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ABSTRACT
Aggregation of intrinsically disordered proteins (IDPs), such as amyloid beta peptide, can cause serious health problems, associated with
disorders including Alzheimer disease. Due to the lack of a stable structure and transient nature, such proteins and peptides are often very
difficult or even impossible to study using experimental approaches. Therefore, usage of computational tools can provide valuable insight
into their dynamics, structural changes, and mechanism of aggregation. Because current force fields were designed to work well for standard
proteins with a well-defined native structure and high conformational stability, we examined three force fields most frequently used for stud-
ies of proteins, and two variants modified for better performance for IDPs on an example of monomeric amyloid beta 42 (Aβ42) with two
sampling approaches: single 10 μs long conventional molecular dynamics (CMD) trajectories and 48-replica runs using the replica exchange
MD (REMD). We found that newer force fields (Amber FF14SB and CHARMM36m) provided better results than their older versions (Amber
FF99SB and CHARMM36), while the specially modified version for the IDPs (FF14SB_IDPs) yielded similar results to its parent, improving
sampling using CMD simulations, hence allowing to achieve a similar level of accuracy at significantly lower computational costs. With suf-
ficient sampling, the newer force fields provided good agreement with the available experimental data. We also analyzed the physical basis of
different behaviors of force fields and sampling methods, concluding that in CHARMM interactions with water play a much more important
role than in Amber force fields. This explains why, in CHARMM force fields, the monomeric Aβ42 is less stable and more hydrophilic, having
a greater solvent accessible surface area.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5093184., s

I. INTRODUCTION

Molecular dynamics (MD)1 is a very useful tool, which can be
widely used to study dynamics and behavior of various systems, such
as peptides,2 proteins,3 nucleic acids,4 and other polymers.5 To be
able to observe interesting behaviors of investigated systems, reach-
ing the sufficient time scale of the simulations is required.6 One
solution is to use coarse-grained force fields,7 such as MARTINI,8

UNited RESidue (UNRES),9 Optimized Potential for Efficient struc-
ture Prediction (OPEP),10 or CABS;11 however, their usage can be
limited by the simplifications used. On the other hand, there are
various methods to enhance sampling in the existing all-atom force
fields, the most popular of which is the replica exchange molecular
dynamics (REMD),12 in which N runs are executed, and after a given

number of steps, exchanges are attempted based on the metropolis
criterion. While more complicated variants of REMD can be run,
such as Hamiltonian REMD,13 in which more than one dimen-
sion of parameters is used, the most popular variant uses different
temperatures for every replica. In such a simulation, the system is
traveling from a low to a high temperature, at which it can over-
come energy barriers and jump to other areas of the conformational
space. The system is then cooled down, visiting different basins of
the low free energy. To achieve good sampling, such a process should
be repeated multiple times during the simulation; therefore, in a
perfect scenario, as long as possible, REMD trajectories should
be run and analyzed.14 However, in the real world with limited
resources, there are two most probable options: (i) running one or
several relatively long independent MD trajectories or (ii) running
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multiple (from 20 to over a 100) short runs in the replica exchange
scheme.

For small model proteins in vacuum or implicit solvent or
with use of coarse-grained force fields, REMD simulations are rather
straightforward and provide good sampling due to the small number
of interacting sites.15 As their number is increasing (e.g., if all-atom
simulations in explicit solvent are performed), the number of repli-
cas rapidly grows to maintain a satisfactory exchange rate. However,
even with a sufficient exchange rate between neighboring replicas,
the investigated system must cross several dozen replicas in order to
travel from low to high temperatures, which requires a very large
number of exchanges and consequently, very long simulations.14

With the development of GPGPU (general-purpose computing on
graphics processing units) calculations, which can speed up the sim-
ulation by an order of magnitude,16 performing conventional sim-
ulations instead of REMD (which are almost impossible to be run
with GPUs with reasonable speed) can be rational in some cases.17

Despite the recent progress, results obtained by MD simula-
tions strongly depend on the used force field18 and water model.19–21

In the past, development of force fields was focusing mostly on
one state or type22 of the systems (e.g., folded23 or disordered pro-
teins24), whereas currently the priority is to obtain one force field,
which could be efficiently used for all protein types25 and other
biomacromolecules.26 It was found that the presence of β-structures,
understood as population of the fibril-prone structures, is strongly
correlated with formation of oligomers and it is a reason why Aβ42
is more prone to aggregation than Aβ40.27 For amyloid beta (Aβ)
truncated to residues 16–22 and other short peptides, it was found
that Amber FF99SB overestimated helix content and did not predict
any β-structures even for dimers and trimers and that GROnin-
gen MOlecular Simulation (GROMOS) overestimated β-content,
while Optimized Potential for Liquid Simulations (OPLS) provided
the most reliable results.28 In the case of dimeric Aβ40, all tested
force fields overestimated collision cross section values and most
of them overestimated also α-helical content in comparison with
the experimental data, and only CHARMM22∗ and CHARMM36
provided expected collapse of the central (residues 17–21) and
C-terminal (residues 30–36) hydrophobic cores.29 Therefore, in this
project, both influences of the sampling method and force field were
investigated by the analysis of longer conventional MD (CMD) sim-
ulations, which were compared with shorter REMD simulations.
All simulations were carried out by Amber package, using five
popular force fields: Amber FF99SB,30 FF14SB,31 FF14SB_IDPs,24

CHARMM36,32 and 36m33 for the monomeric amyloid beta 42
(Aβ42). It should be noted that the role of energy components in
various force fields was not previously considered, motivating us to
study this problem in detail. We have shown that peptide-solvent
interaction in Chemistry at Harvard Macromolecular Mechanics
(CHARMM) is more important than in Amber force fields, which
led to two main observations that with the CHARMM force fields
Aβ42 is less stable with lower beta content and less hydrophobic
because the solvent accessible surface area (SASA) is larger.

