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The aim of this work is to investigate the effects of molecular mechanics force fields on amyloid

peptide assembly. To this end, we performed extensive replica exchange molecular dynamics

(REMD) simulations on the monomer, dimer and trimer of the seven-residue fragment of the

Alzheimer’s amyloid-b peptide, Ab16–22, using the AMBER99, GROMOS96 and OPLS force

fields. We compared the force fields by analysing the resulting global and local structures as well

as the free energy landscapes at 300 K. We show that AMBER99 strongly favors helical

structures for the monomer and does not predict any b-sheet structure for the dimer and trimer.

In contrast, the dimer and trimer modeled by GROMOS96 form antiparallel b-sheet structures,
while OPLS predicts diverse structures. Overall, the free energy landscapes obtained by three

force fields are very different, and we also note a weak structural dependence of our results on

temperature. The implications of this computational study on amyloid oligomerization, fibril

growth and inhibition are also discussed.

I. Introduction

A large body of experimental data suggests that oligomeric

intermediates are the primary causes of several human neuro-

degenerative diseases, such as Alzheimer and Parkinson, and

other pathologies such as type II diabetes.1–5 These findings

have motivated intensive study of the structure and assembly

dynamics of the early and late steps of amyloids. Considerable

insight has been provided by various experimental techniques,

including TEM, AFM, X-ray fiber diffraction,6–8 solid-state

NMR,9–11 X-ray crystallography12 and infrared (IR) spectro-

scopy.13,14 These studies have confirmed that prefibrillar

oligomers are very unstable with diverse morphologies sampled

and undergo rapid conformational fluctuations. In contrast,

amyloid fibrils adopt a cross-structure with the b-sheets perpen-
dicular to the fibril axis, and a hydrogen bond network parallel

to the fibril axis.15 These experiments also showed that fibril

formation is governed by multiple factors such as the hydro-

phobicity of side chains16 and notably aromatic interactions,17

the net charge and secondary structure propensity18–20 and the

pattern of polar and non-polar residues.21

First-principles theoretical study of amyloid peptide aggrega-

tion represents a considerable challenge. It requires an efficient

sampling of conformational space that can be obtained with

enhanced conformational search techniques, and an accurate

potential energy function or force field (ff). Several protein

coarse-grained lattice22–26 and off-lattice models,27–33 and

all-atom force fields34–39 have been employed. Although these

computational studies provided valuable insights into protofibril

stability and growth, the early steps of oligomerization, the role

of the population of the fibril-prone conformation, and of the

secondary structure content of the monomer on the self-assembly

kinetics,25,28,40–43 the lack of experimental data on the transient

oligomers makes it difficult to validate these theoretical results

and one may ask how these results depend on the force field.

The influence of the GROMOS,44 OPLS/AA,45

CHARMM,46 and AMBER ff94, ff99, ff99SB, ff03 force

fields47–49 on the equilibrium structures of non-amyloid

peptides has already been reported. Results on dipeptides,50

tripeptides,51 a-helical peptides,36,52–55 two b-hairpins
and Trp-cage54 have shown that AMBER99 ff favors

helical structures over extended b-strand conformations,

GROMOS96 ff may overestimate b conformations, while

OPLS ff generates a better balance between a and extended

(b and polyproline II, PPII) structures.

The Ab peptide of the Alzheimer’s disease and one long

truncated variant have also been discussed in their monomeric

forms using various force fields. Using REMD simulations
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with 52 replicas from 270 to 600 K, each for 225 ns coupled to

AMBER ff99SB and the TIP4P-Ew water model, Sgourakis

et al. calculated the J-coupling constants, 3JHNHa, of Ab1–42
and obtained a Pearson correlation coefficient (PCC) of

0.52 with an NMR experiment.56 This PCC value is similar

to the one obtained previously for the same system using

OPLS/AA and TIP3P water model (60 ns/replica and a PCC

of 0.48) and differs strikingly from the PCC value of �0.01
using GROMOS96.57 The Ab15–35 peptide has also been

studied by Langevin dynamics simulations using CHARMM,

OPLS/AA and GS-AMBER94, but there is no proof that

convergence of the simulations was reached.58 Overall, a

systematic comparison of classical all-atom force fields on

the structures and energetics of amyloid oligomers has not

been carried out.

