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The formation of amyloid fibrils from Tau is a key pathogenic feature of Alzheimer’s disease
(AD). To disturb the formation of Tau aggregates is considered as a promising therapeutic
strategy for AD. Recently, a natural product proanthocyanidin B2 (PB2) was confirmed to
not only inhibit Tau aggregation, but also disaggregate Tau fibrils. Herein, to explore the
inhibition mechanism of PB2 against Tau fibril and to provide the useful information for drug
design and discovery, all-atom molecular dynamics simulations were carried out for the
ordered Tau hexapeptide PHF6 oligomer in the presence and absence of PB2. The
obtained result shows that PB2 can transform PHF6 oligomer from the ordered β-sheet
structure into disordered one. Moreover, the clustering analysis and binding free energy
calculations identify that S3 site is the most potential binding site. At S3 site, by
hydrophobic and hydrogen bond interactions, the residues V309, Y310 and K311 are
essential for binding with PB2, especially K311. In a word, our study reveals the molecular
mechanism of PB2 inhibiting PHF6 aggregation and it will provide some valuable
information for the development of Tau aggregation inhibitors.
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INTRODUCTION

Alzheimer’s disease (AD), as the most common neurodegenerative disorder, is clinically
distinguished by progressive declines in cognitive functions, causing severe dementia (Goedert
and Spillantini, 2006). It is also the sixth leading cause of death in the United States. There are
approximately 5.8 million people diagnosed with AD and the cost of care for these individuals in
2019 is about $244 billion, causing an enormous psychological and economic stress on families,
caregivers, and the health care system in the United States (Alzheimer’s Association, 2020). AD is
histopathologically identified by the presence of extracellular amyloid plaques composed of amyloid-
beta (Aβ) and intracellular neurofibrillary tangles (NFTs) composed of hyperphosphorylated Tau
proteins in paired helical (PHFs) or straight filaments (SFs) (Crowther, 1991; Bloom, 2014; Götz
et al., 2019). Tau hyperphosphorylation triggers neurodegeneration due to Tau propagation and
aggregation into NFTs (Spillantini and Goedert, 2013). Based on the widely accepted amyloid
cascade hypothesis, the aggregation and spreading of Tau seems to be facilitated by aggregation of
Aβ. Nevertheless, many compounds targeting Aβ have failed to demonstrate efficacy in slowing
disease progression during clinical trials (Aisen et al., 2006; Wilcock et al., 2008; Chiang and Koo,
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2014). Moreover, recent research has suggested that compared to
Aβ pathology, Tau pathology that is described as the
accumulation of Tau and the deposition of NFTs has better
correlation with disease severity (Arriagada et al., 1992;
Kametani and Hasegawa, 2018). In this context, considerable
attention is now focused on targeting Tau as a therapeutic
strategy for AD.

Tau is a microtubule-associated protein (MAP), abundantly
expressed in the central nervous system. Under normal
conditions, Tau acts as a cytoskeleton stabilizer through its
interface with tubulin heterodimers (Kadavath et al., 2015).

But in the certain conditions, Tau may experience some
abnormal post-translational modifications including
hyperphosphorylation, acetylation, methylation, ubiquitination
and cleavage. Abnormally phosphorylated Tau protein no longer
binds to microtubules, but assembles into fibrils which are
insoluble and toxic, leading to neuronal death (Grundke-Iqbal
et al., 1986; Alonso et al., 2001; Šimić et al., 2016).

To develop new therapeutic agents in AD, several Tau-based
therapeutic approaches are currently emerging, including Tau
phosphorylation inhibitors (Mazanetz and Fischer, 2007),
microtubule stabilizers (Zhang et al., 2005), Tau aggregation

FIGURE 1 | The initial structures of (A) PHF6 oligomer and (B) PB2.

