1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Chem Theory Comput. Author manuscript; available in PMC 2019 September 16.

-, HHS Public Access
«

Published in final edited form as:
J Chem Theory Comput. 2019 February 12; 15(2): 1440-1452. doi:10.1021/acs.jctc.8b01107.

Effects of All-Atom Molecular Mechanics Force Fields on
Amyloid Peptide Assembly: The Case of AB., Dimer

Viet Hoang Man', Xibing HeT, Philippe Derreumaux*, Beihong Ji', Xiang-Qun Xie', Phuong
H. Nguyen*, Junmei Wang" '

TDepartment of Pharmaceutical Sciences, School of Pharmacy, University of Pittsburgh,
Pittsburgh, Pennsylvania 15261, United States

*Laboratoire de Biochimie Théorique UPR 9080, CNRS, Université Denis Diderot, Sorbonne
Paris Cité, IBPC, 13 Rue Pierre et Marie Curie, 75005 Paris, France

Abstract

We investigated the effects of 17 widely used atomistic molecular mechanics force fields
(MMFFs) on the structures and kinetics of amyloid peptide assembly. To this end, we performed
large-scale all-atom molecular dynamics simulations in explicit water on the dimer of the seven-
residue fragment of the Alzheimer’s amyloid- g peptide, AB16-22, for a total time of 0.34 ms. We
compared the effects of these MMFFs by analyzing various global reaction coordinates, secondary
structure contents, the fibril population, the in-register and out-of-register architectures, and the
fibril formation time at 310 K. While the AMBER94, AMBER99, and AMBER12SB force fields
do not predict any S-sheets, the seven force fields, AMBER96, GROMOS45a3, GROMOS53a5,
GROMOS53a6, GROMOS43al, GROMOS43a2, and GROMOS54a7, form B-sheets rapidly. In
contrast, the following five force fields, AMBER99-ILDN, AMBER14SB, CHARMM22*,
CHARMM36, and CHARMM36m, are the best candidates for studying amyloid peptide assembly,
as they provide good balances in terms of structures and Kinetics. We also investigated the
assembly mechanisms of dimeric AB16-22 and found that the fibril formation rate is
predominantly controlled by the total g-strand content.
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INTRODUCTION

Biomolecules are complex systems. Their structures are represented by multidimensional
rugged energy landscapes with a huge number of local minima separated by high energy
barriers. Therefore, adequate description of the atomistic interaction or force field and
convergence of the configuration space sampling of such a complex energy landscape are
two primary concerns of any simulation studies. The efficient sampling can be obtained with
enhanced conformational search techniques such as replica exchange molecular dynamics
(REMD),! simulated tempering,2 and metadynamics® or with multiple molecular dynamics
(MD) trajectories starting from different initial configurations. The quality of a force field is
validated by the experimental values of the properties the force field predicts. Currently,
there are four widely used force field families for MD simulations of proteins and peptides,
including AMBER,* CHARMM,®> GROMOS,8 and OPLS.” The existing classical force
fields have been under continuous improvement and verification; however, their successful
applications to many systems remain to be validated due to the complexity of the energy
landscape. Thus, one may always ask how the employed force field affects the simulation
results.

The influence of the force fields on the equilibrium structures of non-amyloid peptides has
already been reported.8-13 Extensive force field refinements aimed at obtaining better
agreements of the simulated structures, dynamics, and thermodynamics of single proteins
with experiments have also been carried out.14 However, for the amyloid peptides which
undergo aggregation forming oligomers and fibrils, the validation of the force fields is much
more difficult owing to the lack of experimental data on the transient oligomers. Among
many amyloid peptides, the AS peptides and truncated variants have been extensively
discussed in their monomeric forms using various force fields because of their importance
related to Alzheimer’s disease.15-24 In the context of oligomers, a majority of simulations
have been carried out using individual force fields, but few studies aimed at comparing force
fields for the A dimer and trimer.24-27 Table 1 summarizes recent publications on
comparing the different force fields for studying Ag peptides in explicit water.