Ideally, we would like to consider the dimer and trimer of

the Ab1–40 or Ab1–42 peptides as they are the proximate

neurotoxic species in Alzheimer’s disease.59 Such a structural

characterization is, however, out of reach using all-atom

models in explicit solvent due to the slow convergence of

simulations to equilibrium and one resorts to coarse-grained

protein models with implicit solvent42,60 or short Ab fragments

that form amyloid fibrils by themselves.58,61,62 It is to be noted

that although these shorter fragments may not be fully repre-

sentative of the whole Ab peptide, they help explore funda-

mental aspects of the thermodynamics and kinetics of amyloid

aggregation.43,63

As a first step toward determining force field effects on the

early formed amyloid oligomers, we study the monomer,

dimer, and trimer formed by the seven-residue fragment

Ab16–22 using the AMBER99,48 GROMOS9644 and OPLS/

AA45 force fields. The ability of this peptide to form fibrils

in vitro with antiparallel ordering of the b-strands was

ascertained by experiments.64 Low molecular weight aggregates

of Ab16–22 were also studied by various computational studies

using either all-atom representation but limited sampling of

configuration space35,65,66 or more extensive simulations with

simplified protein models.33,36,67–69

Providing Ab16–22 monomer to trimer results using all-atom

models which have been devised to study biomolecular

systems is beyond the scope of our work for two reasons.

Firstly, the present MD and REMD results on the Ab16–22
monomer to trimer using three force fields already require

90 days for the monomer (using 1 core), 70 days for the dimer

(using 32 cores) and 80 days for the trimer (using 40 cores).

Secondly, existing classical force fields are permanently subject

to improvement, but their successful applications to many

systems remain to be validated. For instance, the CHARMM22

force field with CMAP correction, not discussed here

and designed to make alpha-helices more stable, failed in

folding simulations of a WW protein domain.70 Similarly,

the AMBER99SB ff49 yielded improved agreements between

calculated and NMR/crystallographic side-chain torsion

distributions, but failed for alanine-based peptides.71 The

recently designed AMBER ff03*71 provided a meaningful

sampling of a a-helix and b-sheet peptides,72 but discrepancies
were observed between conformational distributions of a

polyalanine peptide in solution obtained from molecular

dynamics force fields and amide I0 band profiles.73 Finally,

the AMBER99SB ILDN ff was found to work well on the

three model peptides, but Shaw et al. clearly stated that its

success does not guarantee it is a suitable ff for all sequences.74

Overall, our simulations show that the GROMOS96

and AMBER99 force fields are biased toward amyloid-like

and a-helical structures, respectively. In contrast, the OPLS

force field provides a wide conformational distribution. The

implications of our results on amyloid oligomerization, fibril

growth and inhibition are discussed.

II. Material and methods

A Force fields

Most force fields for biomolecular simulations are represented

by an empirical potential-energy expression of the form

V ¼
X
bonds

Krðr� reqÞ2 þ
X
angles

Kyðy� yeqÞ2

þ
X

dihedrals

Vn

2
½1þ cosðnf� dnÞ� þ
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Here, the first three terms describe the short-range interactions,

where the bonds and angles are represented by a simple

harmonic expression, and neglect the changes in distance

between the first and third atoms associated with a bond

angle75,76 and the dihedral energies are modeled by a Fourier

expansion. The last sum accounts for the intermolecular or

nonbonded interactions, where the van der Waals interaction

is treated by a 6–12 potential and the electrostatic interactions

are modeled by a Coulomb potential of atom-centered point

charges. For a discussion on the various force-field parametr-

ization procedures and development, see, for example,

ref. 44–47. In this work, we have employed three force fields:

parm99.dat version of AMBER,48 43A1 version of GROMOS44

and the all-atom version of the OPLS force field.45 For

simplicity, throughout the paper we referred to as Ab1, Ab2
and Ab3 for the monomer, dimer and trimer of Ab16–22,
respectively.

B Simulation details

The simulated sequence is Lys-Leu-Val-Phe-Phe-Ala-Glu, i.e.

free of Ace and NH2 capped ends. We use the SPC (Simple

Point Charge)77 water model with the GROMOS force field,

and the TIP3P water model78 with the AMBER and OPLS

force fields. The initial configuration of the Ab1 was extracted
from the structure of the Ab10–35 peptide available in the

Protein Data Bank (ID: 1hz3).79 The initial configurations of

the Ab2 and Ab3 were obtained by replicating the individual

Ab1 structure in random orientations and the Ab1, Ab2 and

Ab3 systems were placed in periodic octahedral boxes containing

1168, 3089 and 3306 water molecules, with concentrations of

46, 35 and 43 mM, respectively. The solvated systems were

then minimized using the steepest descent method and were

equilibrated for 1 ns at constant pressure (1 atm) and

temperature (T = 300 K), respectively, using the Berendsen

coupling method.80 The systems were subsequently equilibrated

at constant temperature (T = 300 K) and constant volume for
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1 ns. The final structure was used as the starting structure for

the Ab1 MD simulation and for all the replicas of the Ab2 and
Ab3 systems.