II. METHODS
A. Simulation details

Three popular modern force fields were utilized in the simu-
lations: Amber FF99SB, Amber FF14SB, and CHARMM36, as well

as two of their variants optimized to be more suitable to study
IDPs: Amber FF14SB_IDPs and CHARMM36m, using the Amber
pmemd tool34 as a computational engine. Time step in the simu-
lations was set to 2 fs, and snapshots were saved every 0.2 ns in
CMD and every 0.02 ns in REMD simulations. As an initial struc-
ture, a proposed structure of Aβ42 monomer by Yang and Teplow35

was used (Fig. S1). Every system consisted of single uncapped Aβ42
surrounded by 7932 and 8118 water molecules, represented by trans-
ferable intermolecular potential 3P (TIP3P) model,36,37 for Amber
and CHARMM force fields, respectively, and 3 counterions (Na+)
to neutralize the charge. Minimum dimension of the periodic box
was set to 63 Å, which prohibited oligomerization. CHARMM topol-
ogy and coordinates files were obtained using CHARMM-GUI,38,39

while input files for Amber simulations were generated by the tleap
tool. Obtained systems were subjected to energy minimization and
short MD run with NPT conditions to equilibrate molecules. Sub-
sequently, two series of NVT simulations were run: (i) single CMD
simulations of 10 μs and (ii) replica exchange molecular dynamics
(REMD) simulations consisted of 48 replicas 0.6 μs each, providing
28.8 μs, in total. CMD simulations were run at 300 K, while REMD
simulations were run at the range of temperatures from 278.00 to
373.77 K (temperatures of replicas were generated by the predicting
tool:40 278.00, 279.82, 281.64, 283.47, 285.31, 287.16, 289.03, 290.90,
292.78, 294.66, 296.56, 298.45, 300.37, 302.29, 304.23, 306.17, 308.13,
310.09, 312.06, 314.04, 316.04, 318.04, 320.05, 322.07, 324.11, 326.15,
328.20, 330.27, 332.34, 334.42, 336.53, 338.64, 340.75, 342.87, 345.01,
347.16, 349.32, 351.49, 353.67, 355.85, 358.06, 360.27, 362.49, 364.72,
366.96, 369.22, 371.49, and 373.77 K) with exchanges attempted
every 500 steps.

B. Analysis details
Because CMD simulations were run at 300 K, the analysis of

both CMD and REMD simulation was performed at 300.00 and
300.37 K for CMD and REMD simulations, respectively. Due to the
approximations used in force fields, these temperatures were treated
as equal to simplify the analysis.

To check the convergence of the simulations, root-mean-
square deviation (RMSD) of Cα atoms using the initial structure as a
reference, radius of gyration (Rg), and maximum distance from any
Cα atom to the center of mass (Rg-max) were calculated. These val-
ues were also used to calculate free energy maps using a binning of
0.2 Å in following equation:

ΔFn = −RT ln
In

∑N
a=1 Ia

, (1)

where ΔFn is the free energy at the nth bin, R is the universal gas
constant, T is the absolute temperature of the thermostat, In is the
number of structures in the nth bin, and N is the total number of
structures.

Additionally, RMSD values to the U-shape and S-shape struc-
tures of Aβ42 were calculated. Core residues 17–42 of the first chain
of 2MXU and 2BEG pdb structures were used as a reference of
U-shape and S-shape conformations, respectively.

The secondary structure was calculated using the DSSP algo-
rithm41 implemented in the cpptraj tool in Amber package34 in
two variants: (i) using equilibrated part of the simulation and (ii)
using several smaller periods from whole simulation. The second
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variant was calculated to monitor changes in the secondary struc-
ture appearing during simulation. For this purpose, CMD simu-
lation was split to 20 parts (each covering 500 ns), and REMD
simulation was split to 24 parts (each covering 25 ns). Four types
of secondary structures are distinguished in the analysis: α-helices,
β-sheets, turns, and coils. The solvent accessible surface area was
calculated for all residues using the cpptraj tool, while Collision
Cross Sections (CCSs) were predicted using Mobcal software42 for
50 snapshots for the second halves of the simulations with the Pro-
jection Approximation (PA) method, Exact Hard Sphere Scattering
(EHSS) method, and Trajectory Method (TM). The latter method
should produce most accurate results; however, all of them were ana-
lyzed to give broader view of the investigated systems. Additionally,
to estimate expositions of the residues to the solvent, per residue
and total SASA values were calculated using the Linear Combina-
tions of terms composed from Pairwise Overlaps (LCPO) method of
Weiser et al.43

Contacts between residues were calculated as normalized values
for every residue. If any heavy atom in residue i is closer than 4 Å to
any other heavy atom in a residue j, which is separated by at least one
residue from residue i, then the contact between these residues in a
given snapshot is equal to 1. If all heavy atoms in residue i are further
than 4 Å from heavy atoms in residue j, then contact is equal to 0.
Contact maps were calculated as averages of all snapshots from the
equilibrated parts of the simulations. Additional to contacts, aver-
age correlations of the residue motion vectors were calculated over
second halves of each simulation using Eq. (2),

AvgCorr(a, b) = ∑
N
i=1 Va(i) ⋅ Vb(i)

N
, (2)

where Va(i) is a motion vector of residue a in frame i (comparing to
the frame i − 1) and N is the total number of analyzed snapshots.

