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conformation and stability of Ab–tau mixtures†

Hyunsung Choi,‡a Myeongsang Lee,‡a Harold S. Park*b and Sungsoo Na*a

Oligomeric and fibrillar amyloids, which cause neurodegenerative diseases, are typically formed through

repetitive fracture and elongation processes involving single homogeneous amyloid monomers.

However, experimental and computational methods have shown that the amyloid proteins could be

composed of heterogeneous amyloid segments. Specifically, owing to the polymorphism of amyloids

under physiological conditions, it is crucial to understand the structural characteristics of heterogeneous

amyloids in detail by considering their specific mutations and polymorphic nature. Therefore, in this

study we used atomistic simulations to reveal the various structural characteristics of heterogeneous

amyloids, which are amyloids composed of amyloid beta (Ab) and mutated tau proteins. Furthermore, we

showed that the different characteristics and conformations of Ab–tau mixtures are the cause of the

different types of tau proteins based on Ab segments. Interestingly, we found that valine and lysine

residues have a significant impact on the structural conformation and stability of the heterogeneous Ab–

tau mixtures. We also showed that two types of binding are key to understanding the different binding

features and mechanical reactions to tensile load. This study sheds light on the assembly features of

heterogeneous Ab–tau mixtures as neurodegenerative disease factors.
1. Introduction

Amyloidogenic proteins are the hallmark of pathological
neurodegenerative disorders such as phenylketonuria and Alz-
heimer's, Parkinson's, Huntington's, and prion-related
diseases.1–4 Such proteins make a key contribution to neuro-
degenerative diseases and exist in vivo in various forms such as
bers, oligomers, and plaques. Fibrillar amyloids are frequently
observed from experimental studies using atomic force
microscopy, transmissible electron microscopy, scanning elec-
tron microscopy, cryo-electron microscopy, etc.5–7 Owing to the
non-degradable characteristics of brillar amyloids, many
attempts have beenmade to determine the structures of brillar
amyloid proteins. Recently, the importance of oligomeric
amyloid structures has emerged; not only do oligomeric
amyloids act as seeds that develop into brillar amyloids or
amyloid plaques, but they also have toxic characteristics under
physiological conditions.8–10 In particular, the toxic character-
istics of oligomeric amyloids have been proven through
membrane permeation, deletion of the lipid bilayer, and
inammatory reaction phenomena.8 Thus, it is important to
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understand the formation and structural characteristics of
oligomeric amyloids.

Many attempts have been made to determine the toxic
characteristics of amyloid oligomers and bers, and the
mechanisms underlying their formation from single-unit
monomers. For instance, Collins et al. reported the interme-
diate progression from oligomeric to brillar Sup35 amyloids
through repetitive additions of monomer, oligomeric elonga-
tions, and fragmentations.11 Xue et al. revealed that the bio-
logical properties of fragmented amyloid brils, which
comprise fragmented amyloid proteins, have a toxic effect on
cell viability and are involved in the deletion of the membrane
lipid bilayer.12 Furthermore, the brillar or oligomeric growth
phenomena of amyloid monomers were observed under various
physiological conditions including pH, ionic strength, and
presence of metal ions.6,13–16 For example, different environ-
mental conditions induce diverse formations of transthyretin
(residues 105–115) amyloid protobrils, which change accord-
ing to lateral thickness composition.17–19 The polymorphic
characteristics of oligomeric amyloids that arise from different
environmental segments have also been reported.20–23 More-
over, several experimental groups have investigated the role of
specic metal ions on oligomeric and brillar amyloid forma-
tions, and found that specic metal ions accelerate the forma-
tion of amyloid beta (Ab) oligomeric amyloids.15,24–27 Specic
residue-mutated segments also have an effect on the formation
of amyloids. For example, computational and experimental
investigations of particular mutated residues, or the solvent
This journal is © The Royal Society of Chemistry 2016
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effects at salt-bridge regions and central hydrophobic core
(CHC) regions, have shown that mutated residues alter the
structural conformations and characteristics of Ab amyloid
proteins.28–34

However, although an understanding of oligomeric single-
amyloid proteins is crucial, determining the cross-seeding
effects on oligomeric and brillar amyloid growth is also
important. Generally, the agents of Alzheimer's disease are
considered to be aggregated Ab amyloid tangles (i.e., oligomers,
bers, and plaques), which are generated by the proteolytic
activation of beta amyloid precursor protein (APP) at
membranes.8 However, aer proteolytic processing of beta
amyloid precursor protein frommembranes, these APP proteins
have an effect on tau proteins in the microtubules of human
brains, causing the detachment of tau proteins from microtu-
bules and inammatory reactions.35,36 Subsequently, these APP
proteins combine with tau proteins, which act as seeds, forming
brillar forms and plaque structures. This “cross-seeding”
phenomenon affects brillar growth. Based on these cross-
seeding development phenomena, Guo et al. reported insol-
uble mixtures of the oligomeric form of Ab and tau proteins in
Alzheimer's disease.37 They used western blotting to determine
the specic binding sites between the C-terminal region of Ab
and tau proteins. Ono et al. also investigated the cross-seeding
effects of Ab and a-synuclein proteins based on different
amounts of additional individual amyloid proteins.38 Similarly,
Seeliger et al. reported the heterogeneous interaction between
hIAPP and Ab amyloid proteins at lipid membranes.39 Inter-
estingly, Pinotsi et al. directly observed heterogeneous amyloid
bril growth by single alpha-synuclein protein structures
through two-color super-resolution microscopy.40 They reported
that homogeneous elongation depends on the particular a-
synuclein amyloid at the ends of the protein seed for each
different direction. Under physiological conditions, not only did
single monomers of amyloids develop into oligomeric and
brillar amyloid proteins, but heterogeneous amyloid proteins
were also found to grow into oligomeric and brillar amyloid
structures.

