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Abstract.
Background: Tau assembly produces soluble oligomers and insoluble neurofibrillary tangles, which are neurotoxic to the
brain and associated with Alzheimer’s and Parkinson’s diseases. Therefore, preventing tau aggregation is a promising therapy
for those neurodegenerative disorders.
Objective: The aim of this study was to develop a joint computational/cell-based oligomerization protocol for screening
inhibitors of tau assembly.
Methods: Virtual oligomerization inhibition (VOI) experiment using molecular dynamics simulation was performed to
screen potential oligomerization inhibitors of PHF6 hexapeptide. Tau seeding assay, which is directly related to the outcome
of therapeutic intervention, was carried out to confirm a ligand’s ability in inhibiting tau assembly formation.
Results: Our protocol was tested on two known compounds, EGCG and Blarcamesine. EGCG inhibited both the aggregation
of PHF6 peptide in VOI and tau assembly in tau seeding assay, while Blarcamesine was not a good inhibitor at the two tasks.
We also pointed out that good binding affinity to tau aggregates is needed, but not sufficient for a ligand to become a good
inhibitor of tau oligomerization.
Conclusion: VOI goes beyond traditional computational inhibitor screening of amyloid aggregation by directly examining
the inhibitory ability of a ligand to tau oligomerization. Comparing with the traditional biochemical assays, tau seeding
activities in cells is a better indicator for the outcome of a therapeutic intervention. Our hybrid protocol has been successfully
validated. It can effectively and efficiently identify the inhibitors of amyloid oligomerization/aggregation processes, thus,
facilitate the drug development of tau-related neurodegenerative diseases.
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INTRODUCTION

Tau protein, which presents in six isoforms with the
number of residues ranging from 352 to 441, plays
many important physiological roles. Tau constitutes
more than 80% of neuronal microtubule associated
proteins. It binds to and stabilizes microtubule (MT)
[1]. The tau MT binding repeats (R1-R4 spanning
residues 244–368) are related to many disease-linked
modifications [2]. This region recapitulates much
of the aggregation property of tau-441 in animal
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models [3]. Tau protein aggregates into neurotoxic
formations including insoluble neurofibrillary tan-
gles (NFT) and soluble oligomers [4, 5], which are
associated with several neurodegenerative disorders,
including Alzheimer’s disease (AD) and Parkinson’s
disease [6–8]. Inhibition of tau aggregation is a possi-
ble avenue to prevent the development of tau-related
neurodegenerative diseases. Therefore, the develop-
ment of an effective protocol which can identify
“true” inhibitors of tau aggregation is of great interest
[9–14].

A typical protocol of inhibitor screening con-
sists of two stages, the computational screening and
experimental confirmation. The first stage focuses
on prioritizing ligands mostly based on their binding
affinities to the employed drug target, while the sec-
ond stage confirms the prediction through bioassays.
In the case of amyloid aggregation, computational
screening filters including docking simulations, end-
point (such as MM-PBSA [15–17]) and alchemical
free-energy methods, can be used to estimate the
binding energy and/or binding free energy between
a ligand and a monomer or aggregates (fibrils) of
amyloid peptides/proteins. So far, many aggregates of
amyloid peptides/proteins have been resolved by X-
ray crystallography or Cryo-EM [18–22]. However,
binding affinity-based virtual screening is rooted in
a hypothesis that the higher the binding affinity of a
ligand to amyloid targets is, the better ability it has
in inhibiting amyloid aggregation. This hypothesis
is not valid since a good binding affinity is needed,
but not sufficient to guarantee the ligand is a good
inhibitor of amyloid aggregation. Moreover, most
bioassays only measure a ligand’s ability to inhibit
the fibrillar formation in steady of the oligomeriza-
tion process which produces neurotoxic oligomers.
Thus, the conventional screening protocol which has
been widely applied in drug lead identification for
a well-defined binding pocket may not work for the
identification of inhibitors of amyloid aggregation.
The above rationale may explain the high failure rate
in drug development targeting amyloid peptides.