The enhanced sampling method REMD has been extensively used in these studies to ensure
sampling convergence. Simulation results can be validated by comparing to experimental
data such as secondary structure, chemical shifts, CD spectrum, residual dipolar couplings,
NMR spectrum, and collision cross sections. These computational studies provided valuable
insights into the effects of various force fields on the secondary and tertiary structures, the
stability, and population of the fibril-prone conformations. However, for a given system,
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only a few force fields are tested and the simulation time scales, data analysis methods, and
targeted experimental measurements are also different; thus, it is difficult to compare the
computational results with high confidence. Moreover, these studies mainly focus on the
structure of the A peptides, and to the best of our knowledge, there is only one publication
studying the effect of atomistic force fields on the kinetics of the amyloid aggregation.2’
With this in mind, in this work, we carry out large-scale comparison of 17 widely used
atomistic force fields on the structures and kinetics of the dimer formed by the seven-residue
fragment ApB1s-2» Of the full length AB peptide. The considered force fields include (i) seven
members of the AMBER family, AMBER94 (A94),* AMBER96 (A06),28 AMBER99
(A99),2 AMBER99SB-ILDN (A99SBi),3° AMBERO03 (A03),31 AMBER12SB (A12SB),32
and AMBER14SB (A14SB),32 (ii) three members of the CHARMM family, CHARMM22*
(C22*),33 CHARMM36 (C36),34 and CHARMM36m (C36m),3° and (iii) six members of
the GROMOS family, GROMOS-43A1 (G43a1),36 GROMOS-43A2 (G43a2),3"
GROMOS-45A3 (G45a3),38 GROMOS-53A5 (G53a5),39 GROMOS-53A6 (G5a6),3°
GROMOS-54A7 (G54a7),%0 and (iv) OPLS-AA (OPLS).” The total MD simulation for the
17 force fields is 0.34 ms. This time scale requires much more time and computer resources
if the full length AB1-49 Or AB1—42 peptides are simulated; particularly the oligomerization
of the full-length A peptides needs a much longer simulation time to reach the convergence
in comparison with the oligomerization of shorter peptides. The AB1g-22 Segment containing
the central hydrophobic core (residues 17-21) is not sufficient to fully understand the whole
Ap peptides, as aggregation kinetics vary between AB40 and ApB42, but it is essential for
fibrillization of full-length amyloid-beta proteins. Thus, it is an appealing model system for
physical studies of fibril formation.#1-44 It helps to explore fundamental aspects of the
thermodynamics and kinetics of amyloid aggregation.4>46 Moreover, the ability of this
peptide to form fibrils in vitro with antiparallel ordering of the S-strands was ascertained by
solid-state NMR.#’ Thus far, small aggregates of this peptide have only been studied
computationally by either an all-atom representation with limited sampling of configuration
space*8-51 or extensive simulations with simplified protein models.>2-57 Qverall, we still
lack of a full understanding of the dependence of the structures and aggregation kinetics of
this peptide on the force field. On the basis of our results and the previously published
works, we conclude that only 5 (A99SBi, A14SB, C22*, C36, and C36m) out of 17 force
fields studied in this work are the top candidates for the simulation of amyloid aggregation.
These force fields yield a good balance between the populations of fibril and disordered
states and capture the picture of the solid-state NMR antiparallel in-register and out-of-
register B-sheet distributions as a function of pH for Ag fragment fibrils. Additionally, by
using 100 MD trajectories, we can estimate the fibril formation time of the Ag peptides for
each force field. We also show that among all possible collective variables the fibril
formation rate is predominantly correlated to the S-strand content of chains.

MATERIALS AND METHODS

Force Fields.

The effective potential energy function shown below is employed by most classical force
fields for biomolecular simulations

J Chem Theory Comput. Author manuscript; available in PMC 2019 September 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Man et al. Page 4

\%
V= Z Kr(r - req)2 + Z K9(9 - 6eq)2 + Z 7"[1 + cos(nd) - 5n)] + )
bonds bonds dihedrals
| Au By 99
& Rij12 Rij6 gRl,j

Here, the first two terms describe the harmonic potentials associated with the bond
stretching and bond angle bending, respectively, and the torsional angle twisting is described
by a Fourier expansion in the third term. As for the nonbonded energy terms, the van der
Waals and electrostatic interactions are treated by the Lennard-Jones 12-6 potential and
Coulomb potential, respectively. Force fields are different in both the parameters that
describe the energetic components and the parametrization strategies to derive these
parameters. A general discussion on the various force-field parametrization procedures and
developments is detailed elsewhere.4~" Briefly, the AMBER family starts with A944
followed by A96,28 where the (¢/ ) torsional potentials were adjusted to yield better
agreement between molecular mechanical and quantum mechanical energetics. The next
version, A99, was introduced on the basis of A94 with new torsional parameters.2?
Modifications in the potential of the peptide backbone torsional angles and specifically of
the side-chain torsional angles of four amino acids lle, Leu, Asp, and Asn result in A99SBi.
30 A03 is different from the A94/A99 series, where the main-chain torsional potentials and
charges were rederived.3! The A12SB32 and A14SB32 are two revised versions of the
A99SB force field with modified torsions of backbone and side chains, producing better
measurements compared with experiments. The CHARMM family includes CHARMM22°
originally developed for nucleic acids and later on was extended to handle peptides. Its
descendant C22* was introduced with modifications in partial charges of the Asp, Glu, and
Arg and backbone torsional angles.33 The next version C36 was introduced with major
improvements over C22*, including refined backbone CMAP potentials which describe the
(¢ v) dihedral angle cross-term, and new side-chain dihedral parameters.33 The most recent
version C36m, based on a refined backbone CMAP potential and derived from reweighting
calculation and a better description of specific salt bridge interactions, improves the
accuracy of the conformational ensemble of intrinsically disordered peptides and proteins.3®
For the OPLS force field, the bond stretching and angle bending terms were mostly taken
from A94 except for alkanes, for which the parameters were taken from CHARMM22. All
torsional and nonbonded parameters were reoptimized to reproduce conformational
energetics, gas-phase intermolecular energetics, and thermodynamic properties of pure
liquids. Finally, the GROMOS family differs from the other families by employing a united
atom approach representing each of the nonpolar CH, CH,, and CH3 groups as a single
particle. The G43al was introduced in 1996,%8 and G43a2 was evolved from G43al by
modifying some torsional-angle parameters and adding third-neighbor van der Waals
interactions to better reproduce the distribution of the torsional-angle values in short
aliphatic chains.3” However, the densities of long alkanes predicted by this force field are
too high, so G43a2 was then upgraded to G45a3 with two additional atom types for
branched and cyclic alkanes and a reparameterization of the aliphatic united atoms.38 Next,
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the G53a5 and G53a6 force fields are the result of a complete reparameterization of the
nonbonded interaction parameters for condensed phase simulations of pure liquids of small
molecules (G53a5) and solutions of molecular systems in water or nonpolar solvents
(G53a6).29 The G54a7 was introduced on the basis of G53a6 with new ¢/ torsional angle
terms and a modification of the N-H, C=0 repulsive term to correct the 53A6 helical
propensities.40

