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Abstract

The pathway to amyloid fibril formation in proteins involves specific structural changes leading to the combination of misfolded intermediates
into oligomeric assemblies. Recent NMR studies showed the presence of “turns” in amyloid peptides, indicating that turn formation may play an
important role in the nucleation of the intramolecular folding and possible assembly of amyloid. Fully solvated all-atom molecular dynamics
simulations were used to study the structure and dynamics of the apolipoprotein C-II peptide 56 to 76, associated with the formation of amyloid
fibrils. The peptide populated an ensemble of turn structures, stabilized by hydrogen bonds and hydrophobic interactions enabling the formation of
a strong hydrophobic core which may provide the conditions required to initiate aggregation. Two competing mechanisms discussed in the
literature were observed. This has implications in understanding the mechanism of amyloid formation in not only apoC-II and its fragments, but
also in other amyloidogenic peptides.
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1. Introduction

The misfolding of protein and peptides is subject to regulatory
control mechanisms that lead to either refolding or degradation.
However, sometimes misfolded proteins will aggregate and form
insoluble amyloid fibrils. These amyloid assemblies form the
basis of degenerative amyloid based diseases, such as Alzheimer’s
disease, Parkinson’s disease and variant Creutzfeldt—Jakob
disease. It is widely believed that the amyloidoses share common
pathogenic mechanisms which lead to protein fibril formation and
deposition. Consequently, an understanding of the folding
mechanism of proteins is critical in understanding the structural
changes which cause amyloid diseases. There are a family of

Abbreviations. apo, apolipoprotein; NMR, nuclear magnetic resonance; A3,
-amyloid; MD, molecular dynamics; PME, particle mesh Ewald; VMD, visual
molecular dynamics; PEPCAT, peptide conformational analysis tool; SASA,
solvent accessible surface area; ROGy,yq, radius of gyration of the hydrophobic
residues.
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proteins that appear to be structurally and functionally unrelated,
but nevertheless, undergo the same biochemical and biophysical
processes to form insoluble fibril aggregates [1]. One such protein
is the human plasma apolipoprotein protein C-II (apoC-II), a
component of lipoproteins and a cofactor for lipoprotein lipase [2].
ApoC-II is a 79 amino acid protein, which in lipid-free conditions
folds into cross-p sheet structure to form amyloid fibrils [3].
Hydrogen—deuterium exchange and NMR spectroscopy of apoC-
II fibrils revealed core regions between residues 19—-37 and 57-74
[4]. This was confirmed by tryptic hydrolysis of the apoC-II fibrils
yielding apoC-II(56—76), which readily formed fibrils. The ability
of apoC-II to form amyloid is typical of other apolipoproteins (see
Hatters et al., 2002 [5] and references therein). ApoC-II is of
particular interest because aggregates of apoC-II are known to be
associated with human atherosclerotic plaques and the macro-
phage inflammatory response [6].

Traditional experimental methods have contributed to the
understanding of amyloid formation, however experimental
analysis has been limited by the insolubility of the amyloid
assemblies. X-ray fibre diffraction and solid state NMR studies
have shown that amyloid fibrils are typically composed of cross
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B-structure. This structure consists of B-strands running perpen-
dicular to the fibril axis and hydrogen bonded to form B-sheets
which run parallel to the fibril axis [7,8]. Advances recently have
provided insights into understanding the structure, mechanisms
and disease association of amyloidogenic peptides, including
atomic structures of the spine of amyloid-like fibrils [9—12].
Despite the progress which has been made in experimental work,
at the atomistic level there is limited information on the insoluble
aggregates and of the mechanism relating to the structural change.

Protein fibrillation involves the formation of specific partially
folded intermediates, which combine until a stable oligomeric
assembly is formed. The partially folded intermediates are a result
of specific structural transitions. Experimental work has shown the
consistent occurrence of helix-to-B-strand transitions [13—15].
This is clearly shown in the prion protein where the transition from
a-helix-to-B-sheet involves a large part of the protein [13]. Other
conformational changes believed to occur are random coil — a-
helix and random coil — B-strand transitions [16—21]. Studies
have indicated the presence of turns in amyloid peptides which are
stabilized by hydrophobic and electrostatic interactions [22].
Various studies, including solid state NMR studies, also suggest
the presence of turn or bend structure in amyloid fibrils [11,23,24].
It has been postulated that “turn” formation may nucleate the
intramolecular folding and subsequent assembly of amyloid [25].
In fact, one recent study showed that the amount of 3-turn present
in the Alzheimer’s associated amyloid-p peptides correlates with
the potential to aggregate into fibrils [26].