Recently, we developed a virtual oligomerization
inhibition (VOI) method which applies extensive
molecular dynamics (MD) simulations to identify
“true” inhibitors of A� oligomerization. This method
can serve as a filter in the computational stage
[23]. We have applied the VOI method in rank-
ing the known inhibitors of A� aggregation and
our prediction is well in agreement with the exper-
imental findings [23]. More importantly, the early
aggregation kinetics, with or without an inhibitor

can be characterized at atomistic level through VOI
experiment.

In this work, we developed a joint
computational/cell-based protocol to effectively
identify inhibitors of tau oligomerization. For the
computational screening stage, VOI was applied to
identify inhibitors of oligomerization process. A
full-length tau protein, which may have up to 441
residues, is too large to be applied in tau oligomer-
ization simulation. Therefore, we used PHF6, a tau
segment which is essential for tau aggregation and
amyloid formation in VOI screening [24]. PHF6 is a
hexapeptide of tau protein (Residues 306–311 in R3
repeat) with amino acid sequence of VQIVYK. Note
it is a common practice to apply a key fragment in
MD simulations of amyloid proteins/peptides. For
example, we used both A�16-22 and the full-length
A�1-42 peptides in conducting VOI experiment
for A� oligomerization [23]. For the experimental
stage, we did not apply tau aggregation bioassay to
confirm the inhibition of a ligand to tau assembly
since the current experimental technologies are
limited in investigating the dynamics of early tau
oligomerization. Instead, we examined whether
a ligand could inhibit tau seeding activities in
a HEK293 tau biosensor cell line developed by
Diamond and co-workers [25, 26]. This cell line
expresses tau repeated domain (RD) containing
the disease-associated P301S mutation fused to
either Cyan Fluorescent Protein (CFP) or Yellow
Fluorescent Protein (YFP), and cells produce a flu-
orescence resonance energy transfer (FRET) signal
upon aggregation of tau. As prion-like propagation
of proteopathic tau seeds drive the progression of
neurodegenerative diseases, measuring the effects of
tau oligomerization inhibitor on tau seeding activities
in cells should serve as a better indicator for the
outcome of therapeutic intervention, comparing
with traditional biochemical assays. We tested the
developed screening protocol on two known small
molecules, Epigallocatechin-3gallate (EGCG) and
Blarcamesine (Anavex273). EGCG, a polyphenolic
flavonoid extracted from green tea, is considered
to have neuroprotective and neuro-rescue effects
including modulation of cell survival and cell cycle
genes [27]. EGCG can inhibit the aggregation of
several proteins including transthyretin protein,
Islet amyloid polypeptide (IAPP) and A� peptides
[28–30]. Particularly, EGCG has been reported
to interact with tau and inhibit tau aggregation
in biochemical assays [31]. Anavex273, a drug
in clinical trials for the treatment of AD and
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Parkinson’s disease, was suggested to block tau
hyperphosphorylation and protect mitochondria [32,
33]. However, there is no report on Anavex273’s
inhibitory ability on tau aggregation before, thus it
severed as a negative control.

MATERIALS AND METHODS

Computational details

MD simulation protocol
To study the oligomerization of tau fragment,

PHF6, we first constructed a control system, 8PHF6,
by placing 8 PHF6 peptides at the eight vertices of a
25-Å cube. The 8 PHF6 peptides were random cho-
sen from a structure databank of monomeric PHF6.
To obtain the monomeric databank, A PHF6 pep-
tide with the sequence of ACE-VQIVYK-NME was
generated by using AMBER tools [34]. The two cap-
ping residues, acetyl group (ACE) at N-terminus and
methyl group (NME), were added to avoid an artifi-
cial strong interaction between termini. The peptide
was put in the center of a cubic box solvated by 2200
explicit TIP3P water molecules [35]. This monomeric
system underwent 5000 steps of minimization, fol-
lowed by a 100-ns NPT MD simulation. The PHF6
monomer structure databank was constructed by stor-
ing 5000 monomeric structures evenly collected from
the last 50 ns of the MD trajectory. To consider impact
of a ligand on the oligomerization of PHF6 pep-
tides, an 8PHF6+6ligands system was constructed by
adding six ligands to the centers of the six faces of
the cube to the 8PHF6 system (Fig. 1). This design
gave 3:4 of drug-peptide concentration ratio and pro-
vided homogeneous systems to model. All 8PHF6
and 8PHF6+6ligands systems were placed at the cen-
ter of octahedron box solvated by explicit TIP3P
water molecules, and Na+ and Cl– ions were added
to neutralize the net charge of the simulation systems
and to obtain the salt concentration of 0.15 M. The
minimum distance between any atom of the peptide
and the edges of the water box was at least 10 Å.
The peptides were described by Charmm36m force
field [36], which is currently the most suitable to
simulate amyloid aggregations [37, 38]. The param-
eters of the ligands were generated by SwissParam,
which provides topology and parameters for small
organic molecules compatible with the Charmm all
atoms force field [39]. The box size and volume
were 78 Å and 365310 Å3. The number of water
molecules were 11500 for 8PHF6 system and 11392

