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ABSTRACT: Tau proteins are hyperphosphorylated at com-
mon sites in their N- and C-terminal domains in at least three
neurodegenerative diseases, Parkinson, dementia with Lewy
bodies, and Alzheimer’s, suggesting specific pathology but
general mechanism. Full-length human tau filament comprises
a rigid core and a two-layered fuzzy coat. Tau is categorized into
two groups of isoforms, with either four repeats (R1−R4) or
three repeats (R1, R3, and R4); their truncated constructs are
respectively called K18 and K19. Using multiscale molecular
dynamics simulations, we explored the conformational con-
sequences of hyperhposphorylation on tau’s repeats. Our lower
conformational energy filament models suggest a rigid filament
core with a radius of ∼30 to 40 Å and an outer layer with a
thickness of ∼140 Å consisting of a double-layered polyelec-
trolyte. The presence of the phosphorylated terminal domains alters the relative stabilities in the K18 ensemble, thus shifting the
populations of the full-length filaments. However, the structure with the straight repeats in the core region is still the most stable,
similar to the truncated K18 peptide species without the N- and C-terminus. Our simulations across different scales of resolution
consistently reveal that hyperphosphorylation of the two terminal domains decreases the attractive interactions among the N-
and C-terminus and repeat domain. To date, the relationship on the conformational level between phosphorylation and
aggregation has not been understood. Our results suggest that the exposure of the repeat domain upon hyperphosphorylation
could enhance tau filament aggregation. Thus, we discovered that even though these neurodegenerative diseases vary and their
associated tau filaments are phosphorylated to different extents, remarkably, the three pathologies appear to share a common tau
aggregation mechanism.

KEYWORDS: Tau, Alzheimer’s disease, amyloid, hyperphosphorylation, paired helical filaments

Alzheimer’s disease (AD) is characterized by the coex-
istence of the extracellular senile plaques of amyloid-β

(Aβ) and the intracellular neurofibrillary tangles of tau protein.1

In AD, hyperphosphorylated tau proteins are observed in
intracellular neurofibrillary tangles in the form of paired helical
filaments (PHFs).2−4 Comprising 352−441 amino acids,5 the
tau protein is one of the largest amyloidogenic proteins that
forms complex filaments.6 Tau is a microtubule-associated
protein, which plays important roles in regulating the stability
and dynamics of microtubules (MTs), neurite outgrowth, and
axonal transport in the normal phosphorylation state.7,8 The
regulation of tau primarily involves post-translational mod-
ifications (PTMs) including phosphorylation, truncation,
nitration, glycation, acetylation, and methylation.9−12 The

most common tau PTM is phosphorylation. In the AD brain,
tau is excessively phosphorylated, at least ∼3-fold over that in
normal brain, leading to the disruption of the MTs and the
promotion of filament formation.13 Other PTMs can also
regulate tau aggregation; for example, tau truncation may take
place after tau hyperphosphorylation with subsequent glyca-
tion.9 Methylation has been shown to suppress tau’s
aggregation propensity, whereas glycation and acetylation
promote pathological tau aggregation.10,11 Site-specific nitration
of residues Tyr18 and Tyr394 significantly decreases tau
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filamentous mass.12 Although insoluble tau aggregates have
long been the focus of efforts to elucidate the mechanism of tau
dysfunction and toxicity, recent research suggested that soluble
tau oligomers may be responsible for tauopathy.14−18

Six tau isoforms have been identified in the adult human
brain, with either three or four MT binding repeats (3R or 4R)
(Figure 1). These repeated domains are crucial for the binding

of tau to the MTs; they also serve in the nucleation of tau
aggregation.19,20 Tau is a natively unfolded protein with a
highly polymorphic ensemble.21 The combination of NMR and
molecular simulations revealed that the 4R (four repeats, R1−
R4) construct, K18 (comprising residues 244−372), is prone to
sample turn conformations.22,23 Upon aggregation, tau under-
goes a conformational transition from mostly random coil to
more extended conformations, and this especially holds for two
hexapeptide regions (275VQIINK280 and 306VQIVYK311) located
in repeats 2 (R2) and 3 (R3) that adopt β-sheet structures.24−26