FIGURE 2 | The monitoring of structural characteristics of PHF6 oligomer calculated from each run. (A) The RMSD of protein backbone atoms. (B) The contact
number between peptides. (C) The number of backbone H-bonds between peptides. (D) Time evolution of β-sheet content.
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inhibitors (Wischik et al., 1996; Pickhardt et al., 2015), and
immune therapy (Kontsekova et al., 2014). Among them, the
most widely studied are Tau aggregation inhibitors. A screening
from over 200,000 compounds finds that polyphenols,
phenothiazines, anthraquinones and porphyrins are capable of
inhibiting Tau fibril formation not only in vitro but also in
cultured cells (Pickhardt et al., 2005; Taniguchi et al., 2005;
Crowe et al., 2007), in addition, some compounds are under
clinical trials (Gauthier et al., 2016). Attractively, natural
polyphenolic compounds such as myricetin, curcumin,
oleocanthal and EGCG have been found to have anti-amyloid
effects that prevent amyloid aggregation and fibril formation
(Taniguchi et al., 2005; Li et al., 2009; Wobst et al., 2015; Rane
et al., 2017). Compared to synthetic compounds, natural
polyphenols from food or herbal extracts usually exhibit
higher availability, stability, convenience and lower side effects.
Proanthocyanidins, the most abundant polyphenols present in
human diets, are potentially effective in the prevention and
treatment for AD due to their antioxidant and neuroprotective
capacity (Zhao et al., 2019). Proanthocyanidin B2 (PB2), a major
type of proanthocyanidins, has been reported to cross blood-
brain-barrier and have potent inhibitory activity on Tau and Aβ
aggregates for the treatment in AD. It is also shown that PB2 can
not only inhibit Tau aggregation, but also disaggregate Tau fibrils

(Snow et al., 2019). However, the potential mechanism of PB2
exerting its effects is still unclear.

This study was to explore the inhibition mechanism of PB2 on
Tau oligomer at atom level, where the used oligomer is formed of
a hexapeptide motif 306VQIVYK311 (PHF6), the most important
nucleation sequence in Tau aggregation. PHF6 has been reported
to self-assemble to form the steric-zipper conformation
composed of an ordered antiparallel-layered parallel β-sheet
structures (von Bergen et al., 2000; Sawaya et al., 2007;
Plumley and Dannenberg, 2010). Moreover, PHF6 is capable
of forming fibrils in vitro similar to those formed by full-length
Tau (Goux et al., 2004; Rojas Quijano et al., 2006). In this work,
we started with a preformed PHF6 oligomer and then performed
all-atom molecular dynamics (MD) simulations to explore the
inhibition mechanism of PB2 on PHF6 oligomer. Contrast to the
traditional experimental approaches, molecular dynamics
simulation method can obtain more structural dynamics
information of protein and clarify the significant effects of
inhibitors of amyloid protein (Wang et al., 2015; Liu et al.,
2018). It is also able to predict the detailed binding mode of
the inhibitor and search for the key residues of PHF6 oligomer.
The results will give some helpful guidance for the discovery and
design of Tau aggregation inhibitors in the future.

COMPUTATIONAL METHODS

Preparation of Starting Structures
The stable PHF6 oligomer was used to investigate the
disaggregation of PB2 on Tau fibril. The three-dimensional
coordinates of PHF6 were gained from the Protein Data Bank
(PDB ID: 2ON9) (Sawaya et al., 2007). Then PyMOL software
version 1.3 (DeLano Scientific LLC) was applied to construct the
three-dimensional structure of PHF6 oligomer, consisting of four
sheets and six strands per sheet, made of a total of 24 PHF6
monomers. In order to neutralize the N- and C-terminals in
peptide strands, ACE and NME residues were added to cap the N-
and C-terminals. The obtained starting PHF6 oligomer structure
as well as the structure of PB2 was given in Figure 1. Here, 24
strands were numbered as A-X sequentially. The applied molar
ratio of PB2/PHF6 was about 1:5 in this model according to the
experimental condition (Snow et al., 2019). Therefore, in each
system, five PB2 molecules were randomly placed around PHF6
oligomer, and their minimum distance from the oligomer were at
least 8 Å. Gaussian 09 software (Frisch et al., 2009) was used to
optimize the structure of PB2 at the Hartree-Fock level with 6-
31G* basis set. The partial atomic charges were derived using
RESP fitting technique (Bayly et al., 1993). The GAFF force field
(Wang et al., 2004) and the Amber ff99SB force field (Hornak
et al., 2006) was applied to describe PB2 and the oligomer,
respectively.

