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ABSTRACT
Aβ folding and assembly are believed to be seminal pathogenic events in Alzheimer’s disease. We study Aβ(1-42)
folding by discrete molecular dynamics using a four-bead protein model with hydrogen bonds and amino acid-specific
interactions. Interactions account for hydrophobic/hydrophilic effect that mimic the solvent as well as electrostatic
effects. We study monomer conformations on a wide temperature range. At each temperature, we find many different
monomer conformations, indicating that Aβ(1-42) folding is not unique. At low temperatures, we observe globular
conformations with some α-helical content while at higher temperatures β-strand-rich conformations with no α-helical
content are present. This temperature-driven conformational change is consistent with experimental findings by
Gursky and Aleshkov. Varying the strength of electrostatics interactions, we show that all monomer conformations
become more compact. β-strand-rich conformations are characterized by turn regions centered at D23-K28 and
G37-G38, and β-strands at L17-A21, I31-V36 and V39-A42, which are important in fibril formation.
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I.

INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurological disorder that is estimated to affect 50% of humans aged 85
and older. AD is characterized by extracellular senile plaques, intracellular neurofibrillary tangles, and substantial
neuronal loss. Senile plaques are made of fibrillar aggregates of the amyloid β-protein (Aβ). Aβ is produced normally
in the body predominately in two forms, Aβ(1-40) and Aβ(1-42), that differ structurally by the absence or presence
of two C-terminal amino acids, respectively. One of the leading hypotheses of AD etiology is the “amyloid cascade
hypothesis,” which posits that self-assembly of Aβ is a seminal pathogenetic event [1, 2]. The initial stages of
the assembly process produce small oligomers that may be the proximate neurotoxins in the disease (for reviews, see
Refs. [3, 4]). Aβ(1-42) is particularly prone to aggregation [5], appears to be the more toxic of the two Aβ alloforms [6],
and is linked to familial (genetic) forms of AD [7].
The idea of applying the DMD approach to study protein folding and aggregation was proposed in 1996 [8]. Since
then numerous studies have developed and applied the DMD approach to study protein folding [9–13]. Peng et al.
studied the aggregation of 28 Aβ(1-40) monomers into a β-sheet aggregate using a two-bead amino acid model with
Gō interactions [14]. Urbanc et al. studied Aβ(1-40) and Aβ(1-42) dimer formation using all-atom MD with implicit
solvent/explicit solvent that incorporated a four-bead amino acid model and hydrogen bond interactions [15]. In a
subsequent study, Urbanc et al. applied the DMD approach to study differences in oligomer formation between Aβ(140) and Aβ(1-42) [16]. Borreguero et al. applied a united-atom DMD model, in which all atoms except hydrogens
are present, to study folding events of Aβ(21-30), a decapeptide segment of Aβ hypothesized to nucleate monomer
folding [17].
We present here results of our DMD study of Aβ(1-42) folding. We use a four-bead amino acid model with
hydrogen bonding, amino acid-specific interactions that account for solvent implicitly, and electrostatic interactions.
Our results show that a folded Aβ(1-42) monomer adopts a collapsed coil structure with a small amount of α-helix at
low temperatures and a β-strand rich conformation at higher temperatures. We discuss our results in the framework
of existing experimental and computational findings.
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II.
A.

METHODS

Discrete Molecular Dynamics

Discrete molecular dynamics (DMD) is an efficient molecular dynamics method due to simplified interparticle
potentials which are reduced to one or more square-wells [18]. A pair of particles moves with constant velocities
along straight lines until a distance is reached at which the potential is discontinuous, and a collision occurs. At
that moment, particle velocities and directions of motion are recalculated such that the total energy, momentum, and
angular momentum are conserved. Because DMD is event-driven, it is faster than traditional molecular dynamics. To
further increase the efficiency, DMD typically is used without explicit solvent and in combination with coarse-grained
amino acid models.
B.

Four-Bead Protein Model

We model Aβ using a four-bead model [19–21] that assigns to each amino acid up to four beads corresponding
0
to amide N, α-carbon Cα , carbonyl C groups, and up to one side-chain bead centered at the Cβ group. There are
0
0
three types of bonds in the model: (i) covalent bonds N —Cα , Cα —C , and Cα —Cβ ; (ii) peptide bonds C —N that
connect two neighboring amino acids in the sequence; and (iii) constraints that allow for a correct backbone geometry.
AB
AB
Each bond is characterized by distance constraints rmin
= DAB (1 − σ) and rmax
= DAB (1 + σ), where D AB is an
AB
average distance between beads A and B and σ is chosen to be 0.02. D
and the hardcore radii for the four beads
were obtained phenomenologically using known protein structures from the PDB database [21].
C.