In the absence of the N- and C-terminal regions, the filaments
of the truncated tau constructs K18 (4R domain) and K19 (3R
domain) display highly ordered structures,27,28 with R3
adopting parallel, in-register β-strands.27−29 The aggregation
of tau into filaments has been extensively studied,30 particularly
the core domains of K18 and K19 and the effects of varying
conditions on filament stability.31−40 Tau constructs can self-
aggregate to PHFs directly (e.g., when expressed in E. coli41);
however, hyperphosphorylated tau appears to aggregate more
readily and may sequester normal tau at lower concen-
trations.42,43

Unlike the truncated constructs, the filament of full-length
human tau (htau40) has been suggested to consist of a dense
core coated with fuzzy N- and C-terminal regions resembling a
double-layered polyelectrolyte brush.6,44 How the fuzzy coat
stabilizes the tau filament is still poorly understood. It has been
suggested that the N- and C-terminus differentially associate
with PHFs45 and play distinct roles in the stability and
consequently neurotoxicity of tau filaments.46 The N-terminal
fragment (residues 1−15) does not affect tau polymerization,47

whereas a fragment consisting of residues 1−196 can inhibit
polymerization of full-length tau.48 The side chains of htau40
(residues 272−289) were shown to be able to modulate the tau
filament structure.37 On the other hand, the C-terminal region
of tau is crucial in the formation of tau PHFs.49 However, how
the N- and C-terminus of htau40 affect the polymorphic core

domain has remained elusive. The distribution of phosphor-
ylation sites along the sequence of full-length tau is uneven.
htau40 has 80 serine/threonine and 5 tyrosine residues that can
be phosphorylated. Of these 85 residues, 67 are in either the N-
or C-terminal regions.50,51 Early studies of patients’ brains
indicated that among these the average number of phosphory-
lated residues is at least 7−8.52,53 However, mass spectrometry,
which is more accurate, identified more sites (36) in purified
PHF-tau from human Alzheimer brain than did the early
antibody detection method.54 While each kinase can
phosphorylate 10−28 sites in tau, the combination of the
four kinases can produce 32 (out of a total of 52
phosphorylation sites when using the kinases separately).54

Unlike tau phosphorylation sites, the other pathogenic tau
PTMs have less established modification sites. For example,
∼11 lysine sites were detected in the MT binding repeat region
for tau methylation,11 and only one lysine (K280) was
specifically identified for tau acetylation.10 It is thus important
to understand the effect of phosphorylation on the tau
filaments to gain insight into the mechanism of self-assembly
of the hyperphosphorylated protein.
Complementary to experimental results from biophysical and

biochemical studies, computer simulations are able to character-
ize the molecular structures and dynamics of tau proteins in
solution. Using hard-sphere models, Monte Carlo simulations
investigated the effects of phosphorylation on tau aggregation
and interactions with MTs.55 All-atom molecular dynamics
(MD) simulations were also carried out to study the
conformational changes of phosphorylation on the tau fragment
(residues 225−250).56 Extensive all-atom replica-exchange
molecular dynamics (REMD) simulations have recently been
performed to examine the structural properties of K18 and K19
in monomeric and oligomeric states.35,57 REMD simulations
also suggested that R3 containing the 306V−K317 motif displays
a much stronger propensity to aggregate than does R2
containing 273G−L284.58 However, few simulations have been
performed to investigate the structure and dynamics of full-
length tau proteins and the interactions of the fuzzy coat with
the core domain. In this work, we performed multiscale MD
simulations (Figure 2) to study the structure and dynamics of

full-length tau filaments, especially the effects of the flanking
regions on the stability of the filament core (Figure 3). We
found that full-length tau filaments consist of one dense core
and two sparse layers, consistent with the structural model
derived from the experimental observations. The relative
stability of the filaments not only depends on the core
morphology but also can shift by interactions among different
domains. As expected, phosphorylation events in the flanking
regions alter the distribution of mass and charge throughout the
filaments. There are significant domain movements within the
tau filament core, which becomes less dense and less structured

Figure 1. Schematic representation of the largest isoform of tau with
specific phosphorylation sites. Two hexapeptides (275VQIINK280 and
306VQIVYK311) are in R2 and R3, respectively. Serine, threonine, and
tyrosine residues that can be phosphorylated in Alzheimer’s disease
(AD), Parkinson’s disease (PD), and dementia with Lewy bodies
(DLB) are indicated.

Figure 2. Flowchart of multiscale MD simulations of tau filaments.
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and more exposed to the solvent environment, especially R2
and R3. The protrusion of R2/R3 from the core of tau
filaments facilitates further aggregation.

