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(Received 17 September 2009; final version received 2 June 2010)

The formation of paired helical filaments arising from the short hexapeptide in the third repeat of tau protein, ***VQIVYK?>'",
is critical for tau polymerisation. The atomic structure of the VQIVYK oligomer has revealed a dry, tightly self-
complementing structure between the neighbouring 3-sheet layers, termed as ‘steric zipper’. In this study, several molecular
dynamics simulations with all-atom explicit water were conducted to investigate the structural stability and aggregation
behaviour of the VQIVYK peptide with various sizes and its single alanine replacement mutations. Our results indicate that
the van der Waals interaction between side chains of Q2, the m—r stacking interaction between aromatic rings of Y5, and the
electrostatic interaction between K6 and the C-terminus play an important role in stabilising the VQIVYK oligomers within
the same [3-sheet layer, while hydrophobic steric zipper involving V1, I3 and Y5 is responsible for holding the neighbouring
3-sheet layers together. The twisted angles of the VQIVYK oligomers were also analysed and shown to be size dependent.
The present results not only provide atomic insights into amyloid formation, but are also helpful for designing new or
modified capping peptides and inhibitors to prevent fibril formation of the VQIVYK peptide from tau protein.

Keywords: VQIVYK peptide; tau protein; steric zipper; molecular dynamics simulations; m— stacking interaction

1. Introduction

The senile plaques or neurofibrillary tangles (NFTs),
formed by fibrous assemblies of the AP peptide or tau
protein, have become characteristic hallmarks of a
definitive diagnosis of Alzheimer’s disease after the
patient’s death [1]. These insoluble aggregates are thought
to be toxic to neurons either by causing toxic signalling
defect or by obstructing the cell interior. The precipitation of
NFTs in the cytoplasm is attributed to the fact that the
ordered cytoskeleton consisting of microtubules, tau and
intermediate filaments is destroyed. The major constituents
of NFTs are paired helical filaments (PHFs) and straight
filaments [2]. The hyperphosphorylated tau, the major
component for insoluble PHFs, has been proposed to play an
important role in dissociating tau and tubulin [3-5].

Tau protein is one of the neuronal microtubule-
associated proteins and contributes to stabilise an axonal
microtubule. Although it exhibits an unfolded flexible
structure dominated by a random-coil conformation in
aqueous solution [6-—8], tau undergoes a structural
transition from unfolded structures to well-defined fibres,
the PHFs [9]. The core of tau aggregation is mainly

involved in the microtubule-binding domain (MBD),
which is composed of three or four repeats of 31 or 32
amino acids [10]. MBD also exhibits seeding effects on the
PHF assembly in vitro [11,12]. It has been hypothesised
that the formation of the 3-sheet structure arising from the
short hexapeptide in the second and third repeats of tau,
215V QIINK?*® (PHF6* in R2) and **°VQIVYK?>!! (PHF6
in R3) [13-16], is critical for tau polymerisation. It has
also been speculated that the interaction between these two
regions gives rise to the unique PHF morphology [13,14].
Recent experimental results have indicated that the
tripeptide VYK is minimally sufficient for fibril formation
and that mixing VYK with PHF6 can form PHF-like
twisted filaments [17]. However, the initial oligomerisa-
tion process of the full-length tau protein or the peptide
fragments has still remained unclear so far.

It is believed that the protein/peptide fibril formation
and deposition share common pathogenic mechanisms.
Experimental evidences have led to the commonly
accepted notion that a cross-3-spine represents the basic
structural motif of amyloid fibres [18,19]. Nevertheless,
the complete structural definition of these aggregates is still
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highly debated. Over the years, several structural models,
essentially variations on a common theme (cross-[3-spine),
have been proposed [20]. In addition, the fibres can be
stained with dyes that interact preferentially with B-sheets,
such as Congo Red, thioflavine S and others. These
findings together reveal that a general principle may
govern amyloid fibril formation [21]. Recent advances
have revealed a common ‘steric zipper’ motif, in which
pairs of [3-sheet layers form a dry interface with
interdigitation of side chains [22,23], which provides
insights into understanding the structure, mechanisms and
disease association of amyloidogenic peptides [22,23].
Among these steric zipper structures, the structural
characterisation of the VQIVYK peptide from tau protein
reveals a parallel 3-strand orientation within the same
B-sheet layer with an antiparallel organisation between the
two neighbouring 3-sheet layers (Figure 1(a)).