Hydrogen Bonding and Amino Acid-Specific Interactions

In proteins, a backbone hydrogen bond (HB) is formed between a carbonyl oxygen (O) and an amide hydrogen
(H) atom. In the four-bead model, the positions of O and H can be reconstructed knowing the positions of the
0
three backbone groups
N , Cα , and C . A hydrogen bond0 is modeled between the amide Ni of the amino acid i
0
and the carbonyl Cj group of the amino acid j. Ni and Cj can form a HB at a distance range [4 Å, 4.2 Å] if four
0
additional constraints are satisfied. These constraints involve positions of C i−1 , Ni , and Cαi , as well as Cαj , Cj , and
Nj+1 , and account for the angular dependence of the HB (for a detailed description, see Ref. [21]). Once the bond is
0
0
formed, the model implements a “hydrogen bond-type reaction” that changes N i and Cj into Ni and Cj in the form
0
0
Ni + C j *
) Ni + Cj to assure that the amino group Ni and the carbon group Cj cannot form any other hydrogen
bond. In this study, we assign the potential energy of one HB, EHB , a value of 1.0. EHB represents a unit of energy
in our model.
Because DMD is solvent-implicit, amino acid-specific interactions between the side chain beads are introduced
in the four-bead model to mimic the solvent effects. Amino acids are characterized as hydrophobic, non-charged
hydrophilic, or charged hydrophilic. We use a hydropathy scale by Kyte and Doolittle [22]. In our modeling, the
hydrophobic amino acids are I, V, L, F, C, M, and A, non-charged hydrophilic amino acids are N, Q, and H, and
charged hydrophilic amino acids are positively-charged R and K and negatively-charged E and D. Amino acids G,
P, S, T, Y, and W are considered neutral. The effective hydrophobicity is introduced as an attractive interaction
between two hydrophobic side chain beads, which minimizes their combined solvent accessible surface area (SASA).
The effective hydrophilicity is introduced as a repulsive interaction between two non-charged hydrophilic beads or
between a charged and a non-charged hydrophilic bead, which keeps these side chains apart and thus maximize their
combined SASA. The neutral side chain beads interact with each other and with the rest of side chain beads only
through hard core repulsion. These interactions are described by a single square-well potential between side chain
beads Cβ with a threshold distance of 7.5 Å. The strength of the hydropathic interactions is given by the potential
energy between two isoleucines, EHP , set here to 0.15. We model the electrostatic interactions between two charged
side chain beads by a double attractive/repulsive square-well potential with a long interaction distance of 7.5 Å and
a short interaction distance of 6.0 Å. We denote the electrostatic potential energy by ECH and keep it below the
potential energy of a HB, ECH < 1.
D.

Initial Conformations and Parameters Settings

We use three values of the electrostatic interaction (EI) strength ECH , 0.0, 0.3, and 0.6. By running the DMD
simulations of a single Aβ(1-42) peptide at a high temperature T = 4.0 we obtain the random coil-like conformations
with average zero potential energies. These conformations are used as initial conformations in production runs. We
acquire 100 different initial conformations for each of the three strengths of EI, E CH . In the production runs, these
conformations are subjected to a heat bath at a fixed temperature at a fixed volume in a cubic box of 200 Å.

E.

Intramolecular Contact Map

In the analysis of our results, we calculate the average intramolecular contact maps at each temperature and at
each strength of EI. When two beads are at a distance ≤ 7.5 Å, they are in contact. If Cij is the number of contact
pairs between amino acids i and j, then the average contact map at the position (i, j), < C ij >, is defined as an
average of all Cij from different trajectories. Because a maximum number of beads per amino acid is 4, the maximum
number of contacts between any two amino acid is 16. We normalize the contact maps to the same maximum value.
F.

Secondary Structure Analysis

We use the STRIDE program [23] within the Visual Molecular Dynamics (VMD) software package [24] to determine
the secondary structure propensity per amino acid of a given conformation. We then calculate the average over all
conformations to determine the average propensity for a turn, β-strand, or an α-helix.
III.