The study of p-turns and B-hairpin formation provide a good
system for investigating the fundamental issues in protein folding
because they are often initiation sites in early protein folding
events [27,28]. The B-turn is stabilized by hydrophobic interac-
tions, and in the case of the 3-hairpin, by hydrogen bonding. The
side chains move to a position to promote the formation of a
hydrophobic cluster essential for the folding of the hairpin. There
are different theories in the relative timing of the formation of the
interstrand hydrogen bonds near the turn and the hydrophobic
core. The “kinetic zipping mechanism” of Munoz hypothesized
that in the folding of the hairpin [29], the B-turn forms initially
thus placing the strands in a position such that the remaining
hydrogen bonds are formed between the strands towards the
termini regions. The turn is then further stabilized by the
hydrophobic cluster formed by the aromatic residues. Alterna-
tively, Pande [30] suggested the P-hairpin is initiated by the
“hydrophobic collapse” mechanism [31], involving clustering of
the hydrophobic sidechains and the subsequent formation of
interstrand hydrogen bonds. The early development of the
hydrophobic assembly is also discussed in a study of B-hairpin
formation by Karplus [32]. This study suggests the hydrogen
bonds are formed between the strands in both directions from the
hydrophobic cluster. Klimov suggested the relevance of both
mechanisms depending on the position of the hydrophobic cluster
which in turn defines the rigidity of the hairpin [33]. The turn is
likely to form first if the hydrophobic residues are located near the
turn region, as in the former kinetic zipping mechanism. The latter
hydrophobic collapse mechanism may be more likely when the
hydrophobic residues are located in the middle of the strands such
that the hydrophobic core is readily formed. On the other hand, if

the hydrophobic residues are not in either position, it may be a
combination of the two mechanisms.

Previous molecular dynamics (MD) studies have provided
insights into the mechanism of the formation of 3-turns. Bonvin
simulated several starting conformations of the «-amylase
inhibitor (native P-hairpin, a-left hand helical and extended
conformation) over 10-30 ns at 300 K, 360 K, 400 K and
observed consistent B-hairpin formation [34]. Roccatano per-
formed simulations of protein G [35], which showed that the
dynamical behaviour of the hairpin at different temperatures is
very similar and large motions of the turn and end residues were
observed (in agreement with experimental observations). MD has
also been widely used to study the molecular properties of specific
fragments of amyloidogenic proteins. The simulations have
explored the mechanistic details of the fibrillation pathway and
reproduced the structural transitions, including the presence of
bend-motifs. These studies include simulations of single peptides
[36—47] and of oligomers in various sizes and arrangements
[40,48—56]. Many of these MD studies have been performed on
the various peptides of the amyloid B-protein which is linked to
Alzheimer’s disease [41,42,44,49,57]. Conformational analysis of
the Ap(21-30) fragment, believed to be the nucleation site, have
reproduced native conformations, including a bend-motif [38,42].
p-hairpins were also observed in simulations of the AR(25-35)
fragment in water [41]. Simulations of the AB(1-42) fragment
suggests the location of 3-conformation seeding residues [58]. A
conformational template identifying alternating (-bend/o-helix
structure has shown the presence of a reoccurring bend-like motif
in the amyloid-p peptide which would enable efficient folding of
the strands of the B-sheet forming the fibrils [43]. The role of
different structural elements of the AR(9—40) fragment, including
the turn regions and the importance of hydrophobic packing in
stabilizing the amyloid structure, has been investigated by
Hummer [55,56]. The stability and dynamics of the prion protein
has also been widely studied by MD. Conformational changes
between a-helices and 3-strand conformation including 3-hairpin
have been observed [46,54,59—61]. The presence of 3-hairpins in
the fibrillogenic process strongly suggests a role in the protein
folding nucleation sites [62].

It is believed that small fragments of amyloidogenic proteins
are integral in forming the partially folded intermediates of the
fibrillation process [63,64] and that these fragments contain core
regions which play a key role in aggregation [40,63,64] In our
current study all-atom MD simulations have been used to
investigate the dynamics of a tryptic peptide, apoC-II (56—76),
derived from apoC-II for a total of 400 ns. The 56—76 peptide was
chosen for study because it also has been shown experimentally to
form fibrils and is believed to contain the core residues initiating
the conformational change [4]. Several initial peptide conforma-
tions containing secondary structure elements associated with the
structural transitions observed in fibrils were used for the MD
study. Initial structures forming an «-helix, an extended strand
and a B-strand as well as the experimental NMR structure of
apoC-II in lipids were used. As a result 4 trajectories with the
simulation time of 100 ns for each system have been generated
thereby enabling us to observe the dynamical behaviour of the
apoC-II peptide over a longer time period sampling different



104

Table 1
Snapshots of structures taken at various times during the simulation of each
system
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Magenta denotes a-helix, red denoted m-helix, cyan denotes turn, white denotes
coil, tan denotes bridge.

regions of the conformational space. Our simulations revealed the
presence of turn-like structure, indicating a potential role of this
region of apoC-II in the formation of amyloid structures.