The GROMACS program suite81,82 was employed for

all simulations. The equations of motion were integrated by

using a leap-frog algorithm with a time step of 2 fs. Covalent

bond lengths were constrained via the SHAKE83 procedure

with a relative geometric tolerance of 10�4. We used the

particle-mesh Ewald method to treat the long-range electro-

static interactions.84 The nonbonded interaction pair-list was

updated every 5 fs, using a cutoff of 1.2 nm. The Berendsen

coupling method80 was used to couple each system to the heat

bath with a relaxation time of 0.1 ps.

For MD simulation, the Ab1 system was run at 300 K and

constant volume for 500 ns. For REMD simulations, given the

lowest (290 K) and highest (400 K) temperatures and requesting

an acceptance ratio of E20%, the temperatures of replicas

were determined by using the method recently proposed by

Patriksson and van der Spoel.85,86 This resulted in 32 and 40

replicas for the Ab2 and Ab3 systems, respectively. Exchanges

between replicas were attempted every 1.5 ps, large enough

compared to the coupling time of the heat bath. Each replica

was run for 55 ns and the data were collected every 2 ps. The

first 5 ns of all trajectories were excluded for analysis. Con-

vergence of the simulations was assessed by block analysis.

C Data analysis

To characterize the oligomers of Ab, we used several quantities.

Let ~ui be the unit vector linking N- and C-termini of the ith

peptide. The nematic order parameter P2
66 is defined as follows

P2 ¼
XN
i¼1

jr!iNCj
Li

P0
2; ð2Þ

where P0
2 ¼ 1

2N

PN
i¼1

3
2
ðu!i � d

!
Þ2 � 1

2
with ~d (the director) is a unit

vector defining the preferred direction of alignment, N is the

number of peptides, and ~riNC is the end-to-end vector that

connects the Ca atom termini of the ith peptide. The end-to-end

distance in the fully stretched state Li = (Ni � 1)a, where Ni is

the number of amino acids in the ith monomer and a (E4 Å) is

the distance between two consecutive Ca atoms. We define that

the system has the propensity to form fibril-like conformation

if P2 is >0.5.66

To assess the relative alignment of the ith peptide with respect

to the jth peptide, we calculated the product between two unit

vectors ~ui�~uj. A negative (positive) value of this cosine content

c(ij) reflects a tendency for antiparallel (parallel) alignment.

Principal component analysis (PCA) is an efficient method to

represent the conformational distribution of a 3N-dimensional

system in terms of a few ‘‘principal’’ components.87–90 In this

work, we used the dihedral angle PCA (dPCA)91 method that

uniquely defines the distance in the space of periodic dihedral

angles using the variables q = {qk} with qk = cos(ak) and

qk+1= sin(ak). Here, akA {fk, ck} and k=1 . . . 2Np� 1, with

N and p being the number of dihedral angles of a peptide and

the number of peptides, respectively. The correlated internal

motions are probed using the covariance matrix

sij = h(qi � hqii)(qj � hqji)i, (3)

where h. . .i denotes the average over all sampled conformations.

By diagonalizing s, we obtain 2Np eigenvectors v(i) = {vni}

(vni is the nth component of the ith eigenvector) and eigen-

values ln, which are rank-ordered in descending order, i.e.,

l1 represents the largest eigenvalue. The eigenvectors and

eigenvalues of s yield the modes of collective motion and

their amplitudes. The ith principal component is defined as

Vi = v
(i)�q. It has been shown that a large part of the system’s

fluctuations can be described in terms of only a first few

principal components.87–90 The free energy landscape spanned

by n principal components V= (V1,. . .,Vn) is given by G(V) =

�kBT[ln P(V) � ln Pmax], where P(V) is the probability

distribution obtained from a histogram of the MD data, Pmax

is the maximum of the distribution, which is subtracted to

ensure that G = 0 for the lowest free energy minimum. We

used dPCA to compute the free energy landscapes using

mainly the first two eigenvectors V1 and V2.

We monitored the secondary structure composition of

Ab2 and Ab3 systems using the STRIDE program,92 and of

the Ab1 using the ‘‘broad’’ definition as reported in ref. 35.

Following this definition, if (f, c) angles are discretized into

20 intervals of 181, then a b state corresponds to the vertices

of the polygon (�180, 180), (�180, 126), (�162, 126),

(�162, 108), (�144, 108), (�144, 90), (�50, 90), (�50, 180)
on the Ramachandran plot, and the a helix state is confined to

the polygon (�90, 0), (�90, �54), (�72, �54), (�72, �72),
(�36, �72), (�36, �18), (�54, �18), (�54, 0), all other regions
are considered as coil. The peptide is in the b (a helix)

conformation if (i) the (f, c) angles of any two consecutive

residues are in the corresponding b (a helix) states, and (ii) no

two consecutive residues are in a helix (b) states. If neither b
nor a helix conformations are assigned, then the peptide is

classified as random coil. For the monomer, and for comparison

with previous simulations, we also defined the PPII conformation

following the definition of Garcia.93 A residue is in the

PPII state if �1201 r f r �301 and 601 r c r 1801, and

the peptide is in the PPII conformation if three or more

consecutive residues are in the PPII state.