for 8PHF6+6ligands. The concentrations of peptide
and ligand were 36 mM and 27 mM, respectively. For
each system, we collected 10 MD trajectories with
different initial structures and the sample details were
presented as follows.

The GROMACS 2018 package [40] was employed
for all simulations. The solvated systems were min-
imized using the steepest descent method and were
equilibrated for 2 ns at constant pressure (P) of 1atm
and temperature (T) of 310 K. The pressure and tem-
perature of the simulations were controlled using
the Berendsen coupling method [41] with a relax-
ation time of 0.1 ps and the Bussi-Donadio-Parrinello
velocity scaling method [42] with a relaxation time
of 1 ps, respectively. The equations of motion were
integrated using a leap-frog algorithm [43] with a
time step of 2 femtoseconds (fs). A 1.1 microseconds
(�s) NPT sampling simulation was subsequently
conducted for post-analysis using the same MD pro-
tocol in the equilibration phase. For each system, the
total MD simulation time is 11 �s. The LINCS algo-
rithm [44] was used to constrain the lengths of all
covalent bonds with a relative geometrical tolerance
of 10–4. The van der Waals forces were calculated
with a cutoff of 10 Å, and the particle mesh Ewald
method [45] was employed to treat the long-range
electrostatic interactions. The nonbonded interaction
pair list was updated every 5 fs using a cutoff of 10 Å.
Periodic boundary conditions were applied to all the
simulations.

Data analysis
The structures of the 8 PHF6 peptides sampled by

MD simulations were characterized by intermolec-
ular side chain-side chain contacts, intermolecular
backbone hydrogen bond (H-bond), solvent acces-
sible surface areas (SASA) and �-content. A side
chain-side chain contact is formed if the distance
between the centers of mass of two residue side
chains is within 6.5 Å. An H-bond is formed if
the acceptor-donor distance is within 3.5 Å and
the acceptor-donor-H angle is less than 30◦. The
�-content was calculated by using the STRIDE algo-
rithm [46, 47], and SASA was calculated by using
GROMACS tools.

The aggregation rate of PHF6 peptides was
estimated by the formation time of �-sheets and
oligomers. The size of �-sheets ranges from 2 to
8 strands, and the oligomers vary from dimer to
octamer. The oligomers were classified using the
oligomerization contact between peptide pairs. Two
peptides are in oligomerization contact if the loss of
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Fig. 1. The 2D structure of EGCG and Anavex273, and the system design. Ligands are presented by green heart. PHF6 peptide is in blue
color.

SASA (SASAloss), which was calculated by Equation
1, is equal or greater than 10%.

SASAloss = 100
SASAP1 + SASAP2 − SASAP1P2

SASAP1 + SASAP2
(1)

Here, SASAP1, SASAP2 and SASAP1P2 are
SASA of the first peptide (P1), second peptide (P2)
and two peptides (P1P2). The oligomerization time
(Oτ) of an oligomer is defined as the time period
between the beginning of NPT simulation and the
timepoint when the oligomer was first formed. The
oligomerization inhibition rate (OIR) of a ligand,
which measures the inhibitory ability of the ligand,
is calculated by Equation 2.

OIR = 100
Oτlig − Oτcontrol

Oτcontrol

(2)

Here, Oτcontrol and Oτlig are oligomerization
time of the PHF6 oligomer in the control and a
8PHF6+6ligands systems, respectively.