2. Methods

All simulations were performed with the NAMD software
package [65] and the all-atom CHARMM?27 force field [66]. The
model used in the simulations was the tryptic peptide residues 56
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to 76 of apoC-II. Simulations of the fully solvated peptide in four
different starting conformations were performed: the NMR
experimental structure in dodecyl phosphocholine (PDB code:
1soh.pdb) [67] and the peptide with ideal a-helical, 3-strand and
extended structures. Protonation of sidechains was consistent with
pH 7. The peptides were soaked with ~ 11,800 TIP3 water
molecules [68] with density of 1 g/cm’ in a periodic box of sizes
70 Ax70 Ax70 A and 100 Ax60 Ax60 A, depending on the
starting conformation. The systems were minimized by conjugate
gradient method for 1000 steps to remove steric clashes. All of the
systems were equilibrated by slow heating with temperature
reassignment to 300 K (over 24 ps) and to a total of 50 ps. During
the data collection of 100 ns for each system, the dynamics were
coupled to a temperature bath of 300 K. The atomic coordinates
were saved every 2500 steps (5 ps) for analysis. Atom-based
cutoffof 12 A and 14 A (depending on the system) with switching
at 10 A was used for nonbonded interactions. The Particle Mesh
Ewald (PME) summation [69] was applied to correct for long
range electrostatic interactions. Bonds containing hydrogen atoms
were constrained using the SHAKE algorithm to their energy
minimized values, thus allowing a numerical integration time step
of 2 fs to be used in the simulation.

The four systems of apoC-I1 (56-76) were labelled according to
their initial structure in the following manner: /ipid (conformation
observed in the NMR structure), a-helix (ideal “wa-helical
conformation), x-strand (ideal extended strand) and [-strand
(ideal “PB-strand conformation). The ideal conformations of the
a-helix, extended strand and P-strand were generated using
Pymol [70]. Details of the simulations are summarized in Table 1.

F + g + y g U g +

50 70 80
Time (ns)
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90

Fig. 1. Evolution of secondary structure over time for all systems of apoC-II(56—76). A. Lipid system. B. o-helix system. C. X-Strand system. D. B-Strand system.
Magenta denotes a-helix, red denoted m-helix, cyan denotes turn, white denotes coil, tan denotes bridge.
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3. Results
3.1. Dynamics of the simulated structures

Table 1 shows the four starting structures and also a range of
snapshots taken over the simulation. These snapshots were
selected to demonstrate the results of typical changes in structure
which occurred in each system and maybe referred to in the
subsequent analysis and discussion. It can be seen that the /ipid
and the a-helix systems both retained, to different degrees, some
of their helical secondary structure and also showed flexibility in
the N terminal region. In the /ipid system there was an initial loss
in helical content and considerable movement of the N terminus.
However, by 30 ns the structure stabilized with a largely reformed
helix although with movement of the N terminus. By 70 ns a stable
conformation was formed whereby the N terminus was lying in
close proximity to the helix. In the o-Zelix system most of the
helical content was retained, although there was some movement
in the N terminus. The x-strand and [-strand systems explored a
much wider region of conformational space, with regions of
alternating turn structure.

3.2. Secondary structure
The evolution of the secondary structure as a function of time

was determined using the STRIDE algorithm [71], as implemen-
ted in VMD [72]. The secondary structure evolution for the four
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systems is shown in Fig. 1 and can be compared with the snapshots
of the structures in Table 1. Fig. 2 shows the percentage of
secondary structure assigned to each residue in the peptide over
the simulation time course.