Understanding the dynamic behaviours of the amyloi-
dogenic peptides is expected to provide insights into the
possible mechanism of amyloid formation. Molecular
dynamics (MD) simulations have become a useful tool to
offer unique opportunities to observe and analyse the early
aggregation events at the molecular level [24—39]. In this
study, several extensive full atomistic MD simulations of
the VQIVYK oligomers with various sizes and their single
alanine mutations were conducted to investigate: (i) the
influence of the number of the VQIVYK peptide on
the structural stability and conformational dynamics of the
VQIVYK oligomers; (ii) the principle driving force to
associate or initialise the VQIVYK aggregation; (iii) the
role of the hydrophobic steric zipper on the stabilisation
and association of the VQIVYK aggregates; (iv) the
effects of single alanine mutation on the structural stability
of the VQIVYK oligomer; and (v) the twisted phenom-
enon of the B-strands within the same 3-sheet layer of the
VQIVYK oligomers.

2. Method
2.1 Model building

The microcrystal structure of the VQIVYK assembly has
been determined by Sawaya et al. [23], available at
http://www.doe-mbi.ucla.edu/ ~ sawaya/chime/xtalpept/.
The Biopolymer module of the Insightll program
(Accelrys, San Diego, CA, USA) was used to construct
the oligomeric models of the VQIVYK peptide with
different sizes. For the wild-type systems, the one-sheet
models consisted of two-, three-, four- and five-parallel
strands, respectively. The two-sheet models consisted of
two-, three-, four- and five-parallel strands within the same
B-sheet layers while maintaining antiparallel organisation
between the neighbouring (3-sheet layers (Figure 1(b)). For
the mutant systems, six single-point Ala mutations
were constructed, termed as V1A, Q2A, I13A, V4A, Y5A
and K6A, based on the wild-type SH2-ST5 model.
The detailed simulation conditions for each model are
summarised in Table 1.

2.2 Simulation protocol

Molecular minimisation and MD simulations were carried
out using Discover3 in Insightll program with the
consistent valence force field. The BIOPOLYMER
module of InsightIl was used to add hydrogen atoms to
mimic the neutral pH condition [23]. After initial
minimisation with the steepest descent method for 5000
iterations and conjugated gradient method for 5000
iterations, each of these structural models was then placed
in a cell with at least 10 A from the edge of the protein and
soaked with water molecules using Assemble module of
the InsightIl program. To further optimise the arrangement
of the solvent molecules around the VQIVYK oligomers
and alleviate high energy regions, solvent molecules alone
were allowed to relax by running a short 200ps MD
simulation with position restraints applied to all the
VQIVYK oligomer atoms. Subsequently, the VQIVYK

Figure 1. (a) Top view of the atomistic representation of the SH2-ST5 model of the VQIVYK oligomers and (b) side view of the
schematic organisation of the VQIVYK oligomer. (3-Sheet layers 1 and 2 are coloured in green and red, respectively (colour online).
Hydrogen atoms are deleted for clarity. The interstrand distance (dganq) i also indicated.
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Table 1. Summary of the VQIVYK oligomeric models and their simulation conditions.

Label System Strand/sheet organisation Simulation box size (A)

Wild-type
SH1-ST2 1 Sheet, 2 strands Parallel/— 38 X 28 X 30
SH1-ST3 1 Sheet, 3 strands Parallel/— 38 X33 %30
SHI1-ST4 1 Sheet, 4 strands Parallel/— 38 X 38 X 30
SH1-ST5 1 Sheet, 5 strands Parallel/— 38 X 43 % 30
SH2-ST2 2 Sheet, 2 strands Parallel/antiparallel 55 %30 X 38
SH2-ST3 2 Sheet, 3 strands Parallel/antiparallel 55 %36 X 38
SH2-ST4 2 Sheet, 4 strands Parallel/antiparallel 55 X 42 X 38
SH2-ST5 2 Sheet, 5 strands Parallel/antiparallel 55 X 48 X 38