Details of Molecular Dynamics Simulations
All molecular dynamics simulations were performed using
Amber18 software (Case et al., 2018). Each system prepared
for simulation was placed in a cube periodic box filled with
TIP3P water (Jorgensen et al., 1983) molecules, with more than

FIGURE 3 | (A) β-sheet and (B) coil content of each strand of PHF6
oligomer.
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12 Å distance around the oligomer. In order to maintain the
electrical neutrality of the system, an appropriate amount of
chloride ions were added to each system. Subsequently, the
steepest descent method and the conjugate gradient method
were used to optimize the system to eliminate unnatural
collisions. Then, each system was heated from 0 to 300 K
under the NVT ensemble. In the meantime, all oligomer
atoms were constrained by a harmonic force of 5.0 kcal/
(mol·Å2). And then the further five steps equilibrium process
was performed in the NPT ensemble with decreased restraint
force on the complexes from 5.0 to 0 kcal/(mol·Å2) to release all
the restraints. Finally, 500 ns molecular dynamics simulations
were performed without any restraints. The temperature was
controlled by the Langevin thermostat. The SHAKE algorithm
(Ryckaert et al., 1977) was used to limit the bond length
concerning hydrogen atoms. The particle mesh Ewald (PME)
method (Essmann et al., 1995) was used to calculate long-range
electrostatic interactions. Totally, four separate trajectories
which include three parallel runs for PHF6 oligomer with PB2
(oligomer + PB2) and one for PHF6 oligomer without PB2

(PHF6_oligomer), were performed to explore the disrupting
mechanism of PB2 against PHF6 oligomer.

Molecular Dynamics Trajectory Analysis
All the trajectory analysis was performed in Amber and VMD
programs (Humphrey et al., 1996). The contact between strands of
PHF6 oligomer is considered to be formed when the distance
between the pair of heavy atoms is less than 4.0 Å. The hydrogen
bond is considered to be formed when the hydrogen-acceptor
distance is less than 3.5 Å and the donor-hydrogen-acceptor angle
should be larger than 120°. Principal components analysis (PCA)
(Amadei et al., 1993) was applied to obtain the first two
eigenvectors to draw the free energy landscape. Secondary
structure tendency for every residue was calculated by
employing the DSSP method (Kabsch and Sander, 1983). The
K-means clustering algorithm (Feig et al., 2004) was applied to
cluster the geometrically similar conformations. The molecular
mechanics/generalized Born surface area (MM-GBSA) method
(Hou et al., 2011) was used to calculate the binding free energy
between the oligomer and PB2. By MM-GBSA approach, 5,000

FIGURE 4 | Secondary structure changes of each strand in four systems.
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snapshots from the last 100 ns were extracted to calculate the
binding free energy between protein PHF6 oligomer and PB2. The
calclulated interaction energy was further decomposed to each
residue to obtain the contribution of each residue to the binding
energy.

RESULTS AND DISCUSSION

The Stability of Studied Systems
The convergence of four simulations was firstly examined to
monitor if the simulations were up to the equilibration. First, the
root mean square deviation (RMSD) of backbone atoms was
calculated for all four trajectories. As shown in Figure 2A, the
RMSD values of all systems fluctuated slightly after 250 ns,
indicating all systems are up to the convergence of trajectories.
To further explore the influence of inhibitor on the structure of
PHF6 oligomer in each system, the total contact number between
peptides was calculated (Figure 2B). For three oligomer systems
with PB2, the contact number of oligomer decreased obviously
compared with that of the system without PB2, suggesting that
the oligomer becomes less stable in the present of PB2. The
hydrogen bond (H-bond) interactions between peptides generally
play an important part in the aggregation and the formation of
oligomer (Zheng et al., 2006; Matthes et al., 2012; Zhou et al.,
2016). The ordered PHF6 oligomer is stabilized by a complex
network of inter-strandH-bond interactions. On this account, the
H-bond number between peptides (Figure 2C) was calculated
and the result shows that H-bond number of run2 and run3 of
oligomer system with PB2 are obviously less than apo oligomer.
The interrupted inter-strand hydrogen bonds in both run2 and
run3 implies that the interaction of PB2 with oligomer will

interrupt the formed hydrogen bonds between peptides and
result in the decrease of stability of PHF6 oligomer. While
little difference of H-bond number in run1 can be explained
by weak binding of PB2. By analyzing the contact number and
H-bond number, it is evident that the stability of PHF6 oligomer
is indeed reduced by PB2.