Examination of the secondary structure of the lipid system
(Fig. 1A) revealed conformational changes which occurred during
the simulation. During the first 30 ns of the simulation, the peptide
was quite mobile and underwent considerable structural rear-
rangement. Between 3 and 12 ns much of the helical region of both
the N and C termini regions was lost, with only residues 66 to 71
retaining their helical content as they continue to do so for the rest
of the simulation. In addition, we observed turn structure centered
on Met 60. At ~ 18 ns, a bridge occurred between Thr 57 and Thr
62. In this study, a bridge was defined as consisting of two
hydrogen bonds between the adjacent residues to the bridging
residues, effectively forming a B-turn. In this case the hydrogen
bonds were between Ala 58—Ser 61, and Ser 56—Tyr 63, with Met
60 at the apex of the turn. A snapshot of the structure including the
sidechains of the turn region is shown in Fig. 3A. In Fig. 3B, the
hydrophobic residues of the turn region are represented by their
van der Waals surfaces showing the hydrophobic cluster which
formed close to the turn. At ~ 30 ns a distinct structural transition
occurred, where there was a relative stabilization in the secondary
structure. Between residues 66 to 75 (and to a lesser degree
between residues 63—65), there was persistent fluctuation between
a- and w-helix, which was present for the rest of the simulation,
however, the N terminus continued to show some rearrangement
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Fig. 2. Percentage of secondary structure content over time per residue for all systems of apoC-II (56-76). A. Lipid system. B. a-Helix system. C. X-Strand system.
D. p-Strand system. Red denotes helix, cyan denotes turn, white denotes coil, tan denotes bridge.
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Fig. 3. Ribbon representations in the /ipid system of bridge and turn regions of
apoC-II (56—76). The two views of each turn show the sidechains represented as
stick and hydrophobic sidechains as van der Waals surfaces. A, B. Bridge
formed at ~18 ns between Thr 57 and Thr 62 consisting of hydrogen bonds
between Ala 58—Ser 61, and Ser 56—Tyr 63 are shown. C, D. Snapshot of turn
structure at ~ 70 ns. Hydrogen bonds are shown in green.

up to ~70 ns. It has been suggested that the formation of m-helix
under MD conditions may be an artifact of the specific forcefield
applied to a simulation with implicit solvent [73]. As discussed
in our previous work [74], an implicit solvent simulation cannot
be necessarily compared to simulations in explicit solvent, such
as ours. Moreover, recently it has been reported in a survey of
structures from the Protein Data Bank, that the w-helix is >10
times more prevalent than previously believed depending on the
type of definition algorithm of helical structure applied [75].
Transitions between a- and w-helix have been previously
observed in MD simulations and are believed to be genuine
physical transitions and an important stage in the helix-to-coil
transition [76]. A snapshot of the structure at 70 ns is shown in
Fig. 3C and D illustrates how the hydrophobic residues around
Ala 58 and Phe 67 are clustered together to form a hydrophobic
core. Fig. 2A shows the highly conserved helical region between
residues 66 and 71, and the strong tendency to form a turn region
centred on residues 59 and 60, with a bridge between residues 57
and 62.

The a-helix system (Fig. 1B) showed the most consistent
stability in secondary structure over the simulated timeframe. In
the first ~ 8 ns the structure was mostly a-helical with some helical
loss at the C terminus. After this stage, the structure was largely
stable with transitions between a- and w-helix, although there was
a time period between about 20 ns to 35 ns where the N terminus
became more helical. The strongly conserved helical content
during this simulation is illustrated in Fig. 2B. Snapshots of these
structures are shown in Table 1.

In the x-strand system (Fig. 1C), a prevalence of turn and
bridge regions were observed. The two most interesting features
were the turn and bridge structure which occurred between 8 ns
and 18 ns, and also between 35 ns and 40 ns. Fig. 4 illustrates the
turn structures for these two bridges. Fig. 4A, B shows the turn
formed at ~ 8 ns. The cluster of hydrophobic residues was similar
to that observed in the turn formed in the /ipid system with the

hydrophobic residues grouped near the turn (Fig. 3A, B). Met 60
was located close to the apex of the turn as in the /ipid system, and
hydrogen bonds form between Thr 57—Thr 64 and Ala 59—Thr 62.
Fig. 4C, D shows the turn formed at ~40 ns. In this case the turn
has shifted slightly away from the N terminus with Tyr 63 now at
the apex of the turn. The hydrophobic residues from the two
strands, including Ala 58 and Phe 67, are clustered together
forming a distinct hydrophobic core, with hydrogen bonds
between Ala 58—Thr 67, and Met 60—Gly 65. This turn structure
was also observed just after 90 ns (Table 1). Transitory bridges
were also formed at ~ 18 ns (between residues 66 and 71) and
~25 ns (between residues 59 and 64). Fig. 2C illustrates the high
turn content in this system, including the bridge formation
observed between residues 58 to 63, and 59 to 66.

