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Abstract

The tau fibrillar structures from the brain of an Alzheimer’s patient have a core with C-shaped
motif of third and fourth repeat domains (R3-R4). Our simulations indicated that the C-shaped
motif is only stable for the R3-R4, while R1-R2 tends to be linear in shape. These two structural
motifs appear in the most stable K18 protofilament. Heparin can further stabilize the C-shaped R3-
R4 motif, but not other repeats.

TOC image

Among the four bi-repeat protofilaments, only R3-R4 can maintain C-shaped structure that can be
stabilized by heparins, while R1-R2 tends to be linear shape, and these two structural motifs
appear in the most stable K18 protofilament.
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One of the hallmarks of Alzheimer disease is amyloid deposit formed by amyloid-g (AB)
plaques and tau protein tangles.k AB plaques enhance Alzheimer’s brain tau-seeded
pathologies by facilitating tau aggregation,? possibly through a “stretching-and-packing”
cross-seeding mechanism.3 Both AB and tau can trigger neuroinflammation and lead to
neuro-degeneration.* Interest is growing in tau as a potential drug target, by blocking tau
aggregation.®> Two major types of isoforms exist for tau proteins, with either three (R1, R3
and R4) or four (R1~R4) microtubule binding repeats (MBR). K18 is one of the truncated
constructs of tau, consisting of four repeats. During tau aggregation, the MBR domain
becomes structured and forms a protease-resistant core. Studies of tau amyloids are
complicated because of potential structural differences between filaments in different tau-
related diseases®. Structural variations in tau filaments have also been observed /n vitro and
could be further modulated by polyanionic amyloid inducers such as heparin.”: 8 Previous
molecular dynamic (MD) simulations and EPR experiments reported linear straight or 8-
turn-g U-shaped motifs for the four repeats.>-12 An electron microscopy study showed that
tau filament cores consist of a double helical stack of C-shaped subunits.13 Recently, the
atomic details of repeats R3-R4 plus 10 ten extra C-terminal residues (residues 306~378) of
filament cores were revealed by high resolution Cyro-EM4, provided important insights
into the polymorphic tau protein tangles. However, whether other bi-repeat combinations
R1-R2, R1-R3 and R2-R3 have a preference to adopt a C-shaped structure remains elusive.
Since in AD all isoforms are incorporated into amyloid core, the structural compatibility of
different repeats is one of keys to understand prion-like properties of tau protein aggregation.

Here we examine the stabilities of the octameric C-shaped structural motifs (Fig. S1A ESIT)
formed by different bi-repeat combinations with or without heparins and different
conformations of K18 protofilaments. All-atom explicit-solvent MD simulations were
performed for twenty-four various tau protofilaments and filaments (see Methods ESIT).

TElectronic Supplementary Information (ESI) available: 3 Tables and 10 figures.

Chem Commun (Camb). Author manuscript; available in PMC 2019 May 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 3

We first examined the stabilities of all possible bi-repeat (Fig. 1A and Fig. S1B-C ESIT) C-
shaped motifs (R1-R2 (residues 244~315), R2-R3 (residues 275~346), R1-R3 (residues
244~274 and 306~346), and R3-R4 (residues 306~378)) in both paired helical filaments
(PHFs) and straight filaments (SFs). According to the recent Cryo-EM work, a filament
consists of two protofilaments.14 The protofilament system includes five different bi-repeat
combinations: PHF34, PHF5, PHF13, PHF»3 and SF34 (Fig. 1A and Fig. S1B). The filament
system includes four different PHF and SF filaments: 2PHF34, 2PHF15, 2PHF 3, 2PHF 3,
2SF34, 2SF15, 2SF13, and 2SF,3 (Fig. 1A and Fig. S1C ESIT). The structures of R3-R4
protofilaments and filaments were taken from cryo-EM coordinates, and other combinations
were constructed using the R3-R4 structures as templates.