Finally, we also calculated the number of inter-peptide and

intra-peptide side-chain–side-chain contacts: Ninter
c and Nintra

c .

A contact is formed if the distance between the centers of mass

of two residues is less than 6.5 Å.

III. Results and discussion

A Global and local pictures at 300 K

To obtain a global picture of Ab2 and Ab3 configurations, we
calculated the averaged distribution P(q) =

P
pP(qp)/p, where

qp is a reaction coordinate of the pth peptide. We considered

four coordinates: the radius of gyration, the order parameter

P2, the c(ij) values, and the total number of intermolecular

contacts. Results are shown in Fig. 1.

The radius of gyration Rg = (
P

imid
2
i )
1/2/(

P
imi)

1/2 is defined

as the average of the mass-weighted squared distances of all

atoms to the center of mass. As seen from Fig. 1, the Rg

distributions for Ab2 and Ab3 are very similar. For each

system, AMBER and GROMOS show a single-peak

distribution. However, the structures are compact using AMBER
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(Rg E 0.5 nm), while they are extended using GROMOS

(Rg E 0.75 nm). OPLS, on the other hand, displays a broad Rg

distribution. If we consider the value of Rg = 0.62 nm as the

threshold between compact and extended structures, OPLS

results in 60% and 40% of compact and extended structures,

respectively.

The order parameter P2 depends not only on the relative

orientational order, but also on the end-to-end distances of

the peptides. Here, the distance is measured between the Ca

carbon atoms of Lys16 and Glu22. Ab2 with AMBER has a

very small P2 E 0.3. With GROMOS, Ab2 is extremely

ordered as indicated by a P2 value of E1, while OPLS yields

to a very broad P2 distribution between 0.2 and 1. In contrast

to the Rg distributions, the P2 distribution changes from the

dimer to the trimer for each force field and shifts to lower

values. By using the P2 threshold of 0.5, AMBER, GROMOS

and OPLS display 98%, 1% and 60% of disordered states for

the dimer and 99%, 42% and 92% for the trimer, respectively.

The quantity c(ij) probes the direction of alignment. For

Ab2, AMBER displays a flat distribution between�1 and 1. In

contrast, GROMOS strongly favors antiparallel structures,

the probability for c(ij) between �1 and �0.75 is 96%. With

OPLS we find 43% of the states with c(ij) r �0.75, 34% with

�0.75 r c(ij) r 0, and 23% with c(ij) Z 0.

For Ab3, since a distribution of the c(ij) of any pairs of

peptides does not provide full information on the whole

orientation, we calculated the conditional probability distribution

P[c(i, j)|c(i, k) Z 0] (i, j, k = 1,2,3) for finding the c(i, j)

between peptides ith and jth given the positive c(i, k) between

peptides ith and kth. The distribution P[c(1, 2)|c(1, 3) Z 0] is

shown in Fig. 1. For each force field, the directional alignment

in Ab3 is very similar to that observed in Ab2, although the

tendency to form antiparallel structures is decreased. That is,

GROMOS still favors strongly antiparallel structures, while

AMBER and OPLS favor weakly antiparallel structures.

Finally, Fig. 1 reports the distribution of the number

of inter-peptide side-chain contacts. Ab2 shows a maximum

forNinter
c = 3, 10 and 6 using AMBER, GROMOS and OPLS,

respectively, while Ab3 shows a maximum for Ninter
c = 8, 20,

and 12.

In order to understand how the monomer is perturbed as

the peptides assembly, we analyzed the Ramachandran plots

of the five inner amino acids. Fig. 2 shows the results for Ab1.
Following the ‘‘broad’’ definition described in Material and

methods, we calculated an averaged conformational population

for a state ps ¼ 1
NpNa

PNp

i¼1
PNa

j¼1 p
j
iðsÞ, where s stands for a-helix

or b or coil (c) states, and Np, Na are the number of peptides

and amino acids, respectively. We see that the Ramachandran

map of each amino acid varies substantially from AMBER to

GROMOS and OPLS. AMBER predicts high populations of

pa (40%) and pcoil (58%) while the b region is almost zero. The

GROMOS force field leads to a pb of 54%, pcoil of 38%, and pa
of 8%. Finally, OPLS equally populates equally pb (42%) and

pcoil (45%) and a little pa (13%). We also find that GROMOS

allows a small population (E3%) of the left-handed helix state

aL while AMBER and OPLS do not.