The secondary structure of the last system, the -strand system
(Fig. 1D), showed a predominance of turn structure forming, with
the brief appearance of a bridge early in the simulation at ~3—4 ns.
This turn is shown in Fig. 5A, B with hydrophobic residues around
Ile 66 clustered towards the turn region, and hydrogen bonds
between Gly 65—Val 71 and Phe 67—Asp 69. The peptide
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Fig. 4. Ribbon representations in the x-strand system of turn and bridge regions
of apoC-II (56—76). The two views of each turn show the sidechains represented
as stick and hydrophobic sidechains as van der Waals surfaces. A, B. Bridge
formed at ~8 ns between Ala 58 and Tyr 63 consisting of hydrogen bonds
between Thr 57-Thr 64 and Ala 59—Thr 62. C, D. Bridge formed at ~40 ns
between Ala 59 and Ile 66 consisting of hydrogen bonds between Ala 58—Thr
67, and Met 60—Gly 65. Hydrogen bonds are shown in green.
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Fig. 5. Ribbon representation of turn and bridge regions in -strand system of
apoC-II (56—76). The two views of each turn show the sidechains represented as
stick and hydrophobic sidechains as van der Waals surfaces. A, B. Bridge
formed at ~4 ns between lle 66 and Glu 70 consisting of hydrogen bonds
between Gly 65—Val 71 and Phe 67—Asp 69. C, D. Turn formed at ~60 ns
centered on Tyr 63. Hydrogen bonds are shown in green.

continued to undergo rearrangement, with some reasonably stable
turn structure formed by ~ 20 ns centred on Ala 58 and Phe 67. At
~40 ns, there was poor secondary structure definition, reflecting
disorder in the system. Between 60 ns and 65 ns the peptide
formed a turn centred on Tyr 63 which was stabilized by transient
bridge structure, and was maintained nearly to the end of the
simulation (Fig. 5C,D). This structure was similar in conformation
to that observed in the x-strand system at ~40 ns, with a
hydrophobic core formed at the base of the turn, which included
residues Ala 58 and Phe 67. The high content of the turn structure
in this system is shown in Fig. 2D.

3.3. Cluster analysis

A cluster analysis was performed to further characterize the
conformational states of apoC-II (56—76) generated during the
simulations. The program PEPCAT [77] (PEPtide Conformational
Analysis Tool) was used to classify the structures according to a
large set of geometric descriptors. The descriptors were based on
the following definition of a 3-turn: Can to Can+3 distance <7 A
and the structure is not helical [78—81]. The helix was described as
Can to Can+4 distance >7 A. This resulted in 35 geometric
descriptors to describe the 20 residue peptide. Although, this fairly
rigid definition classified the structures into a large number of
conformational states, it provided useful information about the
conformational transitions by resolving subtle structural changes.

Fig. 6 shows the evolution of the conformational states which
occurred over the simulation time course. The plot provides
information about the peptide dynamics — the gradient indicates
the degree of structural change and the clusters of conformational
states indicate the transition to a relatively stable set of like-
conformations (it should be noted that in the interest of clarity,

different scales were used on the y-axis). As expected a large
number of states were observed for all systems.

In the lipid system (Fig. 6) approximately 2800 conformational
states were observed. Up to ~ 30 ns, the relatively steep gradient
of the plot reflected the increased mobility of the structure, with
many conformational states defined. At ~30 ns, although there
were still some new conformational states occurring; the
simulation largely stabilized into a small number of well
populated states for the remaining simulation time. This trend
was in agreement with the secondary structure analysis for this
system where a distinct transition was observed at ~30 ns
(Fig. 1A). The most frequently occupied states, States 1838 and
1781, were formed at this time period and the plot shows that the
structure of the peptide underwent a frequent transition between
these two states. These states formed a part of a distinct set of
conformational states between States 1750 and 2000 which were
similar in structure, and varied by only a few geometric
descriptors in the N terminal region. Representative structures
of States 1838 and 1781 are shown in Fig. 6A (these structures
correspond to the last two snapshots in Table 1 for this system),
including like-conformational states, and altogether accounted for
residency time of 23.1 ns and 6.8 ns, respectively. The structures
were very similar, except for the flexibility in the N terminus
which was either lying close to, or away from the helix. A closer
inspection of the plot revealed the fluctuations between the two
states occurred until ~ 70 ns where the structure left the transition
State 1750 and assumed State 1838. This event corresponded to
the stabilization of the N terminus observed in the secondary
structure at this time point. State 1838 is the same conformation as
that shown in Fig. 3C, D.

