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Abstract

Molecular dynamics (MD) simulations play a vital role in revealing the mechanism of amyloid
aggregation that is crucial to the therapeutic agent development for Alzheimer’s Disease. However, the
accuracy of MD simulation results strongly depends on the force field employed. In our previous benchmark
for 17 all-atom force fields on modeling of amyloid aggregation using APis2» dimer, we showed that
AMBER14SB and CHARMM36m are suitable force fields for amyloid aggregation simulation, while
GROMOS54a7 and OPLSAA are not good for the task. In this work, we continue assessing the applicability
of atomistic force fields on amyloid aggregation using VQIVYK (PHF6) peptide which is essential for Tau-
protein aggregation. Although, both Ais.22 and PHF6 peptides formed fibrils in vitro, the PHF6 fibrils are
parallel B-sheets while A2 fibrils are antiparallel B-sheets. We performed all-atom large-scale MD
simulation in explicit water on the PHF6 dimer and octa-peptides systems using five mainstream force fields,
including AMBER99SB-disp, AMBER14SB, CHARMM36m, GROMOS54a7 and OPLSAA. The
accumulated simulation time is 0.2 milliseconds. Our result showed that the B-sheet structures of PHF6
peptides sampled by AMBER99SB-disp, AMBER14SB, GROMOS54a7 and OPLSAA are in favor of the
antiparallel B-sheets, while the dominant type of B-sheet structures is parallel B-sheet by using
CHARMM36m. Among the five force fields, CHARMM236m provides the strongest CH-x interaction
that was observed in an NMR study. The comparison between our result and experimental observation
indicates that CHARMM236m achieved the best performance on modeling the aggregation of PHF6 peptides.
In summary, CHARMM36m is currently the most suitable force field for studying the aggregation of both

amyloid-P and tau through MD simulations.
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INTRODUCTION

Amyloid-B (AP) peptide and Tau protein play many important physiological functions. AB
peptide, proteolytic byproducts of AP protein precursor in an amyloidogenic pathway, serves as
neuroprotectors and synaptic activity modulators."? Tau, an intraneuronal protein, plays a crucial
role in cytoskeleton stabilization by binding to microtubules (MT).? However, AB peptide and Tau
protein can also aggregate into neurotoxic formations including insoluble fibrils, neurofibrillary
tangles (NFT) of Tau protein and AP senile plaques, and soluble oligomers.*> The accumulation of
the intracellular NFT and extracellular deposits of AP senile plaques are two pathological hallmarks
in the brain of Alzheimer’s Disease (AD) patients.’ AR oligomers (APOs) instigate multiple facets
of AD neuropathology, and Tau oligomers (TOs) cause neuronal damage, leading to
neurodegeneration and traumatic brain injury.** Understanding the amyloid aggregation is crucial
to the therapeutic agent development for AD which is not curable yet. Therefore, numerous studies,
using both experimental and computational approaches, have been conducted to investigate this
interesting process. On the other hand, AP peptides and Tau protein are intrinsically disordered
proteins (IDPs) which are structurally flexible and have high aggregation propensity. These
properties make a great challenge for experimental approaches to decode the conformation dynamics
of IDPs at atomistic resolution.” Fortunately, molecular dynamics (MD) simulations can complement
experimental work to capture the atomistic picture of IDPs aggregation dynamics. In a MD
simulation, the force field (FF) for describing atomistic interactions plays a key role to adequately
sample conformation ensemble and appropriately model the dynamic procedure. In last decades,
many biomolecular FFs have been developed to model folded and unfolded proteins,®'* and specific
FFs for modeling IDPs have emerged.'*!* Evaluation of those FFs on studying IDPs have been
conducted.'>!>!7 However, the performance benchmark of those FFs in describing a dynamic

procedure like aggregation was limited.



Given its importance in the pathogenesis of AD, A peptide is probably the most studied IDP in
FF assessment and a review on this topic was presented in Ref. 17. Most studies focused on how
well a FF reproduces experimental structural properties of AP peptides, including secondary
structure, chemical shifts, CD spectrum, residual dipolar couplings, NMR spectrum, and collision
cross sections. Nevertheless, few studies evaluated the kinetics of AP aggregation. In a pioneering
study,'® Strodel and co-workers investigated the impact of GROMOS54A7 (G54a7),!° OPLS-AA
(OPLS),) AMBERO3WS,!?  CHARMM22* (C22%),"  AMBER99SB*ILDN and
AMBER99SB*ILDN with LRDI'® FFs on the aggregation of ABis-22 peptide and its mutants (F19L
and F19V/F20V). They found that G54a7 and OPLS most strongly over stabilized protein-protein
interactions, and as a result, AP peptides aggregated faster in G54a7 and OPLS simulations than in
the other FF simulations. Thus, they recommended that these two force fields not being used to study
protein oligomer formation.'® In our recent work, we compared the effects of 17 FFs from the
AMBER, CHARMM, GROMOS, and OPLS FF families on the aggregation kinetics of ABic-22
peptides.!” We also observed that AMBER96,2° OPLS, and the GROMOS family FFs over stabilized
protein-protein interactions in the MD simulations, while CHARMM FFs including C22%*,
CHARMM36 (C36),>! and CHARMM36m (C36m),'* and AMBER FFs including AMBER99SB-
ILDN?2 and AMBER14SB (A14SB)!! are the best candidates for studying amyloid aggregation.
Recently, Strodel and co-works evaluated additional FFs including AMBER99SB-DISP
(A99DISP),'* C36m and C36mW,'? in studying the aggregation kinetics of the short AB peptides.?
Note that C36mW is C36m in combination with a modified TIP3P water to increase protein-water
interactions, therefore C36mW can considered as pure C36m used with another water model.
A99DISP,'* which was recently developed by D. E. Shaw Research to study both folded and
unfolded proteins. Their results showed that A99DISP inhibited peptide aggregation due to the
overestimation of the interactions between the peptides and water, while C36m and C36mW

provided promising results and were recommended for peptide aggregation simulations.



Although all IDPs can aggregate, their aggregated formations may be different from a protein to
another protein. For example, the amyloidogenic fragment NFGAILS of human islet amyloid
polypeptide aggregated into anti-parallel B-sheet structure,?* while fragment GNNQQNY from yeast

prion Sup35 preferred forming parallel B-sheet fibril.?

Hence, a FF need to be benchmarked on
various peptides/proteins. Considering the significant impact of Tau protein aggregation on many
neurodegenerative diseases,*?® particularly AD, the aggregation of Tau is of great interest. There are
more and more computational studies using different FFs to model Tau protein, recently.?’’ In this
work, we planned to perform all-atom FF benchmark study on Tau aggregation. Tau is present as
six isoforms ranging from 352 to 441 amino acids. The Tau MT binding repeats R1-R4 spanning
residues 244-368 are related to many disease-linked modifications.>® This region recapitulates much
of the aggregation property of Tau-441 in animal models.*® Experimental evidence has shown that
the key hexapeptide, VQIVYK called PHF6 (residues 306-311 in R3), is essential for Tau
aggregation and amyloid formation.*’ Atomic-resolution crystallographic study showed the PHF6
peptide formed fibrils with parallel ordering of the B-strands.*! Because of the limitation of available
computational power, a short peptide, which somehow can represent for a long peptide, is usually
chosen for amyloid aggregation study for the sake of computational efficiency. For example, for the
case of AP peptides, the short ABi6-22 peptide containing the central hydrophobic core (residues 17-
21) is not sufficient to fully understand full-length AP (AB40oand APa42) peptides, but it is the essential
segment for the full length AP protein fibrillization. It helps exploring fundamental aspects of the
thermodynamics and kinetics of amyloid aggregation.*>* As such, APis-22 is extensively applied to
replace the full length AB (AP0 and AP42) in studying amyloid aggregation. Similar to AP peptides,
we used the PHF6 peptide to benchmark all-atom FFs for Tau aggregation. The FFs we considered

in this work include A99DIPS, A14SB, C36m, G54a7 and OPLS. Those FFs are representatives of

the major biomolecular FF families and are considered as the best candidates for studying IDPs.