The Conformational Changes of PHF6
Oligomer
It is now well-accepted that the β-sheet-rich structure is the
typical structural feature of the amyloid oligomer. Thus, in order
to explore the conformational change of PHF6 oligomer, the
β-sheet content during the simulation was calculated to study the
influence of PB2 on the PHF6 oligomer. As can be seen from
Figure 3, the β-sheet content of oligomer with PB2 is notably
lower than apo oligomer. As results, the coil content of oligomer
with PB2 increases. It is proved that β-sheet structures convert
into coil structures (Figure 3 and Figure 4). From Figure 4, the
secondary structure analysis suggests that PB2 molecules change
the secondary structures significantly, including strand X in run1,
strand A, B and C in run3, and especially for strand L, M, N, O
and S in run2 (Figure 3 and Figure 4). This implies that PB2
molecules may bind most strongly to the oligomer in run2
trajectory, causing great parts (strand L, M, N, O and S) of
the β-sheet structure of PHF6 oligomer to convert into disordered
random coil and turn structures. Then, PCA analysis was applied
to investigate the influence of PB2 on the general conformational
space of PHF6 oligomer. We can see from Figure 5 that PHF6
oligomers in complex with PB2 exhibit the larger conformational
space and more disperse basins appear on the free energy
landscape than PHF6 oligomer without PB2. These results

FIGURE 5 | The free energy landscapemap of (A)PHF6_oligomer, (B)PHF6_oligomer + PB2_run1, (C) PHF6_oligomer + PB2_run2 and (D) PHF6_oligomer + PB2_run3.
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FIGURE 6 | The superposed representative structures of the first two classes of each run. Green and ice blue represent the first and second cluster, respectively.
The possible binding site S1, S2, S3 and S4 are circled in black from each parallel run.

TABLE 1 | Binding free energy (kcal/mol) between PHF6 oligomer and PB2 at four possible binding sites.

Contribution S1 S2 S3 S4

ΔEvdw −26.35 ± 3.75 −41.70 ± 6.58 −32.80 ± 3.99 −38.09 ± 3.92
ΔEele −40.30 ± 16.88 −44.07 ± 12.72 −71.18 ± 9.15 −26.02 ± 10.38
ΔGGB 55.36 ± 15.34 65.24 ± 12.61 83.63 ± 7.66 49.91 ± 9.22
ΔGnp −3.41 ± 0.38 −4.78 ± 0.65 −4.78 ± 0.35 −5.46 ± 0.44
ΔEMM −66.65 ± 19.15 −85.77 ± 16.84 −103.98 ± 9.48 −64.11 ± 10.30
ΔGsol 51.96 ± 15.15 60.45 ± 12.12 78.85 ± 7.55 44.44 ± 9.14
ΔGbind −14.69 ± 4.90 −25.32 ± 6.29 −25.13 ± 3.90 −19.67 ± 3.90

FIGURE 7 | The decomposition of binding free energy of PHF6 oligomer with PB2 at (A) S2 site and (B) S3 site. The residues with energy contribution larger than
1 kcal/mol are labeled.
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reveal that the initial ordered structure of PHF6 oligomer is partly
disrupted by PB2, which are consistent with the contact and
H-bond analysis results.

The Identification of the Most Possible
Binding Site of Proanthocyanidin B2 on
PHF6 Oligomer
The above results show that PHF6 oligomer can be influenced by
PB2 inhibitor, but it is still unknown how PB2 influences the
structure of PHF6 oligomer. Further analysis was performed to
uncover the detailed inhibition mechanism. First, clustering
analysis was executed to obtain the representative
conformations of trajectories with MMTSB toolset based on
K-means algorithm. During this process, 4, 5 classes of
conformations were generated for apo oligomer and three
trajectories of oligomer with PB2, respectively. Figure 6 shows
the first two representative classes for these four trajectories.
Compared with apo oligomer, the oligomers with PB2 exhibit
more twisted and disordered structure. It is suggested that PB2
can disrupt the ordered β-sheet structure of PHF6 oligomer.
Based on the representative conformations from clustering
analysis, four possible binding sites S1, S2, S3 and S4 are
identified as shown in Figure 6. Further, to examine the
binding ability of PB2 molecules at different sites, the binding