Tau seeding assay

Purification of seeding-competent tau fibrils
from AD brains

Tau fibril was isolated from a human AD brain
as previously described [48]. Human brain tissues
from sporadic AD patients, and normal control were
obtained from Neurodegenerative Disease Brain Tis-
sue Repository (Buckeye Brain Bank). All cases used
were histologically confirmed. For each purification,
5 g of frontal cortical gray matter was homoge-
nized using Dounce homogenizer in 4.5 ml high-salt
buffer (10 mM Tris-HCl, pH 7.4, 0.8 M NaCl, 1 mM
EDTA, and 2 mM DTT, protease inhibitors) con-
taining 0.1% sarkosyl and 10% sucrose. The lysates
were centrifuged at 10,000 g for 10 min at 4 ◦C, fol-
lowed by re-extraction once using the same high-salt
buffer. Additional sarkosyl was added to the pooled
supernatant to reach 1%, and incubated at room tem-
perature for 1 h. Samples were then centrifuged at
300,000 g for 60 min at 4 ◦C. The resulting sarkosyl-
insoluble pellets were further purified by a brief
sonication using a hand-held probe (QSonica) fol-
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lowed by centrifugation at 100,000 g for 30 min at
4 ◦C. The pellets were resuspended in PBS, soni-
cated with 20 short pulses (∼0.5 s/pulse), and spun at
10,000 g for 30 min at 4 ◦C to remove large debris.
The final supernatants, which contained enriched
pathological tau fibrils, were used in the study, and
referred to as AD-tau.

FRET-based tau seeding assay
Tau RD P301S FRET Biosensor cell line

(CRL3275) was purchased from ATCC. Tau Biosen-
sor cells were plated at density of 60,000 cells per
well in 48-well plates. Cells are 50–60% confluent
24 h after plating. AD-tau was transduced into cells
using Lipofectamine. Transduction complexes were
made by mixing Lipofectamine 2000 (Invitrogen)
with AD tau in Opti-MEM and incubated in room
temperature for 30 min before adding to cells. Chem-
icals at various concentration were added to cells 2 h
after transduction of AD tau seeds. 24 h later, cells
were fixed with 4% paraformaldehyde and nucleus
were stained with DAPI. To measure FRET, cells
were excited at 405 nm, and fluorescence was cap-
tured with 525/50 nm filters. To quantify FRET, we
measured FRET positive area and then normalized it
to DAPI area.

RESULTS

VOI experiment using PHF6 peptide

To study the oligomerization of tau PHF6 frag-
ment with and without the presence of a ligand
using MD simulation, we considered 8PHF6 and
8PHF6+6ligands simulation systems (Fig. 1). To
draw an overall picture of the inhibitory effect of
a ligand on PHF6 aggregation, we calculated time
dependence of four overall structural parameters of
PHF6 peptides including SASA, �-content, num-
ber of intermolecular side chain-side chain contacts
(NSC), and number of intermolecular main-chain
hydrogen bonds (NHB) in the different systems.
As shown in Fig. 2, EGCG demonstrated strongly
inhibitory effect on the aggregation of PHF6 peptides,
while Anavex273 did very little. For all systems, all
the parameters charactering PHF6 oligomerization
dramatically changed in the first 300 nanoseconds
(ns) of the simulation time, but much less fluctu-
ated in the last 800 ns. The population distribution
of the radius of gyration (Rg), SASA, NSC and
NHB of eight PHF6 peptides from the last 800 ns of
the simulations for different systems were shown in

Supplementary Figure 1. The locations of the high-
est peaks followed the same trend for the Rg and
SASA populations, which was opposite to that for
the NSC and NHB populations. For the control and
8PHF6+6Anavex273 system, the highest peaks of Rg
and SASA populations were located at smaller values
of the parameters compared to the 8PHF6+6EGCG
system. To make a quantitative comparison, we cal-
culated the averages of the parameters over the last
800 ns of MD simulation time. For SASA, the aver-
age values are 52, 53, and 60 nm2 for the 8PHF6,
8PHF6+6Anavex273 and 8PHF6+6EGCG systems,
respectively; for �-content, the average values are
25%, 27%, and 15% for the three corresponding sys-
tems; for NS, the averages are 43, 40, and 29 for
the three corresponding systems; and for NHB, the
corresponding values are 13, 13, and 7. Apparently,
the values for 8PHF6+6EGCG were significantly dif-
ferent from the corresponding ones for the 8PHF6
and 8PHF6+6Anavex273 systems. These data sug-
gested that EGCG can inhibit �-sheet formation
and the interaction between PHF6 peptides, while
Anavex273 cannot. This conclusion is also supported
by the intermolecular side-side interaction maps of
PHF6 peptides in the three systems (Supplementary
Figure 2).