To understand in detail the cross-seeding effects of hetero-
geneous oligomeric amyloids, computational methods have
been applied to each individual heterogeneous amyloid
protein.41,42 For example, Miller et al. used replica-exchange
molecular dynamics (REMD) and Monte Carlo methods to
investigate heterogeneous tau and Ab amyloid proteins based
on the b-turn-b motif.43 They suggested synergistic interactions
between Ab and polymorphic structures of tau protein using
equilibrated MD simulations of different partial tau protein
regions.42 Moreover, despite applying the different heteroge-
neous types of amyloid from the computational study con-
ducted by Miller et al., Berhanu et al. reported different amyloid
compositions in hIAPP and Ab proteins through equilibrated
MD study.44 Recently, Zheng et al. reported different oligomeric
amyloid compositions in hIAPP and Ab amyloid proteins using
multi-scale MD simulation including equilibrated MD and
coarse-grained MARTINI MD simulations.45 Using combined
MD studies, they reported that the double layer and elongation
models of cross-seeding structures are stable. Likewise,
This journal is © The Royal Society of Chemistry 2016
understanding heterogeneous amyloid protein in detail is
important because it has different structural characteristics.
Recently, using combined computational and experimental
methods, Miller et al. and Shea et al. have reported various
structural compositions resulting from the specic deletion of
the 280th residue in the R2 region of the tau protein
(DK280).41,46 They investigated the polymorphic characteristics
of the R2 region of the tau protein by deleting the K280 residue
and adding additional residues (i.e., lysine and proline). The
deletion of the K280 residue and the addition of other residues
affected the structural stability of the tau proteins because the
lysine residue is a charged amino acid. Furthermore the
researchers also reported the possible existence of heteroge-
neous Ab–tau protein mixtures varying in tau component
content (i.e., R2, R3, and R4). However, the effects of poly-
morphic R2 tau structures, which are composed of DK280 and
additional residues, still need to be determined to understand
the heterogeneous cross-seeding mechanism. Considering that
oligomeric Ab amyloid proteins together with tau proteins are
crucially related to Alzheimer's disease, it is also important to
investigate the structural characteristics of heterogeneous
interactions between Ab and polymorphic R2 tau protein
structures in terms of the different effects of hydrophobicity
arising from DK280 and additional residues.

In this study, we investigated the structural characteristics of
heterogeneous interactions between Ab and tau protein struc-
tures based on polymorphic tau structures by considering the
effects of DK280 and additional residues. We also constructed
two different binding models of heterogeneous Ab–tau oligo-
meric mixtures to understand the different binding mecha-
nisms of heterogeneous interactions, referring to binding
mechanisms previously suggested by Pinotsi et al., Shvadchak
et al., and Xu et al.40,47,48 By using combined MD and steered
molecular dynamics (SMD) techniques, we have provided
comprehensive insights into the heterogeneous structural
characteristics of mutated tau and Ab amyloid oligomers. We
have also suggested various oligomeric characteristics of
heterogeneous mixtures and different binding features between
mutated tau and Ab oligomeric structures for the two elonga-
tion types.

2. Material and methods
2.1. Construction of heterogeneous Ab and tau structures

To compose the heterogeneous Ab and tau structures, we used
Lührs model of Ab17–42 and the second repeat part (275R2305) of
full-length tau protein structures. Basically, because both the
Ab17–42 and

275R2305 tau structures from previous studies share
the common b-turn-bmotif, we used Lührs model of Ab17–42 for
structure construction, with Protein Data Bank symbol 2BEG.29

Here, we considered Ab17–42 as a template for seeds because Ab
structures detach the full-length tau proteins from binding to
microtubules. Lührs et al. conducted multiple structural
models from the Ab17–42 structures determined by NMR inves-
tigations.29 The 275R2305 tau regions, which are known to have
the most stable interactions with Ab17–42 proteins, were
considered in this study, referring to studies by Miller et al.41,42
RSC Adv., 2016, 6, 52236–52247 | 52237
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For the construction of the 275R2305 tau proteins, we followed
previous computational and experimental studies, which found
those proteins to be stable. Additionally, in the present study,
we suggest another model for 275R2305 tau oligomers using the
rst and second structure from Lühr's model. By replacing the
tau residues on the second structure of Lühr's model, we were
able to observe the hydrophobic effect of interior and exterior
valine residues on the 275R2305 tau oligomers. To distinguish
between internal and external valine residue locations in the
wildtype 275R2305 tau oligomers, we denoted them WT1 and
WT2, respectively.

Before building up the various Ab–tau oligomeric structures,
we differentiated between the two types of binding in the Ab–tau
mixtures by considering the experimental results reported by
Pinotsi et al. As mentioned in the previous section, we assumed
that Ab17–42 assumed the role of the seed, which act as the
reference structure. Based on this assumption, we constructed
the top of the tau structure and the bottom of the Ab structure,
which was designated ‘T1’. The ‘T2’ model is the reverse of the
‘T1’ model in that the tau model was constructed at the bottom
section while the Ab model was located at the top section. The
structural congurations of the T1 and T2 models are described
in Fig. 1(a).