Simulation Details.

Following our previous study,?4 the simulated sequence, Lys-Leu-Val-Phe-Phe-Ala-Glu
(KLVFFAE), is free of capped ends at pH 7. Starting from the configuration of a monomer,
extracted from the NMR structure of the AfBo-35 peptide (PDB code: 1HZ3),° we carried
out a 100 ns MD simulation employing the A99SBi force field and the TIP3P water.%0 The
5000 structures of the last 50 ns were selected and placed randomly in space, resulting in
100 dimeric structures, as shown in Figure S1 of the Supporting Information.

These dimer structures were placed in periodic octahedral boxes containing about 1955
water molecules, with a peptide concentration of 53.6 mM. The explicit water models
mTIP3P, TIP4P, and SPC were used for C22*, OPLS, and the GROMOS force field family,
respectively. The TIP3P water model was used for the other force fields. The solvated
systems were then minimized using the steepest descent method and were equilibrated for 1
ns at a constant pressure of 1 atm using the Berendsen coupling method8! and at a
temperature of 7 =310 K controlled by the Bussi—-Donadio—Parrinello velocity scaling
method.%2 The systems were subsequently equilibrated at constant temperature (7= 310 K)
and constant volume (NVT) for 1 ns. The final structures were used as the starting
configuration for 200 ns NVT MD simulations at 310 K. For each force field, we carried out
100 MD trajectories starting from different disordered structures of the dimer, and each
trajectory lasted for 200 ns, resulting in 20 s (18) in total.

All of the MD simulations were performed with the GROMACS 4.5.5 package.®3
Integration of the equations of motion was conducted using the leapfrog algorithm®4 with a
time step of 2 fs. The LINCS algorithm8® was used to constrain the lengths of all covalent
bonds with a relative geometrical tolerance of 1074, The van der Waals forces were
calculated with a cutoff of 1.0 nm, and the particle mesh Ewald method®6 was employed to
treat the electrostatic interactions. The nonbonded interaction pair list, with a cutoff of 1.0
nm, was updated every 5 fs.

Data Analysis.

Structural Characterization.—Self-assembly is characterized by the total number of
intermolecular side chain-side chain contacts (Af°c) and intermolecular backbone hydrogen
bonds (APoNd). A side chain—side chain contact is formed if the distance between the
centers of mass of two residue side chains is within 6.5 A. A hydrogen-bond (H-bond) is
formed if the acceptor—donor distance is within 3.5 A and the acceptor—donor—H angle is
less than 30°. The secondary structure contents (8, helix, and coil) were calculated using the
STRIDE algorithm.67:68 Here, the helix content includes 3-10 helix, Pi helix, and a-helix,
the B-content consists of extended residues, and the rest is coil one. The nematic order
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parameter (2,)°9:69 was used to characterize the fibril states. The end-toend distance (dhe)
between the Ca atoms of the first and last residues of each chain was examined. The radii of
gyration (/) and solvent accessible surface areas (SASAs) were calculated using the
GROMACS tools.

Disordered, Intermediate, and Fibril States.—To characterize AB;5-22 aggregation,
we classified the dimer conformations into three states: disordered, intermediate, and fibril-
like states. We used both the order parameter (/) and SB-sheet content to characterize the
three main states. A B-sheet structure of the dimer is recognized when two g-strands (one for
each monomer) are connected laterally by at least two backbone H-bonds, to form a
generally twisted, pleated sheet. The B-strand is a stretch of polypeptide chain two to five
residues long with the backbone in an extended conformation. A structure will be in the
fibril state if it forms a B-sheet structure with 7, > 0.8 or in the disordered state if it does not
contain a SB-sheet structure or its P, < 0.5; or in the intermediate state if it does not belong to
the first two categories. The fibril state is further characterized by parallel and antiparallel
orientations of S-sheets. To determine whether it is parallel or antiparallel, a vector which
has its origin at the C,, of the starting residue and the arrowhead at the C, atom of the
ending residue is created for each B-strand. The S-sheet is parallel if the cosine of the angle
between the two gB-strand vectors is positive and antiparallel otherwise.