The cluster analysis of the o-helix system produced the lowest
number of conformational states ~ 665 (Fig. 6B), which correlated
with the stability observed in the secondary structure analysis of
this system (Fig. 1B). The plot shows a stabilization of structure at
~ 8 ns, when the most populated states occurred (States 382 and
482). There were frequent transitions between these states for the
remainder of the simulation, with the exception of a brief period
(20-35 ns), when the N terminus refolded into helical form (State
509). These conformations are shown in Fig. 6B and can be
compared to those in Table 1. The structures showed some
similarity to those observed in the previous system, although in
this system the N terminus was less variable, thus forming a
unique set of conformational states. Overall, it would appear that
the initial starting structure was in a deep energy well, and an
energy barrier needed to be overcome for a significant con-
formational transition to occur.

The x-strand system showed greater variability with ~5363
conformational states (Fig. 6C). A distinct cluster of conforma-
tional states was observed forming at ~35 ns, and to a lesser
degree at ~8 ns, ~25 ns, ~50 ns and ~90 ns with periods of
greater flexibility between. These clusters largely corresponded to
the formation of the bridges observed at ~ 8 ns and ~ 35 ns and the
turn region formed at ~ 90 ns in the secondary structure (Fig. 1C).
Each of these three clusters consisted of a large number of like-
conformational states, accounting for a residency time of
approximately 9 ns, 7 ns and 8 ns, respectively. Structures of
some of the most populated states of these clusters are shown in
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Fig. 6. Cluster analysis: evolution of conformational states over time for all systems of apoC-1I (56—76). A. Lipid system. B. a-Helix system. C. X-Strand system. D. -Strand
system. The nature of the plot provides information regarding the flexibility and distinct changes in structure (for clarity, different scales are used on the y-axis).

Fig. 6C, and it is interesting to note that the turn region at ~35 ns
and the turn region formed at ~ 90 ns are in a similar location in the
peptide.

The B-strand system showed the most variability with nearly
8600 conformational states observed (Fig. 6D). The plot shows
some clustering of the conformational states over the simulation
time. For example, clustering was observed early in the simula-
tion between 0—5 ns, and also at 20 ns and 60 ns. This cor-
relates with the secondary structure observed — the bridge at
~3—4 ns (Fig. 1D), and the formation of turn structure at 20 ns
and 60 ns.

3.4. Solvent accessible surface area

The previous analysis of the simulations revealed that the
lipid and x-strand systems (and to a lesser extent the S-strand
system) formed similar types of turn structure characterized by
hydrophobic patches or clusters. The turn region formed, firstly
with Met 60 at the apex, and then moved away in sequence from
the N terminus to form a turn with apex at Tyr 63. The
hydrophobic residues were initially located near the turn
region. As the simulations progressed, the hydrophobic
residues rearranged and clustered together to form a hydro-
phobic core. It is believed that hydrophobic interactions play an
important role, not only in the stability of the folded states, but
also drive the early stages of oligimerisation in the formation of
amyloid fibrils [82]. To assess the potential contribution of the
hydrophobic forces and to explore further the nature of the turn
regions and the role of the individual residues, the solvent
accessible surface area (SASA) was calculated for the systems.
The changes in total SASA for the hydrophobic residues (Ala

58, Ala 59, Met 60, Ile 66, Phe 67, Val 71, Leu 72, Val 74,
Leu 75) of each peptide over the simulation time are shown
in Fig. 7A. The plot shows a moving average of 250 ps. To
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Fig. 7. SASA of apoC-11(56—76) for the /ipid (blue), o-helix (magenta), x-strand
(green) and B-strand (red) systems. A. Changes in total SASA of the hydrophobic
residues in the peptides over the simulation time course. The plot shows a moving
average of 250 ps. B. Variation (standard deviation) in the SASA of each residue
averaged over the simulation time.



FS. Legge et al. / Biophysical Chemistry 130 (2007) 102—113 109

characterize the changes occurring in the SASA, the variation
ofthe SASA for each residue averaged over the simulation time
for each system are shown in Fig. 7B.