free energy of each binding site was then calculated by using the
MM-GBSAmethod. The binding free energy and detailed statistic
results were listed in Table 1. From Table 1, the electrostatic
interactions are the driving force and play an important role in
binding of PB2 to oligomer. What’s more, the van der Waals
interactions also contribute a lot to the total binding free energy.
By comparison, the ranking of binding free energy is—25.31 (S2)
<—25.05 (S3) <—19.62 (S4) <—14.68 (S1) kcal/mol. Due to the
lower binding free energy, S2 and S3 sites are considered as more
possible binding sites of PB2 on oligomer. Then the key residues
of S2 and S3 sites in interaction with PB2 were further analyzed.
Figure 7 shows that K311 residues contribute most at both S2 and
S3 site. Unexpectedly, a few ACE residues also have an obvious
contribution at S2 site (Figure 7A). But ACE terminal caps are
not natural residues, and they were added to cap the N-terminals
to avoid the abnormal electrostatic action between C-terminal
and N-terminal when the oligomer structure was prepared.
Considering that these residues make a great contribution to
the binding, the practical interaction between PB2 and PHF6
oligomer at S2 site may not be as strong as the predicted binding
free energy. Therefore, S3 site seems to be more reasonable than
S2 site. Figure 7B shows that V309 residues of strand O and P,
K311 residues of strand O, P and X as well as Y310 of strand P
make favorable contributions to the binding of PB2 to oligomer at
S3 site. According to the binding mode analysis, V309 residue
exerts enormous functions on hydrophobic interactions with
PB2. It is worth mentioning that the favorable contribution of
K311 of strand P is mainly derived from the strong H-bond
interactions with PB2. There are six H-bonds between O3/O9 of
hydroxy group of PB2 and NZ of K311 in strand P of the oligomer
(Table 2). Here, Y310.P represents residue Y310 of strand P for
simplification. To show the dynamics changes of hyrogen bonds
during MD simulation, we monitored the distances between O3/
O9 of PB2 and NZ of K311 in strand P of the oligomer
(Figure 8B). The distances are rapidly narrowed and keep
stable around 3.0 Å from 70 ns, validating the strong H-bond
interactions are formed in PB2 binding to PHF6 oligomer during
MD simulation. It coincides well with some previous reports that
the inhibitor can bind to lysine side chain located in the steric

TABLE 2 | The H-bond occupancy between PHF6 oligomer and PB2 (only gave
the hydrogen bonds with occupancy larger than 15%).

Acceptor Donor Occupancy (%)

Y310.P@O PB2@HO6 74.23
PB2@O3 K311.P@HZ2NZ 32.44
Q307.P@OE1 PB2@HO10 31.78
PB2@O3 K311.P@HZ1NZ 31.04
PB2@O3 K311.P@HZ3NZ 31.04
PB2@O9 K311.P@HZ3NZ 29.71
PB2@O9 K311.P@HZ2NZ 28.28
PB2@O9 K311.P@HZ1NZ 28.24
Y310.P@O PB2@HO7 22.62
Y310.O@O PB2@HO7 17.77

FIGURE 8 | (A) The H-bond interaction between PHF6 oligomer and PB2 at S3 site in the representative complex structure. (B) Time evolution of the distance
between residue K311 of strand P and PB2. The representative conformation is extracted by the cluster analysis with K-means algorithm.
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zipper of PHF6 oligomer (Landau et al., 2011; Mohamed et al.,
2013). As shown in Table 2 and Figure 8, there are numerous
critical H-bonds formed between hydroxy groups of PB2 and
Q307, Y310 and K311 of strand P as well as Y310 of strand O,
which may disturb initial inter-strand hydrogen bond network
and the stability of the oligomer. This result also explains why the
oligomer without PB2 keeps stable while the oligomer with PB2
becomes less stable. These detailed interaction results reveal that
PB2 can stably bind to adjacent strands (strand O and P) of PHF6
oligomer with hydrophobic and hydrogen bond interactions at
the S3 site. The binding process of PB2 to PHF oligomer along
500 ns simulation time is captured and shown in Supplementary
Movie S1.

CONCLUSION

In this work, we simulated PHF6 oligomer in the absence and
presence of PB2 to explore the molecular mechanism of
disruption of PB2 on PHF6 oligomer. Through comparing and
analyzing the change of contact and H-bond number, secondary
structure and conformation space, we find that PB2 can indeed
destabilize PHF6 oligomer. The results are in accordance with
experimental observations (Snow et al., 2019). Then to identify
the binding site of PB2 on the oligomer, cluster analysis was
applied and four possible binding sites were recognized. Among
them, S3 site is considered as the most possible one. Our results
show that PB2 can stably bind to PHF6 oligomer with
hydrophobic and H-bond interactions. Residues V309, Y310
and K311 are essential to the binding of PB2 to PHF6
oligomer, especially residues K311. There are many H-bonds
formed between O3/O9 of hydroxy groups of PB2 and NZ of

K311 of the oligomer. These interactions can disrupt the inter-
strand H-bonds and convert the ordered β-sheet structure into
the disordered one, ultimately disaggregating the PHF6 oligomer.
In general, PB2 is a promising Tau aggregation inhibitor and
clarifying the molecular inhibition mechanism will help to
develop more effective drugs to prevent Tau aggregation for AD.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