For the Ab2 and Ab3 systems, we calculated the averaged

Ramachandran distributions Pi(f, c) =
P

pP
i(fp

i , cp
i )/p,

where fp
i , c

p
i pertain to the residue ith of the pth peptide.

Fig. S1 in ESIw shows the dihedral angle probability distributions
for the Ab3 system. It is striking that the distributions do not

change significantly from the monomer to the trimer using

AMBER. With GROMOS, pa in the trimer is smaller (r3%)

than that in the monomer, while pb increases (76%), and pcoil
decreases (21%) upon assembly. With OPLS, b and coil

populations are increased and decreased (55% and 34%),

respectively, while the a population remains unchanged.

B Free energy landscapes

We constructed the free energy surfaces (FES) of all systems

using the dPCA method. Fig. 3 shows the FES of the Ab1, Ab2
and Ab3 as a function of the first two principal components

V1 and V2.

Each FES exhibits several free energy minima corresponding

to distinct metastable conformational states denoted as Si

(i stands for the state index). To identify those states, we employ

the k-means algorithm94 as a well-established simple and fast

geometric clustering method. As the number of clusters must be

known beforehand in k-means, we perform a visual counting of

the number of minima on each landscape, ensuring that the

total population of states considered are 100%.

The centre of each cluster shown in Fig. 3 is selected as a

representative of state Si and each cluster is further characterized

by calculating the average values of some global and local

parameters using all conformations belonging to this cluster.

Results are listed in Tables S1, S2 and S3 given in ESIw for

Ab1, Ab2 and Ab3, respectively.

1 Ab1 system. Five states are observed with AMBER. All

of them haveNintra
c = 8–10 contacts (Table S1, ESIw). The first

Fig. 1 Normalized distribution of the radius of gyration Rg, the order

parameter P2, the cosine of the angle between the end-to-end vectors

of two peptides referred to as c(ij) for the dimer and the conditional

probability for the trimer, and the total inter-peptide contacts Ninter
c .

Shown are results obtained by AMBER (black), GROMOS (red) and

OPLS (blue). Left panels and right panels show results for Ab2 and

Ab3, respectively.
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two states S1 and S2, with populations of 52% and 16%,

respectively, are mainly random coil, but they different in

the conformation of Leu17. The state S3 (11%) contains both

a-helix (23%) and random coil (73%) structures, and a small

population (5%) of b. The last two states S4 and S5 are quite

similar, i.e., both are dominated by random coil and contain

small (E7%) populations of the a-helix structure. However,

their local structures differ by the conformation of Val18.

With GROMOS, we identify eight states with similar

populations. The first two states S1 and S2 are unfolded

(Nintra
c = 3) and differ in the conformation of Val18. The

states S3 and S6 are compact (Nintra
c of 10 and 8) and contain

similar percentages of coil (87%). The other S4, S5, S7 and S8

are intermediates with a high percentage of coil.

With OPLS, we identify seven states with populations

varying between 28 and 7%, displaying Nintra
c = 4–6, and

essentially random coil.

2 Ab2 system. AMBER reveals four states on the free

energy landscape (Fig. 3). All states are amorphous without

any propensity to form fibril-like states: P2 values of 0.3 and

c(12) values between the two chains varying between �0.2 and

0.1, and with a b-strand content of 0% (Table S2, ESIw).
They are also characterized by 8–10 intrapeptide contacts and

2–3 interpeptide contacts. In terms of local structure, the

dominant state S1 with a population of 53% is dominated

by coil (45%) and 310-helix (28%). The other three states are

dominated by turns and coils, and then 310-helices. Comparing

the structure of peptides in the S1 of Ab2 with that of Ab1
reveals that the monomer is hardly perturbed as the peptides

form the dimer (RMSD between the two structures E1 Å).

This indicates that the interpeptide interactions cannot

counterbalance the intrapeptide interactions.

With GROMOS, we identify five states forming only anti-

parallel fibril-like structures with flexibility in the extremities

of the peptides and various registers of H-bonds (Fig. 3),

P2 values of 0.7–0.8 and averaged b-strand contents of

35–50% (Table S2, ESIw). The structure of the monomer

(Table S1, ESIw) is, therefore, completely perturbed in the

dimer, converting from coil to fully extended.