MATERIALS AND METHODS

System design
We designed two simulation systems, 2PHF6 and 8PHF6, which contain two and eight PHF6

peptides, respectively, to study the aggregation mechanisms of PHF6 peptide. To prepare the two
simulation systems, we first generated a databank of PHF6 monomeric structures collected from a
100-nanosecond (ns) NPT equilibrium simulation in explicit solvent at 310 K and 1 atm. We applied
AMBER Tools* to construct the PHF6 peptide with the sequence of ACE-VQIVYK-NME, and
Amber FF A14SB!! to describe the peptide. 2200 TIP3P water molecules* were added to the
simulation box and the simulation system was neutralized by adding CI™ ions. 5000 monomeric
structures from the second half of the NPT simulation were collected and stored in the monomeric
structure bank. Next, we generated multiple 2PHF6 and 8PHF6 for MD simulations. To construct
2PHF6, two random monomers from the monomeric structure databank were randomly placed but
with two conditions satisfied: (i) the distance of the mass centers of two peptides is in range of 9 A
to 12 A; (ii) the minimum distance of two peptides is larger than 1.2 A. To construct 8PHF6, eight
random monomers from the monomeric databank were placed at 8 vertices of a 16 A cube. In total,
we generated one hundred different 2PHF6 and twenty different 8PHF6 systems to be used in
intending MD simulations. Finally, each 2PHF6 or 8PHF6 system was placed at the center of an
octahedron box solvated by an explicit water model, and Cl™ ions were added to neutralize the net
charge of simulation systems. The minimum distance between the peptides and the edges of water
box was at least 10 A. The peptides were described by one of five FFs including A99DISP,'*
A14SB," C36m,!* G54a7'° and OPLS.® The explicit water was represented by SPC for G54a7 and
TIP3P for other FFs. The box size, volume, number of water molecules and peptide concentration
were 48 A, 85000 A3, 2737 and 36 mM for the 2PHF6 simulation system, and 66 A, 221000 A®,
6990 and 60 mM for the 8PHF6 simulation system. Altogether, we produced 100 MD trajectories

for 2PHF6 and 20 MD trajectories for 8PHF6, to investigate the oligomerization of PHF6 peptides



for each FF. The accumulated MD simulation time is 0.2 milliseconds (ms) for five FFs and the

simulation details are presented below.

Simulation Details

The GROMACS 2018 package*® was employed for all simulations. The solvated systems were
minimized using the steepest descent method and were equilibrated for 1 ns at constant pressure (P)
of 1 atm and temperature (T) of 310 K. The pressure and temperature of the simulations were
controlled using the Berendsen coupling method*” with a relaxation time of 0.1 picoseconds (ps) and
the Bussi-Donadio Parrinello velocity scaling method*® with a relaxation time of 1 ps, respectively.
The NPT simulations were subsequently extended 200 ns (for 2PHF6 systems) or 1000 ns (for
8PHF6 systems) for sampling snapshots for post-analysis, resulting in 40 microseconds (us) of the
total simulation time for each FF. The equations of motion were integrated using a leap-frog
algorithm® with a time step of 2 femtoseconds (fs). The LINCS algorithm®® was used to constrain
the lengths of all covalent bonds with a relative geometrical tolerance of 10", The van der Waals
forces were calculated with a cutoff of 10 A, and the particle mesh Ewald method®' was employed
to treat the long-range electrostatic interactions. The non-bonded interaction pair list, with a cutoff

of 10 A, was updated every 5 fs. Periodic boundary conditions were applied to all of the simulations.

Data analysis

The association between two short peptides is characterized by intermolecular side chain-side
chain contacts (Nsc) and intermolecular backbone hydrogen bond (H-bond). A side chain-side chain
contact is formed if the distance between the centers of mass of two residue side chains is < 6.5 A.
A H-bond is formed if the acceptor-donor distance is < 3.5 A and the acceptor-donor-H angle is less
than 30°. The secondary structure contents classified into B, helix, turn and coil were calculated by

using the STRIDE algorithm.??* Here, the helix content includes 3-10 helix, Pi helix and o-helix.



The radii of gyration (Rg) and solvent accessible surface areas (SASA) were calculated by using

GROMACS tools.

Besides being classified into either parallel or anti-parallel B-sheet based on the directions of the
two peptide strands, a B-sheet is further characterized by the length (kb) of extended strands. For a
short peptide as PHF6, we classified the dimeric structures into seven states as shown in Figure 1,
which are DOS for a disordered structure, PS1 for a parallel B-sheet with 1 < kb < 2, PS2 for a
parallel B-sheet with kb = 3, PS3 for a parallel B-sheet with kb = 4, AS1 for an antiparallel B-sheet
with 1 <kb <2, AS2 for an antiparallel f-sheet with kb = 3, and AS3 for an antiparallel B-sheet with
kb = 4. Using this classification scheme, we tracked the populations of the seven dimeric states as
well as the transitions between those states in both 2PHF6 and 8PHF6 systems. The population of a

state, Ps:, was calculated by Eq. 1 for a 2PHF6 system, and Eq. 2 for an 8PHF6 system.
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Where N is total number of the snapshots collected from the NPT simulations, Ny is number of
dimeric structures in st state, D;;is the number of contacted peptide dimers and D;j;s is the number
of contacted peptide dimers in st state in a snapshot. A peptide pair is considered as a contacted
peptide dimer when they have at least one side chain-side chain contact. The parallel- content (pf3)
and antiparallel-f content (af) were calculated by Eqgs. 3 and 4, where B is 3 content.

PS1+ PS2 + PS3

pB - BPS1+PS2+P.S'3 + AS1 + AS2 + AS3 (3)
AS1 + AS2 + AS3
ClB - BPSl+PSZ+PS3+ASl+ASZ+AS3 (4)
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Figure 1: Transition between seven states of PHF6 dimers. The seven states of a dimer, including the
disordered structure (DOS, in cyan color), parallel B-sheet with 1 < kb < 2 (PSI, in light green color),
parallel B-sheet with kb = 3 (PS2, in dark green color), parallel B-sheet with kb > 4 (PS3, in blue color),
antiparallel B-sheet with 1 <kb <2 (AS1, in magenta color), antiparallelp-sheet with kb =3 (AS2, in red
color) and antiparallel B-sheet with kb > 4 (AS3, in orange color). The kb is number of residues with 3
structure in an extended strand of a B-sheet dimer. For each state, the area of solid circle demonstrates the
state population, and the area of dash circle means 100% of the population. The transition from state i to
state j is represented by an arrow which has color to be the same with the color of state i. The thickness
of the arrow is directly proportional to the transition intensity.

Free Energy Landscape (FEL). The free-energy surface along the N-dimensional reaction
coordinated V = (V1...N) is given by AG = —kgT[InP (V) — InPy4], where P(V) is the probability

distribution represented by a histogram of MD data. Pmax is the maximum of distribution, which is



subtracted to ensure that the lowest free energy minimum has AG of 0. The ks and T are Boltzmann
constant and simulation temperature, respectively. In this study, we used SASA per peptide
(SASApp) and protein-protein (P-P) interaction energy as reaction coordinates for the two-

dimensional FEL.

