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ABSTRACT
UNBINDING OF ABETA PEPTIDES FROM AMYLOID FIBRILS: EXPLICIT
SOLVENT MOLECULAR DYNAMICS STUDY
Pamela Haradhan Mishra, M.S.
George Mason University, 2008
Thesis Director: Dr. Dmitri Klimov

We used all-atom molecular dynamics to investigate the unbinding of Alzheimer’s Abeta
peptides from amyloid fibrils. The peptide unbinding is driven by temperature-induced
structural fluctuations and is thought of as an elementary step in the molecular recycling
occurring between fibrillized and soluble Abeta species. Several conclusions can be
drawn from our data. Early unbinding stages can be observed on the 100 ns timescale,
although complete dissociation is likely to occur on much longer timescale. The
unbinding pathway starts with fraying of -strands from Abeta fibril. We predict that
most peptide-fibril interactions will be initially lost by the N-terminal of Abeta peptide.
This unbinding scenario can be modified by the specific location of dissociating peptide
on the fibril edge. Our simulations provide new molecular details on the process of
amyloidogenesis linked to Alzheimer’s disease.

INTRODUCTION

Amyloidosis is a process of abnormal deposition of soluble proteins in the form of
insoluble fibrils in organs and tissues. It has been associated with various diseases such as
Alzheimer’s, Type-2 diabetes, Parkinson’s, and prion-related transmissible spongiform
encephalopathies [1-4]. Although amyloidogenic proteins do not share any significant
sequence or structural homology, the amyloid fibrils formed by these proteins are
extremely similar [5, 6]. The fibrils appear as highly elongated and unbranched deposits
with a diameter of approximately 80-150 Å [7, 8]. They all have characteristic dyebinding properties and a common core structure, which shows the cross-beta X-ray
diffraction pattern. The amyloid cross-beta structure is unusually stable due to hydrogen
bond stacks established between protein backbones. Recent experiments have also shown
that a steric zipper formed by amino acids side chains plays important role in amyloid
stability [9].

Many soluble proteins or peptides such as myoglobin, lysozyme or homopeptides
(polythreonine or polylysine) are seen to form amyloid fibrils under certain
circumstances [6, 10]. These proteins did not have any significant sequence similarity and
are not known to aggregate under physiological conditions. It can be surmised that
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amyloid formation is the inherent property of any polypeptide chain irrespective of its
sequence. This makes the prediction of the occurrence of amyloidosis difficult.

The following sections discuss protein folding, structure of amyloids and temperature and
pressure effects on amyloids and the importance of molecular dynamics in studying
amyloids.
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BACKGROUND

Protein folding
Native conformations of a protein is its most thermodynamically stable state [6]. Most of
protein functions - binding of ligands, DNAs, RNAs, ions, transport etc - are performed
only when protein is in native state. It is hypothesized that polypeptide sequence has to
find its lowest energy (native) state through a stochastic search process guided by
underlying free energy landscape. Many proteins fold quickly on micro- to millisecond
time scale, while secondary structure elements form even faster. For example, helices can
form in less than 100 nanoseconds and –hairpins appear within few microseconds [6,
11].

How proteins fold to their native states has been investigated by a variety of experimental
and theoretical methods. Mutation studies have been useful to probe the role of certain
amino acids in the polypeptide sequence in protein folding. Many such studies indicate
that the mechanism of folding involves the formation of a nucleus by a relatively small
number of residues [12]. The remaining structure then condenses around this nucleus.
For large proteins one or more intermediate folding stages usually occur [13]. Native
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structure is attained, when all native interactions have been formed and water is expelled
from the native core [14].

Amyloid fibril formation
Amyloid plaques are formed as a result of protein aggregation. The precise nature of
conformational changes and the time evolution of polypeptides from their monomeric
states to oligomers and to mature fibrils are still largely unknown. However, it is well
established that the core structure of the fibril is stabilized by hydrogen bonds between
protein backbone. Since the backbone is common for all polypeptides, fibrils can, in
principle, be formed by any polypeptide. There is a significant similarity in the amyloid
assembly for different proteins. The first phase is a formation of soluble oligomers that
are later transformed into fibril protofilaments. Lateral association among these
protofilaments and some structural rearrangements lead finally to the assembly of mature
fibrils. It has been shown that the peptides as short as four residues long are capable of
fibril formation [9]. Experimentally it has been shown that mature fibrils are able to
elongate by adding monomers to the fibril edges [15, 16]. High stability and mechanical
strength makes it difficult to degrade amyloid fibrils.