Mutants
V1A 2 Sheet, 5 strands, VIA Parallel/antiparallel 55 X 48 X 38
Q2A 2 Sheet, 5 strands, Q2A Parallel/antiparallel 55 X 48 X 38
I3A 2 Sheet, 5 strands, I3A Parallel/antiparallel 55 X 48 X 38
V4A 2 Sheet, 5 strands, V4A Parallel/antiparallel 55 X 48 X 38
Y5A 2 Sheet, 5 strands, Y5A Parallel/antiparallel 55 X 48 X 38
K6A 2 Sheet, 5 strands, K6A Parallel/antiparallel 55 X 48 X 38

oligomers alone were minimised with 5000 steps, followed
by the minimisation of the entire system for additional 5000
iterations. The system was energy-minimised with the
method described above until the maximum derivative was
lower than 0.001kcalmol 'A~". Finally, 20ns MD
simulation for each model was carried out with constant
temperature constraint at 330 K. This simulation temperature
is slightly higher than room temperature to avoid kinetic
traps and allows us to probe the stabilities and dynamics of
the VQIVYK oligomers more quickly in the limited
simulation time scale. The time step for integration was
2fs using the Rattle algorithm to constrain the bonds
connecting hydrogen atoms during simulation [40]. A cut-off
radius of 12 A for both non-bonded electrostatic and van der
Waals interactions was employed. The trajectories were
saved every 1ps for further structural analyses using
Analysis and Measure module of the InsightIl program.

2.3 Structural analyses

The interstrand distance (dgwang) Was calculated by
averaging pairwise residue C,—C, distances of V1-V1,
Q2-Q2, I3-13, V4-V4, Y5-Y5 and K6-K6 within the
same [3-sheet layer. [34]. A side-chain contact was
assigned when the distance between the centres of mass
(COM) of two adjacent side chains was less than 6.7A
[41]. Two charged groups were considered to interact
when the distance between their interaction centres, i.e. the
carbon atom of the C-terminus or the charged nitrogen
atom of Lys, was 45A or less [42,43]. The aromatic—
aromatic interaction was counted when the distance
between two ring centroids (d) was less than 7.5 A [44].
To further analyse the various geometric orientations of the
aromatic—aromatic interactions, the other two parameters
(P and 6) were calculated, as shown in Figure 2.
In addition, to evaluate the structural compactness of the

hydrophobic steric zipper involving V1, I3 and Y5, the
radius of gyration (R,) of their side chains was calculated
using the Insight II program. The difference of R, was
defined as AR, = Ry — Ry, Where R,; and Ry are the R,
of the hydrophobic side chains of V1, I3 and Y5 during
the simulation and in the crystal structure, respectively.
The twisted angle was defined as the angle between the
vector C,(Q2)-C,(Y5) and vector C,(Q2)-C,(Y5) of
two adjacent B-strands within the same (3-sheet layer.

3. Results and discussion

3.1 The relative structural stability of the VQIVYK
oligomers with different sizes

3.1.1 One-sheet models

The time series of the interstrand distance (dgyanq) Of the
VQIVYK oligomers with various sizes are plotted in
Figure 3 to indicate their relative stabilities. As shown in
Figure 3(a), the dgyang of the SHI-ST2 model increased
sharply at 5 ns and reached to the value of 12 A after 7.5 ns,
indicating that the SHI1-ST2 model lost most of its
structural integrity during the simulation. Similarly, the
dgrana Of the SH1-ST3 model increased sharply at 5ns and
reached to equilibrium value of nearly 10A, suggesting
that the SHI1-ST3 model partially lost its structural
organisation to a less extent than the SH1-ST2 model. In
contrast, the SHI-SH5 model maintained its structural
integrity well with remarkably low values of dy,q. For
SH1-ST4, the magnitudes of the dy.,q fluctuations are
between those of the SH1-ST2 and SHI-STS models.
These results indicate that the structural stability of the
VQIVYK oligomers increases with increasing the number
of B-strands for the one-sheet models, which is consistent
with the previous MD study of the human calcitonin-
derived peptide DFNKF (hCT15-19), showing that the
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Figure 2. (a) Three parameters (d, P and 6) used to investigate
the aromatic—aromatic interactions; d is the distance between the
side-chain centroids, P the interplanar angle between two rings,
and 6 the angle between the line joining the centroids of the two
interacting aromatic rings and the normal to the plane of the
reference ring. (b) Various geometric orientations of the
aromatic—aromatic interactions in accordance with different
combinations of P and 6. On the basis of the two angles, nine
different geometric orientations of the interacting rings can be
distinguished, which are indicated by two letters: f—f, o—f, e—e,
f—t, o—t, e—t, f—e, o—e and e—f. The first letter relates to the
reference residue and shows whether this ring interacts with its
face (f) or edge (e), or the centroid of the second ring is in an
offset (0) position. The second letter relates to the second ring in
the interacting pair and shows whether this ring is tilted (t)
relative to the reference ring, or takes part in the aromatic—
aromatic interaction with its face (f) or edge (e).