As a special case of contacts, the number of the intrachain
hydrogen bonds was calculated using both distance cutoff criterion
below 3 Å for heavy atoms from the donor and acceptor and an angle
cutoff of 135○.

Representative structures from the simulations were calculated
by clustering ensembles of structures to 5 groups using the hierar-
chical agglomerative average-linkage method and determining the
cluster centroid—structure closest to the average structure in the
cluster. Representative structures from the largest cluster were used
as a reference in further analysis.

Root-mean square fluctuation (RMSF) was used to analyze
fluctuation of atoms, as in Eq. (3),

RMSFj =
√

1
n∑

n
i=1 (ri,j − r0,j)2, (3)

where n is the number of analyzed snapshots, ri,j is the position of
atom j in snapshot i, and r0,j is the position of atom j in the reference
structure, for which the representative structure of the largest cluster
was used. For calculation of Hα, Cα, Cβ, and N chemical shifts, a
SHIFTS44 5.5 software was used. The Pearson correlation coefficient
(R) was calculated by comparing predicted values with experimental
data.45

The energy decomposition was performed using Amber-
Tools package with the same conditions as the simulations were
performed, while the entropy was estimated using the normal-mode

analysis included in the Molecular Mechanics Poisson-Boltzmann
Surface Area (MM-PBSA) tool.

III. RESULTS AND DISCUSSION
A. Structural analysis

In the first step, all simulations were tested if they converged
in matters of RMSD and Rg (Figs. S2 and S3). As it can be seen,
the initial structure of Aβ42 is usually stable for a short period of
time and then it refolds and restructures. Because monomeric Aβ42
is an intrinsically disordered protein, it is not possible to say that
simulation equilibrate in the meaning that, e.g., rmsd stabilized and
maintained on the same level from some point in the simulation.
However, the presence of repetitions of some structural changes in
the protein (e.g., an increase in RMSD from around 5 Å to around
15 Å at 6.7 and 8.3 μs of the CMD simulation in Amber ff14sb_IDPs
force field) indicates that the simulation is indeed converged. For
that reason, second half of the simulations (5–10 and 0.3–0.6 μs for
CMD and REMD simulations, respectively) was treated as equili-
brated and used in most of the analysis. The range of the RMSD
covered by CMD and REMD simulations is similar, but in Amber,
ff99sb and ff14sb_IDPs CMD simulations reached higher RMSD
values. The REMD method is known to improve conformational
sampling of the system because of the possibility to overcome energy
barriers at high temperature replicas.46 However, monomeric Aβ42
is generally unstructured and only shallow energy barriers need
to be overcome to change its conformation. Because REMD plot
shows only one temperature, higher energy and presumably more
unfolded conformations migrate to higher temperatures during the
simulation. Because the time of presence of each structure at a given
temperature is limited by the number of steps between successful
exchanges, it is possible that this may slightly limit the occurrence
of highly unfolded conformations at this temperature. Therefore, in
some cases, higher RMSD values can be captured by CMD simula-
tion, rather than REMD at the same temperature. In an ideal sce-
nario, with perfect sampling and infinite equilibration time between
exchanges, such situation would not happen, but due to the compu-
tational restrictions, the systems are not truly equilibrated in real-
life simulations. Sampling of both CMD and REMD runs can be
improved by using multiple starting conformations and by optimiz-
ing simulation parameters of the REMD approach. To find optimal
conditions for each REMD simulation (range and distribution of
temperatures, exchange rates, and time between exchanges), a set of
training simulations is required, which increases the computational
cost.

The analysis of the RMSD and Rg plots (Figs. S2 and S3)
shows that Amber force fields display much smaller fluctuations
than CHARMM force fields. In the CMD runs, Amber ff99sb over-
stabilizes the Aβ42 structure the most—for most of the time, RMSD
and Rg fluctuations are small. Amber ff14sb also overstabilizes the
structure but allows for larger frequent changes than ff99sb. Modi-
fied Amber ff14sb shows similar features like the nonmodified ver-
sion; however, it allows for larger and much more frequent confor-
mational changes (e.g., rapid jumps of rmsd from 5 to 15 Å). Similar
behavior is observed for modification of the CHARMM36 force field
(CHARMM36m), in which fluctuations are the largest and larger
than in the nonmodified version.
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For two standard Amber force fields: ff99sb and ff14sb, the
behavior of the REMD simulation in comparison with the conven-
tional one is consistent with a general purpose of enhanced sam-
pling of the simulations—local fluctuation of the RMSD and Rg are
much higher than in CMD simulation. However, for ff14sb_IDPs
in REMD run, they are smaller than in the CMD one comparing to
the standard Amber force fields. ff14sb_IDPs was optimized using
CMD simulations, which may be the reason of the rapid changes
in REMD variant observed in our simulations, which are limiting
local changes and making the structure to fluctuate closely to the
same conformation. In case of CHARMM force fields, both of them
exhibit very large conformational changes and no quasistable struc-
tures can be detected. The presence of highly unfolded conforma-
tions of IDPs was one of the goals achieved during the CHARMM36
refinement, but this resulted in artificially high Rg values for some of
benchmarked peptides and proteins33 what was also observed in our
studies.