The stability of all PHF protofilaments are examined by probing the trajectories of RMSD
and hydrogen bond (H-bond) number, and the RMSF (Fig. 1B-D). The RMSD shows that
PHF3,4 structure stabilizes quickly around 0.30 nm, while PHF1, PHF43 and PHF,3 continue
to deviate from their initial structures, with their RMSDs reaching to respectively, 0.93 nm,
0.95 nm and 0.83 nm at t= 100 ns (Fig. 1B). Consistently, H-bond number of PHF34
fluctuates around 480, while that of other three protofilaments decreased rapidly (Fig. 1C).
The RMSF values show that almost all  regions (Fig. S1B ESIT) in PHF34 exhibit the
highest rigidity (Fig. 1D). The high structural stability of PHF3,4 can also be seen from the
residue-based pB-sheet probability (Fig. S2A ESIT). We characterize the C-shaped structure
by monitoring the p2-B3/B6-p7 angles and a distance between two representative residues in
[36 and ﬁ8 (|e Q351-1371 in PHF34, Qogg-1308 in PHF2, and T319-V33g in PHF3 and PHF23)
(Fig. 1E-G). The p2-B3 and p6-p7 angles in PHF34 stay respectively around 100° and 73°
throughout simulations. But the B6-p7 angles in PHF13 and PHF»3 increase to 116° and
118° at t=100 ns, implying that structures in p6 and B7 regions of PHF;3 and PHF,3 tend to
be extended. In PHF1,, though the B6-p7 angle (75°) stays close to that in PHF34, the p2-83
angle is much larger than 100°, indicating that PHF, has a strong tendency to be straight
(Fig. 1H). The B-sheet distance confirmed the instability of the C-shaped PHF1,, PHF;3 and
PHF23. Although the value of the 2-B3 angle in PHF34, PHF13, and in PHF,3 at t=100 ns
are same, the distance between p6 and 8 in PHF;3 and PHF53 is much larger than that in
PHF34 system. The distance increase in the former two systems is mainly caused by the
twisting of B1-p2 plane relative to B3 plane (Fig. S2C ESIT). PHF3 is prone to be V-shaped,
and PHF 3 has a preference to be U-shaped, as seen from the final snapshot (Fig. S2C ESIT).
These results indicate that PHF34 can maintain its C-shaped structure well, while the other
three are not compatible with the C-shape structure. Similar structural stability is observed
for SFa4. (Fig. S3 ESIT) Note that 8 is not in tau repeats domain but have a large interface
with 1~p2, and it helps the shape formation of the four in the order of PHF1, > PHF34 >
PHF,3 > PHF»3 (Supplementary Materials).

To understand why the other three protofilaments cannot be stabilized in a C-shaped
structure, we examine the inter-chain and intra-chain pairwise residue contact probability
(Fig. S4 ESIT). The contact pattern of PHF34 reflects that the interactions between the C-
terminal residues of one chain and the N-terminal residues of the nearby chain helps to
stabilize the C-shaped structure (Fig. S4A ESIT). Other three bi-repeat protofilaments have
weak interactions. In the PHF1,, the interactions in B1, B3, B7 and the p8 C-terminal regions
are reduced. In the PHF3, the regions with weakened interactions change to p1, 3, p5 and
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B7. In PHF,3, B3, 5 and 7 are the weak interaction regions. Intra-chain interactions are
also important in maintaining the C-shaped structure. PHF34 has the strongest intra-chain
interactions (Fig. S4B ESIT). In the PHF34, the interactions among K3s3, S35 and D3sg
residues stabilize the p6-p7 angle and the interactions among Csp9, L3os, 1328, P3g4 and Gsgz
can stabilize the p2-p3 angle (Fig. S4C ESIT), while in other systems, the two angles cannot
be simultaneously stabilized around their initial values. The lack of intra-chain interactions
between P31 and Gzpq explains the extension of PHF 1, (Fig. S4B and Fig.1H). The p6-p7
angle is stabilized by the salt-bridges K3g53/D3sg in PHF34 and Kogg/Dogs in PHF 15 (Fig.
S4D ESIT). However, these two salt-bridges are missing in the other two systems. The
destabilization of the C-shaped structure of PHF;3 and PHF,3 can be seen in Fig. S2C.