■ RESULTS AND DISCUSSION

Relative Stability of Full-Length Tau Filaments. The
conformation energy based on the generalized Born using the
molecular volume (GBMV) method was first calculated for the
conformations of normal tau filaments (Figure 4a). These
filaments were subjected to self-guided Langevin dynamics
(SGLD) simulations with the EEF1 implicit solvent model
(160 ns each, Figure S1; see Methods), followed by all-atom
MD simulations (20 ns each) (Figure 5a). The conformational
energy suggests that Tau-M5 is the most stable filament and
that Tau-M3 is the least stable. Note that the core of Tau-M5
corresponds to the truncated K18-9 (SL, straight-line, shape) in
previous studies, which is the most energetically favorable
model among all K18 filaments that we examined.40 In
addition, the truncated K18 in Tau-M2 is the least stable
model (corresponding to K18-6 in previous studies), whereas
full-length Tau-M2 is the second most stable filament among
the five models studied here. This result indicates that the
presence of both terminals has a significant effect on the relative
stability of full-length tau filaments and thus their relative
populations. It has been shown that human tau isoforms
assemble into polymorphic fibrils with different stabilities.59 In
one report, the ratios of thick to thin fibrils for different
isoforms were 2:3, 3:1, 1:4, and 1:1 for hTau40, hTau23, K18,
and K19, respectively.59 Computational modeling revealed that
there are large population differences among the polymorphic
structures for K18,40 which may correspond to the large 1:4
ratio of thick to thin fibrils for K18. Our current study indicated
that the energy differences among the different tested structures
are relatively small (Figure 4a), which could be related to the
lower 2:3 ratio of thick to thin fibrils for hTau40.
Mass and Charge Distribution of Tau Filaments. We

calculated the cumulative mass and charge density distributions
from the center of the tau fibril core for each filament model

(Figure 6). The geometrical center of the 4R domain (residues
243−372) was set as the origin. Although various mass
distribution diagrams were obtained, the density decreases to
zero at about 160−180 Å, suggesting that all tau filament
models have a rough radius of ∼160 to ∼180 Å. Except for
Tau-M1 and Tau-M5, whose 4R domains deviate markedly
from a globular shape, the other three filament models display a
density peak at ∼30 to 40 Å, indicating the existence of a dense
filament core with a radius of ∼30 to 40 Å. As a result, the tau
filament’s termini have a thickness of ∼130 to 150 Å. These
results are generally consistent with atomic force microscopy
observations of full-length tau fibrils, which suggest that the
radius of the tau fibril core is ∼30 to 33 Å and the thickness of
tau’s termini is ∼130 to 160 Å. In the case of Tau-M1, the
radius of the tau core extends up to ∼50 Å. For Tau-M5,
although its R3 displays a straight-line shape, it also has a radius
of ∼30 Å for the fibril core. The other density peaks shown in
Figure 6a are attributed to tau’s termini, which are the least
pronounced in the Tau-M1 model where the mass density
decreases almost monotonically. In addition to the position
where the mass density reaches zero (∼180 Å from the core),
Tau-M2 and Tau-M5 exhibit another density maximum with
radii of ∼80 and 90 Å from the core. In the case of Tau-M3 and
Tau-M4, however, the second mass peak either extends to 100
Å or shrinks to 60 Å. The above results suggest that tau
filaments may consist of two layers with distinct radii. On the
basis of the mass density of Tau-M2 and Tau-M5, the
thicknesses are ∼50 and 100 Å for the first and second sparse
layers surrounding the rigid core. However, a thickness of up to
∼80 Å was suggested for each fuzzy layer of the tau fibril. In
addition, both Tau-M2 and Tau-M5 display a thickness of 150
Å for the outer layer, which is close to the value of ∼160 Å
observed experimentally.6

The distribution of the radius of charge density (Figure 6b)
displays a very similar pattern for various tau filament models,
with positive and negative charge distributions separated from
each other along the tau filaments. The positive charge density
spreads from the core up to a radius of ∼60 to ∼70 Å for all