Determination of discreet molecular structure of amyloids has been difficult due to their
non-crystalline and insoluble nature [17]. However, experiments such as NMR (Nuclear
Magnetic Resonance), EPR (Electron Paramagnetic Resonance), proline scanning
mutagenesis, Raman spectroscopy can be used to determine the secondary structure in
4

amyloids. It is now known that the secondary structure is almost exclusively based on sheets. The tertiary structure of fibrils involves the arrangement of these -sheets into
laminated stacks stabilized by hydrophobic interactions. The X-ray diffraction patterns of
various amyloids show that the -strands in sheets perpendicular to the axis [9].
Furthermore, NMR experiments indicate that polypeptides in -sheets can form either
parallel or anti-parallel registry.

Structure of Abeta amyloid fibril
Aggregation of 40-residue long Abeta peptides is linked to Alzheimer’s disease.
The sequence of Abeta peptide is given in Figure 1. The residues numbered 10 through
40 are shown in this figure. Residues forming two beta strands 1 and 2 are in red.

Y10EVHHQKLVFFAEDVGSNKGAIIGLMVGGVV40

Figure 1: Sequence of Abeta peptide.

The fibril structure of Abeta peptides was resolved in the NMR experiments of Petkova
et. al (Figure 2) [21]. These experiments have shown that the N-terminal residues 1-9 are
structurally disordered and have minor impact on Abeta amyloid assembly [21].
Consequently, these residues are not considered. The two -strands in Figure 2 are
formed by the residues 10-22 and 30-40. These -strands form in-register parallel sheets. Residues 23-29 form a loop. The fibril structure consists of four layered -sheets.
5

The fragment of fibril shown in Figure 2 consists of six peptides denoted as F1, F2, F3,
F4, F5, and F6.

In the fibril structure an interpeptide salt bridge exists between the residues Asp23 and
Lys28 [21, 22]. This buried salt bridge is thought to be important for the stability of the
fibril [22]. Another interesting feature of the fibril structure is its distinct edges. In Figure
2 A fibril has concave and convex edges, of which the former demonstrates higher
affinity toward incoming peptides [23].

Figure 2: A fibril hexamer fragment. 1 and 2 denote the -strands. The fibril axis is
perpendicular to -strands (the figure is taken from [23]).
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Effects of external conditions on fibril formation
The formation of amyloid fibrils is hierarchical, involving the initial assembly of
oligomers, their conversion into protofibrils, and final association of protofibrils into
mature fibrils. Studies have shown the importance of non-covalent interactions in the
stability of amyloid fibrils [18]. Experiments probing early fibril formation [19, 20]
suggest that the assembly is mostly driven by hydrophobic and electrostatic interactions.
Consequently, amyloid aggregates can be dissociated by changing external conditions,
for instance by applying high hydrostatic pressure or raising temperature.

In this thesis, we have studied the unbinding of Abeta peptides from the fibril caused by
temperature induced structural fluctuations. The fibril fragment was taken from the
experimental structure resolved by Petkova et al (Figure 2). The aim of this thesis is to
study using molecular dynamics the unbinding of the peptides F5 and F6 from the fibril
core. To this end, we analyzed the interactions between F5 and F6 and the fibril, which
include hydrogen bonds, electrostatic and hydrophobic contacts as well as solvent
accessible surface area and RMSD of backbone atoms and side-chains. Taken together
this information allowed us to reconstruct the initial stages in unbinding process.
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MATERIALS AND METHODS

In this section we describe the steps taken to produce the results, graphs and give also the
background for the analysis techniques.

Molecular dynamics
Typically molecular level information about structural transitions in biomolecules can
only be obtained through molecular simulations. Molecular dynamics (MD) is the most
widely used technique to simulate proteins in all-atom detail. In most cases the starting
configuration in those simulations is an experimentally determined structure, for which
Newton’s equations of motions are applied
F  ma ,

(1)

where m is the mass of atom, a is acceleration, and F is the force applied to an atom.
Force is calculated using
F  dEp / dx

(2)

where Ep is the potential energy and x is the atomic position. The potential energy in MD
is decomposed into bonded and non-bonded contributions.
E p  E bonded  E nonbonded

(3)

The first is represented by bond length, bond angle, and dihedral potentials

E bonded  E bl  E ba  E di

(4)
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These potentials act on the atoms which are located in close proximity along the
sequence. The specific form of three bonded potentials is give by
E bonded   k r i (ri  req ) 2   k  i ( i   eq ) 2   k  i (1  cos( i   m ))

(5)

where ri and req are the distance between bonded atoms i and i+1 in a given conformation
and its equilibrium value, i and eq are the bond angle between the bonds (i-1, i) and (i,
i+1) and its equilibrium value, and i is the dihedral angle describing the rotation of the
atom i+4 with respect to the plane (i, i+1, i+2). The coefficients kri, ki, and k are the
constants determining the strength of respective potentials.