B. Free energy maps
Maps of the free energy are confirming the general observations

coming from the analysis of RMSD and Rg plots separately (Fig. 1).
For CHARMM force field, the REMD method improves sampling of
the conformational space. However, for Amber force field, this effect
is not so obvious. For the ff14sb_IDPs, analysis of the REMD simula-
tion at single temperature shows worse search of the conformational
space than for the CMD runs. For ff99sb force field, the free energy
minimum is larger for REMD; however, there are very few structures
with RMSD above 10 Å, which are abundantly present in the CMD
simulation. For ff14sb force field, the ranges of RMSD and Rg are
similar for the REMD and CMD; however, the minimum is much
larger for the conventional variant, indicating that conformations
can more freely change in CMD simulation. The observed Rg values
for the main basin of the structures with the minimum free energy
in Amber force fields are in the range of the experimentally found
hydrodynamics radius of 8.9–9.1 Å,47 while in CHARMM, they are
usually shifted to higher values although they are still in line with
previous computational results.48 Also, only in CHARMM force
fields, highly unfolded structures (Rg > 18 Å) are present in both
sampling methods. Such behavior is also confirmed by the Cartesian
Principal Component Analysis (PCA),49 which can be used to effi-
ciently study protein states and dynamics.50,51 The PCA free energy
maps (Fig. S4) are much broader for the CHARMM force fields
than for Amber, and deep energy minima are observed only in the
latter. On the other hand, the dihedral angle PCA (dPCA) shows
the presence of multiple shallow free energy minima in all force
fields (Fig. S5) due to the proper separation of internal and overall
motions,52 indicating the presence of many semistable intermediate
structures.

C. Representative structures
Assignment of the structures to the given clusters and sizes

of the largest clusters are in agreement with the flexibility of the
conformations during simulations (Table S1). The larger the flexi-
bility is, the smaller the top cluster is. Therefore, top clusters from
CMD trajectories are significantly larger than from REMD (with the
exception of CHARMM36m). Representative structures are less

structured for CMD than for REMD simulations in Amber
[Figs. 2(e)–2(j)], while in CHARMM [Figs. 2(a)–2(d)], the tendency
is opposite. The difference is especially visible for standard Amber
force fields: ff99sb and ff14sb, for which significantly better sampling
in REMD variant allowed to find better representative structures.
In CHARMM force fields, sampling is good even in CMD runs,
so further increase of the flexibility caused appearance of multiple
diverse structures, which prevail smaller clusters. As a result, top
cluster contained too wide variety of the conformations and cluster
representative structure is less structured.

RMSD analysis of obtained representative structures (Table S2)
shows that there are large differences between structures coming
from different force fields and sampling methods. These differences
are larger for CHARMM force fields, which is in agreement with
higher flexibility. Differences between structures from CMD and
REMD simulations in CHARMM force fields are comparable with
differences between 5 representative structures from each sampling
methods. Surprisingly, two most similar structures from all 50 rep-
resentative models are clusters 1 from Amber FF14SB and FF99SB
REMD simulations with a RMSD of 3.5 Å.

D. RMSF
The fluctuation of the structures [Figs. 3(a) and 3(b)] of Aβ42 in

Amber force fields is similar to observations in other studies, in
which Aβ9-42 variant exhibited the largest fluctuations for the
23–29 fragment.53 Except the CHARMM force fields, for most of
the simulation time, Aβ42 monomer is in a globular form with
very flexible terminal parts. In CHARMM force fields, often Aβ42
is more stretched, and therefore the observed RMSF values are
higher.

Higher fluctuations of the N-terminus compared to the
C-terminus are in agreement with the previous studies and are most
probably caused by the unique character of the last two residues,
which constitute to a difference in structure and aggregation rate
between Aβ42 and Aβ40 and Aβ41.54–56

E. Formation of fibril-prone structures
Similarities of obtained monomeric conformations to two pop-

ular shapes of Aβ42 fibril: U-shape and S-shape,57 were inves-
tigated for all snapshots (Table S3 and Figs. S6 and S7). In all
Amber force fields, such structures were not observed, while in
CHARMM36, a low number of snapshots similar to the S-shape
and in CHARMM36m, a higher number of snapshots similar to the
U-shape (up to around 0.2% of all snapshots in REMD simulation)
were found. The possibility of the formation of such structures in the
CHARMM force fields is probably a result of much higher flexibil-
ity of Aβ42 and better sampling of the conformational space in these
force fields. However, even a small number of fibrillike conforma-
tions for the monomeric system may indicate that in the presence
of other molecules, an oligomer of the protofibrillike structure can
be formed.58,59 Similarity of up to 0.5% of the obtained structures
of Aβ40 in Amber ff99sb to S-shape conformations was recently
observed for simulations without copper, while in the presence of
copper, even smaller presence of structures similar to the U-shape
was found60 indicating that even small changes to the system can
significantly change tendency to form fibril-prone structures.
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FIG. 1. Free energy maps (kcal/mol) for
CMD (left panels) and REMD (right pan-
els) simulations.

J. Chem. Phys. 151, 055101 (2019); doi: 10.1063/1.5093184 151, 055101-5

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 2. Cartoon representations of the cluster representa-
tive structures for CHARMM36 [(a) and (b)], CHARMM36m
[(c) and (d)], Amber ff14sb [(e) and (f)], ff14sb_IDPs [(g)
and (h)], and ff99sb [(i) and (j)] obtained from the clus-
tering second halves of the CMD and REMD simulations,
respectively.