Fibril Formation Time and Fibril Dissociation Time.—We introduced the fibril
formation time and fibril dissociation time, z, which is calculated with eq 2. The fibril
formation time is the time for a disordered dimer to reach the fibril state, while the fibril
dissociation time is the time a dimer stays in a S-sheet structure until it dissociates into
monomers.

Zg:l’k
==~ @

In calculation of the fibril formation time, z, is the first passage time that the kth trajectory
reaches the fibril state and N is the total number of trajectories that reaches the fibril state
within 200 ns. In the calculation of fibril dissociation time, zy is the average of all of the
fibril dissociation times in the Ath trajectory.

The Overall Structure.

To obtain a first impression on the overall structures of AB;g—2» dimer sampled by the 17
force fields, we show in Figure 1 the distribution of various global reaction coordinates
including Ry, age of monomers, A, the total number of intermolecular backbone H-bonds
Ahbond. the total number of intermolecular side chain-side chain contacts A5, and SASA.
For the AMBER force field family, A94 and A99 give similar overall structures as their
global reaction coordinates are comparable: compact (/g ~ 0.68 nm), nonextended
monomer (dke 1 nm), disordered (A, ~ 0.3), and a small number of interchain contacts
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(Ahbond ~ 1 NS ~ 4). The other members A96, A99SBi, and A14SB show dominant
single peaks in their distributions corresponding to ordered dimers with extended chains and
many interchain contacts (Ry ~ 0.80 nm, dke ~ 2 nm, £, ~ 0.85, APONAe ~ 3, and AFCc ~ 8).
The other two AMBER force fields, A12SB and A03, are in between these two groups with
flat distributions, but A12SB is more similar to A94 and A99, and A03 is closer to A96,
A99SBI, and A14SB counterparts. It is notable that the structures of A03 are the most
solvated (SASA ~ 11 nm?), while the structures of the other AMBER members are less
solvated (SASA ~ 8-9 nm?).

For the CHARMM force field family, each distribution shows a dominant peak
corresponding to the ordered dimer with extended chains (/g ~ 0.75 nm, gge ~ 1.9 nm, P ~
0.80, AMbond. ~ 3 and AAC: ~ 9) and a broad ensemble of much less populated
conformational states, corresponding to disordered dimers and nonextended chains (/g ~
0.65 nm, dse ~ 1.0 nm, A, ~ 0.40, APONd ~ 1 and A ~ 3). All structures sampled by the
CHARMM force fields are partially solvated with a SASA around 6.3 nm2. The overall
structures obtained by OPLS are very similar to those by CHARMM members, except their
SASAs (~10 nm?) are larger.

For the GROMOS force field family, the height of the single peaks of the distributions are
much greater than those of the AMBER, CHARMM, and OPLS force fields, indicating that
GROMOS force fields sample much more ordered dimers with extended monomers (2, ~
0.82, dge ~ 1.9 nm). Indeed, very few dimers free of any interchain contact were sampled by
the GROMOS force fields. The overall structures with all GROMOS force fields are highly
solvated with SASA ~ 11 nm2,

To further characterize the intermolecular interactions, we constructed interaction maps to
show the probabilities of the side chain—side chain contacts and backbone H-bond
formations between two residues belonging to two chains (see Figures S3-S5 in the
Supporting Information). In all of the maps, the high frequent contacts occur at the inverted
diagonal region, which indicates antiparallel order of the sampled dimers. As shown in
Figures S3-S5, intermolecular interactions are weak for dimer structures sampled by A94,
A99, and A12SB and very strong for the structures produced by the GROMOS force field
family. The maps also tell us that (1) the A-L contact is significant for all force fields; (2)
the K-K and E-E contacts are negligible for all force fields except for A99; (3) the F-F
contacts are significant for G43al, G43a2, G45a3, and OPLS-AA but not for A94, A99,
A99SBi, A12SB, C22*, C36, C36m, and G53a5; (4) the most stable E- K contacts are
obtained by OPLS. As shown in the H-bond maps (Figures S4 and S5), all of the force fields
except for A94, A99, and A12SB have significant numbers of H-bonds between A-L and
F19-F20; the H-bond maps of G43al, G43a2, and G53a5 are similar, and there is a high
probability of H-bond formation between E-L. The H-bond maps of C36m and C36 are very
similar, as shown in Figure S4.

To compare two force fields, the Pearson correlation coefficients (Pcc) were calculated from
the distributions of the reaction coordinates for the force field pair. Figure 2 shows the
correlations between all pairs of force fields studied in this work. The following force field
pairs show high correlations (averaged Pcc = 0.9), as shown in Figure 2d: A94-A99, A96-
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A99SBi, A96-A14SB, A99SBIi-A14SB, A03-OPLS, C22*-C36, C22*-C36m, C36-C36m,
OPLS-G43al, OPLS-G43a2, OPLSG45a3, OPLS-G53a5, OPLS-G53a6, and any pair
belonging to the GROMOS family. Interestingly, A12SB does not display a high correlation
with any of the other force fields.

Secondary Structure.