To construct the T1 model, eight layers of Ab were initially
stacked up. Four top layers were then placed into tau sequences
using the Visual Molecular Dynamics (VDM) “mutator” plugin.
We also constructed the mutated model of 275R2305 tau by
following previous tau computational and experimental models
such as M1, M31, and M41.41 Using this process, we excluded
M2, M32, and M42 models owing to the loss of stability
resulting from the change in the number of hydrogen bonds
from Raz et al.41 The M1, M31 and M41 models were generated
to obtain the samemutatingmethods to compare themwith the
wildtype taumodels. M1 was constructed based on the prepared
wildtype 275R2305 tau model by deleting the K280 residue
(DK280). Aer the DK280 procedure, the remaining void residue
region was lled by shiing the rest of the C-terminus sequence
Fig. 1 (a) A scheme of possible binding site for monomers. Upper and low
represented at middle (red). T1 and T2 refer to the different binding types,
The cross-sectional configurations of simulation models are represente
monomers are written in blue. The shape of beta-turn-beta is drawn wit
described with color spheres. Red sphere indicate hydrophobic charact
residues and green sphere indicate uncharged residues.

52238 | RSC Adv., 2016, 6, 52236–52247
residues towards K280. The M31 model is generated by
extending the tail of the C-terminal part of the 273R2305 tau
sequence by adding one proline residue (P301) to theM1model.
The M41 model was generated by extending the tail of the N-
terminal of the 275R2305 tau protein by adding one lysine
residue (K274). Based on these construction processes, we
denoted the models WT1T1, WT2T2, M1T1, M31T1, and
M41T1. The remaining T2 binding model was modeled in the
same way as the T1 model. The basic cross-sections of each Ab–
tau are represented in Fig. 1(b).
2.2. Molecular dynamics (MD) simulations protocol

Aer composing both wildtype and mutated heterogeneous Ab–
tau structures, the GROMACS 4.6.5 program with the
CHARMM27 force eld was used to construct the heteroge-
neous Ab–tau mixtures.49 Total structural energies of oligomers
were minimized using the steepest descent method for 10 000
steps. Aer that, they were solvated explicitly with TIP3P water
molecules in a triclinic box, with a boundary distance of 15 Å for
each side of the water box. All of the water molecules within 2.5
Å of the Ab–tau oligomers were removed. Counter ions were
added to neutralize the net charge of the Ab around the struc-
ture. A temperature of 330 K was maintained using the
Berendsen thermostat algorithm. The short-range van der
Waals interactions were computed using the switching func-
tion, with a twin range cut-off of 10.0 and 12.0 Å. Long-range
electrostatic interactions were computed using the particle
mesh Ewald method with a cutoff of 12.0 Å. The leapfrog inte-
grator was used for the equations of motion as an integrator,
with a time-step of 2 fs. The solvated system energies were
minimized, and then equilibrium simulations were computed
with NVT and NPT ensembles for 100 ps during each step (in
NVT ensembles, amount of atom (N), volume (V), and temper-
ature (T) are conserved; in NPT ensembles, N, pressure (P), and
T are conserved). All the atoms were constrained and the SHAKE
er monomers (blue) are indicating tau monomers and Abmonomer is
which are upper binding (T1) and beneath binding (T2), respectively. (b)
d. The names of Ab monomers are written in red and the name of tau
h tube and sphere by VMD program. Alpha carbons of each layers are
eristic, blue means hydrophilic characteristic, silver represents special

This journal is © The Royal Society of Chemistry 2016
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View Article Online
algorithm was applied for the constraint algorithm. All the MD
simulations were run for 20 ns at 330 K with the NPT ensemble.

2.3. Structural characteristic analysis of heterogeneous Ab–
tau

To investigate the structural stability of the heterogeneous Ab–
tau oligomer mixture aer equilibriumMD simulation, we used
root mean square deviation (RMSD), the number of hydrogen
bonds, and Poisson–Boltzmann surface area (MM/PBSA) anal-
ysis.50 For the structural conformation analysis, RMSD was
measured using the g_rmsd plugin of the GROMACS program.
Subsequently, to investigate the structural characteristics of the
Ab–tau oligomer, MM/PBSA and the number of hydrogen bonds
were measured using g_hbonds and g_mmpbsa plug in of
GROMACS. For the RMSD and the number of hydrogen bonds,
data for each model were obtained over the entire 20 ns period.
Specically, the MM/PBSA method was applied to evaluate the
stabilities of interactions between stabilized heterogeneous
mixtures for the stacked directions using the g_mmpbsa plugin
of the GROMACS 4.5.6 program. MM/PBSA analysis congura-
tions were extracted every 1 ps. The binding energy for the MM/
PBSA calculations was given by the following equation:

DGbinding ¼ Gmixture � (GAb + GTau) (1)

here, Gmixture is the total free energy of the Ab–tau mixture, and
GAb and GTau represent the isolated total free energies in
solvent, respectively. The total free energy was computed using
the following equation:

Gmonomer ¼ hEMMi + hGsolvationi (2)

where Gmonomer represents either the Ab, tau, or Ab–taumixture,
hEMMi is the average molecular mechanics (MM) potential
energy versus time, which comprises bond, bond angle, dihe-
dral, and non-bonded energies, and hGsolvationi represents the
solvation free energy for the entire MD simulation. Since
entropic terms are ignored for calculation of the total free
energy for monomers, the calculated solvation free energy
represents the relative, rather than the absolute, energy. Even
though we did not consider the entropic contribution to the
calculation of energy, the summation of the total contribution
of entropic terms to the system was quite small. Therefore we
ignored those terms in the calculation of the total solvation
energy.50–52 Using the MM/PBSA method, the solvation free
energy can be calculated using the two terms below:

Gsolvation ¼ GPB + Gnonpolar (3)

whereGPB and Gnonpolar are distinguished by electrostatic effects
on the solvation free energy. GPB was estimated using the
Poisson–Boltzmann equation,50 whereas Gnonpolar was
computed using the following equation:

Gnp ¼ Y � SASA + b (4)

This equation can be used with the parameters of Y ¼
0.0226778 kJ mol�1 Å�2 and b ¼ 3.84928 kJ mol�1. Solvent
This journal is © The Royal Society of Chemistry 2016
accessible surface area (SASA) was obtained using the g_sas tool
of the GROMACS program for each model.
2.4. Steered molecular dynamics (SMD) simulations
protocol

To support the conformational stability of the heterogeneous
Ab–tau oligomer results from equilibrium MD, and to under-
stand the structural characteristics, SMD simulations were
performed using GROMACS 4.6.5 with CHARMM27 force eld.
Tensile tests of Ab–tau oligomers were performed to determine
the properties of the different heterogeneous oligomer compo-
sitions, via time–force results. During the tensile test simula-
tions, Ab monomers were xed and tau monomers are pulled
under conditions of constant velocity by mimicking the atomic
force microscopy tensile test. The pulling rate for constant
velocity was 0.001 nm ps�1 and the spring constant was 1000 kJ
mol�1 nm�2, using the NPT ensemble. During the analysis of
the time–force trajectories, we extracted the conguration data
for the Ab–tau oligomers every 2 ps.
3. Results and discussions
3.1. Conformational characteristics of heterogeneous Ab–
tau models

In this study, the WT and mutated heterogeneous Ab–tau
models including different amyloid binding characteristics (i.e.,
T1 and T2), were computed for comparisons of the structural
stabilities and their characteristics. WT models and mutated
(M1, M31, and M41) models including different binding types
were prepared to investigate the impact of different sequences
on the stabilities of heterogeneous interactions. The charac-
teristics of the heterogeneous Ab–tau oligomers, including the
detailed sequences and the amino acids features of each model,
are given in Tables S1 and S2.† Ab monomers are regarded as
seeds that have two binding sites for elongation, attaching tau
along the bril axis, as shown in Fig. 1(a). Here, only parallel
inter-layer interactions based on b-turn-b motif between
heterogeneous monomers are considered, because parallel
heterogeneous interactions are more stable than anti-parallel
inter-layer interactions.43 These stable parallel and unstable
anti-parallel characteristics were computationally investigated
by Raz et al., who computed the possible structural composi-
tions of Ab and tau oligomers.43 The dominant differences
between the two binding types, T1 and T2, are described in
detail in Fig. S2.† Fig. 2(a) depicts an exact comparison of the T1
and T2 models viewed along the same bril axis. Those two
differently constructed oligomers look like mirror images of
each other, and their cross-sectional representations are shown
in Fig. S1.†

Through the equilibrium MD simulations we found that
each heterogeneous Ab–tau mixture become stable aer 15 ns,
as shown in Fig. 4 and 6 (see initial 0 ns time-section). Some
mutated models showed relatively higher or lower structural
stability compared with the WT models, which may have been
caused by the structural uctuation near the N- and C-terminal
regions. The stabilities of the heterogeneous Ab–tau mixtures
RSC Adv., 2016, 6, 52236–52247 | 52239

http://dx.doi.org/10.1039/c6ra09467h


Fig. 2 (a) A scheme for the oligomers, which are stacked along the different directions (T1 and T2). The root mean squared deviation (RMSD)
values are plotted for each simulation models at (b).
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were conrmed by RMSD analysis, as shown in Fig. 2(b). All
models converged aer approximately 15 ns, having different
convergent values. The results can be compared with previous
computational mutated proteinaceous material studies. Most of
the RMSD results gradually converged. The total deformations
were approximately 2–4 Å. Some models of Ab–tau structures
(i.e., M1 andWT1) were deformed from the beginning, but there
were notably big deformations in the conformational results
and RMSD graphs (i.e., Fig. 2 and 4). However, rapid changes of
RMSD were observed in the WT2T1, M41T1, and M31T1
models. Especially, M31T1 model undergoes the little confor-
mational change at 10–12 ns period, in which degradation of
beta-turn-beta motif at tau region was observed. The results are
comparable to the results of previous conformational analyses,
which were conducted to determine the end terminal uctua-
tion behavior of the oligomers. In particular, the WT2T2 model
was considerably deformed during the early time period, and
the breakage of the two top layers of the tau protein region was
observed from the beginning of the equilibration simulation.
The exterior-located lysine residues appeared to induce
breakage by electrostatic repulsion. However, the interior
hydrophobic regions contracted to reduce the number of water
molecule within a few picoseconds, thereby stabilizing the
interior region. Here, we classied the hydrophobic and
hydrophilic residues of Ab and tau mixtures following the
hydropathy scale measurement of Kyte et al.53 More hydro-
phobic and hydrophilic residue information was classied in
ESI Table S2† in detail. This interior stabilization was not
observed in the M31T1 model, as reected in the RMSD graphs
(le graphs in Fig. 2(b) around 10 ns over two steps). This may
have been affected by the proline residue, which acts as a beta-
sheet breaker at the N-terminal of M31T1. It is interesting that
the overall convergent values of RMSD for the T2 models
exhibited lower deviation than those for the T1 models.