Figure 3. Representative conformations for different normal and hyperphosphorylated tau filaments. (a) Initial conformations used in self-guided
Langevin dynamics with the EEF1 solvent model. (b) Equilibrated conformations for tau filaments. (c) Hyperphosphorylated tau filaments. The N-
terminus, repeat domain, and C-terminus of tau filaments are shown in cyan, yellow, and orange, respectively. Two hexapeptides (275VQIINK280 and
306VQIVYK311) are shown in red and green, respectively. Phosphorylated serine, threonine, tyrosine residues in both the N- and C-terminus are also
shown as spheres.
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models. As the core has a thickness of ∼30 to 40 Å in the
simulated filaments, the two-layered termini of the filaments
have distinct electrostatics. For example, the first layer of Tau-
M2’s termini has ∼10 Å thick positive and ∼30 Å thick negative
charge distributions, whereas the second layer has only a ∼100
Å thick negative charge distribution. Due to the polymorphic
conformations of tau termini, the positions of the maximum
negative value in the second layer vary among tau filaments. In
Tau-M2, Tau-M3, and Tau-M4, the positive charge distribution
reaches a maximum at ∼40 Å from the core. The maximum
shifts to ∼50 Å in Tau-M1 and 30 Å in Tau-M5. The
electrostatic distributions in the filament models are consistent
with the experimentally derived two-layered polyelectrolyte
brush model. Moreover, compared with the dominant electro-
static repulsion between the two layers, the concurrence of both
electrostatic attraction and repulsion between the tau filament
core and the first layer of the termini makes the first layer more
compact and the second layer more sparse, which in turn
contributes to different mechanical properties of the filament’s
termini, as observed in experiments.6

Interactions between Different Domains of Tau
Filaments. To investigate the effects of termini on the stability
of tau filaments, we calculated the interaction energies between
the N-terminal domain (ND, residues 1−242), repeat domain
(RD, residues 243−372), and C-terminal domain (CD, residues
373−441). Because tau is highly hydrophilic, the electrostatic
interaction energies contribute about 6−7 times more than the
van der Waals interactions. As shown in Figure 7, the most
significant difference in the interaction energy is between ND
and CD in different tau filaments. For example, Tau-M1 and
Tau-M5 display comparable interaction energies between ND
and RD and between RD and CD; however, Tau-M1 shows the
most favorable interaction energy (approximately −4648 kcal/
mol) between ND and CD, but such interaction energy is only
approximately −253 kcal/mol in Tau-M5 due to the clear
separation between ND and CD by RD. It seems that the
interactions between ND and CD may contribute significantly
to the stability of Tau-M1. However, the above interaction
energies were calculated in vacuum, whereas the conforma-
tional energy in terms of GBMV takes the solvent effect into
account. As a result, the contribution of the interaction between
ND and CD of Tau-M1 in the presence of solvent could be less
significant. Nevertheless, our results corroborate an earlier
study where the N-terminal region of tau interacted with the C-
terminal region (residues 392−421), thereby inhibiting tau

Figure 4. Conformational energy (GBMV) of normal and hyper-
phosphorylated tau filaments. All calculations are based on all-atom
MD simulations in explicit water. (a) Conformational energy of
normal tau filament with starting structures as shown in Figure 3b. (b)
Conformational energy of hyperphosphorylated tau filaments with
starting conformations similar to those shown in Figure 3b. (c)
Conformational energy of hyperphosphorylated tau filaments with
starting conformations as shown in Figure 3c.

Figure 5. (a) Representative conformations of tau filaments after 20 ns all-atom MD simulations. The starting conformations are the same as those
shown in Figure 3b. (b) Representative conformations of hyperphosphorylated tau filaments after 20 ns all-atom MD simulations. The starting
conformations are the same as those shown in Figure 3c.
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filament formation.60 We observed that Tau-M3 and Tau-M5
are relatively more stable than the other tau filaments (Figure
4), whereas they have unfavorable interactions between the ND
and CD (Figure 7). Such results also highlight the important
role of water molecules in the stability of tau aggregates.
Effects of Hyperphosphorylated Termini on Tau