stability of the DFNKF oligomers increases with their
sizes [34]. Theoretical studies of the amyloidogenic
peptide GNNQQNY [45] and the GGV VIA peptide [39]
also suggested that the stability of these oligomers
increases with increasing the number of (-strands. Thus,
we suggest that an extra [(B-strand facilitates the
aggregation process of these peptides, a sequence-
independent behaviour.

3.1.2 Two-sheet models

In Figure 3(a), dgyang Of the SH2-ST2 model exhibits
large fluctuations within 5ns and then increases quickly
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Figure 3. (a) Interstrand distance (dganq) and (b) averaged
pairwise residue C,—C, distances of the wild-type models during
the 20 ns MD simulations.

to 10A after 8ns. The SH2-ST3 model is more stable
than the SH2-ST2 model due to the relative low dgyang
during the entire simulation courses. It is observed that
dgrang Of both SH2-ST4 and SH2-ST5 models are well
preserved to the equilibrium values of nearly 6.8A
during most of the simulation courses, indicating that
these two models exhibit higher ability to maintain their
structural stability than the SH2-ST2 and SH2-ST3
models. Similar to the one-sheet models, the structural
stability of the VQIVYK oligomers also increases with
increasing the number of B-strands for the two-sheet
models. A recent Monte Carlo study has reported that the
aggregation size of a stable two-sheet aggregate for tau
fragment AcPHF6 (Ac-VQIVYK-NH?2) is 11, whereas
aggregates with =7 chains are quite rare [46]. Our
simulation results show that the SH2-ST4 (eight chains)
and SH2-ST5 (10 chains) models are remarkably stable
during the entire simulation courses, whereas the SH2-
ST2 (four chains) and SH2-ST3 (six chains) models are
relatively unstable, and are consistent with the theoretical
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results of Li et al. [46]. To ensure the reproducibility of
the present simulation results, additional MD simulation
runs for the SH2-ST4 and SH2-ST5 models were also
performed and the results are comparable with those of
the original runs (data not shown). It further indicates
that the results from single trajectories might be sufficient
to establish the conclusion that the SH2-ST4 and
SH2-ST5 models are the most stable models examined
in this study.

3.1.3 Comparison between one- and two-sheet models

Comparisons between the one- and two-sheet models
suggest that an extra 3-sheet layer significantly increases
the entire oligomeric stability of the VQIVYK oligomers.
It can be attributed to the fact that an extra 3-sheet layer
decreases the exposure of peptides to the solvent [45]
and provides additional sheet—sheet interactions to
associate the strands. Our results are also in good
agreement with the pervious theoretical results, showing
that higher-order oligomers do not dissociate quickly due
to their small diffusion coefficients and slow kinetics
[34,39,45].

3.2 The role of side-chain interactions on the structural
stability of VOQIVYK oligomers

3.2.1 The van der Waals interaction of Glu2

To further explore the structural stability of the VQIVYK
oligomers with various sizes, the averaged pairwise C,—
C, distances were calculated and the results are plotted in
Figure 3(b). It is obvious that the pairwise C,—C,
distances for V1-V1 and Q2-Q2 decrease with
increasing the number of strands for both one- and two-
sheet models. Previously, the polar residues, such as Gln
and Asn, have been shown to play an important role in
stabilising the P-sheet amyloid-like aggregates of the
GNNQQNY peptide through van der Waals interactions
[45]. In order to examine the effect of the similar
interaction between Q2 on the structural stability of the
VQIVYK aggregates, the COM distance (dconm) between
the side chains of Q2 against the interstrand distance
(dgana) are depicted in Figure 4. A positive and linear
correlation was found for both one- and two-sheet
models, indicating that the van der Waals interactions
between Q2 side chains contribute to the structural
stability of the VQIVYK oligomers, resulting in relatively
low pairwise C,—C, distances for V1-V1 and Q2-Q2,
as observed in Figure 3(b).