HXL andQL designed the research. QL, CX,HLL, andHG carried out
the research and analyzed the data.QL andHXLwrote themanuscript.
All authors discussed the results and revised the manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (Grant No.21973035).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fchem.2021.666043/
full#supplementary-material

REFERENCES

Aisen, P. S., Saumier, D., Briand, R., Laurin, J., Gervais, F., Tremblay, P., et al.
(2006). A Phase II Study Targeting Amyloid-Beta with 3APS in Mild-To-
Moderate Alzheimer Disease. Neurology 67, 1757–1763. doi:10.1212/
01.wnl.0000244346.08950.64

Alonso, A., Zaidi, T., Novak, M., Grundke-Iqbal, I., and Iqbal, K. (2001).
Hyperphosphorylation Induces Self-Assembly of Tau into Tangles of Paired
Helical Filaments/straight Filaments. Proc. Natl. Acad. Sci. U S A. 98,
6923–6928. doi:10.1073/pnas.121119298

Alzheimer’s Association (2020). Alzheimer’s Disease Facts and Figures. Alzheimers
Dement 16 (3), 391–460. doi:10.1002/alz.12068

Amadei, A., Linssen, A. B., and Berendsen, H. J. (1993). Essential Dynamics of
Proteins. Proteins 17, 412–425. doi:10.1002/prot.340170408

Arriagada, P. V., Growdon, J. H., Hedley-Whyte, E. T., and Hyman, B. T. (1992).
Neurofibrillary Tangles but Not Senile Plaques Parallel Duration and Severity of
Alzheimer’s Disease. Neurology 42, 631–639. doi:10.1212/wnl.42.3.631

Bayly, C. I., Cieplak, P., Cornell, W. D., and Kollman, P. A. (1993). A Well-Behaved
Electrostatic Potential Based Method Using Charge Restraints for Deriving Atomic
Charges: the RESPModel. J. Phys. Chem. 97, 10269–10280. doi:10.1021/j100142a004

Bloom, G. S. (2014). Amyloid-β and Tau: the Trigger and Bullet in Alzheimer Disease
Pathogenesis. JAMA Neurol. 71, 505–508. doi:10.1001/jamaneurol.2013.5847

Case, D. A., Ben-Shalom, I. Y., Brozell, S. R., Cerutti, D. S., Cheatham, T. E., Cruzeiro,
V. W., et al. (2018). Amber 18. San Francisco, CA: University of California.

Chiang, K., and Koo, E. H. (2014). Emerging Therapeutics for Alzheimer’s Disease.Annu.
Rev. Pharmacol. Toxicol. 54, 381–405. doi:10.1146/annurev-pharmtox-011613-135932

Crowe, A., Ballatore, C., Hyde, E., Trojanowski, J. Q., and Lee, V. M. (2007). High
Throughput Screening for Small Molecule Inhibitors of Heparin-Induced Tau Fibril
Formation.Biochem. Biophys. Res. Commun. 358, 1–6. doi:10.1016/j.bbrc.2007.03.056

Crowther, R. A. (1991). Straight and Paired Helical Filaments in Alzheimer Disease
Have a Common Structural Unit. Proc. Natl. Acad. Sci. U S A. 88, 2288–2292.
doi:10.1073/pnas.88.6.2288

Essmann, U., Perera, L., Berkowitz, M. L., Darden, T., Lee, H., and Pedersen, L. G.
(1995). A Smooth Particle Mesh Ewald Method. J. Chem. Phys. 103, 8577–8593.
doi:10.1063/1.470117

Feig, M., Karanicolas, J., and Brooks, C. L. (2004). MMTSB Tool Set: Enhanced
Sampling and Multiscale Modeling Methods for Applications in Structural
Biology. J. Mol. Graph Model. 22, 377–395. doi:10.1016/j.jmgm.2003.12.005

Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E., Robb, M. A.,
Cheeseman, J. R., et al. (2009). Gaussian 09. Wallingford, CT: Inc.