During the procedure of PHF6 aggregation,
monomers gather and undergo conformational
changes resulting in the formation of PHF6 oligomers
and �-sheet structures. The size of oligomers and
�-sheets increases during the aggregation process.
We further evaluated the impact of a ligand on
the formations of PHF6 oligomers and �-sheets.
Figure 3 illustrated the population distributions of
different PHF6 �-sheets (Fig. 3a) and oligomers
(Fig. 3b). Similar to the time course of the overall
structural parameters, the population distributions of
the �-sheets and oligomers for the control system
were quite similar to those for 8PHF6+6Anavex273,
but distinct to those for 8PHF6+6EGCG. For
8PHF6+6Anavex273 system, the populations of
large oligomers (pentamer, hexamer, and heptamer),
particularly 5�S, were higher than those in the
control system, indicating that Anavex273 slightly
enhances the aggregation of PHF6 peptides. For
the 8PHF6+6EGCG system, the populations of all
�-sheet sheets (n�S, n ranges from 2 to 8) were
smaller than the corresponding ones for the con-
trol system. This result again implied that EGCG
inhibited the �-sheet formation during the PHF6
oligomerization process. As long as the oligomeric
formation is concerned, the population distributions
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Fig. 2. Evolution of SASA (a), �-content (b), number of side chain-side chain contacts (c), and number of main-chain hydrogen bonds (d) of
PHF6 peptides in different systems, 8PHF6 (Control), 8PHF6+6EGCG (+EGCG) and 8PHF6+6Anavex273 (+Anavex273). The data were
averaged from 10 trajectories for each system.

are size-dependent. For small-sized oligomers like
dimer, trimer and tetramer, the 8PHF6+6EGCG sys-
tem had larger population sizes than the control
system and 8PHF6+6Anavex273, while for the large-
sized oligomers like pentamer, hexamer, heptamer
and octamer, the trend is just the opposite. This result
suggests that EGCG can effectively inhibit the growth
of PHF6 oligomers. Moreover, this conclusion is also
supported by the PHF6 oligomerization time (Oτ)
of the three systems, and the PHF6 oligomerization
inhibition rate (OIR) of the two ligand-containing
systems (Table 1).

Amyloid aggregates, soluble oligomers, and insol-
uble fibrils are toxic to the brain and can lead to brain
damage [49]. For the case of tau proteins and A�
peptides, recent evidence showed that oligomers are
more toxic than fibrils [4, 5, 50, 51]. Furthermore,
it was found that smaller A� oligomers are usually
more toxic than larger oligomers, and the toxic size
of A� oligomers maybe as small as a dimer [52–56].
Interestingly, previous studies also pointed out that
tetramer is more toxic than dimer and trimer [53, 55,
57, 58]. Those results suggest that tetramer may be
the most toxic A� oligomer [53, 57]. Assuming that

PHF6 peptide is similar to A� peptide in term of the
size and formation toxic dependence of the aggre-
gates, Anavex273 may reduce the toxicity of PHF6
oligomerization by accelerating the transformation
from oligomers to fibrils. In contrast, Fig. 3b showed
the populations of small PHF6 oligomers includ-
ing dimer, trimer, and tetramer in 8PHG6+6EGCG
system were significantly higher than those in the
ligand-free 8PHF6 system. It indicates that EGCG
could enhances the formation of the small oligomers.
Can we, hereby, conclude that EGCG may be not
really a good inhibitor? Not really, as the data in Fig. 3
was from the last 800 ns of the 1000 ns simulation,
and it did not include the rapidly changing process of
the oligomerization in the first 200 ns. Additionally,
the data of the oligomerization time and oligomer-
ization inhibition rate (Table 1) showed that EGCG
slowed down the formation of the small oligomers
to some degree. Thus, to depict the complete pic-
ture of how EGCG interfering with the formation of
the small oligomers, we need to also consider the
population change of the small oligomers during the
first 200 ns. As shown in Supplementary Figure 3,
EGCG did enhance the dimeric formation, and had
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Fig. 3. The population of n�S (a) and oligomers (b) of PHF6 peptides in different systems, 8PHF6 (Control), 8PHF6+6EGCG (+EGCG)
and 8PHF6+6Anavex273 (+Anavex273). The data were calculated from 10 trajectories for each system and the last 800 ns of each trajectory.