The non-bonded interactions correspond to Van-der-Waals and electrostatic forces, which
are assumed to be additive

E nonbonded  E el  E vdw

(6)

Electrostatic interactions are given by Coulombic potential
E el  qiq j / 4o rij

(7)

where qi and qj are charges on the atoms i and j, 0 is the permittivity of free space, rij is
the distance between the atoms. Van-der-Waals interactions are described by LennardJones 12-6 potentials
E vdw   4 h [( / rij )12  ( / rij ) 6 ]

(8)

where  is an equilibrium distance between the atoms i and j and h is the strength of
atomic contact. To reduce computational load cut-off techniques are used, which exclude

9

the non-bonded interactions between distant atoms. In addition, particle–mesh Ewald
(PME) summations are applied to electrostatic interactions to accelerate computations.
In our study, we used NAMD molecular dynamics program coupled with CHARMM22
all-atom force field, which supplied all the parameters for the potentials described above.

Simulation of amyloid fibrils
Simulations of temperature-induced unbinding of Abeta peptides were performed starting
with the experimental Abeta fibril structure (Figure 2). Specifically, we used the hexamer
fragment of the fibril consisting of Abeta peptides F1-F6. The structure was solvated in
the 81Å x 73Å x 52Å water box with the density of 1.00 g/cm3. In all, the system
contains 29,676 atoms. To eliminate confinement effects we applied periodic boundary
conditions. Using NAMD program the system was heated to 330K and equilibrated for
300 ps. The aim of the simulations was to investigate the temperature-induced unbinding
of the edge Abeta peptides, F5 and F6 (Figure 2), from the “large” fibril sample
represented by the peptides F1-F4. Consequently, to mimic the stability of the ``large''
fibril sample, the backbone heavy atoms of the peptides F1-F4 were constrained to their
experimental fibril positions using soft harmonic potentials at all simulation stages.
During heating and equilibration the peptides F5 and F6 were also constrained to fibril
positions. These constraints were released once equilibration was completed. The 100 ns
production simulations were performed using NVE ensemble after equilibration. During
production simulations the unbinding of F5 and F6 was monitored. The structural
snapshots were saved every 10 ps.
10

Clustering of MD trajectory
MD trajectory generates thousands of structures. To reduce random structural
fluctuations and identify common structural properties in the large pool of conformations,
we apply clustering technique [24-26]. Specifically, the peptide structures were clustered
using pattern recognition algorithm [27]. To avoid implicit introduction of progress
variable, conformations were clustered using the positions of peptide Ca atoms.
To cluster conformations we used the cut-off radius, Rc. Rc represents the maximum
Euclidian distance between the Ca coordinates of a cluster and a structure. After the
initial stage of “learning” clusters were “refined” to obtain optimal distribution of
structures in clusters. As long as peptides remain bound to the fibril, this approach results
in meaningful distribution of clusters with distinct structural and energetic characteristics.

The peptide structural clusters were defined with the cut-off radii Rc=29 Å (F5) and 20 Å
(F6). To select Rc we scan the values in the range from 10 to 50 Å. Small Rc lead to the
appearance of numerous structurally and energetically similar clusters, whereas large Rc
result in merging structurally distinct clusters.

Calculation of structural probes
To characterize the interactions between the peptide F5 (F6) with the fibril (F1-F4), we
computed the number of side chain contacts. A side chain contact between amino acids i
and j is assumed to be formed, if the distance between the centers of mass of their side
chains is less than 6.5 Å. Backbone hydrogen bonds (HB) between NH and CO groups
11

were assigned according to Kabsch and Sander [28]. This definition postulates that HB is
formed when the total electrostatic energy of interactions between C, O, N, and H atoms
is less than 0.5 kcal/mol. In all, we considered two classes of HBs. The first includes any
backbone HB formed between the edge peptide and the fibril. The second class is
restricted to those HBs between the edge peptide and fibril, which simultaneously occur
in a given structure and in the intact fibril-like conformation. We termed such HBs fibril
ones. This class of HBs is formed by the edge peptides F5 and F6 in Figure 2.