RESULTS

To ascertain that our data are well-equilibrated, we calculated the distribution of SASA per
peptide (SASAyp), Rg and number of intermolecular side chain-side chain contact (Nc), using two
time-windows [teg, t1] and [ti, tax], and over all of simulation trajectories for each system. For
2PHF6, the equilibration time teq, dividing time t1 and full time tsn are 50, 125 and 200 ns,
respectively. For 8PHF6, the three corresponding time parameters are 200, 600 and 1000 ns. As
shown in Figure S1 in supporting information (SI), excellent agreements were observed between
results obtained using the two time-windows, confirming the convergence of 2PHF6 and 8PHFS§
simulation systems. This allows us to discuss the similarity and difference between the FFs and to
compare our results with those obtained by other studies. In the rest of text, except mentioned
explicitly, all observables are ensemble-averaged data calculated for the time-window of [teg, tfi]

using all 100 trajectories for an 2PHF6 system or 20 trajectories for an 8PHF6 system.

The overall structures

To get the first glance of the FF effect on the aggregation of PHF6 peptide, we analysed the key
parameters that characterize aggregation including Rg, SASA, number of intermolecular side chain-
side chain contacts (Nsc) and number of intermolecular hydrogen bonds (Ni») for 2PHF6 and 8PHF6
systems. The time dependence of those reaction coordinate parameters is shown in Figure S2 and
their mean values in the time-windows [teq, tau] of the simulations are presented in Table 1. It is clear
that the overall structures of hexapeptide PHF6 are different from one FF to another. This result is

in line with the findings in previous studies for IDPs.!>!7?* The Ry, and SASA values vary with the
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same trend, with the largest ones predicted by A99DISP, the smallest ones by OPLS and G54a7, and
the values in-between by C36m and A14SB. This indicates that the PHF6 structures predicted by
OPLS and G54a7 are more compact than the other three FFs. The compactness of the peptides in
2PHF6 and 8PHFS systems employed the same FF is further compared using the SASA per peptide.
The SAS A distribution shown in Figure 2 reveals that PHF6 peptides form more compact structures
in 8PHF6 than in 2PHF6. This conclusion is further supported by comparing Rg per peptide between
the two systems (Figure S3 in SI). The peptide-peptide (P-P) interactions predicted by A99DISP are
weak, with Nsc of 1.4 and 11.6 in 2PHF6 and 8PHF6, respectively, and with N of 0.4 and 5.7 for
the two corresponding PHF6 peptide systems. In contrast, the P-P interactions predicted by G54a7
and OPLS are much stronger as their Nsc and Ni» values are significantly larger (Table 1). As

expected, SASA is negatively correlated to Nsc for both 2PHF6 and 8PHF6.

Table 1: The ensemble averages of the eight structural parameters charactering the reaction coordinates
including radii of gyration (R, in A), solvent accessible surface area (SASA, in A?), number of
intermolecular side chain-side chain contacts (N;s), number of intermolecular hydrogen bonds (N;s) and the
secondary structures (B, helix, turn and coil) of the peptides found in the 2PHF6 and 8PHF6 systems.

System FFs Rg SASA Nse Nip B helix | turn | coil
A99DISP 11.2 | 1982.2 1.4 0.4 1.7 0.3 9.5 | 88.5
A14SB 8.5 1730 3.7 1.2 8.9 0.7 17.9 | 72.5
2PHF6 C36m 9.5 1797 3.2 1.3 13.2 0.2 72 1793
G54a7 7.2 1553 6.5 32 | 438 0.1 9.5 | 46.6
OPLS 7.4 1576 5.7 20 | 25.1 0.2 14.2 | 60.5
A99DISP 21.0 6729 11.6 | 57 | 109 0.5 109 | 77.7
A14SB 12.0 4881 230 | 103 | 154 0.6 | 194 | 64.6
8PHF6 C36m 12.8 4889 240 | 162 | 32.6 0.0 55 ] 61.8
G54a7 10.9 4326 21.6 | 17.7 | 34.6 0.2 16.7 | 48.5
OPLS 11.2 4465 246 | 10.7 | 13.6 03 | 235 | 62.6

11
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Figure 2: The distributions of surface accessible solvent area per peptide (SASA,,), radii of gyration
(Rg) and number of intermolecular side chain-side chain contact (Ny) of 2PHF6 (black lines) and
8PHF6 (green lines).

CH-n, Peptide-Peptide and Peptide-Solvent interactions

In a previous study, Sogawa ef al. observed for the first time that the CH-n interaction between
the yCH of 1308 and the aromatic ring of Y310 in PHF6 using NMR spectroscopy.** They found
that the CH-m interaction stabilizes paired helical filament (PHF), and it further supports an extended
amphipathic structure for molecular self-association during the process of PHF formation of tau
protein.’* Therefore, we also considered the impact of FFs on the CH-x interaction. A stringent

criterion for the formation of CH-rminteraction was introduced by Brandl et. al. in a previous study.>
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The criterion includes the distance from the carbon atom of the YCH to the center-of-mass of the
aromatic ring indicated by the point X (CH-r distance), angle defined by the carbon and hydrogen
atoms of the YCH and the center of the aromatic ring (£yC-H-X), and the distance between X and
the position at which the hydrogen atom is projected vertically onto the ring-plane (dup-x) (for more
detailed description please see Figure 2 in Ref.55). However, considering there are no hydrogen
atoms provided in the experimental structure of PHF6 fibrils and the hydrogen atoms in the CH
group are not explicitly modelled in the G54a7 FF, in this work we used the CH-n distance and 6,
the angle formed between the normal line of the aromatic ring crossing X and the line crossing
carbon atom (i.e., the CG2 in the FFs) of yCH and X as shown in Figure 3a, to monitor the CH-n
interaction. In the PHF6 fibrils, the values of CH-r distance and 0 are 4.7 A and 48°, respectively.
Therefore, we used the cutoffs, 4.9 A for CH-x distance and 50° for 0, to determine the formation of
a CH-m interaction. In other words, a CH-= interaction is formed, if the CH-n distance is smaller
than or equal 4.9 A and the 0 angle is smaller than or equal to 50 degrees. The distributions of the
CH-r distance are respectively shown in Figure 3b for 2PHF6 systems and Figure 3c for 8PHF6
systems. It is obvious that all the five FFs have a population peak around 4.7 A, the CH-n distance
found in PHF6 fibrils. Table 2 lists the population of conformations which have the CH-m interaction.
It clearly shows that C36m has the largest population of CH-rm interaction. In a summary, although
the CH-m interaction was observed in all the FFs, C36m provided the highest peak of CH-rt distance
around 4.7 A and the largest population of CH-m interaction. Therefore, the CH-n interaction

predicted by C36m is stronger than the other FFs.

Beside Nse, Ny and SASA parameters, which directly or indirectly reflect P-P and peptide-
solvent (P-S) interactions, we also estimated P-P and P-S interaction energies, Ep-p and Ep-s, and the
ratio between them, Ep-p/Ep-s (Table 2). For Ep-p, A99DISP had the highest values (-46 kJ/mol in
2PHF6 system and -673 kJ/mol in 8PHF6 system), and G54a7 provided the lowest values (-199

kJ/mol in 2PHF6 system and -1428 kJ/mol in 8PHF6 system). Complementary to Ep.p, A99DISP

13



and G54a7 have the lowest and highest values of Ep-s, respectively. For both the 2PHF6 and 8PHF6
systems, Eps of five FFs follows an increasing order as A99DISP = C36m - OPLS - A14SB >
G54a7, while Ep-p follows a decreasing order as A99DISP - C36m - A14SB - OPLS - G54a7.