Figure 3a shows the mean percentage values of the secondary structures found in
conformations generated by a force field. Among the 17 force fields, the helix structure is
found by four force fields: A94 (30%), A99 (10%), A12SB (3%), and A03 (1%). The 8
structure is highly sampled by A96 and all GROMOS family members (>50%) but not
sampled by A94 and A99 (0%). For the other force fields, the percentages of S structure
vary between 10 and 40%. The highest percentage values of coil population, ~89%, were
found for A99 and A12SB, while the values are in the range 45-70% for the other force
fields. Overall, we can cluster the 17 force fields into four main groups, with the first group
strongly favoring the helix structure (A94), the second group (A12SB, A99) biased toward
the coil structure, the third group (A03, A99SBi, A14SB, OPLS, and CHARMM family)
providing a good balance between gand coil structures, and the fourth group (A96,
GROMOS family) tending to overstabilize S structures.

Conformational States and Fibril Formation Times.

Disordered, Intermediate, and Fibril States.—Figure 3b shows the populations of the
disordered, intermediate, and fibril states for all of the 17 force fields. The detailed
characterizations of the disordered, intermediate, and fibril states are shown in Table S1 of
the Supporting Information. Obviously, the populations of these states are highly dependent
on the force fields. It is not surprising that A94, A99, and A12SB favor strongly the
disordered state (=80%) because these force fields do not sample g structure (Figure 3a) and
exhibit low P, and APond. values (Figure 1). Surprisingly, although G54a7 shows high 8
content and large P, and APPONd. its intermediate state population is the highest (50%)
among all of the force fields and its fibril state population (33%) is much lower than the
other GROMOS force fields. In contrast, A96 provides the highest population of the fibril
state (71%), although its S content is similar to that of G54a7, and the probability
distributions of P, and AMPONd. values are shifted to lower values. A03 and the CHARMM
family share a similar state population pattern with a high population of the disordered state
(43-51%) and a balance between the fibril and intermediate states (21-30%). A99SBi,
A14SB, and OPLS show high populations of the fibril (42—-53%) and then disordered
(32-39%) and intermediate (13—-20%) states. The GROMOS family members (except for
Ab54a7) show an opposite trend with 46—65% of the fibril, 27-43% of the intermediate, and
3-16% of the disordered states.

Parallel and Antiparallel B-Sheet Registries.—We analyzed the structure of the fibril
state in more detail, focusing on the parallel/antiparallel and in-register/out-of-register
architectures. For a dimeric structure, we calculated the cosine of the angle between two
vectors linking N- and C-termini of each peptide. Figure 3c shows the average of the cosine
value obtained from different force fields. Although A94 and A99 do not sample the fibril
state, their negative cosine values indicate that disordered structures also tend to form
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antiparallel conformations. The other force fields favor strongly the antiparallel S-sheet
conformation, especially A96 and the GROMOS force field family (cosine < -0.8). A
detailed analysis of all individual trajectories shows that A94, A12SB, and OPLS do not
sample any transient parallel S-sheet conformations in all 100 MD trajectories. For the other
force fields, the probability to observe a transition between the parallel S-sheet and the
antiparallel g-sheet among 100 trajectories is 38% (G43a2), 28% (G53a5), 25% (G45a3),
19% (G43al), 11% (A96 and G53a6), 6% (A03 and C36m), 5% (A99SBI, C36, and G54a7),
4% (C22*), 2% (A14SB), and 1% (A99).

Because the antiparallel g-sheet is dominant in the ordered structures for ABig-22, we
further analyzed the interchain H-bond patterns (HPT) of those SB-sheet structures.
Theoretically, for a dimer, there are in total of 10 possible antiparallel S-sheet patterns
(HPT,, HPT, ..., and HPTx) which can be described by 1 + k< R2 — k 3-sheet
registries, i.e., interchain H-bonds between residues /1 + k of one chain and /2 — k of
another chain. As shown in Figure 4, HPT, and HPTy are in-register with the patterns 16 +
k<> 22 — k. The others are out of-register with the patterns: 18 + k<> 22 — kfor HPT), and
HPTy, 16 + k <> 20 — kfor HPT|;; and HPTy, 17 + k<> 22 — kfor HPTy;, 19 + k<> 22
- kfor HPTy, 16 + k<> 21 —kfor HPTx, and 16 + k<> 19 — kfor HPTx. For examples,
k=0,2,4,and 6 for HPT,; and k=1, 3, and 5 for HPT)y,. The relative sizes of the
populations of the 10 antiparallel S-sheet registers are shown in Figure 5 for each force field.
The out-of-register beta-sheets shifted by more than two residues are expected to be less
stable than the in-register sheet because they have fewer interchain backbone hydrogen
bonding and side chain side chain interactions. The population of the B-sheet registries is
zero for A94 and A99. The B-sheet registries are also rarely observed in A12SB, and its
maximum population of the registries is about 1%. The HPT;, HPT};;, HPTy,, HP Ty, and
HPTy registers are not sampled by almost all force fields, while the HPT,, HPTy,, HP Ty,
and HPT x registers are frequently sampled by all force fields, except for A94, A99, and
A12SB. Most force fields sample the in-register HPT, with population sizes of 21-26% for
Al14SB, G53a6, A96, and G53a6; 12-17% for G43al, G43a2, OPLS, and G53a5; and
5-10% for A03, A99SBi, the CHARMM force field family, and G54a7. HPT, is found in
the solid-state NMR structures of the ABL6-22 assembly at pH 7.4.44 The in-register HPT),
is less frequently formed, and the population sizes are about 12% for A96, A99SBi, and
G45a3 and <7% for the other force fields. Looking at the out-of-register patterns, HPTy, is
explored 20% of the time by G43a2 and about 15% of the time by A96, G43al, G43a5,
G53a5, and G53a6. For HPT,x, similar population sizes of ~15% are obtained using A96,
A14SB, OPLS, and G53a5 and smaller populations are sampled by the other force fields
(5-10%). Interestingly, it is observed in experiment that external conditions, such as
concentration, temperature, pH, and the exact amino acid composition, can easily shift one
-sheet registry to another. Petkova et al. showed that AB11-25 fibrils adopt antiparallel
beta-sheets with 17 + k<> 20 — kregistry at pH 7.4 in contrast to 17 + k<> 22 — kregistry,
i.e., HPTy at pH 2.4.70 Also, only two patterns (HP Ty, and HPT,x) are shifted by one
residue compared to the native pattern.