Solvent accessible surface area (ASA) of a protein is defined as the protein surface
exposed to solvent. The exposure of polar residues is energetically favorable, whereas
large ASA of hydrophobic residues typically increases the free energy of the system.
Therefore, ASA is a useful quantity which can distinguish stable protein conformations.
We used program STRIDE [29] to calculate the ASA of individual residues.

To analyze fluctuations in local structure we computed the distances between selected
pairs of atoms and obtained their probability distributions. In particular, we considered
the distances between hydrophobic residues Phe19 in the peptides F5 (F6) and F3 (F4).
Also selected were Phe20 and the pair of charged amino acids Asp23 and Lys28. In all
these cases one amino acid was located in the edge peptide (F5 or F6), whereas the other
was taken from the fibril peptide (F3 or F4, respectively).
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Throughout the thesis averaging is performed over time or over the structures assigned to
a given cluster.
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RESULTS

We have analyzed the 100 ns MD trajectory using the probes described in Materials and
Methods. In this section we present the results of our analysis.

Hydrophobic peptide-fibril contacts
In the course of simulations we computed the number of side chain contacts formed by
individual residues in the edge peptides F5 or F6. To characterize hydrophobic
interactions we restricted our computations to the contacts formed between hydrophobic
residues. Figure 3 shows the average number of contacts formed by individual residues in
F5 and F6.

In general, the distribution of contacts for both peptides is similar. Most of the contacts
occur near the centers of either β1 or β2 strands (Figure 1). The absence of contacts in the
turn region between β1 and β2 (residues 24-29) is due to the lack of hydrophobic residues
in that sequence region. Though the patterns of contacts made by both peptides are
similar, on an average F6 appears to form more contacts than F5. This observation
reflects the fact that F6 forms larger number of hydrophobic contacts in the intact fibril
conformation than F5.
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Figure 3: Number of hydrophobic contacts formed by the edge peptides F5 and F6. The
data are obtained by averaging over 100ns trajectory.

RMSD calculations
RMSD (root mean square deviation) is a probe, which measures the fluctuations of
protein atoms with respect to the reference structure. As a reference structure we used
the first conformation from the production simulations obtained at 0 ns. In this structure
the edge peptides F5 and F6 adopt unperturbed fibril-like conformations. The
computations of RMSD were performed using VMD [30] (see Appendix). Because the
15

fibril fragment consisting of the peptides F1-F4 is constrained, there is no need to remove
translational and rotational motions in the computations of RMSD. To verify this point,
we computed RMSD with and without the removal of these motions. The resulting
RMSD plots were almost identical.

Figure 4: RMSD of Ca atoms in the peptides F5 and F6 as a function of time.

Figure 4 shows the time dependence of the RMSD for the edge peptides F5 and F6. The
plot suggests that after about 50 ns the edge peptides deviate from the fibril conformation
by roughly 8 Å. The RMSD baseline does not increase until the end of trajectory
suggesting that F5 and F6 sample partially destabilized bound conformations. The
difference in the RMSD of F5 and F6 RMSD=RMSD(F6)-RMSD(F5) is plotted in
Figure 5. In this plot the largest difference between the two is ~6Å. Thus, RMSD plots
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Figure 5: Difference RMSD for Ca atoms for F5 and F6 as a function of time.

Figure 6: RMSD values of F5 and F6 Ca atoms. The RMSD values are obtained by
averaging over the 100 ns trajectory.
17

Figure 7: RMSD of the centers of mass of F5 and F6 side chains. The RMSD values are
obtained by averaging over the 100 ns trajectory. The RMSD values for Gly are set to
zero.

indicate that the unbinding patterns on ABF5 and ABF6 are similar, but F5 experiences
somewhat larger fluctuations while being bound to the fibril edge. These findings are
consistent with the computations of hydrophobic contacts above.

To further investigate peptide fluctuations, we computed the RMSDs of individual Ca
atoms of the residue from F5 and F6. Figure 6 demonstrates that the midpoints of 1 and
2 strands are rigid experiencing the fluctuations of ~2Å, but the C- and N-terminals and
the turn region are highly mobile (RMSD is up to 20 Å). The distribution of fluctuations
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in both peptides is very similar, although as already demonstrated above F5 reveals larger
structural motions.

In-depth knowledge about unbinding process can be obtained by comparing the RMSD
fluctuations of the side-chains in F5 and F6. These computations are important, because
in amyloid fibrils side chains play important role in packing [31]. We calculated the
centers of mass of each residue and the corresponding RMSDs are plotted in Figure 7.
Similar to the patterns seen in Figure 6, the turn and the terminals have the highest
fluctuations. Although the RMSDs of side chains are generally similar to those of Ca,
Figure 7 shows that the C-terminal is relatively rigid compared to the N-terminal. We
explain this result by the observation that in Figure 2 the C-terminal of Abeta peptide is
buried in the laminated fibril structure.