F. Solvent accessible surface area (SASA) and CCS
SASA values are significantly higher for CHARMM than for

Amber force fields with the difference of about 1000 Å2 [Table I
and Figs. 4(a) and 4(b)]. Distribution of the SASA values from
REMD simulations is broader and shifted to higher values than
from CMD runs. The presence of a second SASA peak at around
5000–5500 Å2 [Fig. 4(b)] suggests an occurrence of significant
fraction of largely unfolded structures in REMD runs, caused by
the migration to and from higher temperature replicas. It may

FIG. 3. RMSF values calculated from the second halves of CMD [panel (a)] and
REMD [panel (b)] simulations.

indicate that REMD provided better sampling than CMD which
failed to recover the particular state related to the second peak. SASA
values around 3200 Å2 were reported previously from Amber ff99SB
for monomeric Aβ42,48 while values around 4200 Å2 were found
for the single chains of Aβ40 using CHARMM36 force field61 and
for monomeric Aβ42 in Amber03.62 The analysis of the contribu-
tions of each residue into the total SASA shows that, in general, the
behavior of residues is understandable, hydrophobic residues and
glycine have the smallest SASA contributions (Ala2, Gly9, Ala21,
Gly25, Gly29, Gly33, Gly37, and Gly38) [Figs. 5(a)–5(c)]. However,
interestingly, the biggest difference between Amber and CHARMM
force fields is in Lys16, which especially in Amber ff14sb_IDPs is
completely buried inside the protein (as a part of a β-strand), while
in CHARMM force fields, it is one of the most solvent-exposed
residues. Lys16 (along with Leu17) is in the α-secretase cleavage site,
and its substitution to other amino acid residue can lead to sig-
nificant decrease in toxicity of Aβ42;63 therefore, its position and
availability for solvent and enzymes may play a very important role
in Alzheimer disease.

CCS values were calculated using three methods in Mobcal tool:
EHSS, which should provide too high values, and PA and TM, which
should be closer to real values. Tendency of the changes between
CCS values is consistent with the SASA. Observed values (Table II)

TABLE I. Average SASA values (nm2).

CMD REMD

CHARMM36 41.62 ± 3.07 46.01 ± 4.39
CHARMM36m 42.36 ± 3.77 45.89 ± 5.37
Amber ff14SB 33.43 ± 2.13 33.52 ± 2.61
Amber ff14SB_idps 32.85 ± 2.47 34.42 ± 2.40
Amber ff99SB 32.46 ± 2.06 35.19 ± 2.10
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FIG. 4. Diagrams of the populations of structures with given solvent accessible
surface areas for CMD [panel (a)] and REMD [panel (b)] simulations.

are well corresponding to the experimentally measured values of
the CCS for monomeric Aβ42, equal to 702 and 774 Å2 for −3 and
−4 total charges, respectively.64 Only CHARMM36 with REMD and
CHARMM36m provided slightly too high CCS values, which are a
result of the high content of unfolded structures. Because of that,
structures from REMD possess higher CCS values than these from
CMD runs.

G. Contact maps and correlations
Contact maps were calculated using snapshots collected in the

second halves of the simulations; therefore, contacts are averaged
over a vast number of different conformations, making them dif-
ficult to be interpreted. Some residues in the middle of the chain
(region 14–20, depending on the force field) can interact during sim-
ulation with almost all other residues (Fig. S8). Additionally, some
conformations, especially in CHARMM force fields, form very small
number of intrachain hydrogen bonds, indicating that they are very
unfolded (Fig. S9); however, one of the residues, Val18, seems to
play a special role in most of the force fields. It strongly interacts
with Ile31, Gly33, and Leu34, respectively, in ff14sb_IDPs, ff99sb,
and CHARMM36, forming a hydrophobic core of monomeric
Aβ42. The special role of Val18 was experimentally disclosed by
Soto et al., who found that the substitution of this residue to ala-
nine causes an increase in α-helical content in Aβ42 and a drastic
reduction in fibrilogenesis.65

Because the analysis of raw averaged contact maps is dif-
ficult due to the presence of many residues being accidentally
close to others, correlations between movements between every
pair of residues were calculated for every simulation (Fig. S10).
In all force fields, in CMD simulations, the correlation between
residues 17–21 and 31–36 can be observed, except of CHARMM
force fields in REMD simulations, for which due to the very large

FIG. 5. Diagrams of SASA per residues values for CHARMM (a) and Amber [(b)
and (c)] force fields.

flexibility of the system no significant correlations were found. In
Amber force fields, in REMD scheme, the range of highly cor-
related residues is shifted to 11–18 and 35–42. In all cases, the
important role of Val18 in interactions and movement correlation is
preserved.

H. Secondary structures
Except of the ff14sb, for all force-fields, the β-content in the

CMD simulations is higher than in the REMD variant (Table III).
It is especially visible for both CHARMM force fields, for which the
average β-content is more than two-fold higher than in the CMD
run due to the high flexibility of the amyloid chain in these force
fields. This may be a typical behavior due to the intrinsically dis-
ordered nature of monomeric Aβ42 caused by the low stability of
semistable conformations, but it may also be caused by the ten-
dency of the CHARMM force fields to overpopulate highly unfolded
conformations for some proteins.33

The average β-content for CMD trajectories is on the level
15%–34%, while α-content is in the 0.1%–9.0% range, which is
roughly in agreement with experimental circular dichroism spec-
troscopy findings, which estimates α-helical content between 3% and
9%, and β-content of 12%–25%.66,67 Amber ff14sb overestimated
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TABLE II. CCS values (nm2).