Ep-p/Ep-s follows the same trend as Ep-p, with the smallest value found with A99DISP.

( ) 1308 normal line
a aromatic ring |
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— A99DISP | (c)
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Figure 3: -sheet structure and CH-m interaction in PHF6 fibrils (a). The distribution of CH-xt distance

in 2PHF6 (b) and 8PHF6 (c) systems. The CH-n distance in PHF6 fibrils is around 4.7 A, which is
indicated by the dash lines in the Panels b and c. The 0 value of in the fibrils is 48°.
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Table 2: The population of conformations forming CH-m interaction, P-P interaction energy (Ep.p), P-S
interaction energy (Ep.s), and P-P/P-S interaction ratio in 2PHF6 and 8PHF6 systems.

System FFs CH-n <5A (%) | Epp(kJ/mol) | Ep-s(kJ/mol) | Epp/Eps
A99DISP 29 -46 -1863 0.025
A14SB 21 -133 -1424 0.093
2PHF6 C36m 43 -99 -1533 0.065
G54a7 26 -199 -1228 0.162
OPLS 29 -194 -1374 0.141
A99DISP 26 -673 -6666 0.101
A14SB 17 -1293 -4526 0.286
8PHF6 C36m 46 -1273 -4658 0.273
G54a7 23 -1428 -3849 0.371
OPLS 20 -1368 -4567 0.300

Secondary Structures
The evolution of secondary structures of PHF6 peptides in 2PHF6 and 8PHF6 systems during

the simulation time is shown in Figure S4, and the values of the secondary structure contents within
averaged over the time-window of [teq, tiu] is listed in Table 1. For 2PHF6 systems, the § content
predicted by different FFs varied significantly, with the sequence order of A99DISP (1.7%) <
A14SB (8.9%) < C36m (13.2%) < OPLS (25.1%) < G54a7 (43.8%). The sequence order of coil
content is roughly opposite to that one of the B content. C36m predicted the smallest turn content,
while A14SB predicted the most. OPLS also predicted a large percent of the turn content. As
expected, the helix structures were rarely detected, and the helix content is less than 1% for all the
five FFs. For 8PHF6 systems, the predicted B content of PHF6 peptides is still strongly FF-
dependent, but the difference between them is much smaller compared to 2PHF6 systems. The
sequence order follows A99DISP (10.9%) < OPLS (13.6%) < A14SB (15.4%) < C36m (32.6%) <
G54a7 (34.6%). Interestingly, the B content significantly decreased in 8PHF6 for the OPLS and
G54a7 FFs. As to the turn content, the values are roughly the same as those in 2PHF6 for A99DISP,
A14SB and C36m, while they are much larger for G54a7 and OPLS. The distribution pattern of coil

content in 8PHF6 is similar to that in 2PHF6. Taken together, different FFs predicted significantly
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different amount of B content for both 2PHF6 and 8PHF6; when the simulation system is getting
larger, more [} content was observed with A99DISP, A14SB and C36m, while an opposite trend was

found for OPLS and G54a7.

The secondary structure propensities of each amino acid of PHF6 peptide in 2PHF6 and 8PHF6
systems are presented in Figure 4. Among the 6 residues of PHF6, 1308 residue shows the highest
propensity in all of the systems. It is understandable due to two following reasons. First, 1308 residue
is a hydrophobic residue. Second, 1308 residue stays in the middle of the short peptide, therefore it
has a high probability to participate both in-register and out-of-register B-sheet formations (please
see our previous publication!” for the definition details of the in-register and out-of-register p-sheet
formations). V309 residue is similar to 1308 residue in terms of residue position and hydrophobicity
property. However, the B propensity of V09 is slightly smaller than 1308 as V309 is closer to the
K311 residue. As a charge residue, K311 is detrimental to parallel B-sheet formation due to
unfavorable electrostatic interactions between two positively charged residues. The 3 propensity of
V306 and K311 residues in both 2PHF6 and 8PHF6 systems are zero in A99DISP, A14SB, C36m
and OPLS. G54a7 is the only FF predicted non-zero B propensity for V306 in both 2PHF6 and
8PHF6, and K311 in 8PHF6. The helix and turn profiles follow a general trend that the propensities
increase from V306 to [308 and decrease from V309 to K311 for all FFs in both 2PHF6 and 8PHF6

systems.
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Figure 4: Secondary structural propensities of each amino acid in PHF6 calculated using the MD
snapshots sampled for 2PHF6 and 8PHF6 systems.
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Dimeric f3-sheet Formation

Dimerization is the first step in an amyloid aggregation procedure, and dimeric B-sheet is a
building block of amyloid fibrils. To track the dimeric B-sheet formation, we classified a dimeric
structure into seven states including disordered state (DOS), weak parallel B-sheet state (PS1),
medium parallel B-sheet state (PS2), strong parallel B-sheet state (PS3), weak antiparallel B-sheet
state (AS1), medium antiparallelp-sheet state (AS1) and strong antiparallelp-sheet state (AS3) as
shown in Figure 1. The populations of each state for 2PHF6 or 8PHF6 systems are explicitly shown
in Table 3. For 2PHF6, 95.6% of the equilibrium dimeric structures is disordered in A99DISP, while
86.7% of the structures is in B-sheet formations in G54a7. The antiparallel B-sheet structures
(AS=AS1+AS2+AS3) occur more frequently than parallel B-sheet structures (PS=PS1+PS2+PS3) in
A14SB, C36m and OPLS FFs. Particularly, in OPLS, AS population is greater than PS population
by 35%. Only in G54a7, the population of PS is slightly greater than that of AS. Still, the AS3
population is slightly larger than PS3 with G54a7. In short, PHF6 dimer in 2PHF6 has a strongly

tendency to form antiparallel B-sheet structures.

Table 3: The population (%) of the seven states of the dimer found in 2PHF6 and 2PHFS systems
with different force fields. The population of parallel B-sheet structures, PS, is the sum of PS1, PS2
and PS3, and the population of antiparallel B-sheet structures, AS, is the sum of AS1, AS2 and AS3.

System FFs DOS |PS AS PS1 |PS2 |PS3 |AS1 |AS2 |AS3
A99DISP |95.6 2.1 24 1.1 1.0 0.0 1.8 0.6 0.0
A14SB 78.3 5.8 | 159 4.1 1.7 0.0 8.5 6.2 1.2
2PHF6 C36ém 703 |11.6 18.1 4.7 6.9 0.0 7.2 8.6 2.3
G54a7 132 459 |40.8 92 26.1 |10.6 |94 [13.7 |17.7
OPLS 143.6 |10.1 46.3 4.7 54 00 |19.1 228 |44
A99DISP | 74.7 3.8 | 21.6 23 1.5 0.0 113 |8.0 23
A14SB 63.4 5.8 |30.8 3.8 2.0 00 |17.7 |10.5 |2.6
8PHF6 C36m 300 |46.9 |23.1 |19.0 279 |0.0 7.6 [109 |4.6
G54a7 |27.7 |32.8 39.5 83 (203 |42 |12.1 |16.0 |11.4
OPLS 68.0 92 1229 6.9 23 0.0 |12.7 |8.0 2.2
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When a MD system is getting bigger from 2PHF6 to 8PHF6, the population of B-sheet formation
dramatically increases with A99DISP, A14SB and C36m FFs, while dramatically decreases with
OPLS and G54a7. However, the increase or decrease of B-sheet content follows different patterns
for different FFs. The boost of B-sheet is mainly from the significant increase of PS for C36m and
AS for the two AMBER FFs. The decrease of B-sheet content mainly occurs to PS states for G54a7
(from 45.9% to 32.8%), while to AS states for OPLS (from 46.3% to 22.9%). Overall, A99DISP,
A14SB and OPLS FFs favors the formation of antiparallel B-sheet structures, while C36m favors the
formation of parallel B-sheet structures and G54a7 produces a balanced distribution of antiparallel

and parallel B-sheet structures.