Fibril Formation Time and Fibril Dissociation Time.—Having compared the force
fields in terms of structures, we now compare their fibril formation times z calculated using
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eq 2, and the results are shown in Figure 3d. Small values of T indicate fast fibril formation.
For clarity, because A94, A99, and A12SB trajectories do not reach the fibril states within
200 ns, their fibril formation times are not shown in Figure 3d. As seen, all GROMOS force
fields achieve the fastest fibril formation with z varying between 2 ns for G45a3 and 12 ns
for G53a3. The four AMBER force fields A96, A99SBi, A03, and A14SB and OPLS reach
the fibril state later with T around 25 ns. The slowest times for fibril formation were
observed with CHARMM force fields with == 35 ns for C22*, 45 ns for C36m, and 50 ns
for C36. We also calculated the fibril dissociation time following the fibril formation, and
results are shown in Figure 3d. As seen, the fibril undergoes the association/dissociation
within 200 ns, with the dissociation time depending on the force fields. Overall, the shorter
the fibril formation time is, the longer the dissociation time is. All GROMOS force fields,
A96, and OPLS exhibit slow fibril dissociation with the time being longer than 80 ns for
G43al, G43a2, G54a7, and OPLS and ~140 ns for G53a6. The two AMBER force fields
A99SBi and A14SB dissociate faster with time around 66 ns. The three CHARMM force
fields and A03 show a balance between the fibril formation and dissociation with the fastest
dissociation of 26 ns for A03 and 34-56 ns for the CHARMM force fields.

DISCUSSION

As our aim is to study the effects of force fields on the structural ensemble and kinetics of
the AB16-22 dimer, it is important that the results are not affected by the initial
conformations and limited sampling. The diversity of the 100 different dimer structures is
validated by the diverse values of the parameters including A, in the range from 0.15 to 0.6,
the cosine values in the range from —0.6 to 0.4, and the end-to-end distances in the range
from 0.45 to 1.05 nm (see Figure S2 in the Supporting Information). Convergence of
sampling is assessed by comparing the distribution of six reaction coordinates using three
ensemble averages with all 100 trajectories and with 75 and 50 trajectories selected
randomly from 100 trajectories. Excellent agreements were observed between results
obtained using three ensembles for all reaction coordinates and all of the 17 force fields.
Figure S6 shows the results for four representative force fields, namely, A14SB, C36m,
OPLS, and G54a7. The convergence of MD simulations was assessed by investigating the
time evolution of the reaction coordinates. As seen in Figures S7 and S8, all collective
variables reach plateau values after 100 ns. These results give us high confidence of the
quality of the sampling and length of the trajectories, allowing us to discuss the similarity
and difference between the force fields and to compare our results with those obtained by
other works.

As shown above, the effects of force fields on the structures and kinetics of AB;g-2» dimer
are quite complicated, depending on the quantities under investigation. Nevertheless, on the
basis of our current results together with previous works, we attempt to suggest the most
suitable force fields for the simulation of amyloid protein aggregation. We have clustered the
17 force fields into groups on the basis of the similarity of individual quantities including
three secondary structures (8, helix, and coil), the three conformational states (disordered,
intermediate, and fibril), the relative orientation of the two chains, and the fibril formation
time. To obtain a collective picture of the similarity/dissimilarity of force fields, we clustered
all force field results with the eight reaction coordinates, employing the A~mean clustering
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method. Note that, due to the difference in the magnitude of data, each reaction coordinate is
normalized to its maximum value prior to the clustering (Figure S6). We obtain six groups:
group 1: A94, A99, A12SB; group 2: A96, G45a3, G53a5, G53a6; group 3: A99SBI,
A14SB, OPLS; group 4: G43al, G43a2; group 5: G54a7; and group 6: A03, C22*, C36,
C36m. Our results indicate that the force fields in the first group should not be used for
exploring amyloid formation because of their strong biases toward a-helical structures.
Groups 2, 4, and 5 could be employed for studying amyloid formation, but results could be
strongly biased toward S-sheet and lead to incorrect kinetics. This allows us to narrow the 17
popular force fields down to a list of seven force fields, namely, A99SBi, A03, A14SB,
C22*, C36, C36m, and OPLS, which provide good balances in structures as well as in
kinetics and, therefore, should be suitable for simulations of amyloid formation. To further
justify this recommendation, let us revisit previous simulations of ABg-22 oligomers and the
monomer and dimers of other A peptides.