3.2.2 The m—1r stacking interactions of Tyr5

In contrast to VI-V1 and Q2-Q2 pairs, the averaged
pairwise C,—C, distances for Y5-Y5 and K6-K6 are
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Figure 4. Plots of the interstrand distance (dgyang) against the
COM distances (dcom) of the side chain between Q2—-Q2 pairs in
the wild-type models during the 20ns MD simulations.

conserved for both one- and two-sheet models, which can
be attributed to the -1 stacking interactions between the
aromatic rings of Y5. To further explore the role of the w—
m stacking interactions between Y5 on the structural
stability of the VQIVYK oligomers, the distribution of the
dcowm between the Y5 aromatic rings was calculated and
the results are shown in Figure 5(a). It is observed that the
highest peak of the distribution is around 5-6 A, which is
consistent with the previous statistic study, showing that
the centroid—centroid separation of aromatic side-chain
pairs exhibits a relative high peak at 5-6 A. Our results
show that the m—m stacking interactions between the Y5
aromatic rings are well preserved during most of the
simulation courses for both one- and two-sheet models. It
is of interest to further investigate the m—m stacking
arrangements between the Y5 aromatic rings of the
VQIVYK oligomers. The relative spatial orientations of
the interacting aromatic rings were characterised on the
basis of the two parameters (P and 6), as described by
Bhattacharyya et al. [47]. Various types of aromatic—
aromatic interactions were classified in accordance with
different combinations of P and 6 (Figure 2(b)) and the
results are presented in Figure 6. It is obvious that the Y5
aromatic rings do not adopt the face-to-face w—r stacking
arrangement as observed in the crystal structures (Figure
1). Instead, the preferred orientations are offset-to-edge
(o—e), offset-to-tilt (0—t), edge-to-face (e—f) and edge-to-
tilt (e—t). It can be attributed to the twisted [-strand
organisation, which optimises the m—r stacking of the Y5
aromatic rings between the adjacent 3-strands, resulting in
the disappearance of the face-to-face w—m stacking
arrangement.
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Figure 5. Distributions of (a) the COM distances of aromatic
rings of Y5 between the adjacent 3-strands and (b) the distance
between the charged nitrogen atom of the side chain of K6 and
the carbon atom of the C-terminus in the wild-type models.

3.2.3  The electrostatic interaction between Lys6 and
C-terminus

Similar to the Y5—YS5 pair, the averaged pairwise C,—C,
distance for K6—K6 is also conserved at 9.5 A for both
one- and two-sheet models (Figure 3(b)). Previous MD
study of the amyloid fibril formation for the DFNKF
peptide from the human calcitonin hormone has indicated
that the electrostatic interactions between Lys and the C-
terminus and between Asp and the N-terminus are the most
important interactions contributing to the stability of the
DFNKF organisation [34,35,48]. Similar electrostatic
interaction between K6 and the C-terminus was also
found for the VQIVYK oligomers. The distributions of the
distances between the charged nitrogen atom of the K6
side chain and the carbon atom of the C-terminus were
computed and the results are shown in Figure 5(b). It
exhibits a narrow peak around 3.5-4.5 A, suggesting that
the electrostatic interactions between K6 and C-terminus
are almost preserved during the entire simulation course,
leading to the association of the adjacent (3-strands.

robability (%)

2
H
Pi

P(degr.)

O(degr.)

Figure 6. Contour maps between the angles P and 6 in the
(a) SH1-ST2, (b) SH1-ST3, (c) SH1-ST4, (d) SH1-STS5, (e) SH2-
ST2, (f) SH2-ST3, (g) SH2-ST4 and (h) SH2-ST5 models.

3.2.4 Y5 and K6 play critical role in initiating VQIVYK
aggregation

Figure 7(a) and (b) shows the snapshots of the SH1-ST2
and SH1-ST3 models at 20 ns, respectively, which mimic
the early stage of VQIVYK aggregation. These structures
show that the - stacking interactions between the Y5
aromatic rings and the electrostatic interactions between
K6 and C-terminus are well preserved, indicating that
these interactions play a critical role in initiating the
aggregation of the VQIVYK peptide. In contrast, the van
der Waals interaction of Q2 is not strong enough to
associate the [-strands, resulting in the N-terminal
dissociation of the VQIVYK peptide. Taken together,
our results strongly suggest that Y5 and K6 may
participate in the core nucleation site at the early stage
of VQIVYK aggregation. Our results are supported by the
previous experimental observations where the tripeptide
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(b)