The lipid system generally showed the lowest SASA of the
four systems, although fluctuations occurred particularly in
the first 30 ns (Fig. 7A). A peak occurred at ~20 ns, just after
the formation of the bridge at ~ 18 ns (Fig. 3), characterized by the
hydrophobic residues clustered near the turn region and thus
solvent exposed. The SASA then decreased, although still
undergoing some fluctuations. By ~70 ns the SASA was
stabilized, corresponding to the persistent formation of the
hydrophobic core observed at this time frame. Fig. 7B monitors
the variation in SASA of the individual residues and overall, the
hydrophobic residues generally showed a large fluctuation. The
largest variation in SASA occurred in the hydrophobic residues
Ala58, Ala59, and Met60. The snapshot of the structure shown in
Fig. 3C, D, which was stabilized by ~70 ns, was the most
frequented conformation (State 1838). The hydrophobic residues
58-60 interacted with Phe 67 to form a strong hydrophobic core
thus stabilizing both the N terminus and the helical region. This
hydrophobic core is of the type proposed to be a potential starting
point for aggregation.

The SASA values of the hydrophobic residues of the a-Aelix
system showed the greatest constancy, which was not surprising
given the stability of this system. There was little fluctuation in the
SASA of the hydrophobic residues (Fig. 7A). This was most
evident in the variation of the residues Ala58, Ala59, and Met60
(Fig. 7B), when compared to the same residues in the previous
system.

The SASA values of the hydrophobic residues in the x-
strand system (Fig. 7A) was higher than that of the /lipid
system, although there were some similarities in the trend. With
the appearance of the bridge at 8 ns characterized by hydro-
phobic residues exposed near the turn region (Fig. 4A, B), the
SASA was relatively high. However, by the time the second
bridge had formed at ~40 ns (Fig. 4C, D), the SASA had
decreased, and although there were fluctuations corresponding
to rearrangements in structure, the SASA generally stayed at
this level. This bridge structure formed a hydrophobic core
similar to that observed in the lipid system. The variation in
SASA of this system (Fig. 7B) showed a similar pattern of
values to the /ipid system in the N terminal region (approx-
imately residue 56 to 65), however, the C terminal region
showed a higher SASA and greater variation, particularly for
the hydrophobic residues. This is probably a reflection of the
lower amount of helix in this region and the less ordered C-
terminal region. Interestingly, the highest fluctuation occurred
in Met 60, Ile 66 and Phe 67, residues involved in the formation
of the hydrophobic core.

In the last system, B-strand, the SASA of the hydrophobic
residues showed the most changes in values (Fig. 7A), although by
65 ns some decrease in values were observed. This is probably
related to the formation of the turn structure at ~60 ns
characterized by the hydrophobic residues forming a hydrophobic
core. The variation in SASA for each residue was similar to that of
the x-strand system (Fig. 7B), with the highest fluctuation
occurring in the Met 60, Ile 66 and Phe 67.
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Fig. 8. Radius of gyration of the hydrophobic residues of apoC-11(56—76) for the
lipid (blue), a-helix (magenta), x-strand (green) and S-strand (red) systems. The
plot shows a moving average of 250 ps.

3.5. Radius of gyration

The radius of gyration of the hydrophobic residues Ala 58, Ala
59, Met 60, Ile 66, Phe 67, Val 71, Leu 72, Val 74, Leu 75
(ROGyy4) was calculated as an indication of the presence of the
hydrophobic core. Fig. 8 shows the ROGy,yq for each system. The
plot shows a moving average of 250 ps. Overall the ROGy,yq for
each system showed similar trends to the SASA discussed
previously. The /ipid system showed a decrease in ROGpyq by
~30 ns and remained at this level (apart from a brief increase at
~70 ns), correlating with the appearance of the hydrophobic
clusters. As expected, the o-Aelix system showed little variation,
with values generally higher than those of the /ipid system. The
x-strand system showed the highest initial ROGy,q, however, a
notable decrease occurred by ~ 30 ns, corresponding to the time
of formation of the second type of hydrophobic cluster, and
largely remained at this level apart from a brief increase just
before ~90 ns. The B-strand system showed the most flexibi-
lity, with the highest point occurring at ~40 ns. This correlates
with the unstructured region observed in the secondary struc-
ture. There was a decrease at 65 ns, corresponding to the for-
mation of the turn structure observed in the previous analysis.

4. Discussion and conclusion

Recent studies have suggested that the pre-fibrillar aggregates
are considerably more toxic than the mature amyloid fibrils
[83,84]. Inhibiting the folding and formation of these pathological
amyloid precursors may be effective in the treatment of amyloid
based diseases. Therefore, it is important to gain an understanding
of the types of interactions and consequent structural changes
which lead to the formation of these aggregates.