Using OPLS, the free energy landscape is much more

complex (Fig. 3) with the presence of 12 states of similar

populations (Table S2, ESIw). Only three states, S2, S8 and

S10 representing 25% of the total population, display partial

b-sheets or full b-sheets with antiparallel arrangements. The

remaining ten states are disordered (P2 r 0.5) with high

turn and coil contents and arranged in different configurations

with c(12) varying between �0.6 and 0.19. Compared with

the Ab1 equilibrium ensemble, which displays one state with

the b-strand (state S3, Table S1, ESIw), the peptide structure is
partially perturbed upon dimerization and the conversion

from coil to extended is not as significant as in GROMOS.

3 Ab3 system. As shown in Fig. 3, the free energy land-

scape of Ab3 obtained by AMBER exhibits four main minima.

We find that the structure of each chain does not vary much

Fig. 2 Ramachandran f, c probability distributions of the five inner residues of Ab1 in water as obtained from 500 ns MD simulations employing

the three force fields.



This journal is c the Owner Societies 2011 Phys. Chem. Chem. Phys., 2011, 13, 9778–9788 9783

from that observed in Ab2 or Ab1. As shown in Table S3

(ESIw), the low values of P2 and b-strand contents, and the

negative values of c(12), c(13) and c(23) indicate that Ab3 does
not form any fibril-like structures. The most populated state

S1 (51%) exhibits 28% of 310-helix and 44% of coil, whereas

the less populated state S4 (7%) still exhibits 18% of 310-helix

and is dominated by turns. The other two states S2 and S3 are

of coil-turn-310-helix types.

The free energy landscape obtained by GROMOS contains

nine main states with a strong preference for antiparallel

b-sheet structures. The most populated state (32%), S1, is a

fully out-of-register three-stranded b-sheet, while the other

states are characterized by two peptides forming an anti-

parallel b-sheet structure with the third peptide disordered

either out-of (S4, S8) or in the plane of the b-sheet. We also

find that the structures of the peptides in the dimer and trimer

are very similar to each other.

As expected from the dimer, the free energy landscape of

Ab3 modeled by OPLS is the most complex as it exhibits many

close-lying free energy minima. Nevertheless, we can identify,

at least, 12 states shown in Fig. 3. All P2 values are below the

threshold value of 0.5, indicating that none of the states form a

fully b-sheet structure. However, there are six states, i.e. S3,

S6, S5, S7, S9, S11 displaying an antiparallel two-stranded

b-sheet stabilized by a disordered peptide. We note that these

structures are quite similar to the states S3, S4, S6, S7 and

S8 on the free energy landscapes of Ab3 obtained by the

GROMOS force field. The other states, representing 54% of

the total populations, are disordered with major coil and turn

contents, and fewer inter-peptide contacts.

C Temperature dependence

To determine the dependence of Ab2 and Ab3 oligomers on

temperature, we calculated the three global reaction coordinates

(Rg, P2, N
inter
c ), the secondary structure contents and the free

energy surfaces. As seen from Fig. S2 in ESIw, the three global
reaction parameters depend weakly on temperature. The

analysis of Rg shows that for both the dimer and trimer,

AMBER favors unfolded structures, whereas GROMOS and

Fig. 3 Free energy landscapes (in kcal mol�1) of Ab1, Ab2 and Ab3 in water as obtained from 500 ns MD simulation of Ab1 and 50 ns REMD

simulations of Ab2 and Ab3, using the various force fields. Shown are results along the first two principal components obtained from the dPCA

analysis. The centers of each cluster corresponding to the main minima are shown. The color gradient from black to yellow is indicative of increase

in free energy.
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OPLS still favor folded structures at 400 K. Both Ab2 and Ab3
oligomers are rather stable using all three force fields either

in their orientations and numbers of inter-peptide contacts,

P2 and Ninter
c changing little as temperature is increased from

300 to 400 K.

The secondary structure contents of Ab2 and Ab3 at 300 and
400 K are compared in Table S4 given in ESI.w The small

contents of a-helix, p-helix and b-bridge are not shown here.

With AMBER, the 310-helix, turn and coil remain dominant at

both temperatures and not change much upon heating. With

GROMOS, the percentage of coil increases to 55% (dimer)

and 58% (trimer), but the percentage of extended conformations

remains significant at 400 K, 32% (dimer) and 17% (trimer).

With OPLS, at 400 K and in both systems, the b-strand
becomes marginal, and the Ab2 and Ab3 configurations are

turn-coil. Interestingly, as the temperature is increased, the

coil content in GROMOS is increased while it is decreased

in OPLS.