Gauthier, S., Feldman, H. H., Schneider, L. S., Wilcock, G. K., Frisoni, G. B.,
Hardlund, J. H., et al. (2016). Efficacy and Safety of Tau-Aggregation Inhibitor
Therapy in Patients withMild orModerate Alzheimer’s Disease: a Randomised,
Controlled, Double-Blind, Parallel-Arm, Phase 3 Trial. Lancet 388, 2873–2884.
doi:10.1016/s0140-6736(16)31275-2

Goedert, M., and Spillantini, M. G. (2006). A Century of Alzheimer’s Disease.
Science 314, 777–781. doi:10.1126/science.1132814

Götz, J., Halliday, G., and Nisbet, R. M. (2019). Molecular Pathogenesis of the
Tauopathies. Annu. Rev. Pathol. 14, 239–261. doi:10.1146/annurev-
pathmechdis-012418-012936

Goux, W. J., Kopplin, L., Nguyen, A. D., Leak, K., Rutkofsky, M., Shanmuganandam,
V. D., et al. (2004). The Formation of Straight and Twisted Filaments from Short
Tau Peptides. J. Biol. Chem. 279, 26868–26875. doi:10.1074/jbc.M402379200

Frontiers in Chemistry | www.frontiersin.org July 2021 | Volume 9 | Article 6660438

Li et al. Inhibition Mechanism of Proanthocyanidin B2

https://www.frontiersin.org/articles/10.3389/fchem.2021.666043/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2021.666043/full#supplementary-material
https://doi.org/10.1212/01.wnl.0000244346.08950.64
https://doi.org/10.1212/01.wnl.0000244346.08950.64
https://doi.org/10.1073/pnas.121119298
https://doi.org/10.1002/alz.12068
https://doi.org/10.1002/prot.340170408
https://doi.org/10.1212/wnl.42.3.631
https://doi.org/10.1021/j100142a004
https://doi.org/10.1001/jamaneurol.2013.5847
https://doi.org/10.1146/annurev-pharmtox-011613-135932
https://doi.org/10.1016/j.bbrc.2007.03.056
https://doi.org/10.1073/pnas.88.6.2288
https://doi.org/10.1063/1.470117
https://doi.org/10.1016/j.jmgm.2003.12.005
https://doi.org/10.1016/s0140-6736(16)31275-2
https://doi.org/10.1126/science.1132814
https://doi.org/10.1146/annurev-pathmechdis-012418-012936
https://doi.org/10.1146/annurev-pathmechdis-012418-012936
https://doi.org/10.1074/jbc.M402379200
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Grundke-Iqbal, I., Iqbal, K., Tung, Y. C., Quinlan, M., Wisniewski, H. M., and
Binder, L. I. (1986). Abnormal Phosphorylation of the Microtubule-Associated
Protein Tau (Tau) in Alzheimer Cytoskeletal Pathology. Proc. Natl. Acad. Sci.
U S A. 83, 4913–4917. doi:10.1073/pnas.83.13.4913

Hornak, V., Abel, R., Okur, A., Strockbine, B., Roitberg, A., and Simmerling, C. (2006).
Comparison ofMultiple Amber Force Fields andDevelopment of Improved Protein
Backbone Parameters. Proteins 65, 712–725. doi:10.1002/prot.21123

Hou, T., Wang, J., Li, Y., and Wang, W. (2011). Assessing the Performance of the
MM/PBSA and MM/GBSA Methods. 1. The Accuracy of Binding Free Energy
Calculations Based on Molecular Dynamics Simulations. J. Chem. Inf. Model.
51, 69–82. doi:10.1021/ci100275a

Humphrey, W., Dalke, A., and Schulten, K. (1996). VMD: Visual Molecular Dynamics.
J. Mol. Graph. 14 (33-38), 27–38. doi:10.1016/0263-7855(96)00018-5

Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W., and Klein, M. L.
(1983). Comparison of Simple Potential Functions for Simulating Liquid
Water. J. Chem. Phys. 79, 926–935. doi:10.1063/1.445869

Kabsch, W., and Sander, C. (1983). Dictionary of Protein Secondary Structure:
Pattern Recognition of Hydrogen-Bonded and Geometrical Features.
Biopolymers 22, 2577–2637. doi:10.1002/bip.360221211

Kadavath, H., Hofele, R. V., Biernat, J., Kumar, S., Tepper, K., Urlaub, H., et al.
(2015). Tau Stabilizes Microtubules by Binding at the Interface between
Tubulin Heterodimers. Proc. Natl. Acad. Sci. U S A. 112, 7501–7506.
doi:10.1073/pnas.1504081112

Kametani, F., and Hasegawa, M. (2018). Reconsideration of Amyloid Hypothesis
and Tau Hypothesis in Alzheimer’s Disease. Front. Neurosci. 12, 25.
doi:10.3389/fnins.2018.00025