Fig. 2(a) and (b) shows that the order of convergence times
and RMSD values for each model were similar for the different
binding types (T1 and T2), and followed the order: M1 > WT1 >
M41 > M31 > WT2. The order of RMSD in the Ab–tau mixtures
has the same tendency as in a previous study by Miller et al.,
which was performed with only tau models.41,42 From their
RMSD results, the low distance order of M1 > M41 > M31 > WT
was obtained. Considering the different binding directions
52240 | RSC Adv., 2016, 6, 52236–52247
applied in this study (i.e., T1 and T2), our RMSD results were
reliable compared with the results obtained by Raz et al.41 The
convergent values and their order were mainly caused by the
deletion of the lysine residue at position 280. In previous
research by Raz et al. and Lee et al., the mutated residues
effected structure stabilities.41,54 Those researchers reported
that deleting or mutated the lysine residue not only changed the
mutated tau protein conformations, but also changed conver-
gence. For instance, Lee et al. investigated the effect of the
substitution of glutamine for lysine in tau proteins (i.e., the Q2K
model) using a 50 ns equilibrium MD.54 From their results, the
RMSD convergence tendency of Q2K was faster and had a lower
value than the wildtype tau structures.

We observed that the various kinds of Ab–tau mixtures were
stable aer the 20 ns equilibrium simulations. The different
binding types for the mixtures showed that the T2 models were
more stable than the T1 models, as supported by the RMSD and
conformational results. From the RMSD results, we determined
that deletion of lysine at position 280 altered the structural
conformations and their characteristics. In particular, the
proline residue in M31T1 caused more instability than in
M41T1. Furthermore, the interior or exterior location of the
valine residue also had an effect on the stability of the struc-
tures, as shown by computing the differences between the
WT1T1 and WT2T1 models. The results from the wildtype (WT)
and Ab–mutated tau mixtures provided insight into the hydro-
phobicity, and the charged amino acids altered the stability of
each model. The M1 model had higher structural stability than
the other models owing to the loss of the charged amino acid
(i.e., the lysine residue). Moreover, we observed that, in
comparing WT1T1 and WT2T1, the interior location of the
valine residue enhanced the structural hydrophobicity and the
resulting structural stability.
3.2. Structural characteristics of the Ab–tau mixtures

Previous computational studies on homogeneous and hetero-
geneous amyloids have revealed that the number of inherent
hydrogen bonds in a proteinaceous structure is related to its
structural stability and mechanical characteristics.55–59 Speci-
cally, several recent studies have investigated the impact of end-
terminus uctuation on structural stability.60,61 It is also known
This journal is © The Royal Society of Chemistry 2016
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that mutations in the CHC regions, the salt-bridge (i.e., Ab), and
the partition hydrophobic residue (i.e., hIAPP) of amyloids not
only affect their uctuation, but also change their structural
characteristics.30

Therefore, we also computed the number of hydrogen bonds
for a comparison of the structural characteristics of the WT and
mutated models. The different mutated models (i.e., M1, M31,
and M41 based on T1 and T2) were also investigated for their
impact on the different end-termini, such as the hydrogen-
bonding interaction of each Ab–mutated tau model. As shown
in Fig. 3(a) and 5(a), the hydrogen bond results suggested that
all of the heterogeneous mixtures had a common theme in that
they were favorable for maintaining the oligomeric structure.
Also, the measured number of hydrogen bonds in our Ab–tau
mixtures for T1 were similar to the values for previous hetero-
geneous Ab and tau protein studies by Miller et al.41 As shown in
Fig. 3(a), for the T1 models the order of the number of hydrogen
bonds followed the RMSD results of Fig. 2(b). For the other
binding types, which were T2 models, we saw a different
number of hydrogen bonds compared with the T1 model. Due
to the different structural composition of T1 and T2 based on
interfacing direction of each Ab and tau, T2 model has more
number of hydrogen bonds than T1 model. To be more specic,
as shown in Fig. S2(c),† T2 models have more inter salt-bridge
interaction between each Ab and tau than T1 models, while
T1 models have intra salt-bridge interaction. The inter salt-
bridge for Ab and tau, which are described at Fig. S2(c),†
seemed to induce the T2 models have more structural stabili-
ties, and more number of hydrogen bonds. However, the results
looked similar to the RMSD values shown in Fig. 2(b) and (c).
The T2 models had a higher number of inherent hydrogen
bonds than the T1 models; this was similar to the RMSD results
for the T2 models, which were structurally more stable than the
T1 models. The order of results was similar to that obtained
from the RMSD results for the T1 binding models. This order
was also comparable to the previous mutated tau study by Raz
et al.41 The structural characteristics arising from mutation and
residue variation of the tau structures appeared to alter the
structural conformation, stability, and characteristics.
Fig. 3 (a) The number of hydrogen bonds for T1 models are represented
last 5 ns.