PA EHSS TM Average

CHARMM36 CMD 7.68 ± 0.59 9.24 ± 0.65 6.54 ± 0.61 7.818
REMD 8.45 ± 1.09 10.10 ± 1.20 7.03 ± 0.55 8.528

CHARMM36m CMD 7.88 ± 0.81 9.46 ± 0.88 6.69 ± 0.61 8.009
REMD 8.44 ± 1.15 10.08 ± 1.24 7.06 ± 0.37 8.527

ff14sb CMD 6.84 ± 0.28 8.27 ± 0.34 6.48 ± 0.75 7.198
REMD 6.73 ± 0.35 8.15 ± 0.42 6.28 ± 0.63 7.052

ff14sb_idps CMD 6.65 ± 0.38 8.03 ± 0.42 6.93 ± 0.18 7.203
REMD 6.89 ± 0.34 8.35 ± 0.41 6.54 ± 0.72 7.259

ff99sb CMD 6.73 ± 0.38 8.11 ± 0.43 7.00 ± 0.22 7.279
REMD 6.96 ± 0.39 8.42 ± 0.39 6.66 ± 0.57 7.348

the α-helical content in REMD run, while ff99sb overestimated
β-content in both simulation types. Such overfavor of the secondary
structure remains a significant problem for force field optimization
even for regular, stable proteins.30

In most of the stable structures, there are at least two β-strands,
which are formed by residues 20–23 and 25–28, while residue 24
is usually the one which is bending two strands to each other
[Figs. 6(a)–6(J)]. α-helical content is low in all force fields, and
only very short (up to 4 residues) α-helices are formed temporar-
ily during simulations. The most likely regions are 4–8, 13–16, and
21–25.

NMR studies suggested a presence of an antiparallel β-sheet
between residues 16–21 and 29–36 for monomeric Aβ42,68 which
is in very good agreement with CHARMM36m CMD, FF14SB-IDPs
REMD, and partially FF14SB REMD and FF99SB REMD. Also for-
mation of a short β-strand by the C-terminal residues is consistent
with the experimental data68 and suggested to be connected to the
oligomerization of the Aβ.69

Average secondary content in the CMD simulations is fluctu-
ating (Fig. S11) so much that there is no clear convergence of the
simulation and values are periodically increasing and decreasing—
it is reasonable because of the disordered character of monomeric
Aβ42. In REMD, the results seem to be converged in the second
half of the simulation due to taking a much better averaging over
multiple replicas and independence from the initial structure. Both
behaviors suggest that the simulations are long enough to reach
equilibrated states and reasonable averages. However, especially in
the case of Amber force fields, it may be beneficial for sampling to
perform REMD runs using different initial structures for different
replicas. Previous studies provided a wide variety of secondary struc-
ture content, e.g., 10% of β- and 4.2% of α-content were reported
by Pham et al. using REMD simulations in FF99SB for monomeric
Aβ42,48 and similar values were observed by Ball et al. with the
use of the same methods but different solvents (TIP4P-Ew),68 while
Rosenman et al. reported 20% β- and below 5% of α-contents in
OPLS force field with REMD simulations.70 The same values were

TABLE III. Average secondary structure content (%) during simulations.

Beta Alpha Turn Coil

CHARMM36 CMD 20.1 ± 7.9 0.7 ± 2.4 8.9 ± 5.5 70.3 ± 10.6
REMD 6.2 ± 7.6 3.8 ± 5.2 10.9 ± 6.5 0.791 ± 12.0

CHARMM36m CMD 23.8 ± 14.6 2.1 ± 3.9 12.1 ± 5.6 62.0 ± 15.8
REMD 10.6 ± 9.1 1.2 ± 3.1 8.1 ± 5.7 80.1 ± 12.0

ff14sb CMD 14.8 ± 5.7 8.7 ± 6.3 17.8 ± 7.1 58.6 ± 8.5
REMD 20.1 ± 9.3 11.7 ± 10.4 17.7 ± 6.3 50.5 ± 9.0

ff14sb_idps CMD 31.5 ± 5.5 2.7 ± 4.9 16.4 ± 4.7 49.4 ± 6.8
REMD 26.9 ± 8.6 2.0 ± 3.7 14.9 ± 5.6 56.2 ± 11.0

ff99sb CMD 34.0 ± 7.0 1.3 ± 3.0 14.8 ± 5.6 50.0 ± 9.4
REMD 27.9 ± 8.8 3.8 ± 6.1 15.6 ± 7.0 52.6 ± 11.6
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FIG. 6. Diagrams of secondary structure per residue for CMD [(a), (c), (e), (g), and (i)] and REMD [(b), (d), (f), (h), and (j)] simulations, left and right panels, respectively.

obtained by Carballo-Pacheco and Strodel for CHARMM22; how-
ever, they obtained around 9% of both α- and β-contents in OPLS.71

Weber and Uversky simulated monomeric Aβ42 with different
water concentrations in Amber FF99SB and CHARMM22/CMAP,

obtaining very diverse α-helical content of 6%–14% and 6%–43% at
310 K, respectively.72 All these results prove that the obtained sec-
ondary structure of Aβ42 monomer strongly depends on simulation
and analysis details.
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TABLE IV. Correlation coefficients (R) for chemical shifts.

