannic acid. Interestingly, after addition of TA
and further incubation, the levels of aggregates decreased to
various degrees: a remarkable disaggregation effect was
observed during the early stage (0−30 min, corresponding to
the nucleation step), while only moderate disaggregation
behavior was observed during the later stage (30−60 min,
corresponding to the extension step). These results indicate
that tannic acid probably can disaggregate the early
intermediates such as oligomers that are more critical species

than mature fibrils in the tau aggregation process as reported
recently.8,10 This also reveals that TA mainly interacts with the
R3 peptide in the nucleation step, not in the extension step.
Again on the basis of the fluorescence change of the

aggregate-specific stain ThS as the readout, we performed a R3
aggregation assay in vitro to determine the IC50 values of GA
and TA, corresponding to the half-maximal inhibitory
concentration necessary for their inhibition of R3 assembly
into aggregates, as illustrated in Figure 4. A strong inhibitory
effect on tau filament assembly (IC50 values of 3.5 μM) was
observed with TA. Weak inhibition (IC50 value of 92 μM) was
observed with GA. This IC50 sequence is totally in agreement
with the result described in the preceding section.

Characterization of the Morphology of the R3
Filament by Electron Microscopy. To confirm the
inhibitory effects of TA on R3 aggregation, the resulting
filaments assembled in the absence and presence of tannic acid
were further examined by electron microscopy. Figure 5
demonstrates the R3 (15 μM) filament morphology assembled
under three different conditions: (a) induced independently by
heparin, (b) induced by heparin in the presence of 3 μM TA,
and (c) induced by heparin in the presence of 15 μM TA. In
the absence of TA, the resulting R3 filament was thick and long
(∼37 nm in width and ∼1.9 μm in length) and densely
scattered in the solution (Figure 5A). However, in the presence
of 3 μM TA, the fibrils became short and thin (∼26 nm in
width and ∼1.1 μm in length) and sparsely populated in the
solution (Figure 5B). When the concentration of TA reached
15 μM, only a minute quantity of filaments (∼24 nm in width
and ∼0.5 μm in length) was observed (Figure 5C). The
inhibitory effect became more pronounced as the concentration
of TA increased. This is consistent with the results of ThS
fluorescence experiments; the inhibition of TA on R3
aggregation is dose-dependent.

Thermodynamics of Binding of TA and GA to R3. To
evaluate the affinity of TA and GA for tau protein, isothermal
titration calorimetry (ITC) experiments were conducted. A
typical ITC titration experiment is shown in Figure 6A. The
negative peaks of the raw data indicate an exothermic
interaction. The binding isotherm is characterized by strong
heat release, the amount of which decreases with the titration of
TA, until the binding sites on R3 become saturated; in this
situation, only dilution heat effects are observed. The
stoichiometry (n), association constant (Ka), and change in
enthalpy (ΔH) were obtained by nonlinear least-squares fitting
of experimental data. The binding of TA to R3 is characterized
by a Ka of (3.64 ± 0.61) × 104 M−1, a ΔH of −11.6 ± 0.6 kcal/
mol, and an n of 1.02 ± 0.04. Using eq 2 (Materials and
Methods), the reaction free energy (ΔG) and entropy (ΔS)
were calculated to be −6.47 kcal/mol and −16.6 cal mol−1 K−1,
respectively. Clearly, the ITC results show a significant
recognition of TA for peptide R3.
Figure 6B shows the effects of heat on the binding of GA to

R3. Clearly, the binding isotherm of GA is different from that of
TA. No notable heat release, but the signal of dilution heat
effects, was observed during the titration. It seems that there is
only a slight amount of or even no binding between GA and
R3. However, we cannot exclude the possibility that an
interaction between GA and R3 exists only on the basis of these
ITC data, because the interaction between GA and R3 could be
in the form of weak hydrogen bonding. In aqueous solution,
hydrogen bonding interactions between R3 and water
molecules have probably existed. Thus, the net effect of

Figure 3. Oligomerization of the R3 peptide (15 μM) in the presence
of 3.8 μM heparin and 10 μM ThS. The samples were incubated for 5,
10, 20, 30, 40, 50, and 60 min at 37 °C (■), and then 15 μM TA was
added to each sample and the mixture incubated for an additional 2 h
(●).
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binding of GA to R3 is most likely to be the replacement of
hydrogen bonds between water and R3 by newly formed
hydrogen bonds between GA and R3. In this process, the
energy change should be very small, or even negligible.
Change in the Conformation of R3 Monitored by Its