The structural differences between MBR have a great effect on interaction patterns among
the four protofilaments (Fig. S5 ESIT). In the PHF34 system, the hydrophobic residues of the
hexapeptide V3p5~Ks11 in Bl and T373~F37g in B8 form a face-to-face packing interface.
However, similar interactions in both PHF1, and PHF;3 were missing due to the reduced
number of hydrophobic residues in B1. In addition, three consecutive B-breaking prolines
(P247, P24g, and Pos1) destroy the B-sheet structure of 1 and the N-terminal region of p2,
and the p-sheet structure of C-terminal regions of B8 in PHF5 is also disrupted by P315. In
PHF34, there is a right-angle turn accomplished through Gs,3 and G3yg 0n the outer side of
the C-shaped protofilament, while in the other three systems, the reduced number of Glycine
is not sufficient for keeping the turn of the C-shaped structure. In the PHF34 system, a
triangle-shaped hydrophobic cluster formed by L3ps in the turn region, l3og in p3 and V3g3
in 7. However, in PHF 12, the cluster disappears and lead to an extended turn conformation.
In the PHF 13 and PHF,3 systems, there is only one hydrophobic residue in the hydrophobic
cluster region, which greatly reduces the stability of that region. The p4~B6 regions in
PHF3,4 system form a p-helix structure. Two-residue (Ez42 and Kaa3) and three-residue
(K347, D3ag and Rg4g) p-arc corners facilitate the triangular p-helix geometry, whereas,
residues in the corresponding B-arc position are not favorable for g-arc formation. In
addition, hydrophobic (V33g, L344, V350, and l3s4) and aromatic (Fz4g) residues stabilize the
interior of the B-helix geometry in PHF34. However, aromatic residues are missing in all the
other systems. Moreover, the B-breaking residue P33 in PHF34 is located between g1 and
B2, while proline residues are missing at the corresponding position in PHF23, which renders
the B1 and B2 to combine into a longer pB-strand. And this makes the whole structure of
PHF,3 look like a V shape. (Fig. S2 ESIT).

The dimerization of protofilaments cannot help stabilizing other repeat combinations in the
C-shaped structure, but is favourable for R3-R4, indicated by MD simulations of octameric
2PHF and 2SF filaments (a tetramer for each protofilament) in four bi-repeat combinations.
(Fig. S6B ESIT) In cryoEM-derived 2PHF34, the interface is formed by the anti-parallel
stacking of residues P33,~Q336. The corresponding residues in the interface are Po79~Ko74
for both PHF15 and PHF;3, and P391~S3q5 for PHF,3 Fig. S7A shows the contact
probabilities of eight interface residues of all 2PHF combinations. Overall, the protofilament
interfaces of 2PHF34 and 2PHF,3 are more stable than those of 2PHF1, and 2PHFq3. In the
2PHF1, and 2PHFq3, the interface interactions are weak and the two protofilaments tend to
separate (Fig. S7B ESIT). Both protofilaments in the 2PHF3,4 system retain the C-shaped
structure well, while all others have conformational deviations from the C-shaped structure.
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In cryoEM-derived 2SF34, the two protofilaments pack asymmetrically between residues
K321~S394 in one protofilament and V313~K317 in the other. To compare with 2PHF, we also
choose eight residues in each protofilament (K317~S324 and D314~K3p1) to analyze the
interface stability. The contact probability maps and the last frame snapshots in Fig. S7 and
Fig. S8 show that compared to 2PHF34, 2SF34 has weak interface interactions involving
residue pairs L315-K3p1 L315-C320 and L315-G3p3. In the SF34 protofilament interface,
consistent with Cryo-EM, the main interactions are strong VdW interactions between L315-
K321 L315-C322 and L315-G3o3 (Fig. SBA ESIT). In the 2SF;5 system, the two protofilaments
separate. The interface contact residues in 2SFq3 and 2SF,3 are respectively Los3-Kosg,
L2s3-1260, L253-G261 and Nass-Kasg, and Laga-Kago, L2ga-Coo1, L2sa-Gagz and Nags-Kago,
like those in 2SF34. (Fig. S8A ESIT) More results and discussion the contributions of
dimerization to the shape formation be found in Supplementary Materials.