Figure 7. Snapshots of the (a) SH1-ST2, (b) SH1-ST3 and
(c) SH2-ST4 models at 20ns. First, second, third and fourth
3-strands are denoted as I, II, III and IV, respectively. The van
der Waals surfaces for the side chains of the Q2 and Y5 residues
are coloured in magenta and yellow, respectively. The side chain
of K6 and C-terminus are coloured in blue and orange,
respectively (colour online). The (-sheet layer 2 was deleted
for clarity in the SH2-ST4 model.

VYK acts as the core nucleation site for the formation of
amyloid fibrils displaying the PHF morphology charac-
teristic of NFTs [17]. Nevertheless, the van der Waals
interactions of Q2 can be further enhanced with increasing
the oligomeric sizes and thus contribute positively to the
entire oligomeric structures of higher-order oligomers,
such as the SH2-ST4 and SH2-ST5 models (Figure 7(c)).
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3.3 Stabilising interactions between [3-sheet layers

Early results of this study show that the two-sheet models
exhibit higher ability to preserve the structural integrity of
the VOIVYK oligomers than the one-sheet models (Figure
3(a) and (b)). Moreover, V1, I3 and Y5 are pointed
towards the interface to form a hydrophobic steric zipper
between the two neighbouring (3-sheet layers as observed
in the crystal structure of the VQIVYK oligomers [23]. To
evaluate the compactness of the hydrophobic steric zipper
involving V1, I3 and Y35, the radius of gyration (R,) of
their side chains was calculated using the Insight II
program. The difference in their R, (AR,) was calculated
and the results are presented in Figure 8. It shows that the
SH2-ST2 and SH2-ST3 models exhibit high peaks of AR,
between the range of 1-1.5 A, whereas the highest peaks
of AR, are around 0A for both SH2-ST4 and SH2-ST5
models, indicating that the hydrophobic steric zipper is
well preserved in higher-ordered two-sheet models.

In order to illustrate the correlation between the
structural stability and the intersheet hydrophobic steric
zipper involving V1, I3 and Y35, the contour maps between
the two structural properties, the interstrand distance
(dgwana) and the native intersheet hydrophobic contacts
were computed and the results are shown in Figure 9. It is
observed that, for the SH2-ST2 and SH2-ST3 models, the
loss of the intersheet hydrophobic contacts is associated
with the separation of the B-strands, resulting in the
unstable and disordered structural organisations. In
contrast, the SH2-ST4 and SH2-ST5 models tend to
form a stable cluster by maintaining the stable dyanq and
the native intersheet hydrophobic contacts during the
entire simulation courses, indicating that the hydrophobic
steric zipper at the sheet—sheet interface is important in

a5 | SH2-ST2
—— SH2-ST3
—— SH2-ST4
20 F —— SH2-STS

Probability (%)

ARy (A)

Figure 8. The distributions of AR, of the steric zipper involving
the V1, I3 and Y5 side chains are calculated as AR, = Ry; — Ry,
where R,; and Ry are the R, of the hydrophobic V1, I3 and Y5
side chains during the simulation and in the crystal structure,
respectively.
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Figure 9. Contour maps between the intersheet
hydrophobic contact fraction and interstrand distance (dgyang)
for the (a) SH2-ST2, (b) SH2-ST3, (c) SH2-ST4 and (d) SH2-ST5
models.
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Figure 10. (a) Interstrand distance (dgyang) and (b) distributions
of AR, of the steric zipper involved the side chains of residues 1,
3 and 5 during the 20 ns MD simulations for the mutant models.

holding the neighbouring B-sheet layers together. Our
results are consistent with the recent Monte Carlo
simulations towards the tau fragment AcPHF6, showing
that larger aggregates are all consisted of two twisted
B-sheet layers packed against each other with the
hydrophobic side chains at the sheet—sheet interface
[46]. The importance of the sheet—sheet interactions in
maintaining the entire oligomeric stability has also been
described in several previous theoretical studies.
For example, previous MD study of the structural stability
and dynamics of various GNNQQNY oligomers [45] has
indicated that a dry polar steric zipper via the self-
complementing side chain contacts (i.e. N2—-N6, Q4—-Q4
and N6—N2) provides a major driving force to promote the
association of antiparallel B-sheet layers. In addition,
the hydrophobic side-chain interactions of AB40 (AB42)
are largely involved in the sheet—sheet interface, forming
the self-complementing tight steric zipper [49].
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3.4 The stability of the VQIVYK mutants: sequence
effects