RESULTS

The primary structure of Aβ(1-42) is DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA. We explore Aβ(1-42) monomer folding using a four-bead model with backbone hydrogen bonds and amino acid-specific
interactions between the side chain beads. We study a wide temperature range T ∈ [0.10, 0.18] at E CH = 0.0, 0.3 and
0.6. At each temperature and for each EI strength we obtain 100 trajectories each starting from a different random
coil-like, zero potential energy conformation. Our results show that at 0.10 < T < 0.12, monomer conformations adopt
a collapsed coil structure with loops and turns and some β-strand content. At each temperature and EI strength, we
analyze the 100 final monomer conformations in terms of clustering with respect to the RMSDs and the TM-score
function [25] (data not shown). Our results indicate that overall no particular families of conformations can be defined. Despite the lack of a well-defined folded structure, some average structural characteristics can be determined.
Propensity for β-strand formation increases with temperature, and at 0.12 < T < 0.14, monomer conformations adopt
a more extended structure with a substantial β-strand content. By calculating a heat capacity in the temperature
range T ∈ [0.10, 0.18], we find that a transition into a random coil conformation occurs at T ≈ 0.145 (for E CH = 0.0
and 0.3) and at T ≈ 0.150 (for ECH = 0.6) (data not shown).
Secondary structure analysis is shown in Fig. 1. In Fig. 1a we show turn and β-strand propensities per amino acid
at several selected temperatures and at three EI strengths. We observe an increase of the β-strand propensities with
temperature in the central hydrophobic core (17-21), mid-hydrophobic cluster (30-36), and the C-terminal region (3942). These β-strand propensities increase with the EI strength. We also find regions with pronounced turn propensities
centered at 14-15, 25-26, and 36-38, and an additional turn region 2-4 that becomes pronounced only at the highest EI
strength. The corresponding turn-like structures tend to be narrower in the presence of EI, consistent with a higher
propensity for β-strand formation. The α-helix propensities are small overall and are zero at temperatures T > 0.13.
At lower temperatures, where the conformation is a collapsed coil, the α-helix propensity is the highest, but does not
exceed 8% in any protein region (Fig. 1b).
Intramolecular contact maps at several temperatures and three different EI strengths are shown in Fig. 2. These
contact maps show pairs of amino acids that are close to each other. At low temperatures, we observe many contacts,
in particular in hydrophobic parts of the protein—central hydrophobic core (17-21), mid-hydrophobic cluster (31-36),
and the C-terminal cluster (39-42). There are two loop or turn regions, centered at G25-S26 and G37-G38. In the
presence of EI, these two regions get more pronounced and narrower, and the number of contacts in the N-terminal
region of the protein increases as well. As the temperature increases, the overall number of contacts is reduced due
to increased thermal fluctuations. However, the two loop/turn regions remain. In the presence of EI, the loop/turn
region centered at G25-S26 is narrower and characterized by more contacts because of the presence of strong EI
between oppositely charged residues E22-K28 and D23-K28 that induces a local β-hairpin conformation.
Selected typical conformations at different temperatures and different EI strengths are shown in Fig. 3. As determined by our analysis of the secondary structure and contact maps, we find a typical collapsed coil conformation at
low temperatures (Fig. 3a). At a high temperature, we find substantial amounts of a β-sheet structure (Fig. 3b) that
gets more pronounced when EI are present (Fig. 3c-d). We also calculated the average radius of gyration R̄g as a
function of temperature (data not shown). Our results show that R̄g increases with temperature, consistent with a
structural change from a collapsed coil to a more extended β-sheet structure. Interestingly, R̄g decreases with the EI
strength, indicating that the average monomer structure gets more compact.
IV.

DISCUSSION

We analyze structural features of Aβ(1-42) monomer using DMD and a four-bead protein model with HB and
amino acid-specific interactions which implicitly account for solvent water. Experimental studies of full-length Aβ
monomers in water–organic solvent mixtures showed that the monomer structure consists of two α-helical regions
connected through a flexible turn- or bend-like kink [26, 27]. NMR experiments on Aβ(10-35) monomer structure

FIG. 1: Average secondary structure propensities per amino acid of Aβ(1-42) monomer conformations at T =
0.10, 0.11, 0.12, 0.13, 0.14 and at ECH = 0.0 (top row), ECH = 0.3 (middle row), and ECH = 0.6 (bottom row). (A) Turn
(black) and β-strand (grey) propensities. (B) α-helix propensities.

in an aqueous solution show a collapsed structure with loops, strands, and turns without any significant amount of
α-helical or β-strand content [28]. These studies suggest that Aβ monomer structure is very sensitive to external
conditions, such as temperature, pH, and solvent. In our study, a collapsed structure with loops is observed at low
temperatures, in agreement with a monomer structure in an aqueous solution observed by Zhang et al. [28]. We also
show that this collapsed coil structure occurs coincident with some α-helical structure, however the α-helix propensity
per amino acid does not exceed 8%.
At higher temperatures, the collapsed coil structure is converted into a β-sheet-like conformation with no α-helical
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FIG. 2: Intramolecular contact maps for monomer at three different values of EI strength at three different temperatures. Both
axes denote the amino acid indices. The colors correspond to the average number of contacts between two amino acids. The
grey scale is presented on the left.