CD Spectrum. The previous methods, such as ThS
fluorescence and electron microscopy, can provide only the
information about filament formation of tau peptide. The CD
spectrum, however, can give us more detailed information
about the conformational transition of protein molecules, which
is widely believed to be the essential event in the aggregation
mechanism. Therefore, the inhibition of aggregation should be
closely related to the suppression of the conformational
transition.
The impacts of TA on the R3 conformational transition

during the aggregation reaction were examined via the CD
spectrum. Time-dependent CD spectra recorded during the
aggregation process were recorded under two different solution
conditions: (a) 15 μM R3 mixed with 3.8 μM heparin in 20
mM phosphate buffer and (b) 15 μM R3 mixed with 3.8 μM
heparin and 15 μM TA in 20 mM phosphate buffer (as
demonstrated in panels A and B of Figure 7, respectively). TA
dose-dependent CD spectra of R3 aggregates are also shown in
Figure 7C.
In Figure 7A, we observed how the R3 CD spectrum

changed as the aggregation took place in the absence of TA. It

is very clear that the magnitude of the strong negative peak at
200 nm gradually decreased, accompanied by the emergence of
a negative peak at 216 nm. According to the literature, in the
CD spectrum, the positive peak at ∼195 nm and the strong
negative peak at 216 nm are usually attributed to typical β-sheet
structure, while the strong negative signal near 200 nm is
usually attributed to random coil structure.35,36 Therefore, this
profile of the time-dependent CD spectrum indicated that the
R3 gradually lost its native random coil structure, with the
increase in the level of the β-sheet conformation, as the
aggregation advanced in the absence of TA. This result was
consistent with the result reported previously.37

As illustrated in Figure 7B, in the presence of TA
(equimolar), however, no notable CD spectral change was
observed even after incubation for ∼38 h, because heparin, the
aggregation inducer, was introduced into the mixture, implying
that the conformational transition did not occur. In other
words, the conformational transition was suppressed by TA,
under this condition. Furthermore, in Figure 7C, we noticed
that the suppression of the R3 conformational transition by TA
exhibited a dose-dependent effect. The higher the concen-
tration of TA, the less obvious the CD spectral change. When
the molar ratio of TA to R3 reached 1:1, the predominant
conformation of R3 in the incubated mixture was still random
coil, the same as that of nonaggregated tau. In other words, the

Figure 4. Dose-dependent inhibition of R3 aggregation by tannic acid (A) and gallic acid (B) in 50 mM Tris-HCl buffer (pH 7.5). The
concentrations of TA and GA were 0−15 and 0−300 μM, respectively.

Figure 5. Electron micrographs of aggregated R3 (15 μM). (A) Aggregation induced by heparin (without TA). (B) Aggregation induced by heparin
in the presence of 3 μM TA. (C) Aggregation induced by heparin in the presence of equimolar TA (15 μM).
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conformational transition was almost completely suppressed by
TA.
As a control, we also examined the impact of GA on the R3

CD spectrum within the aggregation incubation process.
However, we could not observe any different pattern in the
CD spectrum that resulted from GA, as the aggregation
inhibitor (data not shown), indicating the conformational
transition of R3 could not be suppressed by GA.
Molecular Docking. On the basis of the experimental

studies described above, a molecular docking simulation of
tannic acid with the R3 peptide was performed using Autodock
vina.31 The R3 monomer was constructed according to a
literature method38 with minor variations. During the docking
process, the TA molecule was regarded as rotatable and
subjected to energy minimization. The docking result with the

optimal orientation is shown in Figure 8. The binding affinity in
this model was calculated as −9.7 kcal/mol. The surface model
in Figure 9 showed that the TA molecule was docked into the
hydrophobic cave of R3, which indicates the existence of
hydrophobic interactions. In a word, the binding between TA
and R3 is characterized by essential hydrophobic interactions
and plenty of hydrogen bonding interactions.
The binding orientations from the hypothesized binding

model of TA on R3 (Figure 8) are as follows. (i) Three of the
outside aromatic rings (A, B, and D) in TA are located in the β-
sheet region of the N-terminus of R3 (306VQIVYK311). (ii) The
other two outside aromatic rings (C and E) are located in the
middle of the R3 peptide. (iii) All the inside aromatic rings
gather around the center of the binding pocket. (iv) The
aromatic rings outside each form one or two hydrogen bonds

Figure 6. Experimental calorimetric data for the binding of TA and GA to R3. The top panels show the raw data (thermal power). Time integration
of the thermal power yields the heat of injection, which is plotted vs the molar ratio of inhibitors to peptide in the bottom panels. The solid lines in
the bottom panels represent the least-squares fitting of the data to a one-site binding model. (A) ITC profiles of titration of 3 mM TA to 0.3 mM R3.
(B) ITC profiles of titration of 30 mM GA to 0.3 mM R3.