Analysis of the contacts between residues
As in native proteins hydrophobic effect plays an important role in the formation of
amyloid fibrils. We investigated the formation of contacts between pairs of hydrophobic
residues (see Methods). The distribution of distances between the side chains of Phe19
P(r) are shown in Figure 8 for the peptides pairs F5-F3 and F6-F4. It is clear that the
typical distance between Phe19 is about 5Å and no appreciable differences are observed
between F5 and F6. In both cases, the distribution P(r) is unimodal and given that P(r)
reaches maximum at r≈5Å < 6.5Å the Phe19-Phe19 contact is mostly formed.
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In contrast, the distributions of distances between Phe20 residues in the peptide pairs F5F3 and F6-F4 are qualitatively different. In Figure 9a P(r) for the peptides F5-F3 has
bimodal distribution, whereas there is still only one peak for F6 and F4 in Figure 9b.
Figure 9a suggests that the contact between Phe20 residues toggles between “on” and
“off’ states. The “off” state corresponds to the second peak at ~7Å. The “on” state occurs
when r~5Å. Therefore, unlike other hydrophobic contacts considered so far the
interpeptide hydrophobic contact Phe20-Phe20 between the edge peptide F5 and the fibril
is relatively unstable. This observation is consistent with lower binding affinity of F5
compared to F6

The probability distribution of the distances between the residues Asp23 (from F3 or F4)
and Lys28 (from F5 or F6) shows that this electrostatic contact is frequently disrupted.
Indeed, the maximum in P(r) is reached at r~7Å suggesting that the salt bridge between
oppositely charged Lys28 and Asp23 is less stable than the aromatic Phe-Phe
hydrophobic tethers (Figures 8 and 9). The stability of Lys-Asp contact, which is
believed to be important for fibril stability, is further analyzed below.

.

20

(a)

(b)

Figure 8: Probability distribution of the distance between the residues Phe19 in F5 and
F3 (a) and in F6 and F4 (b).
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(a)

(b)

Figure 9: Probability distribution of the distance between the residues Phe20 in F5 and
F3 (a) and in F6 and F4 (b).
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Figure 10: Probability distribution of the distance between the residues Asp23 and Lys28
in F5 and F3

Analysis of solvent accessible surface area
Using the program STRIDE we computed the total solvent accessible surface area
(tASA) of the edge peptides F5 and F6. tASA values represent the sum of ASA of
individual residues in polypeptide. The time dependence of tASA is shown in Figure 11.
The plot suggests both edge peptides undergo structural transitions, which reduce their
exposure to solvent. However, while F6 reveals roughly monotonically declining tASA,
there are considerable fluctuations in tASA of F5, which changes by up to 20%. As we
demonstrated above the edge peptide F5 forms relatively weak interactions with the fibril
compared to F6. Computation of ASA for selected individual residues also indicates that
considerable fluctuations in solvent exposure of amino acids occur. For example, ASA of
23

Lys28 in the edge peptide F5 is shown in Figure 12. The exposure of this charged residue
fluctuates by more than 50% in the course of MD trajectory. This observation is in
agreement with the flickering of Lys28-Asp23 salt bridge observed above.

Figure 11: Total accessible surface area tASA of F5 (in green) and F6 (in red) as a
function of time.

`
Figure 12: ASA of residue Lys28 is plotted as a function of time.
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Analysis of unbinding of the edge peptides using clustering technique
As described in the Methods we clustered the conformations of the edge peptides F5 and
F6 sampled in 100 ns MD trajectory. Clustering algorithm groups conformations into
small number of distinct structural clusters. Appearance of clusters along the MD
trajectory formed by the peptides F5 and F6 is shown in Figure 13. As a rule, cluster
number correlates with MD time. For example, CL1 appears at the beginning of the
trajectory, while “high” number clusters, such as CL4 or CL5, occur later. The cluster
characteristics are given in Table 1.