Filaments. While the average concentration is at least around
7−8 phosphorylated residues distributed among these potential
phosphorylation sites,52,53 many more sites are possible.54 We
tested the extreme cases where most observed sites are
phosphorylated. We selectively phosphorylated a total of 41
residues in the termini of the filaments (Figure 1). Tau
phosphorylation on sites preceding to S208 primarily

suppresses aggregation but enhances tau aggregation in the
C-terminal region.9 This led us to examine these two opposing
effects on the stability of full-length tau filaments. The starting
conformations used in the first set of MD simulations of
phosphorylated filaments in an explicit solvent environment
were taken from the conformations at 120 ns of simulations
using the EEF1-SGLD protocol (Figure 2b). After 20 ns MD
simulations, except for phosphorylated Tau-M4 (p-Tau-M4),
no significant conformational changes were observed (Figure
S2). However, comparing the RD (K18) portion of the core
region of the filaments revealed that phosphorylation leads to
smaller RMSD for most models, except p-Tau-M5 (Figure S3).
Overall, the RMSDs of the K18 region in full-length tau are
smaller than those for the isolated K18 peptide (except K18-7),
and hyperphosphorylation further consolidated the structural
stabilities of the tau filament core. The conformational energy
in terms of the GBMV implies that p-Tau-M5 is the most
energetically favorable (Figure 4b), followed by p-Tau-M2. We
also found that phosphorylation of both termini alters the
relative stabilities of p-Tau-M1 and p-Tau-M3 (Figure 4a,b).
To accelerate the conformational sampling, these p-Tau

filaments were first subjected to 40 ns SGLD simulations with
the EEF1 solvent model, and representative conformations are
shown in Figure 3c. All p-Tau filaments display significant
conformational changes. To test if these conformations are still
stable under explicit solvent conditions, all-atom MD
simulations in explicit water were subsequently performed.
The final conformations after 20 ns simulations are shown in
Figure 5b. We found that all p-Tau filaments retained the same
conformations as those from the implicit solvent MD
simulations (Figures 3c and 5b), indicating that conformations
sampled in either implicit or explicit solvent are accessible by
tau filaments phosphorylated at both termini.
The conformational energy of these p-Tau filaments shows

the same trend as that in the first set of MD simulations (Figure
4b,c), confirming that p-Tau-M5 is the most stable model. The
introduction of too many negative charges due to phosphor-
ylation changed the density distribution of the fibrils. The mass
density shown in Figure 6a suggests that the thickness
increases. A 5−10 Å expansion of the core radius was observed
in the p-Tau filaments. Noticeably, the density of the first outer
layer increases, but the density of the second layer decreases,
implying that the first layer of tau termini becomes much
denser, whereas the second layer becomes much sparser. The
structural alterations can be rationalized in terms of the charge
density along the p-Tau filaments (Figure 6b). In contrast to
the positive charge distribution in the core region, the zero to

Figure 6. Cumulative mass and charge density distributions from the center of the tau fibril’s core reflect tau filament dimensions. (a) Radius
distribution of mass density of tau (black) and hyperphosphorylated tau (red) filaments for different structural models. (b) Radius distribution of
charge density along tau (black) and hyperphosphorylated tau (red) filaments for different structural models. The blue and green lines are smoothing
lines based on an adjacent average.

Figure 7. (a) Interaction energies among N-terminal domain (ND),
C-terminal domain (CD), and repeat domain (RD) of tau and
hyperphosphorylated tau filaments. (b) SASA of each RD of tau and
hyperphosphorylated tau filaments, which has been normalized by the
number of residues in each repeat for each monomer.
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negative charge distribution in the same region clearly indicates
the overlap of phosphorylated termini with the core domain.
The electrostatic attraction between the core region and the
termini results in a more compact and thus denser region
within the p-Tau filaments. On the other hand, the electrostatic
repulsion leads to a sparer outer region (Figure 5b).
The above structural changes are also reflected in the

calculated interaction energies (Figure 7a). Interestingly, no
significant difference was observed in the interactions between
CD and RD and between ND with RD for various p-Tau
filaments. Due to the hyperphosphorylation sites in both ND
and CD, the interactions between them should become less
preferred accordingly. However, only p-Tau-M1 displays such
unfavorable interactions, and the other p-Tau filaments
demonstrate either no significant change in the interaction
energies between ND and CD (p-Tau-M2 and p-Tau-M5) or
even preferred interactions (p-Tau-M3 and p-Tau-M4)
compared with those of their normal species. The structure
of the RD was disturbed significantly due to the hyper-
phosphorylation in the termini, which not only affected the
interactions between ND/CD and RD but also simultaneously
influenced the interactions between ND and CD. To follow the
conformational changes of RD in the p-Tau filaments, we
calculated the solvent-accessible surface area (SASA) for each
RD (Figure 7b). Compared to normal tau filaments, the SASA
of R2 and R3 in p-Tau-M2 increases ∼28 and ∼46%,
respectively. In p-Tau-M5, the SASA of R2 and R3 also
increases ∼47 and 44%, respectively. Except for p-Tau-M3, the
other less stable p-Tau filaments display an increase in the
SASA for R2 and R3 to various extents. For example, p-Tau-M1
shows an increase in SASA of R2 and R3 by ∼19 and 17%,
respectively. As for R1 and R4, they are either buried inside the
protein or exposed to the solvent, with the alterations in SASA
dependent on the specific tau filaments. In most phosphory-
lated models, without the edge strands, the RD portions have
smaller RMSDs (Figure S3). The edge strands contributed the
most to the increase in SASA. In summary, the general increase
in SASA of R2 and R3 suggests that the edge strands of RD are
more exposed to solvent, which may promote p-Tau filament
aggregation in aqueous solution.
The 41 phosphorylation sites in AD present different