In the context of the AB1g-22 dimer, Rohrig et al. have shown that A99 leads to an unstable
antiparallel B-sheet structure.”® In our previous extensive REMD simulation, we have shown
that A99 strongly favors coil and 31p-helix and G43al only reproduces the antiparallel
strands.24 Using the modified AMBER94 force field, Gnanakaran and colleagues obtained
six distinct conformations including shifted parallel strand and parallel loop, parallel strand,
antiparallel strand, shifted antiparallel strand, cross, and tight cross/lock.4? Employing the
OPEP coarse-grained force field, we have identified in-register and out-of-register parallel
and antiparallel strands.5*72 These structures obtained by OPEP and modified AMBER94
are essentially captured by all force fields in groups 3 and 6. In the context of the AB16-22
trimer, our previous REMD simulations have shown that A99 also does not form any fibril-
like structures and favors strongly coil and 31g-helix. The G43al leads to in-register
antiparallel strand, out-of-register antiparallel strand, and mixed parallel and antiparallel.2*
These structures are also captured by extensive simulations using 1.3 zs MD with G43a1%0
and by the OPEP force field.>* However, the population of the extended S-sheet structures is
very high with G43al. Favrin and colleagues employed a homemade implicit solvent all-
atom model and found the mixed parallel/antiparallel S-sheets, in-register and out-of-register
antiparallel B-sheets.52 These structures are essentially captured by the OPLS force field,2*
suggesting that the OPEP, modified AMBER94, and force field of Favrin et al. are
counterparts with the force fields in groups 3 and 6.

In the context of the Ap40/42 monomers, many force field comparison studies have been
carried out. Using MD simulations with A03, CHARMM22+CMAP,73.74 G53a6, G54a7,
and OPLS on the Ap40 peptide, Gerben et al. have shown that G53a6, G54a7, and OPLS
lead to similar results, which are consistent with experimental data, while the results from
A03 and CHARMM22+CMARP are in conflict with experiments.18 Somavarapu et al. have
studied the structure of AB40 monomer using 10 force fields—A03, A99SBi,
CHARMMZ27,7 C22*, OPLS, OPLS-2006,”6 OPLS-2008,"” G43al, G53a6, and G54a7—
together with three water models—SPC,”8 TIP3P, and TIP4P.%0 They show that A99SBi and
C22* provide the ensembles in the best agreement with available NMR and CD data.1®
Garcia et al. performed extensive REMD simulations of the Ap40 and Ap42 monomers and
found that A99SBi, C22*, and OPLS led to ensembles in agreement with experiment.20
Carballo-Pacheco and Strodel calculated the local NMR observables of the AB42 monomer
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using the five OPLS, AMBER99SB,”? AMBER99SB*,30:33.80 AQ9SB;,
AMBER99SBILDN-NMR,8! and C22* force fields, and all force field results were in good
agreement with experiment, except for those using AMBER99SBILDNNMR.2L Shaw et al.
performed benchmark on AB40 monomer by considering backbone chemical shifts, NMR
data, and the gyrate radii for six force fields including A99SBi, C22*, C36m,
AMBER99SB*ILDN, AMBER99SB-UCB, AMBERO03WS,8? and AMBER99SB-disp.?
They suggested a rank of the applicability of these force fields for Ag simulations: C36m >
AMBER99SB-disp = C22* > AMBER99SB-UCB > A99SBi > AMBERO3WS >
AMBER99SB*ILDN.22 Overall, all of these simulation results (except those obtained by
Gerber using the GROMOS force field) are consistent with our present findings on AB1g-22
dimer.

In the context of the Ag oligomers, previously we characterized the high-resolution
structures of the AB42 dimer by 400 ns REMD simulations and found that the four A99SBI,
A14SB, C22*, and OPLS force fields led to random coil ensembles but only OPLS and
A99SBi provide good agreement with CD-derived secondary structure contents.2® Watts and
colleagues have compared the performance of five force fields A99SBi, AMBER99SB*,
AMBER99SBILDNNMR, C22*, and C36 on the AB40 dimer by 300 ns REMD simulations.
34 They have shown that A99SBi and C36 lead to a-helical content, which is comparable to
experimental CD, and reproduce a theoretically expected S-sheet-turn-g-sheet
conformational motif. Very recently, when we submitted this Article, Carballo-Pacheco et al.
just reported MD simulations of five force fields (G54a7, OPLS, CHARMM22*,
AMBER99SB*ILDN, and AMBERO3WS) on hexamers of several ApB1g-22 peptides (wild-
type and variants).2” She suggested that G54a7 and OPLS are not ideal for studying AB1g-27
oligomer formation and AMBERO3WS is the only force field that works on aggregating and
nonaggregating ApB1s-22 peptides. Their results suggest that the most suitable force field and
water model for both folded and unfolded proteins remain to be identified,15.23.83.84

Taken together, the aforementioned force field benchmarks from us and others allow us to
further narrow down our list of seven force fields to only five force fields. Those are
A99SBi, A14SB, and the three CHARMM force fields (C22*, C36, C36m). These should be
good candidates for the simulation of amyloid aggregation.