Chemical shifts

Hα Cα Cβ N Average

CHARMM36 CMD 0.717 0.991 0.995 0.890 0.898
REMD 0.845 0.994 0.998 0.924 0.940

CHARMM36m CMD 0.729 0.993 0.996 0.916 0.908
REMD 0.893 0.994 0.999 0.912 0.949

ff14sb CMD 0.591 0.979 0.995 0.817 0.845
REMD 0.878 0.990 0.997 0.913 0.945

ff14sb_idps CMD 0.827 0.988 0.996 0.870 0.920
REMD 0.841 0.994 0.998 0.930 0.941

ff99sb CMD 0.717 0.986 0.994 0.746 0.861
REMD 0.774 0.988 0.994 0.856 0.903

I. Chemical shifts
Analysis of the chemical shifts predicted for the structures

from the simulations shows that in all cases, REMD simulations
provided better agreement with the experimental data (Table IV
and Figs. S12–S15), with the smallest difference for FF14SB_IDPs.
Improvement of the sampling is especially significant for con-
ventional Amber force fields: FF99SB and FF14SB. The best

overall agreement was observed for CHARMM36m, but FF14SB,
CHARMM36, and FF14SB_IDPs were not much worse. Only the
oldest force field, FF99SB, gave significantly worse results. Obtained
correlations (R) for calculated Cα chemical shifts with the experi-
mentally obtained values are higher than values obtained by Weber
and Uversky using Amber FF99SB and CHARMM22/CMAP at
310 K, being 0.960 and 0.965 for 20 Å and 30 Å of water layers,
respectively,72 indicating that simulation length of the simulation
is as important as choice of the sampling method and force field.
It is consistent with the observation of Lin and Pande, who stated
that β-propensity of monomeric Aβ require very long simulation
time, longer than obtained by them 200 μs of aggregated simulation
time.73 Obtained in this work, R values are significantly higher than
those obtained for CHARMM22 by Carballo-Pacheco and Strodel,71

which are 0.680, 0.730, and 0.380 for Cα, Cβ, and Hα chemical shifts,
respectively. The difference may be caused by different tools used for
the estimation of computed chemical shifts and sampling through
equilibrated part of longer trajectory.

J. Role of energy components
Decomposition of potential energy was performed for 10 000

snapshots from equilibrated part of trajectory at each tempera-
ture and from each simulation type to obtain electrostatic and van
der Waals (vdW) components for the solute (Aβ42) and solute-
solvent (interactions between Aβ42 and water and counterions)
[Figs. 7(a)–7(c), Figs. S16 and S17]. Due to the empirical nature
of the force fields, relative energies were compared instead of

FIG. 7. Average values of the long-range
interactions in Aβ42 (a), between Aβ42
and water and ions (b), and combined
interaction energies (c).
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absolute ones. The nonbonded potential energy of Aβ42 is the low-
est in both CHARMM force fields [Fig. 7(a)], while solute-solvent
energy is the highest [Fig. 7(b)], indicating that interactions with
water and ions play a major role in the structure and dynamics
of monomeric Aβ42 in CHARMM force fields. Such behavior is
responsible for the high flexibility of Aβ42 in CHARMM force fields
[Figs. 3(a) and 3(b)] and lower β-content (Table III) comparing to
the Amber force fields. It is especially noticeable for REMD sampling
in CHARMM force fields for which solute-solvent interaction is very
strong with high fluctuations (Figs. S16 and S17). The strong interac-
tion of Aβ42 with a solvent in the CHARMM force fields is also the
reason why in these force fields, the SASA values and hydrophilic-
ity are much higher than in Amber [Figs. 4(a) and 4(b)]. The SASA
values seems to correlate well with the solute and solute-solvent
vdW interactions; e.g., in CHARMM36m with REMD sampling, the
vdW term is the only one with two visible interaction energy min-
ima peaks (Fig. S16) and it is also the only one with two peaks in
SASA distribution plot [Fig. 4(b)]. It is an example of a case in which
a minor energy contribution can have a significant impact on the
structure.

For monomeric Aβ42, the electrostatic component prevails
in all conditions, force fields and sampling methods, contribut-
ing over 90% to nonbonded energy. In CHARMM force fields,
the role of vdW interactions is the smallest, constituting approxi-
mately 5.5% and 5% in CMD and REMD simulations, respectively,
while it is the greatest for the solute-solvent interactions, constitut-
ing approximately 9.2% and 9.8% [Figs. 7(a)–7(c), and Table S4].
Nonbonded potential energy is the highest for Amber FF99SB, for
which a particularly electrostatic term is high and has the lowest
fluctuations (Figs. S16 and S17 and Table S4), which, along with
other high energy components, is the reason why the structure of
Aβ42 is overstabilized, staying for most of the time in one deep
energy minimum (Fig. 1) and why it possesses the highest β-content
(Table III).

The calculated entropy is higher with REMD sampling than
CMD (Table S5) and the difference caused by the sampling methods
is more pronounced in the CHARMM force fields. The entropy val-
ues for the Amber force fields are in the range of 480–490 kcal/mol,
while for CHARMM, the observed values are lower, on aver-
age, around 400 kcal/mol. The low entropic difference between
the unfolded and folded states is favorable to the thermody-
namic stability of a protein;74 however, in the case of a disor-
dered peptide, like Aβ42, it is difficult to assess. The obtained
total enthalpy values of Aβ42 (Table S5) are more negative for the
Amber force fields, confirming its higher stability in these force
fields.