Table 1
Oligomerization time (Oτ) of PHF6 oligomers, and oligomerization inhibition rate (OIR) of the ligands. The averaged OIR was calculated
from the OIRs of trimer, tetramer, . . . , and octamer. Because dimers were fast formed in all system (Oτ < 3 ns), dimeric OIR was not

considered

System PAR Dimer Trimer Tetramer Pentamer Hexamer Heptamer Octamer Average

8PHF6 Oτ (ns) <3 5 15 25 51 72 170
8PHF6 Oτ (ns) <3 7 17 49 77 157 381
+6EGCG OIR (%) NA 40 13 96 51 118 124 74
8PHF6 Oτ (ns) <3 7 17 22 50 70 179
+6Anavex273 OIR (%) NA 40 13 –12 –2 –3 5 7

little effect on the trimeric formation, but significantly
slowed down/inhibited the formation of tetramers in
the first 200 ns of simulations. Considering tetramer
may be the most toxic oligomer of the tau hexapeptide
fragment (like A� peptide), the data of overall struc-
tures (Fig. 2 and Supplementary Figure 1) as well as
intermolecular side chain-side chain interaction map
(Supplementary Figure 2), support the conclusion
that EGCG is a good inhibitor of tau oligomerization.

As EGCG demonstrated a strong inhibitory effect
against PHF6 oligomer formation, we further investi-
gated the interactions between heavy atoms of EGCG
and PHF6 residues (Fig. 4). An EGCG atom and a
PHF6 residue is in the interaction state when their

distances are equal to or smaller than 0.3 nm. Among
six residues of PHF6, Y310 had the highest frequency
interacting with EGCG, followed by I308, Q307,
and V309. Interestingly, K311, although has simi-
lar size as Y310 and I308, interacted with EGCG
much less frequently. This observation indicated
that EGCG preferred to interact with hydrophobic
residues. Among the 33 heavy atoms of EGCG, most
oxygen atoms in the hydroxyl or carbonyl functional
groups showed strong interactions with PHF6 pep-
tides. This is reasonable because those oxygen atoms
appear on the surface of EGCG, thus have higher
probability to interact with PHF6 peptides than the
other atoms.
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Fig. 4. Interaction map between heavy atoms of EGCG and residues of PHF6 peptide. The color bar indicates population (in %) of the
interaction. The index number of oxygen atoms is in red color, while the index of other atoms is blue. The data were calculated from 10
trajectories for each system and the last 800 ns of each trajectory.

FRET-based cell assay to evaluate inhibitors for
tau oligomerization

Prion-like propagation of tau aggregates under-
lie the progression of neurodegenerative diseases,
including AD and the related tauopathies. To experi-
mentally validate the inhibitors of tau oligomeriza-
tion identified in MD simulation, we assessed the
ability of EGCG and anavex273 to inhibit tau seed-
ing activities in a HEK293 tau biosensor cell line
[59]. Proteopathic tau fibrils used in the seeding assay
were directly purified from postmortem AD patient
brains, thus better representing the unique confor-
mational features of tau seeds that develop in AD
brains. To prepare seeding-competent tau fibrils, we
obtained frozen brain tissues from human non-AD
or age-matched sporadic AD-patients from Buck-
eye Brain Bank at The Ohio State University. AD
brains used were histologically confirmed to con-
tain NFTs using X34, a highly fluorescent marker
for �-sheet structures (Fig. 5A). Pathological tau fib-
rils were extracted from sarkosyl-insoluble fractions
by ultracentrifugation as described previously [48].
Repeated washing and centrifugation of sarkosyl-
insoluble fraction (P1-3) yielded enriched tau protein
(HT7) (Fig. 5B) with pathological phosphorylation at
Ser202/Thr205 (AT8) (Fig. 5C). Final P3 fraction is
used as tau seeds (AD-tau) for our FRET-based cell
assay.