patterns of overlap with PD and dementia with Lewy bodies
(DLB).61 In the striatum of PD, there are 10 tau sites that show
considerable hyperphosphorylation, and there are 11 sites that
display an increase in phosphorylation in DLB (Figure 1). To
test if the different number of phosphorylation sites identified
in different brain regions in PD and DLB have the same
influence on tau filaments as we found in AD, the same initial
conformation of Tau-M1 was used to generate phosphorylated
tau filaments with 10 or 11 phosphorylation sites individually.
As shown in Figure 8, p-Tau-M1 filaments in these diseases
show a similar distribution of mass density. A slight decrease
and increase in mass density at ∼100 and ∼150 Å were also
found, resulting in different conformations. The distribution of
charge density also exhibits a similar trend in PD and DLB,
although they have only six phosphorylation sites in common
(Figure 8b). Interestingly, the significant difference in the
negative charge of p-Tau between AD and PD/DLB does not
shift the density minimum at ∼70−80 Å from the core,
suggesting the formation of two-layered polyelectrolyte termini
of p-Tau in both PD and DLB. We did not observe a significant
difference in the interaction energy of p-Tau between PD and
DLB; however, the interactions between ND and CD became

more favorable compared to those of p-Tau in AD (Figure 8c).
Moreover, p-Tau-M1 filaments in different diseases demon-
strate very similar RD SASAs (Figure 8d). Thus, our results
imply that tau filaments with a different number of
phosphorylation sites in AD, PD, and DLB may have the
same effect on the structure and stability of normal tau
filaments (Figure 8e−f), confirming the experimental observa-
tions that the formation of p-Tau may be a common
denominator in these three neurodegenerative diseases.61−63

It has been well-known that the RD alone aggregates into
filaments more readily than full-length tau.30 Previous studies
showed that R2 and R3, which contain two important
hexapeptide regions (275VQIINK280 and 306VQIVYK311), display
strong aggregation propensities.58,64 A recent simulation study
suggested that the Aβ42 protofibril interacts with monomeric
K18 and K19 and exposes the two hexapeptide motifs.65 In
addition, cofactors such as polyanions (e.g., heparin) promote
tau aggregation.66 Although hyperphosphorylated tau is the
major component of neurofibrillary tangles, the effect of
hyperphosphorylation on the aggregation mechanism has not
been well-elucidated on the molecular level. Here, we found
that if tau filaments were hyperphosphorylated in the termini to
various degrees then the RD, in particular, R2/R3, becomes
more solvent accessible. As a consequence, these regions may
better serve as seeds, and their interactions could facilitate the
aggregation of p-Tau filaments.

■ CONCLUSIONS
In this study, we performed multiscale simulations to
investigate the structural dynamics of full-length tau filaments

Figure 8. (a, b) Radius distribution of mass and charge density of p-
Tau-M1 filament in AD, PD, and DLB. (c) Interaction energies among
ND, RD, and CD of p-Tau-M1 in AD, PD, and DLB. (d) Normalized
SASA of each RD of p-Tau-M1 in AD, PD, and DLB. (e, f)
Representative conformations of p-Tau-M1 filaments in PD (e) and
DLB (f).
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as well as the effects of hyperphosphorylated termini on tau
filaments. To explore the polymorphic nature of the filaments,
various structural models were constructed consisting of an
ordered core and unstructured termini. Our results show that
the presence of both the N- and C-terminus alters the structure
of RD to varying degrees, which in turn shifts the relative
stabilities of different tau filaments. The modulation of the tau
filaments’ stability by the N- and C-terminus was studied by
Binder and co-workers.60,67−75 The C-terminus inhibits tau
assembly by interacting with residues 321−375 in the MT
binding repeat region.69 The effects of the N-terminus are more
complex. While the isolated N-terminal tau fragments inhibit
tau polymerization by interacting with a specific C-terminal
sequence, thereby stabilizing a soluble conformation of tau,60,72