The evolution of parallel and antiparallel f content along simulation time is shown in Figure 5.
Figure 6 demonstrates the transitions between the seven states. The state transitions of individual
MD simulations (100 trajectories for 2PHF6 and 20 trajectories for 8PHF6) predicted by five FFs
are shown in Figures S5 to S14 in SI. It is observed that the intensity of the state transition
frequencies in 8PHF6 system is stronger than that in 2PHF6 system (Figures S5-S14). The state pairs
involved in transitions include DOS-PSi, DOS-ASi, PSi-PSj and ASi-ASj (i,j = 1,2 or 3 and i #).
However, no transition was observed between any types of antiparallel to parallel B-sheet transition
or vice versa. Similar to the overall and secondary structures, the pattern of the state transitions
strongly depends on the employed FF. First of all, the DOS-PS1, PS1-PS2, DOS-AS1 and AS1-AS2
transitions were observed by all five FFs for both 2PHF6 and 8PHF6 systems. Besides the above
common transition types, DOS-PS2, DOS-AS2 and AS2-AS3 were observed in 8PHF6 system with
A99DISP and in both 2PHF6 and 8PHF6 with OPLS, DOS-AS2 and AS2-AS3 were found in both
2PHF6 and 8PHF6 with A14SB and C36m. G54a7 is the sole FF with which all possible transitions
for both 2PHF6 and 8PHF6 systems were observed. Examining the state transitions occurred in a
single simulation trajectory of 2PHF6, we found that the dominant patterns are DOS-PSi plus PSi-

PSj, and DOS-ASI plus ASi-ASj. However, few trajectories had both the DOS-PSi and DOS-ASi
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transition types. Contrastingly, the last pattern was frequently observed in the MD trajectories of the
8PHF6 system. This result may be explained by the fact that there are 28 possible peptide pairs in

8PHF6 system instead of one in 2PHF6 system.
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Figure 5: Evolution of the parallel B content (black lines) and antiparallel p content (red lines) of PHF6
dimers sampled using different force field for the 2PHF6 and 8PHF6 systems.
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Figure 6: The populations of the seven dimeric states and the state transitions between different types
of PHF6 dimers in the 2PHF6 and 8PHF6 systems. The definitions and representation of the seven

dimeric states are presented in Figure 1.

Topology of B-sheet Structures in the 8PHF6 System

A B-sheet structure can be characterized by number of strands (monomeric peptides) and the
relative directions of its strands. A B-sheet composed of i strands is denoted as iS. A 23S can be
either parallel and antiparallel depends on the directions of the two strands are the same or opposite
to each other. For iS with more than two strands, three types are possible, either parallel, antiparallel
or mixed of parallel and antiparallel. Here we examined how FFs affect the formation of i3S in the
8PHF6 system. The populations of different types of iS, where i takes values of 2,3,4 and 5, are
show in Figure 7, and those for iBS with i takes values of 6, 7 or 8 are shown in Figure S15. It is
observed that the larger a B-sheet structure is, the smaller its population is, and the 2BS population
is the largest for all of the five FFs. The largest size of B-sheet Structures observed is 3BS for
A99DISP, 43S for OPLS, 6BS for A14SB and C36m, and 8BS for G54a7. For C36m, the parallel -
sheet structures are dominant over the antiparallel ones for all of the B-sheet sizes, while it is the

opposite for other FFs. For all FFs, the mixed type of B-sheet dominates other types for iS (>2).
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Again, we have demonstrated that FFs can strongly affect the size and composition of B-sheet

structures formed in the 8PHF6 system.
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Figure 7: The populations of parallel, antiparallel and mixed type of B-sheet structures with different
number of strands found in the 8PHF6 system using different force fields. A B-sheet structure containing
i peptides is denoted as iS. For the 8PHF6 system that has 8§ monomeric peptides, i takes values of 2 to
8. This figure shows the distributions of three types for ifS (2 < i < 5). The distribution of three types for
ipS (6 <i < 8) is presented in Figure S15.

Representative Structures of 2PHF6 and 8PHF6 in the Different FFs
To find the representative structures of 2PHF6 and 8PHF6 in the FFs, we plot free energy

landscape (FEL) by using SASA and P-P interaction energy as the two reaction coordinates. A MD
structure will be selected as the representative structure if its reaction coordinated values is the
closest to the reaction coordinated values of a local minimum in FEL. As shown in Figure 8, the

FELs of 2PHF6 systems has two minima, while there is only one minimum in the FEL of 8PHF6.
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Figure 8: Free energy landscapes of 2PHF6 (upper panels) and 8PHF6 (lower panels) as a function of
surface accessible solvent area (SASA) and peptide-peptide (P-P) interaction energy. Representative

conformations corresponding to the free energy minima are shown as cartoons.

DISCUSSIONS

Numerous studies have been conducted to examine the applicability of mainstream biomolecular
FFs for modeling IDPs. Most of those studies focused on the structures and/or structural dynamics
of monomer or dimer of AP peptide (see Ref. 17 and the cited references). Only Strodel ef al. and
us recently compared the performance of all-atom FFs on the amyloid aggregation kinetics using
multiple copies of APis-22 peptide in the simulation systems.!”-!823 In the works by Strodel et al., the
simulation systems contain one or six copies of the wildtype ABis22 and F19L and F19V/F20V
mutants.'®?* Basing on the experimental findings,’®>” Strodel et al. first benchmarked six FFs
including AMBERO3WS, AMBER99SB*ILDN and AMBER99SB*ILDN with LRDI, C22%*,

G54a7 and OPLS.'® Afterward, they expanded the FF benchmarks to A99DISP, C36m and C36m
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with increased protein-water interactions that had been developed for IDPs.!*!* Strodel et al. found
that G54a7 and OPLS overestimate protein-protein interaction, while protein-water interaction is too
dominant in A99DISP, with the result that the amyloid aggregation of APis-22 peptides was inhibited
in A99DISP. They concluded that A99DISP, G54a7 and OPLS FFs are not suitable for modeling
IDPs. Importantly, they also showed that CHARMM FFs, C36m and C36m with increased protein-
water interactions, achieved good performances in modeling amyloid aggregation, and they
recommended to use these CHARMM FFs for MD simulation of IDPs. In our previous work for the
benchmark of 17 all-atom FFs on the aggregation of ABis-22 dimer, we also found that GROMOS
FF family and OPLS FF were not good candidates for studying amyloid aggregation.!” In addition,
we pointed out that AMBER99SB-ILDN, AMBER14SB, C22*, C36 and C36m were suitable for
the investigation of amyloid aggregation.!” In this study, we continued to benchmark FF
performance on studying the amyloid aggregation kinetics using PHF6, a key hexapeptide of Tau
protein. We chose Tau aggregation for FF benchmark study because of the following reasons: (i)
similar to AP peptide, Tau is also an IDP, and its aggregation is associated with several
neurodegenerative diseases;*® (ii) although experiments showed both ABis.22 and PHF6 peptides
aggregated into fibrils with B-sheet structures, the B-sheet structures of PHF6 peptides is parallel,
instead of antiparallel ones as APie.22 B-sheet structures;** (iii) the all-atom FF benchmark on the
aggregation of Tau or Tau fragments has not been emerged yet. We selected A99DISP, A14SB,
C36m, G54a7 and OPLS for this benchmark study as this collection covers main biomolecular FF
families and many FFs are likely to achieve good performance according to our experience and
Strodel’s findings on studying AP. To access the applicability of the five selected FFs for studying
the aggregation with MD simulations, we designed two MD systems, 2PHF6 and 8PHF6, containing
two and eight copies of monomeric PHF6, respectively. For each FF, we carried out one hundred
200-ns independent MD simulations for 2PHF6 system and twenty 1000-ns independent MD
simulations for SPHF6. We then characterized the aggregation of 2PHF6 and 8PHF6 in terms of the

overall structures, dimeric B-sheet formation, and topology of B-sheet structures. In the following,
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we will give our recommendation on choosing proper FF models to study amyloid aggregation and
provide insight on how to improve force fields to achieve better performance on studying amyloid

IDPs.