In tau FRET Biosensor cell, AD-tau convert tau RD
into the aggregated states displaying as punctate and

reticular intracellular inclusions in a dose-dependent
manner (Fig. 6A, B), suggesting AD-tau is seed-
competent. Then we tested the ability of anavex273
and EGCG to inhibit tau seeding activities. Chemicals
at various concentrations were added into biosensor
cells 2 h after AD-tau seeds transduction. Anavex273
did not inhibit tau seeding at all the concentra-
tions tested (up to 20 �g/ml). Conversely, EGCG
strongly inhibits tau seeding with IC50 estimated at
1.25 �g/ml (Fig. 6C, D). This data is consistent with
our MD simulation results that only EGCG strongly
inhibits the aggregation of PHF6 peptides.

DISCUSSION

The aggregation of tau protein leads to the accu-
mulation of NFTs, which is one of the two major
pathological hallmarks in the brain of an AD patient
[60]. Mounting evidence now suggests tau aggregates
(or seeds) nucleate the fibrillization of endogenous
tau monomer upon internalization into cell, thus
transmitting the aggregated state from cell-to-cell via
prion-like mechanisms. Screening compounds which
can inhibit tau aggregation, particularly oligomeriza-
tion, is of great interest to develop novel therapeutic
agents for AD. Numerous studies have been con-
ducted to identify inhibitors of tau assembly, and
to investigate the inhibition mechanisms [9, 10, 12,
13, 31, 61–67]. Most of the studies only applied
experimental approaches to examine tau aggrega-
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Fig. 5. Preparation of tau fibrils from AD patient brains. A) Representative neurofibrillary tangles X34-staining in postmortem AD brains
and age-matched controls. Different fractions from tau fibrils purification were immunoblotted with HT7 (a pan-Tau antibody) (B) and AT8
(C) (a monoclonal antibody specific phospho-Tau at Ser202 and Thr205). T: total lysates, S, supernatant; P1-P3, Sarkosyl-insoluble pellets.

tion, and to estimate binding affinity of a ligand to
tau protein/aggregates [9, 10, 12, 13, 31, 61–67].
The experiments applied in the previous studies
can only identify the binding affinity of a ligand
to tau protein and/or the inhibition of the ligand
to tau aggregation into fibrils/protofibrils. However,
because of current technology limitations, they did
not determine whether the ligand inhibits the early
tau oligomerization directly. For example, ThT flu-
orescence and EM assays are only able to identify
the inhibition of a ligand to tau fibrillar formation,
but not to tau oligomerization. SDS-PAGE analysis
is usually used to characterize oligomers, the effect
of sodium dodecyl sulfate on the oligomerization
can lead to flawed information [68]. Additionally,
the early amyloid oligomerization process happens
very fast as the monomeric concentrations used in
vitro studies, ranging from micromolar to denser
range, are dramatically higher than the monomeric

concentration in physiological condition. Thus, the
picture of oligomerization inhibition is too difficult
to be accurately described. Although computational
approaches can complement experimental means by
providing ligand protein interactions at atomistic
level, the computational methods employed in the
previous studies only examined the binding affin-
ity and interaction of an inhibitor to tau aggregates
(protofibril/fibrils) [31, 66]. The inhibition activities
of an inhibitor on early tau oligomerization have not
been studied yet.