(a)

(b)

(c)

(d)

FIG. 3: Typical conformations at (a) T = 0.10 and (b-d) T = 0.14. The effect of EI is illustrated by comparing (b) E CH = 0.0,
(c) ECH = 0.3, and (d) ECH = 0.6. β-strands are presented by arrow ribbons. Figures were created using VMD software
package [24].

content. The temperature-dependence of the Aβ(1-40) monomer and dimer structures in water was experimentally
studied by Gursky and Aleshkov [29]. They observed an Aβ(1-40) monomer structure with little α-helix or β-strand
at low temperatures. As the temperature was increased to physiological, substantial β-sheet content developed. This
structural transition was not accompanied by oligomer formation, thus Gursky and Aleshkov attributed it to Aβ(1-40)
monomers and dimers. Our results are consistent with these experimental findings.
Lazo et al. used limited proteolysis with mass spectrometry to identify protease-resistant segments of Aβ(1-40)
and Aβ(1-42) [30]. They showed that a ten-residue segment, A21-A30, was protease resistant in both alloforms.
Comparing the protease-resistant regions of Aβ(1-40) and Aβ(1-42), they also found that the fragment V36-A42 was
protease resistant in Aβ(1-42) only. This result is consistent with previous experimental studies suggesting a β-helix
model of Aβ(34-42) fibrils with a turn at G37-G38 stabilized by hydrophobic interactions [31]. This turn structure
is in agreement with the solution 1 H NMR study of the C-terminal fragment Aβ(34-42) by Weinreb et al., who
suggested that this C-terminal hydrophobic cluster nucleates amyloid formation in AD [32]. Our results for monomer
conformations are consistent with both these findings because we observe a stable turn structure centered in the region
D23-K28 as well as a turn at G37-G38.
Other simulation studies have addressed folding of full-length Aβ. A DMD study by Urbanc et al. using a four-

bead amino acid model with hydrogen bonds and amino acid-specific interactions not only addressed the formation of
Aβ(1-40) and Aβ(1-42) oligomers but also studied monomer folding prior to oligomer formation [16]. Results of this
study showed that a folded Aβ(1-42) monomer, but not an Aβ(1-40) monomer, possesses a turn at G37-G38 stabilized
by a hydrophobic interaction between V36 and V39 [16]. The present study is different from that of Urbanc et al. [16]
because the strength of hydrophilic/hydrophobic interactions in our study is smaller, which allows for formation of
ordered β-sheet aggregates (Lam et al., unpublished data), and because here we explore temperature dependence and
the effects of EI.
An all-atom MD study of helix-to-coil conformational change in Aβ(1-40) monomer was reported by Xu et al., who
studied Aβ(1-40) folding in both aqueous and membrane-like environments [33]. In an aqueous solution, Aβ(1-40)
trajectories showed an α-helix→β-sheet and a β-sheet→random coil conformational change. In another all-atom MD
study of Aβ(1-42) folding in an aqueous solvent at various temperatures and pH conditions, Flöck et al. showed that at
least one of the two α-helices is not stable but rather rapidly converts to a random and β-strand-rich conformation [34].
Our results agree qualitatively with the observation in these two studies that Aβ has a propensity to form β-strand-rich
conformations in aqueous solution.
Recently, Aβ(1-42) monomer structure was studied by Baumketner et al. using a combination of ion-mobility spectrometry–mass spectrometry and replica exchange MD simulations with implicit water solvent [35]. They showed that
Aβ(1-42) did not adopt a unique fold, but rather a mixture of rapidly interconverting conformations that were classified
into three distinct families. The secondary structure analysis revealed that these conformations were dominated by
loops and turns but that some helical structure formed in the C-terminal hydrophobic tail. Though the method
of Baumketner et al. differed significantly from that used here, our results agree reasonably well. We observe not
only three families of structures, but many different conformations with similar potential energies at any selected
temperature, meaning that more than one folded structure of Aβ(1-42) is possible. These results are consistent with
the notion that the Aβ(1-42) monomer possesses little regular order. Baumketner et al. also proposed that the
transitory appearance of α-helical structure observed experimentally by Kirkitadze et al. in studies of the assembly of
all physiologically-relevant Aβ alloforms known at that time [36], results from association of unstructured monomers
into oligomers in such a way that the hydrophobic tails of the peptide become shielded from the solvent. This shielding
would create an apolar microenvironment promoting α-helix formation from pre-existing seeds. In agreement with
this observation, we also found a small amount of α-helical structure at low temperatures where Aβ(1-42) adopts a
collapsed coil structure.
V.

CONCLUSIONS

We present structural findings on Aβ(1-42) folding using a DMD approach combined with a four-bead protein model
that allows us to explore a wide temperature range and obtain 100 trajectories per temperature. This approach also
allows us to vary the EI strength. Our results indicate that in the presence of EI, the β-strand propensity increases,
yielding a more compact monomer conformation as quantified by R̄g . We also show the presence of some well-defined
structural elements, such as turns centered at G25-S26 and G37-G38. However, the overall folded structure of Aβ(142) is not unique. The question of a relative contribution of these two well-structured regions versus the other protein
regions to the Aβ(1-42) pathway of oligomer and fibril formation remains to be determined.
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