Impact of the force fields on the aggregation of PHF6 peptides.

Our result showed that the aggregation mechanism of PHF6 strongly depended on the employed
FF. In the case of A99DISP, the small value of Nic indicates there is a weak interaction between
PHF6 peptides, and the peptides tend to expose in the solvent as indicated by large SASA values
(Table 1). Additionally, the peptides strongly favor coil structure. Therefore, the B-sheet Structures
is hardly formed and unstable. It results that the aggregation of PHF6 peptides is inhibited in
A99DISP FF. In the cases of G54a7 and OPLS FFs, an opposite scenario is observed: there is a
strong interaction between the peptides and the peptides are less solvent exposed, as suggested by
the large values of Nsc and small values of SASA. As such, the oligomerization process of PHF6
peptides is accelerated in MD simulations using those two FFs. Indeed, the population of B-sheet
structures is very high for G54a7, and the transitions between disordered and weak B-sheet states,
weak and medium [-sheet states, and medium and strong -sheet states frequently occurred during
MD simulations. This implies that the barriers between those states are low, and the B-sheet
structures as well as fibrils of PHF6 peptides can be easily formed with G54a7 FF. In the case of
A14SB and C36m, they achieved a good balance between P-P and P-S interactions, and the
aggregation formation speed is between that of A99DISP and G54a7 FFs (Figure S4). FFs not only
impact the aggregation kinetics, but also the 3-sheet types. Only a small portion of B-sheet structures
with size smaller than 4 strands were formed with A99DISP. On the contrary, the largest iS found
in 8PHF6 is 4 for A14SB and OPLS, and 5 for C36m and G54a7 (Figure 6 and S15). More
importantly, only the C36m FF produced more parallel B-sheet structures than the antiparallel ones

for the 8PHF6 system.
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The similarity and difference between the aggregation of 2PHF6 and
8PHF6 utilizing the same force field

In an amyloid aggregation, a dimer is formed first, then trimer or tetramer are formed from
monomer and dimer or two dimers, next larger oligomeric aggregates are formed by adding a
monomer to an oligomer or combining two oligomers together. At a low monomeric peptide
concentration, a dimer has a lot of equilibrium time to arrange/rearrange its structure before
contacting to a monomer or another oligomer. Therefore, the 2PHF6 system is suitable for
investigating the equilibrium of dimer structures. On the other hand, the 8PHF6 system is good for
examining the oligomerization kinetics and large oligomeric growing in real situation. In this study,
we examined the secondary structures and dimeric B-sheet formation of PHF6 peptides in both
2PHF6 and 8PHF6 systems. We found the similarity between 2PHF6 and 8PHF6 systems employing
the same FF in term of the pattern of transition between the seven states (Figure 6). And a significant
difference between 2PHF6 and 8PHF6 systems in term of secondary structures and the population
of the seven states were also observed for all of the five FFs (Tables 1 and 3). Specifically, the -
sheet content increased from 2PHF6 system to 8PHF6 system in A99DISP, A14SB and C36m, while
it decreased from 2PHF6 system to 8PHF6 system in G54a7 and OPLS. It makes the order of j3-
sheet content from low to high for PHF6 dimer and octamer to be different. This opposite B-content
changing can be explained by P-P interaction, P-S interaction, and the higher peptide concentration
of 8PHF6 system compared to 2PHF6 system. In general, the increasing of peptide concentration
will increase P-P interaction resulting in a faster aggregation and a higher probability of B-sheet
formation. However, if P-P interaction is too high over P-S interaction, the aggregated structures
will not have enough space to relax/rearrange for the growing B-sheet conformations. As a result,
some peptides can form small B-sheet, but some others are stacked at a random structure binding
with the formed small B-sheet. As seen in Table 2, P-P interaction energy and P-P/P-S interaction
ratio in G54a7 and OPLS are greater than the corresponding ones in A99DISP, A14SB and C36m.

Therefore, when it goes from 2PHF6 system to 8PHF6 system, P-P interaction may be too high over
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P-S interaction in G54a7 and OPLS, but it is still reasonable in A99DISP, A14SB and C36m. In fact,
it is a challenge for an experimental study to capture a dimeric structure and to characterize the
oligomerization pathway of an IDP, especially for a short peptide like PHF6. Most experimental
studies reported the final products of the amyloid peptide aggregation, i.e., protofibrils or fibrils that
consist of many peptides. Thus, the larger number peptides in a simulation system, the better
aggregation structure obtained for the comparison with experimental observation. Moreover, large-
scale MD simulations of a system consisting of a large number of monomeric peptides can reveal

the real aggregation kinetics which may not be obtainable by experiment.

The importance of conventional MD simulation with multiple
trajectories in an aggregation investigation

Convergence of conformational sampling is an important requirement to an amyloid aggregation
study using MD simulations. The methods such as replica exchange MD (REMD),>® simulated
tempering>® and metadynamics®® have been widely applied to enhance conformational sampling in
many amyloid aggregation studies. However, these techniques do not allow for tracking the
evolution of the aggregation directly, therefore the aggregation pathway and kinetics which are very
important features of amyloid aggregation cannot be obtained. On the other hand, these aggregation
characterizations can be easily tracked in a conventional MD simulation. The limitation of the
conventional MD simulation is that the system may be trapped in one of many local minima, leading
to only single pathway and kinetics observed, thus the aggregation picture will not be fully described.
To overcome this limitation, multiple long MD simulations starting from different initial structures
should be used. To compare the convergence of conformational sampling between the multirun
conventional MD (CMD) simulations and REMD simulation, we have also performed REMD
simulation for 2PHF6 systems using 16 replicas with the temperature from 305 K to 383 K (the
details of REMD simulation are described in SI). As shown in Figure S16, there is a high agreement
between the CMD and REMD in term of the distributions of SASA, Rg, and DOS, PS and APS

structures. This result further supported that our multirun CMD simulations achieved a good
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convergence of conformational sampling. Moreover, if the sampling frequency and time window for
the snapshot collection from CMD and REMD simulations are the same, the number of snapshots
collected from the multirun CMD is much larger than that collected from REMD at the same
simulation temperature. For 2PHF6 system, the number from CMD is a hundred times larger.
Therefore, the multirun CMD simulation provided a more detailed picture of amyloid aggregation
than REMD simulation. Importantly, our result showed that the pathway of the dimeric B-sheet
formation is different from one MD trajectory to another. None of a single trajectory can be applied
to depict the whole aggregation picture. The aggregation pathway can only be adequately revealed
by analysis of multiple independent MD trajectories as we did for the two MD systems (100

trajectories for 2PHF6 and 20 trajectories for 8PHF6).