removal of the N-terminus inhibits tau polymerization,
reducing both the rate and extent of polymerization.75 The
contribution of the N-terminus to tau polymerization is similar
to that by the shorter N-terminus Aβ peptide. Recently, we
have demonstrated allosteric stabilization of the amyloid-β
peptide hairpin by the fluctuating N-terminal.68 It has been
shown that the conformational changes and truncation of tau
occur after its phosphorylation.73 While these works focused on
monomeric mechanisms and indicated that phosphorylation is
coupled with enhanced aggregation for molecules with
truncated termini, our study indicated that hyperphosphor-
ylation would affect filament states as well. Still, the structure
with the straight repeats in the core region is the most stable,
similar to the truncated K18 peptide species without the N- and
C-terminus. The interactions between ND/CD and RD lead to
diverse mass and charge distributions but with the common
theme of a two-layered polyelectrolyte sparse coat surrounding
a dense core, in agreement with experimental observations. We
found that the interactions between ND and CD contribute to
the stability of tau filaments. Upon hyperphosphorylation in
both termini, electrostatic attraction between RD and ND and
electrostatic repulsion between ND and CD cause the
expansion of the dense core region and the first and second
layers existing in the normal tau filaments. Of importance, our
results show that RD undergoes significant structural changes
and becomes more solvent accessible. The exposure of the two
repeats, R2 and R3, which have high aggregation propensity,
may help to recruit additional monomers in amyloid growth.
Thus, consistent with previous finding that tau’s C-terminus
inhibits assembly, this inhibition can be partially reversed by
site-specific phosphorylation.67

Collectively, our results provide new insights into the
aggregation mechanism of tau filaments induced by hyper-
phosphorylation at both termini.

■ METHODS
Hybrid-Resolution MD Simulations. Full-length tau filaments

were constructed by linking both N- and C-terminal fragments to the
structural models of K18 (Figure 3a). Previous experiments and MD
simulations have shown that these models are representative isoforms
of truncated tau filaments.31−40 Five K18 octamer filaments were
considered in this work, corresponding to K18-2, K18-6, K18-7, K18-8,
and K18-9 in previous works.40 In a study of tau’s seeding barrier,
based on R3’s conformations, three of them, K18-6, K18-8, and K18-9,
were referred to as U-shape, L-shape, and SL shape, respectively.39 For
consistency with the K18 filament’s (octamer) geometry and to avoid
atomic clashes among the terminal residues, steered MD simulations
were performed to render both termini in extended conformations.
These five filament models (referred to as Tau-M1, Tau-M2, Tau-M3,
Tau-M4, and Tau-M5) have a radius of gyration varying from 183 to

191 Å, making MD simulations with an explicit solvent model
prohibitive. To address this issue, we performed multiscale MD
simulations. First, hybrid-resolution MD simulations were applied to
relax these filaments. We used hybrid PACE force field parameters, in
which the protein was represented by a united-atom force field and the
solvent was represented by the MARTINI coarse-grained water
model.76−78 This approach has been successfully applied in studies of
protein folding and Aβ fibril elongation.79,80 Here, each tau filament
was modeled using the PACE force field parameters, solvated in a
rectangular water box filled with MARTINI water molecules, and
neutralized by adding 16 Na+. The direction of the filament’s
elongation axis was not solvated, mimicking the infinite length of tau
filaments at a molecular level. The distance between water molecules
to protein atoms was set at 12 Å. Three-dimensional periodic
boundary conditions were applied with a typical simulation time step
of 4 ps.81 Each system was energy minimized for 5000 steps and
heated at 330 K for an additional 5000 steps (20 ps). The modified
NAMD program was used to run all simulations.82