It is seen that all clusters except CL5 (F6) contain large number of structures (more or
about 100 structures). Because the total number of saved structures is 10,000, their
probability of occurrence is in excess of 0.1. From the analysis of structural
characteristics of F5 clusters the following conclusions can be made. First, there is little
change in the number of hydrophobic contacts CHH across all clusters. The total number
of HBs Nhb also experience relatively small variations (from 14 to 16). Interestingly, Nhb
differs from the number of fibril HBs by no more than one bond. Therefore, in general F5
does not form new HBs, which are not already present in the fibril structure. Second,
significant differences between the clusters can be seen if one considers the number of
HBs formed by the strands 1 and 2. For example, in the cluster CL1 the ratio
Nhb(1)/Nhb(2) is about 0.95, but it is reduced to 0.6 in the clusters CL2 and CL3.
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(a)

(b)

Figure 13: Distribution of cluster formation as a function of time for F5 (a) and F6 (b)

Similar trend is observed in the number of hydrophobic contacts formed by the strands 1
and2. The ratio CHH(1)/CHH(2) is approximately 0.5 in CL1, but it becomes only 0.3
in CL2-CL4. Finally, there are significant variations in the number of electrostatic
contacts CEL. In CL1 and CL2 the average number of CEL is 0.1, but in CL3 it is ~0.7.
26

Consequently, the electrostatic contacts are formed with the average probability of about
0.3.

The analysis of clusters formed by F6 reveals that they are structurally similar to those of
F5. As in F5 the total numbers of hydrophobic contacts CHH and hydrogen bonds Nhb
between the edge peptide F6 and the fibril show relatively small variations. For example,
excluding rare cluster CL5 Nhb changes by no more than five that constitutes 22%
decrease compared to Nhb in the cluster CL1. More importantly, as in F5 a significant loss
of HBs is observed in the strand 1. In CL1-CL3 Nhb(1)≈Nhb(2), whereas in CL4
Nhb(1)/Nhb(2) < 0.7. Similarly, hydrophobic contacts are predominantly lost within the
strand 1. For instance, in CL1-CL3 CHH(1)/CHH(2)≈0.5, but this ratio is less than 0.4
in CL4. In all clusters except CL1 about one electrostatic contact is present.
Consequently, the average probability for forming salt bridge between F6 and the fibril is
0.75 that is much higher than for F5.
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Table 1: Characteristics of structural clusters of the edge peptides
Total
number
of
clusters
F5

F6

Cluster and
number of
structures

Total number
of
electrostatic
interactions

(CEL)
4

5

Cluster 1:343

0.1

Cluster 2:113

0.1

Cluster 3:322

0.7

Cluster 4:222

0.4

Cluster 1:258

0.1

Cluster 2:442

1.0

Cluster 3:92

0.9

Cluster 4:159

1.0

Cluster 5:49

1.1

Hydrophobic
contacts
with the
fibril

Total number
of hydrophobic
contacts (CHH)

β1:6.4
β2:12.4
β1:4.9
β2:14.8
β1:4.9
β2:16.1
β1:4.7
β2:13.7

19.7

β1:7.8
β2:18.1
β1:9.1
β2:18.6
β1:9.0
β2:17.8
β1:8.3
β2:20.1
β1:5.1
β2:18.3

27.6
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21.1
21.2
19.3

29.9
28.8
29.6
25.2

Hydrogen bond
with fibril

(Nhb)
β1:7.6
β2:8.0
β1:5.2
β2:7.9
β1:5.0
β2:8.1
β1:5.0
β2:6.9
β1:10
β2:9.0
β1:8.5
β2:8.8
β1:7.8
β2:7.9
β1:6.5
β2:8.9
β1:4.3
β2:8.9