Finally, we examined how the FESs of Ab2 and Ab3 change
as a function of the temperature. Here for the sake of

conciseness, Fig. 4 shows the free energy along the first

principal component V1, calculated for both systems and three

temperatures. With AMBER, the V1 component of both

systems mainly describes the fluctuation of cVal18 and cPhe19,

and the FES of each system exhibit one well-defined minimum

at all temperatures. With GROMOS, the V1 of Ab2 mainly

describes the fluctuation of fLeu17 at 300 K, and also includes

changes of the cVal18 and cPhe19 at 400 K. Large fluctuations

of cLeu17 and cVal18 are noted in the V1 of Ab3 at both 300 K

and 400 K. As seen in Fig. 4, the free energy profile at 400 K is

still very similar to that at 300 K for each system. Finally,

using OPLS, the V1 of Ab2 is associated with large fluctuations

of fLeu17, cPhe19 and cPhe20 at both 300 K and 400 K. For Ab3,
V1 is mainly characterized by fluctuations of fLeu17, cPhe19,

cPhe20 and fPhe20. In contrast to AMBER and GROMOS, the

FES of Ab3 with OPLS is more impacted by temperature

variation.

Overall our simulations indicate that increasing the

temperature to 400 K impacts the dimeric and trimeric structures

of Ab16–22 very marginally with AMBER and GROMOS and

only modestly with OPLS. This is in line with the recent

computational study of Best and Mittal, which showed using

AMBER ff03*, that the folded structures of the predominantly

a (Trp-cage) or b (GB1 hairpin) peptides are correctly

predicted at low temperatures, but the temperature dependence

of their folded populations is too weak relative to the

experiment.72 Looking at the helix–coil transition of poly-

peptides, Best and Hummer also found a weak temperature

dependence that may result from a lack of orientational

specificity in hydrogen bonding of the force field.71

IV. Discussion and conclusions

As the aim of this work is to study the effects of force fields on

the structures of the Ab16–22 monomer, dimer and trimer, it is

important to make sure our analysis is not affected by limited

sampling. Convergence of the simulations was assessed by

comparing the time-averaged properties of four order parameters

using block analysis, i.e. 0–25, 25–50 and 0–50 ns. Fig. 5

shows, for Ab2 and Ab3, the distribution of Rg, P2, the

orientation between the chains, and the total inter-peptide

contacts Ninter
c using AMBER. The superposition using block

analysis is excellent for the four parameters. A very good

convergence is also observed with GROMOS (Fig. S3 in

ESIw), and only minor deviations are observed with OPLS

(Fig. S4 in ESIw). All together these results give us high

confidence of the quality of the sampling. As our three systems

have been extensively studied numerically, it is instructive to

compare our results with those obtained by other force fields.

In the context of the monomer, Thirumalai and collaborators66

reported that it adopts predominantly random coil conformations

(65%) with a b-strand content of 10% based on 360 ns MD

Fig. 4 Free energy landscapes of Ab2 (left panels) and Ab3 (right

panels) shown as a function of the first principal component, V1, and

three temperatures.

Fig. 5 Normalized distribution of the radius of gyration Rg, the order

parameter P2, the cosine of the angle between the end-to-end vectors

of two peptides referred to as c(ij) for the dimer and the conditional

probability for the trimer, and the total inter-peptide contacts Ninter
c .

Shown are results obtained by the AMBER force field, using the first

half (red), last half (blue) and the whole trajectory (black).
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simulations using GROMOS96 and SPC model.66 Very similar

propensities were also obtained based on REMD simulations

using the coarse-grained OPEP force field with implicit solvent

representation.95,96 Similarly, Gnanakaran and Garcia studied

the monomer of Ace-Ab16–22-NH2 peptide using a modified

version of the AMBER94 force field.97 The monomer was

solvated in 1583 TIP3P waters, simulated with 24 replicas

between 276 and 469 K for 15 ns and the last 10 ns used

for analysis. Using the generalized reaction field treatment

for electrostatic interactions, they found that at 310 K the

dominant monomer conformation (E40%) is PPII.65 Similar

results were also reported for short alanine peptides.53 It is

to be noted, however, that the difference in the b-strand and

PPII populations derived from simulations and experiments

is well known.46,61,97 Here, we found that the coil structure

is the most dominant in all three force fields with b-strand and

a-helix contents varying with the force field, and the equilibrium

structures are essentially compact with AMBER99, extended

with GROMOS and both compact and extended with OPLS.

In addition, the PPII contents of Ab1 are 0%, 14% and 2% using

AMBER, GROMOS and OPLS, respectively.

In the context of the dimer, Rohrig et al. found that

the antiparallel b-sheet structure is unstable by using MD,

AMBER99 and TIP3P model.98 Santini et al. used the OPEP

force field and the activation–relaxation simulation technique,

and found the existence of five local minima for the dimer: four

antiparallel and one parallel b-sheet structures.68 Combining

OPEP with REMD, Wei et al. found six free energy minima at

310 K including in-register and out-of-register parallel strands,

parallel chains, cross chains, antiparallel loops, and antiparallel

strands.29 Using the modified AMBER94 force field, Gnanakaran

et al. studied the dimer solvated in a cubic box of 1626 waters

using the TIP3P model and 38 replicas between 275 and 510 K

for 11.5 ns and the last 6 ns used for analysis. We note that

this time scale is much shorter than our time (50 ns/replica).