Convergence of conformational sampling is essential for any force field comparison studies;
thus, most of the current studies employed the enhanced conformational sampling methods
such as REMD, simulated tempering, and metadynamics. However, these techniques do not
allow for obtaining the time scale of fibril formation, which is a very important parameter to
the amyloid aggregation process and difficult to be obtained from experiments. In our case,
we use multiple MD simulations starting from different structures and the small size of the
dimer ensuring that the system reaches the equilibrium states within 200 ns. This allows us
to calculate the fibril formation time directly from simulation trajectories. In general, the
aggregation time not only depends on the total S-strand content but also the nucleation
energy barrier that the system has to overcome for breaking any competing s-strand
alignments and side-chain contacts.85-87 As shown above, the fibril state of the ABg-2,
dimer is determined by reaction coordinates g, which include the order parameter A, the 8
content of chains, and the interchain H-bonds. It is of interest to investigate which factors
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control the fibril formation of the AB;5-2> dimer. To this end, we plot the time evolution
curves of A, the total number of the interchain H-bonds, and the 8 content of individual
force fields (Figure S7). Then, we fit the data to a biexponential function taking the form of

q=ay+a exp(—%) + azexp(—%). The dominant value z; which corresponds to the largest
1 2

weight &;is related to the fibril formation time. We have found, and shown in Figure 3d, that
the time scale associated with the time evolution of the g is not only close to the fibril
formation time estimated directly from simulation trajectories for a given force field, but the
trend is also similar between force fields. The fitted time scales of 2 and interchain H-bonds
behave differently and do not show any correlations with the fibril formation times. Taken
together, our result suggests that the total S-strand content controls the fibril formation, at
least for the AB16-22 dimer. This result, together with the fact that the A96, OPLS, and
GROMOS family overestimate the S-content as shown above, suggests that the fibril
formation and dissociation times shown in Figure 3d are probably overestimated. This is
further supported by recent results of Strodel and colleagues showing that G54a7 and OPLS
force fields overstabilize protein—protein interactions.2

CONCLUSION

In conclusion, our study provides for the first time ever the effects of 17 popular all-atom
force fields of four families AMBER, CHARMM, OPLS, and GROMOS on the structure
and kinetics of the model ApB;g-22 dimer. On the basis of this comparison and of the other
published studies, we suggest that two AMBER force fields (A99SBi, A14SB) and the three
CHARMM force fields (C22*, C36, C36m) are good candidates for the simulation of
amyloid aggregation. We have also shown that the S-strand content is important for
controlling the aggregation rates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Normalized distributions of the radius of gyration (/) the end-to-end distance (age), the
order parameter (P,), the intermolecular backbone H-bonds (A"P°"d.), the intermolecular

side chain-side chain contacts (A*°c), and the solvent accessible surface area (SASA).
Shown are results obtained by AMBER, CHARMM, OPLS, and GROMOS force field
families and averaged over all conformations.
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Figure 2.

1duosnuely Joyiny

Map of the Pearson correlation coefficient between the force fields, which are calculated
from the distributions of the &y (upper-left triangle) and SASA (lower-right triangle) shown
in part a, the A, (upper-left triangle) and a;e (lower-right triangle) shown in part b, and the
NS (upper-left triangle) and AMPONd. (lower-right triangle) shown in part c. The map of the
Pearson correlation coefficient averaged over the six above reaction coordinates is shown in
part d.
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Figure 3.
Mean values of various quantities as a function of force fields, including the population of

the B, helix, and coil structures (a), the population of the disordered, intermediate, and fibril
states (b), the —cosine and A, between two chains (c), and the fibril formation time (orange)
and fibril dissociation time (green) (d). In part d, the red square dots represent the time
obtained from biexponential fits of the time evolution of the 8 content. Shown are results
averaged over 200 ns and 100 trajectories.
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Figure 4.
Ten possible antiparallel S-sheet registries of AB1g—o» dimer. The green and cyan arrows

indicate the face-in and face-out of the peptide with respect to the plotted plane, respectively.
The peptide backbone is shown in VMD CPK representation with the blue, red, and cyan
balls representing the N, O, and C atoms, respectively. The interpeptide H-bond pattern is
marked by an orange rectangle. See the text for a detailed explanation of different registries.
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Population, represented by circles, of the antiparallel S-sheets having different H-bond
patterns. The blue and red circles indicate the in-register and out-of-register patterns,
respectively. The circle size is proportional to the population. Shown are results obtained
from all conformations in 100 trajectories and 200 ns for each force field.
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