DISCUSSION AND CONCLUSION

In this thesis we used molecular dynamics to investigate the early stages of unbinding of
edge Abeta peptides from amyloid fibril. The unbinding process is caused by
temperature-induced structural fluctuations and can be thought as an elementary step in
the molecular recycling occurring between fibrillized and soluble Abeta species [6].
Taken together our analysis has led us to the following four conclusions:
1. Early steps in unbinding can be observed on 100 ns timescale, but complete
unbinding is likely to take place on much longer timescale. Previous MD
simulations using short seven-residue fragments of Abeta peptide demonstrated
that the complete unbinding timescale is at least 1 s [32]. Abeta peptide
considered here is four times longer, so it is conceivable that the unbinding
timescale may approach millisecond timescale as it follows from the recent
experiments on Abeta fibril growth [33-35].
2. The unbinding pathway sampled by the edge peptides F5 and F6 is qualitatively
similar. RMSD computations indicate that the residues located in the middle of
the strands 1 and 2 are rigid, whereas the turn region and the N- and Cterminals of Abeta peptides are highly mobile. In agreement with this unbinding
pathway the interpeptide salt bridge Lys28-Asp23 located in the turn region is
flickering and appears to be less stable than the Phe-Phe hydrophobic tethers in
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the middle of the strand 1. Therefore, unbinding process begins with fraying of
-strand ends and their gradual peeling off from the fibril.
3. Most of peptide-fibril interactions lost upon unbinding are localized within the Nterminal of Abeta peptide, which includes the strand 1. Clustering analysis
reveals that 1 loses from 30 to 40% of the hydrogen bonds linking it to the fibril,
whereas almost all HBs formed by 2 remain intact. These findings are supported
by the analysis of hydrophobic contacts formed by both -strands and by the
computation of RMSD of side chains. Therefore, unbinding process may not only
involve fraying of the -strands, but is also likely to proceed with initial
dissociation of the strand 1. This suggestion is consistent with the burial of the
C-terminal in the Abeta fibril structure and exposure of the N-terminal [22].
4. Despite the overall similarity of F5 and F6 unbinding RMSD computations and
clustering analysis suggest that the edge peptide F6 is more tightly coupled with
the fibril compared to F5. Indeed, the difference between Ca RMSD values
computed for F6 and F5, RMSD, is mostly negative indicating that F5
experiences larger fluctuations than F6. It appears that this finding can be
explained by different initial positions of the peptides F5 and F6 on the fibril
edge. In the intact fibril conformations the peptide F6 forms slightly larger
number of HBs and hydrophobic interactions with the fibril. Therefore, details of
unbinding may depend on the original location of the peptide on the fibril edge.
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Our simulations provide new molecular details on the process of amyloidogenesis linked
to Alzheimer’s disease. Future simulations will probe unbinding process on longer
timescales and by using more advanced sampling algorithms such as replica exchange
simulations.
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APPENDIX
To load files into VMD
set runmin 0
set runmax 99
for {set i $runmin} {$i <= $runmax} {incr i} {
if {$i<10 } { set filename "abf_quench010$i.pdb" }
if {$i>=10} {set filename "abf_quench01$i.pdb" }
animate read pdb $filename waitfor all
}

To remove translation of the frames in the trajectory
########################################################################
# Prints the RMSD of the protein atoms between each timestep and the first \timestep for
# the given molecule id (default: top)
proc print_rmsd_through_time {{mol top}}
set outfile [open rmsd_66_CA.dat w]
# use frame 0 for the reference
set reference [atomselect $mol "segname ABF6" frame 0]
# set subreference [atomselect $mol "segname ABF5" frame 0] the frame being
# compared
set compare [atomselect $mol "segname ABF6"]
# set subcompare [atomselect $mol "segname ABF"]
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set num_steps [molinfo $mol get numframes]
for {set frame 0} {$frame < $num_steps} {incr frame} {
# get the correct frame
$compare frame $frame
#$subcompare frame $frame
# compute the transformation
set trans_mat [measure fit $compare $reference]
#puts $outfile $trans_mat
# do the alignment
$compare move $trans_mat
# compute the RMSD
set rmsd [measure rmsd $compare $reference]
#set rmsd [measure rmsd $subcompare $subreference]
# print the RMSD
puts $outfile $rmsd
}
close $outfile
}
#################################################################
#THIS PROGRAM CALCULATES THE CONTACTS BETWEEN EVERY RESIDUE
#IN
# THE TRAJECTORY.2 FILES "All_CA" AND "Contacts.TXT" IS
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# GENERATED.
##################################################################
use strict;
my $file;
our %Hash_contacts;
our $fin=0;
open(OUT, ">abf5_ca_trans.pdb");
for (my $i=0;$i<100;$i++)
{
if ($i<10)
{
$file="abf_quench010".$i.".pdb";
print "$file\n";
read_file($file);
}
else
{
$file="abf_quench01".$i.".pdb";
print "$file\n";
read_file($file);
}
}#End of for loop
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print_contacts(\%Hash_contacts);
#################################################################
#SUBROUTINE:READ_FILE
#FUNCTION:PARSES ALL THE TRAJECTORY FILES, EXTRACTS THE 'CA'
#POSITION ATOMS AND WRITES TO FILE 'All_CA', SENDS EACH
#TRAJECTORY TO SUBROUTINE DISTANCE
#################################################################
sub read_file
{
my ($file)=shift;
my @traj;
my @line_pos;
my @all_CA;

open(IN, $file);
#Open this file to write all the CA values in all the trajectories
#open(OUT, ">All_CA");
my $count=0;
while(<IN>)
{