Kontsekova, E., Zilka, N., Kovacech, B., Skrabana, R., and Novak, M. (2014).
Identification of Structural Determinants on Tau Protein Essential for its
Pathological Function: Novel Therapeutic Target for Tau Immunotherapy in
Alzheimer’s Disease. Alzheimers Res. Ther. 6, 45. doi:10.1186/alzrt277

Landau, M., Sawaya, M. R., Faull, K. F., Laganowsky, A., Jiang, L., Sievers, S. A.,
et al. (2011). Towards a Pharmacophore for Amyloid. Plos Biol. 9, e1001080.
doi:10.1371/journal.pbio.1001080

Li, W., Sperry, J. B., Crowe, A., Trojanowski, J. Q., Smith, A. B., and Lee, V. M. (2009).
Inhibition of Tau Fibrillization by Oleocanthal via Reaction with the Amino Groups
of Tau. J. Neurochem. 110, 1339–1351. doi:10.1111/j.1471-4159.2009.06224.x

Liu, X., Zhou, S., Shi, D., Bai, Q., Liu, H., and Yao, X. (2018). Influence of EGCG on
α-synuclein (αS) Aggregation and Identification of Their Possible Binding
Mode: A Computational Study Using Molecular Dynamics Simulation. Chem.
Biol. Drug Des. 91, 162–171. doi:10.1111/cbdd.13067

Matthes, D., Gapsys, V., and de Groot, B. L. (2012). Driving Forces and Structural
Determinants of Steric Zipper Peptide Oligomer Formation Elucidated by Atomistic
Simulations. J. Mol. Biol. 421, 390–416. doi:10.1016/j.jmb.2012.02.004

Mazanetz, M. P., and Fischer, P. M. (2007). Untangling Tau Hyperphosphorylation
in Drug Design for Neurodegenerative Diseases. Nat. Rev. Drug Discov. 6,
464–479. doi:10.1038/nrd2111

Mohamed, T., Hoang, T., Jelokhani-Niaraki, M., and Rao, P. P. (2013). Tau-
derived-hexapeptide 306VQIVYK311 Aggregation Inhibitors: Nitrocatechol
Moiety as a Pharmacophore in Drug Design. ACS Chem. Neurosci. 4,
1559–1570. doi:10.1021/cn400151a

Pickhardt, M., Neumann, T., Schwizer, D., Callaway, K., Vendruscolo, M., Schenk,
D., et al. (2015). Identification of Small Molecule Inhibitors of Tau Aggregation
by Targeting Monomeric Tau as a Potential Therapeutic Approach for
Tauopathies. Curr. Alzheimer Res. 12, 814–828. doi:10.2174/
156720501209151019104951

Pickhardt, M., von Bergen, M., Gazova, Z., Hascher, A., Biernat, J., Mandelkow,
E. M., et al. (2005). Screening for Inhibitors of Tau Polymerization.
Curr. Alzheimer Res. 2, 219–226. doi:10.2174/1567205053585891

Plumley, J. A., and Dannenberg, J. J. (2010). The Importance of Hydrogen Bonding
between the Glutamine Side Chains to the Formation of Amyloid VQIVYK
Parallel Beta-Sheets: an ONIOM DFT/AM1 Study. J. Am. Chem. Soc. 132,
1758–1759. doi:10.1021/ja909690a

Rane, J. S., Bhaumik, P., and Panda, D. (2017). Curcumin Inhibits Tau Aggregation
and Disintegrates Preformed Tau Filaments In Vitro. J. Alzheimers Dis. 60,
999–1014. doi:10.3233/jad-170351

Rojas Quijano, F. A., Morrow, D., Wise, B. M., Brancia, F. L., and Goux, W. J.
(2006). Prediction of Nucleating Sequences from Amyloidogenic Propensities
of Tau-Related Peptides. Biochemistry 45, 4638–4652. doi:10.1021/bi052226q

Ryckaert, J. P., Ciccotti, G., and Berendsen, H. J. C. (1977). Numerical Integration of the
Cartesian Equations of Motion of a System with Constraints: Molecular Dynamics
of N-Alkanes. J. Comput. Phys. 23, 327–341. doi:10.1016/0021-9991(77)90098-5

Sawaya, M. R., Sambashivan, S., Nelson, R., Ivanova, M. I., Sievers, S. A., Apostol,
M. I., et al. (2007). Atomic Structures of Amyloid Cross-Beta Spines Reveal
Varied Steric Zippers. Nature 447, 453–457. doi:10.1038/nature05695
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