Figure 7. CD spectra of the R3 peptide. (A) Time−CD spectral change profiles of R3 in the presence of heparin alone. (B) Time−CD spectral
change profiles of R3 in the presence of heparin and TA. (C) Dose-dependent conformational transition monitored by CD. The reaction mixtures
were incubated at 37 °C for 4 h.
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with the residues or the main chain of R3, and the inside
aromatic rings and central glucose ring may interact with R3
through hydrophobic interactions. Both hydrogen bonding and
hydrophobic interactions may play an essential part in the
inhibition of tau aggregation by inhibitors. The hydrogen bonds
between R3 and tannic acid are probably formed between (i)
hydroxyl groups of TA at aromatic ring A and the backbone
amide hydrogen and carbonyl oxygen of Val306 and the side
chain carbonyl oxygen of Gln307, (ii) hydroxyl groups of TA at
aromatic ring B and the backbone amide hydrogen and

carbonyl oxygen of Ile308 and the backbone amide hydrogen of
Val309, (iii) hydroxyl groups of TA at aromatic ring C and the
backbone amide hydrogen and carbonyl oxygen of Ser324, (iv)
hydroxyl groups of TA at aromatic ring D and the side chain
phenolichydroxyl oxygen of Tyr310, and (v) hydroxyl groups of
TA at aromatic ring E and the backbone carbonyl oxygen of
Gly326 and the backbone amide hydrogen of Leu325. The
hydrophobic region of R3 that contributes to the hydrophobic
interaction between tannic acid and R3 may be formed by the

Figure 8. Binding of tannic acid to the R3 peptide. The hydrophobic region is marked with a green dotted oval.

Figure 9. Molecular surface of the R3 peptide colored by interpolated charge.
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combination of Val306, Gln307, Ile308, Val309, Tyr310,
Lys321, Cys322, Gly323, Ser324, Leu325, and Gly326.
Model of R3 Aggregation and Inhibition. The R3

peptide is potentially the most important repeat to act as a
trigger to initiate the molecular aggregation of full tau protein.
The 306VQIVYK311 amino acid sequence, located in the N-
terminal region of R3, has been proven to adopt a β-sheet
conformation upon aggregation and has been shown to be the
core structural elements for filament elongation.28 One of the
common features of the 306VQIVYK311 sequence is edge-to-
edge hydrogen bonding interaction within the parallel β-sheet.
This β-sheet has a somewhat amphipathic nature, with several
hydrophobic residues on one face, with a relatively polar face
opposite. In this situation, the amphipathic strands would form
horizontal sheets that could then stack on top of one another to
propagate filament growth. Simultaneously, the remainder of
the peptide chain behind the 306VQIVYK311 sequence is aligned
together and forms highly ordered structures, for example, α-
helix, in the middle region of R3. Interactions among the
resulting ordered structures would be another driving force for
tau aggregation. The model of R3 polymerization and growth is
illustrated in Figure 10 A with a cartoon.

On the basis of the experimental results and the docking
results, we proposed a model to provide insight into the
inhibition mechanism of R3 aggregation by TA, the molecular
inhibitor, as illustrated in Figure 10 B. As shown in this model,
tannic acid is assumed to intercalate into the hydrophobic cave
of the R3 peptide. The TA molecule holds the peptide chain of
R3 probably at two positions, one at the N-terminus and
another at the middle of the peptide chain. Filament growth is
blocked by at least two factors. First, chelated by the TA
molecule, the peptide chain of R3 is refolded like a hairpin. This
hairpin folding motif greatly reduced the flexibility of peptide