To investigate the effects of mutants on the structural
stability of VQIVYK oligomers, each of the residues was
substituted by Ala. All of these mutant systems were built
based on the SH2-ST5 model. Figure 10(a) and (b)
presents the dyang and AR, of the steric zipper involving
residues 1, 3 and 5, respectively, for these mutants. In
Figure 10(a), the results suggest that all mutants are more
structurally unstable relative to the wild-type SH2-ST5
model, particularly for the cases of V1A, I3A and Y5A.
In contrast, the Q2A, V4A and K6A mutants exhibit little
effect on the structural stability of the VQIVYK
oligomers as reflected by the lower dg.n,q than those of
the V1A, I3A and Y5A mutants. Figure 10(b) shows that
Q2A, V4A and K6A mutants do not affect the
compactness of the steric zipper interfaces, whereas the
V1A, I3A and Y5A mutants dramatically destabilise
the steric zipper interfaces. It can be attributed to the fact
that the side chains of Q2, V4 and K6 are oriented
towards the peptide—water interface and the substitutions
by Ala at these positions do not directly alter the
hydrophobic steric zipper between the two neighbouring
B-sheet layers. However, the side chains of V1, I3 and Y5
are pointed towards the interface between the two
neighbouring 3-sheet layers to form a hydrophobic steric
zipper (Figure 1). Thus, the substitution of these residues
to Ala would directly destroy the structural organisation
of the steric zipper, resulting in an unstable oligomeric
organisation. Previous MD study of the GNNQQNY
peptide also reported that the residue substitutions at the
sheet—sheet interface would cause larger destabilisation
than those oriented towards the peptide—water interface
[45]. To further investigate the mutant effects of V1A,
I3A and Y5A, the contour maps between the dg;anq and
the native intersheet hydrophobic contacts are presented
in Figure 11. It is clear that the collapses of the
hydrophobic interactions between the two (3-sheet layers
are associated with the disassociation of the adjacent
[B-strands, leading to the destruction of the entire oligomeric
structures.

Among these mutants, YS5A exhibits the highest ability to
destabilise the structural organisation due to the lack of the
- stacking interaction between the adjacent (3-strands
and the loss of the hydrophobic interactions between the
neighbouring 3-sheet layers. These results are consistent
with the previous experimental results, showing that the
substitution of Tyr by Ala significantly decreases the
polymerisation rate of VQIVYK peptides [17] and that the
substitution of Tyr by Gly directly abolishes the VQIVYK
aggregations [50]. The importance of the m—m stacking
interaction has also been demonstrated in many other
amyloid-forming peptides [51,52].
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Figure 11. Contour maps between the intersheet hydrophobic
contact fraction and the interstrand distance (dgyang) for the
(a) V1A, (b) I3A and (¢) Y5A mutants.

3.5 Common structural property of amyloid fibrils:
twisted [-strand

It is well accepted that twisted (3-strand is the common
structural property of amyloid fibrils [53], although the
crystal structure exhibits a planar structure [22,23].
Several theoretical studies have reported a common
twisted [3-strand pattern for many amyloidogenic peptides
[24,28,48,54—62], with the twisted angles ranged from 9°
to 20°. To gain insights into this structural feature of the
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models emerged from the current MD simulations, the
twisted angles between two adjacent [(-strands of the
VQIVYK oligomers were analysed and the results are
presented in Table 2. The twisted angles of the two
adjacent B-strands follow the order of SH1-ST2 > SH1-
ST3 > SH1-ST4 > SH1-STS in the one-sheet models and
of SH2-ST2 > SH2-ST3 > SH2-ST4 > SH2-STS in the
two-sheet models, suggesting that the twisted angle
between two adjacent [B-strands is size dependent. Our
results are consistent with the previous observation,
showing that the B-sheets with few strands tend to be
associated with larger twisted angles than those containing
a large number of strands in native proteins [63]. Along
these lines, it is expected that the twisted angles should be
relatively small in amyloid fibrils, as supported by the data
from the cryo-electron microscopy experiments for insulin
fibrils (twisted angle 1.5°-2.5°) [64] and the TEM
experiments on fibrils of rationally designed peptides
(twisted angle 1°-3°) [65]. However, our simulation
results show that the averaged twisted angles between
two adjacent B-strands of the stable VQIVYK oligomers,
such as SH2-ST4 and SH2-STS, are comparatively large
(23.4°-26.6°). It can be attributed to the fact that twisting
between two adjacent [B-strands optimises side-chain
packing, which may reduce the K6-K6 repulsive
interactions between two adjacent B-strands and generate
more favourable electrostatic interactions between K6 and
C-terminus. Previous MD study has also reported a large
averaged twisted angle of 20° for the amyloidogenic
peptide DENKF due to the optimisation of the electrostatic
interactions between the charged side chains and the
termini [48].