Full-length tau quickly aggregates when anionic cofactors are present.15 In in vitro
experiments, heparin is often used to induce and accelerate tau filament formation.16-18 |n
vivo, it has been reported that tau and heparin coexist in neurons with overt neurofibrillary
lesion.1® However, how heparin promotes tau fibrillation is unclear. Also, whether it is a
component of tau filaments is open to debate.2%: 21 The C-shaped structural feature of tau
filaments suggests that heparin could fit into the groove of the protofilament to stabilize its
structure (Fig. 2). The length of hexameric heparin is comparable to the length of the groove
of octameric PHF protofilaments. Thus, we simulated the tau protofilament-heparin complex
(PHF-HP) to examine if heparin can stabilize the C-shaped core.

Fig. 2 indicates that, among all PHF-HP systems simulated, PHF34-HP is the most stable
one. Even though heparin reduces structural flexibilities of all bi-repeat combinations, only
PHF34-HP system maintains its C-shaped structure (Fig. S9A ESIT). Even though the
RMSD of PHF;3 decreases from 0.90 nm to 0.71 nm, it is still not comparable to the 20.7%
reduction in RMSD from 0.29 nm to 0.23 nm observed for the protofilament in the PHF4-
HP system (Table S2). The RMSFs reflect an increased flexibility of other systems,
compared to that in the PHF34-HP system (Table S3). Heparin reduces the flexibility of most
regions in the protofilaments. In the PHF34-HP system, in addition to the slightly decreased
rigidity of B3, the rigidity of the overall structure is enhanced. However, for other
protofilaments, there is only localized enhancement of rigidity. PHF34 has the highest
probability of p-sheet, followed by PHF,3, PHF13 and PHF15. These results show that the
repeats R3-R4 are most suited to interact with heparin and accelerate tau fibrillization.

Why is heparin able to selectively stabilize R3-R4 to adopt a C-shaped structure? We
examine the contact probability between heparin and each protofilament by excluding the
edge strands (Fig. S9 ESIT). In the PHF34-HP system, there are three regions involving
seven residues (Rzag, Q351, K3s3, 1350, H3g2 K3gg, and I371) that have strong contacts with
heparin. Positively charged Kss3 and Ksgg attractively interact with polyanion heparins. Q35
also displays high contact probability with heparin. Residues 1371 and Q3sy are likely to
serve as a gate to keep heparin inside the groove. The attraction between Ry49 and heparin
also helps stabilizing the C-shaped structure. Other three systems only have two or three
residues strongly interacting with heparin, which can maintain the local but not global
structures. In the PHF15-HP system, Kygg and Hogg have high contact probabilities with
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heparin. However, RMSF values revealed that although the strong interaction between Kygg
and heparin can stabilize the B4~pB6 regions, the interaction between Hogg and heparin
destabilizes the B3 and B7 (Table S3). Similarly, fewer basic residues in other repeat systems
(K321 in PHF13 and PHF,3) do not provide sufficient interactions to stabilize the C-shaped
structure.