C36m is a top candidate for MD simulations of amyloid aggregation

It was revealed by experiment that PHF6 peptides aggregate into fibrils with parallel pB-sheet
structures.*! Among the five FFs, only C36m sampled a dominant population of parallel B-sheet
structures over that of the antiparallel B-sheet structures in MD simulations of 8PHF6 (46.9% vs
23.1%). Additionally, C36m provided the strongest CH-n interaction in PHF6, which has been
observed in a previous NMR study.>* In other words, C36m is the best choice for the investigation
of PHF6 aggregation by MD simulation. C36m also achieved a good performance in our previous
FF benchmark on amyloid aggregation for ABis-22 peptide.!” In addition, Strodel. et al. found that
C36m obtained the best agreement with experimental observation on the aggregation of APis—22
peptide and its mutations.!®?* Taken together, we recommend utilizing C36m to study amyloid
aggregation if there is no benchmark created for the amyloid peptide. Of course, other FFs may be
applied to a special situation, such as G54a7 may be applied to screen inhibitors of amyloid

aggregation, or a specific amyloid peptide, such as A14SB is a good candidate for studying Ap.

Different FFs have been employed in previous computational studies to model the aggregation

and aggregates structure of Tau protein or its fragments.?’ = In the following content, we would like
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to briefly review the previous computational studies focusing on PHF6 aggregation. In 2008, using
an implicit solvent all-atom minimalistic model and extensive Monte Carlo simulation, Li et al.
investigated the aggregation of the tau fragment Ac-VQIVYK-NH2 with considered systems of 12,
24 and 36 chains.?” They showed that the peptides aggregated into P-sheet structures with mixed
parallel/antiparallel B-strand organization, which is observed by all the five FFs considered in this
benchmark. Interestingly, they found that the fraction of parallel B-sheet structure increases with
aggregate size, and they proposed the reorganization of the f-sheets into parallel structure is an
important rate-limiting step in the formation of PHF6 fibrils. However, their data also showed that
the fraction of anti-parallel B-sheet is larger than that of the parallel B-sheet when the size of
aggregates is smaller than 16 peptides. Moreover, although the force field used in Li et al.’s work is
all-atom and it was stated to go with an implicit solvent, there is not any potential term of water-
protein interaction. Therefore, their simulations are likely peptides in a vacuum condition. In 2017,
Smit and his co-works employed a coarse-grained force field with implicit solvent for REMD
simulations to investigate the aggregation of PHF6 and PHF6* (VQIINK) peptides.’! Their
simulations showed that while both fragments form disordered aggregates, only PHF6 is able to
form parallel B-sheet fibrils.! At that time, this result was consistent with the experimental evidence,
in which the fibril structure of PHF6 was observed, but not for PHF6*. However, a year later, the
fibril structure of PHF6* had been discovered in an in vitro study.®' In 2019, Liu et al. used
AMBER99SB force field® and TIP3P water for MD simulations to investigate the aggregation of
PHF6 peptides.* They found that PHF6 can spontaneously aggregate to form multimers enriched
with B-sheet structure, and the B-sheets prefer to exist in a parallel way. Their result indicates
AMBER99SB may be also a good force field candidate for MD simulations of PHF6 aggregation.
Note that Liu et. al. performed only a single MD run, leading to their conformational sampling is not
good as ours as we performed multiple MD runs. Additionally, AMBER99SB is not good as C36m
in modeling the aggregation of AP peptides.'”'®?* Overall, C36 is better than AMBER99SB in

simulation study of amyloid aggregation. Recently, Arya et al. studied impact of terminal capping
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on PHF6 aggregation in a joint experimental/MD simulation Study.* In their simulations, OPLS
and TIP3P were applied for protein and water, respectively. Although the fractions of parallel and
anti-parallelp-strand was not estimated, the representative structures (Figure 5 in Ref.35) from the
MD simulations and inter-residue hydrogen bond map (Figure 6 in Ref.35) suggested that the -
sheet formed by no-capping PHF6 is antiparallel and the B-sheet formed by Ac-VQIVYK-NH2 is
mixed parallel/antiparallel. Notably, in the representative structures (Figure 5 in Ref.35), the
maximum size of B-sheets was four peptides, much smaller than 25 peptides in their simulation
system, and the monomers and small B sheets crossed to others. It reflected the overestimation of

protein-protein interaction in the simulations.

Opinions on developing force fields for studying for amyloid
aggregation

Recent FF developments mostly focused on the correction for the torsional angles of backbone
and side chain, and some other intramolecular terms to improve the prediction of protein secondary
structural propensities as well as the representation of protein folding conformations. A99DISP was
introduced on the basis of AMBER99SB-ILDN?? with torsion optimization targeting (AAQAA)3
fraction helicity and polyalanine scalar couplings.'* A14SB is a revision of the AMBER99SB®? with
modified torsions of backbone and side chains, producing better measurements comparing with
experiments.!! C36m was developed from C36 with a refined backbone CMAP potential derived
from reweighting calculation and a better description of specific salt bridge interactions. C36m
improves the conformational sampling for intrinsically disordered peptides and proteins.!* OPLS
took the bond stretching and angle bending terms mostly from AMBER94% except for alkanes, for
which the parameters were taken from CHARMM22.® All torsional and nonbonded parameters of
OPLS were reoptimized to reproduce conformational energetics, gas-phase intermolecular

energetics, and thermodynamic properties of pure liquids. G54a7 was based on G53a6 with new ¢/y
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torsional angle terms and a modified N-H, C-O repulsive term to correct the G53A6 helical
propensities. Those FF developments have been partly successful with respect to their targets when
they reproduced more accurately protein structures observed in experiments. However, it is not
enough for the case of protein aggregation, particularly amyloid aggregation, in which
intermolecular interactions such as the P-P and P-S interactions and their ratio also play an important
role, as Ep.p, Ep.s and Ep-p/Ep-s directly influence the aggregation speed and growth of B-sheet
conformations. As discussed above, both the dominance of P-S interaction to P-P interaction in
A99DISP and the overestimation of P-P interaction in G54a7 and OPLS can lead to unexpected
result in amyloid aggregation simulation. Therefore, P-P/P-S interaction balance should be

considered in FF developments.

Besides the reasonable aggregation rate and growth of B-sheet structures, the proper aggregated
structures formed during MD simulation is also an important factor to benchmark a force field for
studying amyloid aggregations. For the case of PHF6 peptide simulation, parallel B-sheet structure
should be the dominant population as suggested by experiment. Among the five FFs benchmarked
in this work, the dominant of parallel B-sheet structure over anti-parallel B-sheet structure was only
happened in C36m. Because the parallel/antiparallel B-sheet formation is mostly controlled by P-P
interaction, we further analyzed P-P interaction of dimeric B-sheet structures in term of electrostatic
and Lennard-Jones interaction energies to figure out the reason of the formation preference. The
electrostatic, Lennard-Jones and total P-P interaction energies of dimeric B-sheet structures are
shown in Table 4. As seen, P-P interaction energy of the parallel B-sheet structure is lower than that
one of antiparallel B-sheet structure for G54a7 and C36m, while the trend is opposite for the other
three FFs. This suggests that C36m and G54a7 have higher tendency to form B-sheet structures than
the other three force fields. This is consistent with aforementioned observation on the population
analysis of B-sheet structures for the five FFs. Further examination on the energy components of the

interaction energy, it was found that the electrostatic interaction energy is lower than that of the
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Lennard-Jones interaction energy for G54a7 and especially C36m (Table 4). This result indicates
that a good balance of the electrostatic and van der Waals interactions should be taken into account
in future FF developments for studying amyloid peptides. In fact, most today’s main stream force
fields inherited partial atomic charges from old FFs developed a long time ago. For example, A14SB
still used the partial atomic charges of A94. Recently, our group developed a new charge model
called ABCG2 for the development of a next generation general AMBER force field-GAFF3.
ABCG2 was developed to optimize a set of bond charge correction (BCC) parameters to reproduce
the experimental solvation free energies of small molecules.®* Comparing to the original BCC
parameters, ABCG2 significantly improved the performance of GAFF2 in solvation free energy
calculation for diverse solutes in various organic solvents across a range of different dielectric
constants. The new ABCG2 charge model may be applied to develop a special force field for
studying IDPs including amyloid peptides and proteins. Finally, we suggest FF developments for
IDPs should include amyloid aggregation benchmark for some well-known amyloid peptides and

multiple monomers should be included in a simulation system.