The strange behavior of both variants of the Amber ff14sb force
fields was observed—the total potential energy of Aβ42 is often very
close to 0 in both CMD and REMD sampling methods (Figs. S16
and S17), which may be the result of their parametrization. The dis-
tribution of the electrostatic components for solute-solvent and both
vdW terms is significantly wider in CHARMM force fields, especially
in the REMD variants [Figs. 7(a)–7(c)]. For Aβ42, electrostatic com-
ponents slightly decrease (becoming more negative) with increasing
temperature for all force fields, while vdW terms decrease in Amber
force fields (Fig. S17) with the increase in temperature. For the
CHARMM force fields, the vdW term first decrease with increasing
temperature and then begins to increase. For both nonbonded terms

in all force fields, a rise in temperature causes a significant increase in
the solute-solvent interaction energy; therefore, a change of the tem-
perature has major effect on the solute-solvent interactions, rather
than on the solute itself.

IV. CONCLUSIONS
In this work, two different sampling methods, long conven-

tional single-trajectory MD simulation and shorter-run replica-
exchange MD, were used with five popular all-atom force fields to
simulate the structure, dynamics, and flexibility of Aβ42 peptide.
Our study shows that the proper choice of the force field and the
sampling method is not easy and heavily depends on the studied
system, the available computational resources and investigated phe-
nomena. In general, REMD is expected to provide better conforma-
tional search due to the possibility to overcome energy barriers with
higher temperature replicas. However, while it is essential for con-
ventional systems (e.g., proteins with stable structures), its usage for
the intrinsically disordered proteins (IDPs), such as Aβ42 monomer,
may not be necessary; therefore, for IDPs, one may safely use the
conventional sampling method to reduce the computational cost of
the studies.

To show clearly differences between sampling methods, two
very contrast approaches were compared: single-trajectory 10 μs
CMD runs and 48-trajectory REMD runs with a total time of
28.8 μs. The CMD runs were performed by using GPGPU cal-
culations, which is not possible for REMD simulations, decreas-
ing the computational time by an order of magnitude, resulting
in about 30 times lower computational time for CMD sampling.
It should be noted that in regular simulations, CMD sampling
can be improved by running multiple shorter trajectories start-
ing from different initial conformations; however, for the purpose
of this comparison, the most different sampling approaches were
used.

Behavior of Aβ42 in standard Amber force fields FF99SB and
FF14SB is significantly better with REMD than CMD runs; neverthe-
less, older variant performed the worst among all tested force fields,
significantly overstabilizing the structure and providing the least
correct values of the chemical shifts. The use of REMD sampling in
CHARMM36 and 36m and Amber FF14SB_IDPs force fields also
improved the results, but to a lesser extent, providing satisfactory
results with both sampling approaches.

In general, the newer force fields Amber FF14SB and
CHARMM36m yielded better results than their older versions
Amber FF99SB and CHARMM36, which gives hope that with
the development of new force fields, even greater accuracy can
be achieved. This supports the claims of the developers that
FF14SB and CHARMM36m can be successfully used to study a
variety of proteins and peptides, including Aβ42. However, the
usability of every force field should be assessed for each system
and the studied phenomena separately, before starting production
runs.

On the other hand, FF14SB_IDPs is an interesting example of
a force field modification that does not improve the results provided
by the original version, but it allows us to use CMD simulations
instead of the REMD variant and maintains good conformational
search and high flexibility of the Aβ42 (Fig. S18). The use of CMD
sampling with GPGPU can significantly reduce computational costs
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and speed up calculations without compromising much of the accu-
racy. One should keep in mind that the use of a dedicated force field,
such as Amber FF14SB_IDPs, is probably limited to one group of
proteins,24 while other force fields must provide satisfactory results
for majority of the systems.

We showed that, especially in CHARMM force fields, the inter-
action of Aβ42 with a solvent is more important than the interaction
within Aβ42 and its role increases with increasing temperature. The
total potential energy of Aβ42 only slightly levels up with tempera-
ture, while for solute-solvent, the increase is much bigger. The main
energy contribution is electrostatic interactions, which is at least
an order of magnitude larger than the vdW one; nevertheless, both
play an important role in the structure and dynamics of monomeric
Aβ42. Our study has revealed the important role of water in deter-
mining the structure and dynamics of Aβ42. A stronger solute-
solvent interaction in CHARMM compared to Amber resulted in
the fact that this peptide is less stable and more hydrophilic in
CHARMM. It would be interesting to extend our research to other
IDPs.

SUPPLEMENTARY MATERIAL

Supplementary material includes the information on represen-
tative structures from MD and REMD simulations; similarity to
the S- and U-shape fibril structures; total entropy and enthalpy of
Aβ42 and its interaction with solvent; initial structure used in all
simulations; time dependence of RMSD and gyration radius for all
cases; free energy landscapes obtained by Cartesian and dihedral
PCA; time dependence of RMSD to the S- and U-shape structure;
contact maps; populations of the structures with given number of
intrachain hydrogen bonds; correlations between motions of the
residues; correlation plots of predicted and experimentally derived
chemical shifts; populations of electrostatic and van der Waals inter-
action energies; and the most representative structures from CMD
simulation in ff14sb_IDPs force field.
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