This journal is © The Royal Society of Chemistry 2016
These structural stabilities of the heterogeneous Ab–tau
mixtures were also conrmed by the molecular mechanics
(MM) energies. Aer the equilibrium MD simulation, we
measured the MM energies of the WT and mutated models for
two different binding types (T1 and T2). Subsequently, we found
that the formation of Ab–tau mixtures was exothermic and
thermodynamically stable. As shown in Tables 1 and 2, we
found that all the MM energies were approximately �500 000 kJ
mol�1. The MM energy tendencies were different from the
hydrogen bonds results. The WT models including T1 and T2
had lower energy values than the mutated models. The varia-
tions of MM energies were caused by mutation and variation of
the end residues. The order of energies was slightly different to
the previous results obtained from the RMSD and the number
of hydrogen bonds.41,43 The contribution of MM energy to model
stability could be low owing to partial fractures of the models
affecting the MM energies. Interestingly, even though the M1
model was shorter than the others, the MM energies of M1
including T1 and T2 were larger than those from the other
mutated models. They had more inherent hydrogen bonds than
the others models, as conrmed in Fig. 3(b) and 5(b). This could
be a result of the conformational cross sectional area of the M1
structure's binding region, as shown in Fig. S1 in the ESI.† The
M1 model had a tendency of closing its end terminus to reduce
contact with water molecules. The cross sectional shape of M1,
which is shown in Fig. S1,† seemed to be more compact than in
the other models. That conformational deformation seemed to
cause the increase in the number of inherent hydrogen bonds,
and the closed-end terminus sustained the structural stability of
the interior region. In the case of the M41 model, the hydro-
phobic residues located around the end terminus appear to
have had a dominant role in structural stability. Because the
lysine residues located at the N-terminal regions repel each
other electrostatically, they induce breakage of the tau layers, as
reected in the lower MM energies. Even though the cleavage of
the tau monomer appears to allow the water molecules to
interrupt the interior hydrophobicity, hydrophobic residues in
the N- and C-termini of both layers of Ab and tau bind and hold
each other, so they can maintain the oligomeric form. The M31
model has a proline residue at the N-terminal, which is known
at the above graphs. (b) Average the number of hydrogen bonds for the
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Table 1 Molecular mechanics energies of T1 model, such as electro-static energy, van der Waals energy, and total energy for simulated olig-
omers are given in the table

Binding type Model Elec energy (kJ mol�1) VdW energy (kJ mol�1) Total energy (kJ mol�1)

T1 WT1 88 394.698 � 784.44 �660 942.232 � 1106.65 �504 909.694 � 468.42
WT2 86 863.695 � 757.59 �649 790.225 � 1066.26 �496 839.325 � 446.47
M1 44 195.089 � 609.09 �331 670.063 � 858.01 �266 433.269 � 342.51
M31 43 762.624 � 585.29 �327 748.023 � 829.74 �263 417.592 � 342.13
M41 42 468.775 � 540.90 �319 571.035 � 799.33 �258 771.240 � 331.77

Table 2 Molecular mechanics energies of T2 model are given in the table

Binding type Model Elec energy (kJ mol�1) VdW energy (kJ mol�1) Total energy (kJ mol�1)

T2 WT1 80 818.161 � 778.66 �605 585.960 � 1144.64 �464 763.646 � 451.49
WT2 85 730.531 � 816.61 �641 591.569 � 1104.67 �490 965.083 � 446.22
M1 45 076.836 � 609.19 �338 861.031 � 857.61 �271 825.954 � 346.54
M31 42 669.546 � 597.89 �320 532.008 � 809.17 �258 207.197 � 316.22
M41 41 828.241 � 574.70 �314 728.820 � 812.61 �255 114.379 � 310.99

RSC Advances Paper

Pu
bl

is
he

d 
on

 2
0 

M
ay

 2
01

6.
 D

ow
nl

oa
de

d 
by

 B
os

to
n 

U
ni

ve
rs

ity
 o

n 
01

/0
7/

20
16

 0
2:

18
:4

0.
 

View Article Online
as an alpha-helix and beta-sheet breaker. The proline residue in
the M31 model revealed the structural instability of M31
through the low number of hydrogen bonds and the high MM/
PBSA energy.

Through the number of the hydrogen bonds and the MM
energy analysis, we observed that all the WT and mutated
models were stable during the 20 ns equilibrium MD simula-
tions. The structural characteristics of the Ab–tau mixtures were
analyzed via the hydrogen bond data sets, which had similar
characteristics to the conformational and RMSD results. Inter-
estingly, the T2 models had more hydrogen bonds than the T1
models. The different number of hydrogen bonds induced
different structural features: the beta sheets in the T2 models
seemed to be more parallel than those in the T1 models. An
analysis of the MM energies showed that the different ther-
modynamic characteristics supported the previous structural
differences between the WT and mutated models, such as
conformation, RMSD, and the number of hydrogen bonds. For
example, as shown in Tables 1 and 2, the results showed that
the lysine residue in theWTmodels increased the van derWaals
energies and the electrostatic energies of the whole oligomeric
mixtures. We not only investigated the structural compositions
of the mixtures, but also determined the structural features of
heterogeneous Ab and tau in detail, through the number of
hydrogen bonds and MM energy results.
3.3. Mechanical behavior and structural characteristics of
mixtures against constant velocity tensile load