The computational methods applied in a traditional
inhibitor screening for a protein aggregation mostly
focus on binding affinity of a ligand to protein aggre-
gates. Those approaches assume that the stronger
binding to the protein aggregates a ligand has, the
better inhibition to the aggregation the ligand can.
Despite this hypothesis have been validated in some
studies of A� aggregates [69–71], it may be incorrect
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Fig. 6. EGCG inhibits AD-tau seeding in the tau biosensor cell line. A) Representative images of tau biosensor cells transduced with
liposome vehicles or tau seeds (5 �g/ml). tau treated cells exhibit intracellular tau inclusions. (Scale bar, 50 �M). B) AD-tau seeds promote
tau aggregation in a dose-dependent manner. C) Representative images of tau biosensor cells transduced with tau seeds (5 �g/ml) and treated
with Anavex273 (20 �g/ml) or EGCG (10 �g/ml). (Scale bar, 50 �M). D) EGCG inhibits tau seeding in a dose-dependent manner.

for the dynamic process of amyloid oligomerization.
To re-examine this hypothesis, we first performed
docking screening for a compound library. The
library contains 702 small molecules which have
85% of similarity to at least one of known amyloid
aggregation inhibitors including EGCG, brazilin and
curcumin. The docking targets are six tau aggregates
deposited in PDB databank (Supplementary Fig-
ure 4). Based on the docking result, we selected two
compounds, ZINC00668105 and ZINC78502846,
which showed high binding affinities to the tau aggre-
gates, to advance to the VOI experiment using PHF6
peptide. The binding affinities of Anavex273, EGCG,
ZINC00668105, and ZINC78502846 to the six tau
aggregates are shown in Supplementary Table 1. The
impact of ZINC00668105 and ZINC78502846 on the
oligomerization of PHF6 peptides were shown on
Supplementary Figures 5 and 6 and summarized in

Supplementary Table 2. It is shown that the binding
affinities of the ligands to the tau aggregates were
in the order of ZINC00668105 ∼ ZINC78502846
(–8.5 kcal/mol)>EGCG (–7.7 kcal/mol)>Anavex273
(–5.6 kcal/mol), while the inhibition abilities of
the ligands to the PHF6 oligomerization were
in the order of EGCG > ZINC00668105 > ZINC
78502846 > Anavex273. This result indicated that
a weaker binder of tau aggregates, such as
Anavex2763, is unlikely to become a strong inhibitor
of PHF6 oligomerization; On the other hand, a strong
binder of tau aggregates, such as ZINC78502846,
may not be necessary a good inhibitor of PHF6
oligomerization. Encouragingly, the results of VOI
and tau seeding assay are totally consistent, i.e., the
better a ligand can interfere with PHF6 oligomeriza-
tion, the stronger inhibition affinity it has in the tau
seeding assay. Thus, our hybrid protocol of apply-
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ing VOI simulation and tau seeding assay represents
a promising approach to identify inhibitors of tau
oligomerization.

We have shown that VOI could improve the
accuracy in screening inhibitors for amyloid
oligomerization. However, it is also much more
computer time and resource demanding than the tra-
ditional computational methods of binding affinity
estimation such as docking simulation, end-point
MM-PBSA [15, 16] and pathway-based free-energy
perturbation (FEP) [72]. For example, to exam-
ine a compound using an Intel (R) CPU. E5-2690
(2.6 GHz), it will take around 97000 CPU hours for
VOI, 5 CPU hours for docking and 3000 CPU hours
for MM-PBSA and FEP. Therefore, this limitation of
VOI should be bear in mind, and we recommend using
VOI as an extra filter to further prioritize the top leads
from the binding affinity estimations in a traditional
inhibitor screening of amyloid oligomerization.

Conclusion

In this proof-of-concept study, we have introduced
and evaluated a screening protocol which consists
of VOI simulation and tau seeding assay. VOI goes
beyond traditional computational inhibitor screen-
ing of amyloid aggregation by directly examining
the inhibitory ability of a ligand to tau oligomer-
ization through large-scale MD simulations. Taking
the advantage of the novel computational method,
we were able to directly track the dynamics of tau
fragment oligomerization with and without the pres-
ence of ligands as well as reveal the interactions
between ligand and tau peptides at atomic level. In
addition, comparing with the traditional biochemical
assays, tau seeding activities in cells is a better indi-
cator for the outcome of a therapeutic intervention.
This hybrid protocol has been successfully validated
using EGCG and Anavex273. Both in silico and in
vitro methods suggested that EGCG can inhibit tau
aggregation and seeding while Anavex273 cannot. In
a conclusion, our hybrid screening protocol is able
to effectively and efficiently identify the inhibitors
of amyloid oligomerization/aggregation processes,
thus, can be beneficial to the drug development of
tau-related neurodegenerative diseases.
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