chomp;
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my @val=split(/\s+/,$_);
foreach my $val_1(@val)
{
if (($val_1 eq "CA") || ($val_1 eq "END"))
{
print OUT "$_\n";
}
}
}
#close(OUT);
close(IN);
open(IN1, "All_CA");
while(<IN1>)
{
chomp;
push(@all_CA,$_);
}
my $j=0;
#Trying to find out the posiions of END
for (my $i=0;$i<=$#all_CA;$i++)
{
if ($all_CA[$i] eq "END")
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{
push(@line_pos,$i);
}
else
{
}
}
#Send to subroutine distancE() to calculate distance
my @array_traj="";
my $num=0;
my $ii=0;
my $m=0;
my @dist_fin;
my $g;
for (my $i=0;$i<=$#line_pos;$i++)
{
push(@array_traj,@all_CA[$m..$line_pos[$i]]);
@dist_fin=distance(\@array_traj);
$m=$line_pos[$i]+1;
@array_traj=" ";
$Hash_contacts{$fin}=[@dist_fin];
$fin++;
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$g=$i;
}
#JUST TO CHECK THE VALUES IN THE HASH!!
my @f1;
for my $family ( keys %Hash_contacts )
{
@f1=@{ $Hash_contacts{$family}};
#print $#f1;
#

print "$family: @{ $Hash_contacts{$family} }\n";
}

}#END OF SUB
#################################################################
#SUBROUTINE:DISTANCE

#

#FUNCTION:EXTRACTS ALL THE X,Y,Z CO-ORDINATES, CALCULATES THE
#DISTANCE BETWEEN THESE CO-ORDINATES,MAKES THE DECISION OF A
#CONTACT OR NOT BY THE CUT-OFF, RETURNS A ARRAY @FINAL
#################################################################
sub distance
{
my ($xdist,$ydist,$zdist, $diff);
my @final="";
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#

my ($posCA)=@_;
pop(@$posCA);
my $num=0;
my @pos_CA_cood;

#@arr contains one trajectory at a time
my @arr=@$posCA;
my $i=0;
foreach my $line(@arr)
{
my @pro=split(/\s+/,$line);
$pos_CA_cood[$i][0]=$pro[6];
$pos_CA_cood[$i][1]=$pro[7];
$pos_CA_cood[$i][2]=$pro[8];
$i++;
}
for(my $i=1;$i<$#pos_CA_cood;$i++)
{
for(my $j=$i+1;$j<=$#pos_CA_cood;$j++)
{
$xdist=($pos_CA_cood[$i][0]-$pos_CA_cood[$j][0])**2;
$ydist=($pos_CA_cood[$i][1]-$pos_CA_cood[$j][1])**2;
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$zdist=($pos_CA_cood[$i][2]-$pos_CA_cood[$j][2])**2;
$diff=sqrt($xdist+$ydist+$zdist);
#$final[$num]=$diff;
#$num++;
if ($diff <7.00)
{
#

push(@final,1)
$final[$num]=1;
$num++;
}
else
{

#

push(@final,0);
$final[$num]=0;
$num++;
}

}
}#End of i loop
return @final;
}#END OF SUB
#################################################################
#SUBROUTINE:PRINT_CONTACTS
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#FUNCTION:PRINTS

THE

%HASH_CONTACTS

WHICH

HAS

ALL

#CONTACTS #
#INTO THE FILE CALLED 'Contacts.TXT'
#SOME LOOPS ARE HARD-CODED, MAY NEED TO BE CHANGED
#################################################################
sub print_contacts
{
my ($hash)=@_;
my %Hash_con=%$hash;
my $hash_size;
for my $keys(keys %Hash_con)
{
$hash_size= $#{$Hash_con{$keys}};
}
my @final_contacts;
my @arr_keys =keys( %Hash_con);
my $sum=0;
for(my $i=0;$i<=$hash_size;$i++)
{
foreach my $k(@arr_keys)
{
$sum=$sum+$Hash_con{$k}[$i];
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THE

}
$final_contacts[$i]=$sum;
$sum=0;
}
#print"FINAL: $#final_contacts";
open(FIN, ">Contacts.TXT");
my @fi;
foreach( @final_contacts)
{
my $n=$_/10000;
push(@fi,$n);
#my @fi= @final_contacts/10000;
}
my $start=0;
for (my $i=0;$i<185;$i++)
{
for(my $j=$i+1;$j<=185;$j++)
{
my $ii=$i+1;
my $jj=$j+1;
print FIN "$ii\t$jj\t$fi[$start]\n";
$start++;
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}
}
close(FIN);
}#END OF SUB
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