MD Simulations with Implicit Solvent Model EEF1. We found
that such a large system containing 29 488 protein atoms and
∼250 000 MARTINI water molecules is still not able to relax the
extended N- and C-terminal conformations. To accelerate the
convergence of the simulations, the implicit solvent model EEF1
was used with the CHARMM 19 united-atom force field to model
these tau filaments in a solvent environment.83−85 The starting
conformations used in EEF1 simulations were randomly chosen from
the last 10 ns conformations of the above PACE simulations. A planar
harmonic constraint with a force constant of 100 kcal/mol·Å2 was
applied along the tau filament’s axis to model the infinite length. Each
system was first energy minimized for 5000 steps and then heated at
300 K for 10 000 steps with a time step of 0.1 fs. SGLD simulations
were applied to efficiently search the conformational space of the N-
and C-terminus around the filaments.86,87 An integration time step of
2 fs was used, and a friction constant of 1/ps was set throughout the
simulations. We found that each system reaches equilibrium over 120
ns of SGLD simulations (Figure S1). Then, the conformations at 120
ns were used to prepare the starting structures of tau filaments
phosphorylated at both the N- and C-terminus. For Tau-M5, we
observed that the fold of the core was significantly disrupted;
therefore, a conformation earlier than 120 ns was used. A total of 41
residues including 3 tyrosines, 25 serines, and 13 threonines were
phosphorylated in the hyperphosphorylated tau simulations (Figure
1). These phosphorylation sites have different extents of overlap across
AD, PD, and DLB.61 The force field parameters for phosphorylated
residues were adapted from CHARMM 36 force fields,88 and the
solvation parameters used in EEF1 were taken from previous studies.89

The hyperphosphorylated tau filaments were simulated for 40 ns
under the simulation protocol described above. For comparison, the
simulations of normal tau filaments were also extended for an
additional 40 ns, leading to a total simulation time of 160 ns for each
system. The implicit solvent EEF1/SGLD simulations were carried out
using CHARMM (version c35b5).90

All-Atom MD Simulations with Explicit Water Molecules.
The role of water in amyloid aggregation has been studied previously.
Water can accelerate the formation of amyloid fibrils where
hydrophobic residues are predominant or slow fibril growth rate by
stabilizing metastable intermediates in the case where hydrophilic
residues are predominant.91,92 Although the amino acids in tau protein
are hydrophilic overall, the low content of hydrophobic residues seems
to be sufficient to drive tau aggregation.93 To investigate the effect of
water on the stability of tau fibrils and to compare this with results
obtained using the implicit solvent model of EEF1, all-atom MD
simulations with explicit water were also performed. The CHARMM
27 force field including the CMAP correction was used to represent
these tau fibrils.94,95 The water molecules were represented by the
TIP3P water model.96 Similar to the hybrid-resolution MD
simulations, the direction of the filament’s elongation axis was not
solvated, and the minimal distance between tau protein and the
boundary of the water box was at least 20 Å. Na+ ions were added to
neutralize each system. The total number of atoms varied from
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290 961 to 473 528. The PME method was used to treat long-range
electrostatic interactions. Periodic boundary conditions were applied
for each system. Hydrogen bonds were constrained using the SHAKE
algorithm. The van der Waals interactions were calculated using a
switching function with a twin cutoff of 10 and 12 Å. An integration
time step of 2 fs was used, and the trajectory was saved every 10 ps.
Three sets of all-atom MD simulations were performed with different
starting structures taken from the above implicit MD simulations. The
initial structures used in the first set of simulations were taken from the
conformations at 160 ns of the EEF1 simulation of normal tau fibrils
(Figure 3b). The starting structures in the other two all-atom MD
simulations were taken from the beginning and last conformations of
the hyperphosphorylated fibrils used in the EEF1 simulations. The
beginning conformations are similar to those shown in Figure 2b but
with tyrosines, serines, and threonines in both the N- and C-terminus
phosphorylated. The last conformations of the hyperphosphorylated
fibrils used for the all-atom MD simulations are shown in Figure 3c.
The all-atom MD simulations were performed using NAMD 2
software.97

The relative stability of each fibril model was evaluated in terms of
the conformational energy calculated by the GBMV method
implemented in the CHARMM program (c35b5).98,99 The standard
parameters in the GBMV II algorithm were used. A single-point
energy calculation with infinite cutoffs was performed after the
structure was minimized by 200 steps of the steepest decent method.
For each system, a total of 500 conformations extracted from the last 5
ns trajectory were used to obtain the average energy and for analyses.
Note that the conformational energy in terms of the GBMV method
was calculated only for those conformations obtained by all-atom MD
simulations.
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