From the previous computational studies on amyloids, the
structural characteristics of amyloids were investigated through
RMSD, the number of hydrogen bonds, MM/PBSA, and other
additional parameters.30,57 Here, we applied the SMD methods
to heterogeneous Ab–tau mixtures to support the structural
characteristics and observe the mechanical responses of
applied forces. Generally, SMD simulations of proteins are used
to understand mechanical characteristics and proper-
ties.55,56,62–66 Using the SMD methods on heterogeneous
52242 | RSC Adv., 2016, 6, 52236–52247
interfaces between Ab and tau structures, we compared the
structural characteristics between heterogeneous Ab and tau in
detail. Aer the MD simulations, we obtained the nal cong-
urations of the equilibrated states for the WT and mutated
models, as shown in Fig. 4(b) and (d) and 6(b) and (d), respec-
tively. SMD simulations (i.e., pulling simulations) were per-
formed to determine the mechanical behavior of the oligomeric
mixtures, especially at the heterogeneous interfaces between Ab
and tau. Before analyzing the heterogeneous Ab and tau
mixtures, our magnitude of force reaction from SMD simulation
could be compared to previous experimental and computa-
tional results. Considering the our Ab and tau mixtures
composed having heterogeneous characteristics, our peak force
values of Ab and tau mixtures were lower than previously re-
ported homogeneous insulin amyloid brils, polymorphic
hIAPP protobrils and transthyretin amyloid proteins. But
those are in the range of related experimentally measured
values.55,56,58,65–67

Interestingly, the time–force graphs were different for the
different binding types and residue compositions. As shown in
Fig. 4 with the T1 binding models, the time–force results and
the pulling trajectories showed that they had double peaks
when they were pulled with constant velocity. During the SMD
simulation, the Ab–tau mixtures with binding type 1 (T1) were
progressively broken from the C-terminal region at the early
stage to the N-terminal regions. Those tendencies were
observed for all the T1 models except for M41T1. Because the N-
terminus region of M41T1 was already broken during the
equilibrium MD simulation, the time–force graphs did not
show the rst peak. The values of peak force ranged from 200
pN to 800 pN. The rst events were observed around a period of
1 ns. The WT1T1 model had a higher peak force than the
WT2T1 model, as supported by the MM energy values for
WT1T1 and WT2T1. From the MM results in Table 1, we can see
that WT1T1 had a more stabilized MM energy than WT2T1. In
the case of the mutated model, the peak forces also followed the
MM results. For the M41T1 model, we found one peak force
This journal is © The Royal Society of Chemistry 2016
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value later than in the remaining models near 1.5 ns. A low peak
force for M41T1 of 200 pN was observed. The other models,
M31T1 andM1T1, also had peak force results similar to the MM
energy results. Interestingly, according to our time–force and
pulling trajectories, the crucial agents for the stabilities of
heterogeneous Ab–tau mixtures were the non-bonding energies,
which are van der Waals energies, and electrostatic energies.

However the results for the T2 models, which are plotted in
Fig. 6, present a different tendency from the T1 models. The
reactions against the tensile force for the T2 models showed
a single peak in the time–force graphs. The T2 models were
broken from the loop region at the rst stage, and the N- and C-
termini were separated almost at the same time. Interestingly,
Fig. 4 (a) and (c) are time–force graphs for tensile load with the constan
observed in both of the graphs. (b) and (d) represents conformational be

Fig. 5 (a) The number of hydrogen bonds for T2models are represented.

This journal is © The Royal Society of Chemistry 2016
the different fracture behaviors could be supported by the
different RMSD results and the different structural character-
istics (i.e., hydrogen bonds and MM energies) from the previous
analysis sections. Peak force values for the mutated models (i.e.,
M1, M31, and M41) for T2 were different from those for the T1
models. For the WT models for T2 binding types, the peak force
of WT1T2 was higher than for WT2T2, whereas the peak force
value results were different from those for RMSD, hydrogen
bonds, and MM energies. It was interesting that the structural
stability of the oligomeric mixtures did not dominantly affect
the peak force in this case.

Thus, through the constant velocity loading simulations, we
found that the T1 binding models showed similar behaviors to
t velocity pulling condition. A tendency of them having double peak are
havior, which are against tensile load for each time.

(b) Average the number of hydrogen bonds for the last 5 ns are plotted.

RSC Adv., 2016, 6, 52236–52247 | 52243
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Fig. 6 (a) and (c) are time–force graphs for tensile load with the same pulling condition as the T1 models are. A tendency of them having single
peak and step-like shape are observed in the graphs. Just like the Fig. 4, conformational behavior of T2 models are represented at (b) and (d).
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the equilibrated MD simulation results for RMSD, conforma-
tions, hydrogen bonds, and MM energies owing to the loss of
lysine residue and the interior effects of hydrophobic residues.
However, the T2 binding model showed different results from
the equilibrated MD results because of the different binding
direction mechanisms. Using the SMD method on the hetero-
geneous Ab and tau, we conrmed the detailed structural
characteristics, which could not be seen in the results from the
equilibrium simulations.
3.4. Interacting features for binding types between T1 and
T2

In the case of heterogeneous interactions, a comprehensive
knowledge of the binding site features is key to understanding
the ber or plaque growth mechanisms of the heterogeneous
amyloids. To investigate interaction in the T1 and T2 models,
we compared the results of the MM/PBSA and SMD simulations.