4. Conclusions

Previous experiments using transgenic mice models have
reported that soluble aggregates of tau rather than NFTs
might cause neurodegeneration [66—68], which has
brought up the possibility of using the oligomeric forms
as drug targets. Moreover, it has been hypothesised that the
formation of PHFs arising from short hexapeptide motifs
in the third repeat of tau, 3 06VQIVYK3 " s critical for tau

Table 2. Averaged twisted angles of two adjacent B-strands of
the VQIVYK oligomers.

Models Averaged twisted angle (°)
SH1-ST2 96.5 £ 9.3
SHI1-ST3 86.8 = 5.9
SH1-ST4 71.1 £58
SHI1-ST5 479 £ 6.3
SH2-ST2 69.1 £ 3.8
SH2-ST3 585 +29
SH2-ST4 252+ 14
SH2-ST5 247 + 1.3

polymerisation [13-16]. Recently, the amyloid-like
structure of the VQIVYK peptide has been determined
by X-ray microcrystallography [23], and is thought to be a
good model for studying the early stage of the aggregation
process. In this study, several MD simulations with all-
atom explicit water were conducted to investigate the
structural stability and aggregation behaviour of the
VQIVYK peptide and its single alanine replacement
mutations to gain insights into the possible mechanism of
fibrillogenesis.

The major findings of this study can be summarised as
follows: (i) extra B-strands or [(-sheet layers delay the
progressive loss of the [(-structural organisation and
therefore increase the structural stability of the VQIVYK
oligomers; (ii) the van der Waals interactions between Q2
side chains, the - stacking interaction between the Y5
aromatic rings and the electrostatic interaction between K6
and C-terminus play an important role in associating and
stabilising the VQIVYK oligomers within the same (-
sheet layer; (iii) the interactions involving Y5 and K6 play
a critical role in initiating the VQIVYK oligomerisation;
(iv) the hydrophobic steric zipper interactions involving
V1, I3 and Y5 between the sheet—sheet interface
contribute significantly to maintain the entire oligomeric
structures; (v) a single alanine substitution at the position
of V1, I3 and Y5 remarkably disrupts the hydrophobic
steric zipper; and (vi) the twisted angles between the
adjacent 3-strands within the same (-sheet layer are size
dependent.

Furthermore, our simulation results suggest that Y5 is
the most important residue for both 3-strand stacking and
sheet—sheet association due to the fact that the aromatic
rings provide interstrand - stacking and the intersheet
hydrophobic interactions to maintain the entire VQIVYK
oligomers. Our mutant simulations in the absence of the
Y5 ring showed decreased stability. Previously, Gazit [51]
has reported that the aromatic residues such as Phe, Tyr
and Trp were frequently found in a variety of amyloid-
related peptides, supporting the significant role of aromatic
residues in amyloid fibril formation. Moreover, Makin and
co-workers [69] have indicated that aromatic residues are
important for fibril formation due to - stacking and that
highly conserved aromatic residues provide strong
entropic contributions to stabilise existing oligomers/fi-
brils. Take together, our results imply that designing an
inhibitor to break the interstrand —r stacking interaction
or the intersheet hydrophobic interactions may be a
possible strategy to inhibit the formation of the early
aggregates of tau protein. Such strategy has been recently
reviewed by Bulic et al. [70]. The present results not only
provide atomic insights into amyloid formation, but are
also helpful for designing new or modified inhibitors to
prevent fibril formation of the VQIVYK peptide from tau
protein.
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