Previous experiments22: 23 reported that the core of tau filaments is formed by three or four
repeats. Only bi-repeat constructs were considered in above-mentioned simulations. When
all four repeats are considered (such as in K18) two questions arise: 1) Can R1-R2 also be
stabilized in C-shape? 2) Is the C-shaped R3-R4 motif compatible with a different shape of
the R1-R2 motif? To answer these questions, we simulate K18 with the C-shaped R3-R4 in
combination with different shapes of R1-R2 motif. We termed them K18-1, -2, -3, -4, -5, -6,
and -7. All the initial structures are shown in Fig. 3A.

Figure 3 shows that, K18-2, where R1-R2 is in linear and R3-R4 is in C-shape, has the
lowest energy and the smallest RMSD, followed by K18-5 (with a linear shaped R1-R2) and
K18-3 (with a compact U-shaped R1-R2). K18-1, the structure with two C-shaped motifs,
has small RMSD, but high energy. (Fig. 3C) By comparing the GBMV energies with those
in our previous work,12 we found that the energies of all K18 structures containing the C-
shaped R3-R4 motif are respectively lower than those of conformers with the same R1-R2
conformations. Interestingly, we found that in K18-2, 16 residues (i.e. Kogg to S3gs) in R2
are well packed with R3. The cryo-EM indicated that residues from R1 or R2 may form an
additional, less-ordered B-sheet.14 The relative position between these 16 residues and the
C-shaped R3-R4 resembles that in the cryo-EM electron density map of tau filament cores.14
While residues from the N-terminal region may also contribute to the observed cryo-EM,
our simulation indicated that the stability of C-shaped of R3-R4 does not depend on the
structurally unsolved region. Overall, our data indicate that the K18 protofilament is most
likely to adopt the K18-2 conformation (Fig. 3D).

In summary, our data indicate that only the R3-R4 motif can maintain the C-shaped
structure, while R1-R2 tends to be linear. The high B-sheet probability and stable interface
of R2-R3 suggest that R2-R3 might also be a good candidate. However, whether it can exist
in C-shape remains to be seen. Heparin may stabilize the C-shaped R3-R4 motif. Notably,
the interactions in other repeat combinations are not strong enough to stabilize them in the
C-shaped B-sheet motif. Simulations of K18 with the C-shaped R3-R4 in combination with
different shapes of R1-R2 demonstrate that the C-shaped R3-R4 motif is compatible with
either a linear or compact U-shaped R1-R2 motif. The constructed K18 with a linear R1-R2
and C-shaped R3-R4 is the most stable one among all K18 conformations, indicating it’s
most possible to be the tau filament core. In the future, it will be interesting to see how the
N- and C-terminal flanking regions in tau might affect structural stability and if the C-
shaped motif is sensitive to mutations and posttranslational modifications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Only R3-R4 PHF/SF protofilaments and filaments can maintain C-shaped structure. (A)
Initial structure of a single chain in protofilaments and of two chains in filaments for the R3-
R4 combination. The trajectories of the RMSD (B) and number of hydrogen bond (H-bond)
(C) for four PHF protofilaments. (D) The RMSF of four PHF protofilaments. Time evolution
of p6-p7 angle (E) and p2-p3 angle (F) for all protofilaments, and Q351-1371 distance in
PHF34, Qogg-l30g distance in PHF1,, and T319-V33g distance in PHF13 and PHF»3 (G). (H)

The snapshots of PFH34 and PHF, at t=100 ns.
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Figure 2.

The stabilization effect of heparin on four PHF combinations. (A) Initial structures of PHF-
HP protofilament with side view on the left and main view on the right. Trajectories of (B)
RMSD and (C) hydrogen bond number of protofilaments. (D) The RMSF of PHF-HP
combinations. (E) The probabilities of each type of secondary structures.
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Figure 3.

Seven constructed octameric K18 protofilaments and their Stabilities. (A) The initial
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structures. For clarity, only one chain in each octamer is presented with R1 in blue, R2 in
green, R3 in orange and R4 in red (B) The GBMYV energy of each protofilament. (C) The
RMSD trajectories of each protofilament. (D) Cartoon representations of initial and final

snapshots of the most stable structure of K18: K18-2.
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