In this study, the same residues were considered to observe
their role in governing the stability of the heterogeneous WT
and mutated tau and Ab structures. Previous studies have
revealed that interactions between amino acid residues that
reside in the interior regions have an important role in main-
taining stability.55–59 The chemical compositions of structures
affect interactions with the surrounding water molecules, and it
is known that permeation of water molecules into the interior
region can impact the stability of monomers. For example, our
computational studies on polymorphic hIAPP revealed that the
interior region location of hydrophobic residues altered the
52244 | RSC Adv., 2016, 6, 52236–52247
mechanical behavior and properties.55–58 The same results were
observed in heterogeneous Ab, prion, b2M, and tau
studies.30,54,68,69 It was observed that some interior bindings of
weak Ab and tau models were broken by the permeated water
molecules. Subsequently, they caused the lower interior stabil-
ities of mixtures. However, those chemical interactions cannot
explain the different results for the T1 and T2 models described
previously. The chemical features of the direct binding inter-
actions for each WT and mutated model are represented in
Tables S1 and S2.† The chart describes the interaction between
layers for a direct comparison between models. However, it
shows that there are no notable differences for the different
binding types (T1 and T2).

For that reason MM/PBSA was computed to verify those
differences in binding energies for each model and binding
type, to understand why their binding features were different,
even though their chemical binding features were similar for
each binding type. To investigate the MM/PBSA energy effec-
tively, the MM/PBSA analysis was separated into MM, PB, and
SA sections, as shown in detail in Fig. 7. The solvent accessible
surface area (SASA) were computed to determine the hydro-
phobicity against solvents. The graphs in Fig. 7 suggest that the
T1 and T2 models did not have notable differences, except for
the M1 models. Only the M1 models (i.e., M1T1 and M1T2) had
small surface areas. This is because that they are as short as
a single residue, compared with the other models. Individual
chemical compositions were similar to each model (WT, M1,
M31, and M41), but their interacting features were different for
the binding types (T1 and T2). Interestingly, their binding
This journal is © The Royal Society of Chemistry 2016
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Fig. 7 (a) The solvent accessible surface area (SASA) graphs for T1 (left) and T2 (right). (b) and (c) are binding energy (left), molecular mechanics
(MM) energy (middle) and solvation free energy (right) for T1 and T2.
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energies showed different values for the binding types. The T2
models had higher binding energies than the T1 models, except
for the M31 model, which had similar results for RMSD and the
number of hydrogen bond. The only differences between those
two binding types were the directions of orientation of interior
residues and their stacking orders. Those different conforma-
tional compositions induced different binding features, and
caused the oligomers to follow different energy reaction path-
ways for the tensile load in Fig. 4 and 6. Furthermore, the higher
binding energy of the T2 models was conrmed through RMSD
and the number of hydrogen bonds, as described in the
previous sections. The RMSD results for the different binding
types, and the results for the number of hydrogen bonds, which
are represented in Fig. 3(b) and 5(b) with the average number
for a nal 5 ns, indicate that the T2 models have more bonds
than the T1 models. It was interesting that the conformational
stabilities of the Ab monomers differed depending on the
binding type. Whereas the Ab monomers in T2 were well
aligned to the bril axis, those in T1 looked as though their loop
regions were dented. Those conformational differences, which
are described in Fig. S3 in ESI,† could have an impact on the
inherent hydrogen bond contents. Moreover, the nal shapes of
the oligomers provide insight into their elongation.
This journal is © The Royal Society of Chemistry 2016
4. Conclusions

Through combined MD and SMD studies, we investigated the
various structural conformations and the structural character-
istics of heterogeneous Ab and tau mixtures. Specically, we
focused on Ab–tau mixtures, with regards to Ab monomers as
seeds. Lührs model and the mutated effect of R2 tau protein
structures by described by Raz et al.41 were used to build
simulation models. Moreover, we suggested the different
directional elongation features for different binding types for
the Ab with tau monomers represented as T1 and T2. Aer 20 ns
equilibrium MD simulations, equilibrated WT and mutated
simulation models were prepared. Their inherent structural
characteristics were different because of deletion of tau's K280
residue. Location effect of the hydrophobic residue (i.e., valine)
for tau, and binding models were considered to explain the
various interactions of the mixtures. Moreover, aer SMD
simulation applied to the WT and mutated models, we found
that the binding T2 models had different mechanical behaviors
compared with the equilibrium results.

Our study provides detailed insights into the structural
characteristics of heterogeneous Ab–tau mixtures. Aer con-
ducting equilibrated and steered MD studies, we found that the
presence of lysine residue and the location of valine residues
RSC Adv., 2016, 6, 52236–52247 | 52245
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alters the structural conformation and stability. Additionally,
from the different T1 and T2 binding models, the structural
features of the two different binding types were discussed in
order to explain the binding mechanism of the heterogeneous
monomers. The results suggest that the heterogeneous inter-
actions of the binding types can produce different stabilized
conformations. In particular, the open binding site of Ab, where
another monomer could be added, showed different structural
tendencies for both the T1 and T2 models, and the effect of
different shapes of the binding sites should be investigated in
the future. These results provide useful insights into under-
standing how heterogeneous amyloid structures lead to
heterogeneous oligomeric amyloid formation mechanisms.
Additionally, information about structural stabilities caused by
the presence of lysine and the location of valine could shed light
on the aggregating features of neurodegenerative disease
factors and the elongation and binding mechanisms between
monomers.
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