They identified six distinct conformations for Ab2 at 310 K,

including shifted parallel strand and parallel loop, parallel

strand, antiparallel strand, shifted antiparallel strand, cross

and tight cross/lock as shown in Fig. 1 of ref. 65.

In this work, we found that none of the six OPEP-generated29

or modified AMBER94-generated65 structures of the dimer

are reproduced by AMBER99, which strongly favor coil and

310-helix, and GROMOS only reproduces the antiparallel

strands. In contrast, OPLS captures six structures which are

similar to OPEP andmodified-AMBER94 force field calculations:

S12 (shifted parallel strand), S4 (parallel strand), S10 (anti-

parallel strand), S3 (shifted antiparallel strand), S7 (cross) and

S11 (tight cross/lock). In addition to these six minima, OPLS

also identified six additional states, certainly due to the use of

the dPCA analysis here vs. two simple order parameters in

previous simulations.29,65

In the context of the trimer, Santini et al. studied the

assembly using the OPEP force field and the activation–

relaxation simulation technique.68 They carried out 21 simulations

starting from different initial conditions, and they identified

three in-register antiparallel b-sheet structures, four out-of-

register antiparallel structures and one mixed parallel/antiparallel

b-sheet. Favrin et al., based on an all-atom model, a home made

implicit solvent representation and Monte Carlo simulations,

found the predominance of mixed parallel/antiparallel

b-sheets over in-register and out-of-register antiparallel

b-sheets at low temperature.36 In a recent study, Nguyen et al.

reported that these structures are essentially captured by

extensive simulations using 1.3 ms MD with the GROMOS96

force field.66

In this work, we found that none of the structures generated

by OPEP are reproduced by AMBER99, which again does not

form any fibril-like structures and favor strongly coil and

310-helix. The GROMOS force field coupled to REMD

captures structures similar to those generated by OPEP68 or

GROMOS with long MD.66 These structures are S1 and S7

(in-register antiparallel strand), S2, S3, S4, S5, S6 and S8

(out-of-register antiparallel strand) and S9 (mixed parallel and

antiparallel) (see Fig. 3, lower panel). In contrast, the OPLS

force field captures out-of-register antiparallel structures

(states S3, S4, S5, S6, S7, S9, S11 as seen in Fig. 3, lower

panel) and five disordered structures with major coil and turn

contents. It does not capture, however, any in-register

antiparallel or mixed parallel/antiparallel structures.

In summary, these extensive REMD simulations of the

monomer to trimer of Ab16–22 show significant differences

in the global structures, propensities of secondary structures

and free energy landscapes using AMBER99, OPLS and

GROMOS force fields. AMBER99 strongly favors a-helical
structures in the three systems and prevents the formation of

any b-sheet structures. In contrast, GROMOS favors turn-coil

conformations in the monomer and a very high population of

extended b-sheet structures upon assembly. In contrast, the

OPLS force field shows an intermediate tendency between

AMBER and GROMOS by generating diverse structures for

Ab1, Ab2 and Ab3, including ordered, disordered, parallel and

antiparallel structures.

There is experimental evidence that early formed oligomers

are very unstable, undergoing rapid conformational transitions

until the formation of a nucleus from which fibril formation is

rapid, and the lag phase varies from hours to days depending

on several experimental conditions. From this observation and

though we cannot ignore finite size effects in our simulations,

the implications of our work are as follows. Note that in

principle, ab initio MD simulations of the Car-Parinello

type99,100 or polarizable MD simulations101 could be used to

verify our results, but their applications to oligomers are

not yet feasible using current computer resources. First, our

all-atom simulations indicate that the AMBER99 force field

with TIP3P should not be used for exploring amyloid formation

because of their strong biases towards a-helical structures.

Second, whether the combination of GROMOS96 with the

SPC water model or the combination of OPLS with the TIP3P

water model is more suitable for studying the early and late

steps of amyloid formation remains to be determined. But

clearly both force fields should affect the aggregation kinetics

and the structures of the oligomers. This has been already

reported by a previous computational study on the Ab1–42
monomer.57 This difference in the free energy landscapes

of low molecular weight oligomers strongly suggests that the

time either needed to accommodate a monomer into a fluid-

like oligomer66 and inhibit fibril growth95,102 may vary also

substantially by using OPLS or GROMOS96.
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