R3, resulting in a negative entropy change and a stabilization in
random coil structure, as we observed in the ITC and CD
experiments, respectively. Second, the hydrogen bonding edge
of the 306VQIVYK311 sequence and the hydrophobic region in
the center of the peptide chain are both capped by the tannic
acid molecule, preventing the formation of β-sheet structure
and the further alignment of the rest of the peptide chain.
As for GA, although it could be regarded as the molecular

monomer of TA, its molecule contains the same aromatic ring
and phenol group; however, no central glucose ring exists, and
the aromatic rings and phenol groups in GA are not specially
oriented by the central glucose ring as in the TA molecule.
Therefore, the shape and/or size of the GA molecule does not
fit in the hydrophobic cave of the R3 peptide. The GA molecule
cannot dock into the hydrophobic cave of R3 to form such a
hairpin structure, because of the lack of the central glucose ring,
and special arrangement of aromatic rings and phenol groups.
There is no molecular recognition or targeting of binding
between GA and R3 because of the inappropriate molecular
size and group orientation.

Inhibition by TA of Human Full-Length Tau Protein.
We have demonstrated that TA competently inhibits the in
vitro aggregation of R3, a key fragment of tau protein, implying
the possibility of TA as a leading compound of anti-AD drugs.
These results aroused our interest and raised the question of
TA’s inhibition of human full-length tau. This question is even
more important to drug discovery, although the investigation
should be difficult because of the complexity of full-length tau
interacting with the TA molecule. However, the data and the
proposed model in our previous discussion have established a
solid foundation for our subsequent studies. In this paper, we
would like to have a preliminary test; electron microscopy was
manipulated for a semiquantitative assessment of filament
formation of human full-length tau protein, in the absence or
presence of TA in solution. The experimental process is
described in Materials and Methods. Figure 11 shows the full-
length tau filament morphology assembled under three
different conditions: (a) induced independently by heparin,
(b) induced by heparin in the presence of 30 μM TA, and (c)
induced by heparin in the presence of 60 μM TA. Excitingly,
the aggregation of full-length tau was found to be effectively
inhibited by tannic acid. In the absence of TA, the resulting
filaments densely scattered in the solution; in the presence of
30 μM TA, the sparsely populated fibrils became short and thin,
and when the concentration of TA reached 60 μM, filaments
were barely observed. These results confirmed the potential of
tannic acid as a drug candidate.
Finally, we have to note that the TA molecule is highly polar

and probably difficult for it to penetrate the blood−brain
barrier directly. However, there are many fully developed drug
carriers, such as liposomes and nanoparticles, that can
overcome this barrier and successfully transport drugs into
the brain.39−42 Therefore, compounds with a low membrane
permeability but a strong inhibitory effect are also promising
molecules with the help of drug delivery technologies.

■ CONCLUSION
The identification of aggregation inhibitors and the inves-
tigation of their binding mode are important steps in addressing
fundamental issues for the design of anti-AD drugs and the
screening of compound libraries. At present, enhancing the
targeting and efficacy of the aggregation inhibitor at the SAR
(structure−activity relationship) level is the main strategy in the

Figure 10. Parallel-growth model of the R3 peptide (A) and inhibition
of parallel growth by tannic acid (B).
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development of the next generation of small-molecule
inhibitors. Inspired by the success in inhibiting the aggregation
of Aβ,24,25 we performed, for the first time, multiple
experiments to elucidate the binding properties and aggregation
inhibitory activity of tannic acid, a plant polyphenol, on tau
peptide R3, in comparison with its moiety, gallic acid (GA).
We found that TA shows significant affinity for tau peptide

R3, while its monomer, GA, does not. The strong binding of
TA to R3 can suppress the conformational transition in
filament formation and, hence, break the tau−tau interaction
and inhibit the self-aggregation of R3. With regard to the
structural difference between TA and GA, the recognition of
TA toward R3 may be dominated by hydrophobic interactions
by the central glucose ring and adjacent aromatic rings, in
addition to hydrogen bonds. In addition, the strong affinity of
TA for R3 may be also closely related to specific structural
features: hydrophobic center, appropriate size, and numerous
phenol groups. Furthermore, our researches interestingly
suggest that the recognition by TA of tau peptide R3 may
depend on the formation of a hairpin structure, a key structural
feature required for inhibiting tau polymerization, in addition to
hydrogen bonds, hydrophilic−hydrophobic interactions, and
static electrical interactions, as reported earlier.
The results obtained may be useful for elucidating the

inhibition mechanism of PHF formation in Alzheimer’s disease
and offering a new stratagem for the rational molecular design
of tau aggregation inhibitors.
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