Table 4: Peptide-peptide interaction energies (kJ/mol) in dimeric B-sheet structures in the different force
fields. The data includes total, electrostatic (elec) and Lennard-John (1j) energies. For each structural type, the
data is averaged from the window time [teg,tsu], all trajectories and both 2PHF6 and 8PHF6.

FFs PS APS PS-APS
Tota | elec j elec-]j total elec lj elec-]j
1
A99DISP | -224 | -107 -117 10 -236 -115 | -121 6 12
Al14SB -217 | -100 -117 17 =227 -111 | -116 5 10
C36m -225 | -118 -107 -11 -206 -106 | -100 -6 -19
G54a7 -199 | -105 -94 -6 -188 -97 91 -7 -11
OPLS 214 | -95 -119 24 -225 -102 | -123 21 11
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CONCLUSION

We have investigated how well five popular biomolecular FFs perform in studying the
oligomerization process of PHF6 peptide, a key segment of Tau protein. Our result showed that P-P
interaction is overestimated by G54a7 and OPLS, leading to the formation of a large portion of
antiparallel B-sheet structures, while this interaction is underestimated by A99DIPS, making the FF
inhibits PHF6 aggregation. The solvent exposure and P-P interactions were well-balanced by A14SB
and C36m FFs, so that they are good candidates to characterize the aggregation kinetics of PHF6
peptide. However, only C36m can sample a dominant population of parallel B-sheet structures over
antiparallel B-sheet structure, in agreement with experimental findings. In addition, C36m also
provided the highest frequency of CH-r interaction in PHF6 peptide, that has been experimentally
observed. Taken the previous studies on ABie-22 peptide into consideration, C36m is the only FF

suitable to study both AP and Tau aggregation.
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Replica exchange simulation

For each 2PHF6 system, the replica exchange simulation (REMD) was performed using 16
replicas, which covers a temperature range from 305 K to 383 K. The initial structures of REMD
were the initial structures of the first 16 of 100 MD trajectories. The temperatures of replicas were
determined by using the method proposed by Patriksson and van der Spoel (Phys. Chem. Chem.
Phys., 2008, 10, 2073-2077). The requested acceptance ratio was around 20 %. Exchanges
between replicas were attempted every 2 ps, large enough compared to the coupling time of the
heat bath. Each replica was run for 200 ns, and the data were collected every 10 ps. The first 20
ns of all trajectories were excluded for analysis. All other simulation parameters were set the same

as those ones of the conventional MD simulation (see the main tex).
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Figure S1: The distribution of surface accessible solvent area per peptide (SASApp), radii of
gyration (Rg) and number of intermolecular side chain-side chain contact (Nsc) of 2PHF6 and 8PHF6
in corresponded systems. The data of 2PHF6 systems were calculated from the simulation periods,
from 50 ns to 125 ns (solid black lines) and from 125 ns to 200 ns (dash red lines), of 100 trajectories.
The data of 8PHF6 systems were calculated from the simulation periods, from 200 ns to 600 ns

(solid green lines) and from 600 ns to 1000 ns (dash blue lines), of 20 trajectories.
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Figure S2: Evolution of the numbers of intermolecular side chain-side chain contacts (Nsc), the
numbers of intermolecular of main chain hydrogen bonds (Nmb), surface accessible solvent area

(SASA) and radii of gyration (Rg) of 2PHF6 and 8PHF6 along the MD simulation time using
different force fields.
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Figure S3: The distribution of gyration radius per peptide of 2PHF6 and 8PHF6 in corresponded

systems.
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Figure S4: Evolution of the secondary structures of PHF6 peptides in different systems along the

MD simulation time using different force fields
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Figure SS: The populations of the seven states and the state transitions of the PHF6 dimer in the
2PHF6 system with A99SB-DISP force field. The analyses were performed for 100 MD

trajectories and each was shown in a rectangle block. The definitions and representations of the
seven states are presented in Figure 1.
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Figure S6: The populations of the seven states and the state transitions of the PHF6 dimer in the
2PHF6 system with A14SB force field. The analyses were performed for 100 MD trajectories

and each was shown in a rectangle block. The definitions and representations of the seven states
are presented in Figure 1.
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Figure S7: The populations of the seven states and the state transitions of the PHF6 dimer in the
2PHF6 system with C36m force field. The analyses were performed for 100 MD trajectories and

each was shown in a rectangle block. The definitions and representations of the seven states are
presented in Figure 1.
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Figure S8: The populations of the seven states and the state transitions of the PHF6 dimer in the
2PHF6 system with G54a7 force field. The analyses were performed for 100 MD trajectories and
each was shown in a rectangle block. The definitions and representations of the seven states are

presented in Figure 1.
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Figure S9: The populations of the seven states and the state transitions of the PHF6 dimer in the
2PHF6 system with OPLS force field. The analyses were performed for 100 MD trajectories and
each was shown in a rectangle block. The definitions and representations of the seven states are
presented in Figure 1.
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Figure S10: The populations of the seven states and the state transitions of the PHF6 dimer in the
8PHF6 system with A99SB-DISP force field. The analyses were performed for 20 MD

trajectories and each was shown in a rectangle block. The definitions and representations of the

seven states are presented in Figure 1.
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Figure S11: The populations of the seven states and the state transitions of the PHF6 dimer in the
8PHF6 system with A14SB force field. The analyses were performed for 20 MD trajectories and
each was shown in a rectangle block. The definitions and representations of the seven states are
presented in Figure 1.
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Figure S12: The populations of the seven states and the state transitions of the PHF6 dimer in the
8PHF6 system with C36m force field. The analyses were performed for 20 MD trajectories and
each was shown in a rectangle block. The definitions and representations of the seven states are
presented in Figure 1.
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Figure S13: The populations of the seven states and the state transitions of the PHF6 dimer in the
8PHF6 system with G54a7 force field. The analyses were performed for 20 MD trajectories and
each was shown in a rectangle block. The definitions and representations of the seven states are
presented in Figure 1.
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Figure S14: The populations of the seven states and the state transitions of the PHF6 dimer in the
8PHF6 system with OPLS force field. The analyses were performed for 20 MD trajectories and

each was shown in a rectangle block. The definitions and representations of the seven states are
presented in Figure 1.
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Figure S15: The populations of parallel, antiparallel and mixed type of B-sheet structures with
different number of strands found sizes formed in the 8PHF6 system in using different force
fields. A B-sheet structure containing i peptides is denoted as iBS. For the 8PHF6 system that has
having 8 monomeric peptides, i1 takes values of 2 to 8. This figure shows the distributions of three
types for 1S (6 <1<38).
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Figure S16: The comparison between conventional MD (CMD) simulation with 100
trajectories (black) and REMD simulation (red) for 2PHF6 systems. The data is shown for
the population of SASA, gyration radius, and DOS, PS and APS structures. The REMD
conformation data were collected when the replica temperature is 310 K, at which CMD
were performed. The agreement between CMD and REMD confirms the convergence of

conformational sampling of the multirun CMD simulation.
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