Although there was wide variety of conformations sampled in
the four systems studied, a clustering of structural types was
observed that illustrated the conformational transitions occurring
during the simulation. Overall, the apoC-II peptide showed a
strong propensity to populate an ensemble of turn-like structure. In
the lipid system, a hydrophobic cluster formed following a mutual
stabilisation of the N terminus and the helical region. This also
occurred in the x-strand system, although there was only slight
evidence of helix formation. In the B-strand system there was turn
structure which resembled the previous two systems. We classified
these turns into two types: firstly, Met 60 is located at the apex of
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the turn, and the hydrophobic residues (residue 58-60) are
clustered near the turn region; secondly, Tyr 63 is at the apex, and
the hydrophobic residues (residues 66—67, and 58—60) are located
in the middle of the two strands. As discussed in the cluster
analysis, the first type of hydrophobic cluster had a residency
time in the /lipid and x-strand systems of 23.1 ns and ~9 ns,
respectively. The second type of hydrophobic cluster had a
residency time in the /ipid and x-strand systems of approximately
6.8 ns and ~ 15 ns, respectively (the latter time includes the second
bridge, 8 ns, and the turn region formed at the end of the
simulation, 7 ns). These types of hydrophobic clusters are
illustrated in the schematic in Fig. 9. Fig. 9 also shows the
hydrogen bonding pattern observed in the x-strand system. Some
variation in the hydrogen bond pattern in the turns was observed
between systems, however, the position of the hydrophobic
residues largely followed the types described above.

The proposed mechanism of formation of 3-turn was discussed
in the introduction to this paper. It was suggested that the location
of the hydrophobic residues influences the relative timing of the
formation of the interstrand hydrogen bonds near the turn and the
hydrophobic core [33]. In our simulations we saw evidence of
both mechanisms in the formation of the turn structure — in the
first hydrophobic cluster formed with the hydrophobic residues
located near the turn region, such that the turn is likely to form
first, as in the “kinetic zipping” mechanism [29]. In the second
type of hydrophobic cluster observed, we saw support for the
“hydrophobic collapse” mechanism [30], where the hydrophobic
residues are located in the middle of the strands such that the
hydrophobic core is formed, facilitating the subsequent formation
of'the interstrand hydrogen bonds. The formation of the initial turn
maybe a precursor step to the turn characterized by the hydro-
phobic core. The hydrogen bond network between the backbone
atoms of the peptide associated with the bridge or turn structure
does not persist throughout the simulation. Even in the x-strand
system, where there was the greatest prevalence of hydrogen
bonds associated with the bridge formation, these hydrogen bonds
still only account for about 15 ns of the 100 ns simulation.

The occurrence of hydrophobic clusters in the simulation of the
peptides has implications in the formation of oligomers for both
types of clusters observed in our simulations. Even though there is

A B
Met 60 Tyr63 Thr 62
Ala 59 Thr 64 Ser61
Ala 58 Gly 65 Met 60
Thrs7 lle 66 Ala59
Phe 67 Ala 58

© Hydrophobic residue  ===s==== Hydrogen honds

Fig. 9. Schematic illustrating the two types of hydrophobic patches or clusters
formed in the /ipid and x-strand systems (and to a lesser extent the fB-strand
system). The hydrogen bonding network observed in the x-strand system is shown.
A. Met 60 at apex; hydrophobic residues are clustered near the turn region. B. Tyr
63 at apex; hydrophobic residues are located in the middle of the two strands.

a strong tendency to form hydrophobic clusters, there are still
fluctuations in the position of the hydrophobic residues as shown
in the SASA in Fig. 7. Therefore, these clusters may present
possible hydrophobic interaction sites with other peptides sharing
similar structural features. As we observed, the turn formation was
facilitated by both hydrophobic interactions and hydrogen bonds
between the backbone atoms. However, as the internal hydrogen
bonds do not persist in the dynamics of the peptide they are
potentially available to hydrogen bond and form [3-structure with
other similar peptides — a possible nucleation mechanism of
fibrillation. The importance of hydrophobic interactions in the
formation of oligomers of amyloid peptides has been shown in
previous MD simulations by Buchete et al. [55,56]. The authors
tested the stability of oligomers of APR(1-40) at ambient and
elevated temperatures, and showed that whilst the hydrophobic
core remained intact, the loop or turn regions tend to be less stable.
In our study, we observed persistent hydrophobic clusters despite a
higher mobility of the turn region. The higher flexibility of the
turns might allow the faster formation of the two types of clusters
formed as previously discussed.

The four different starting structures of the peptide used in the
simulations varied in their flexibility, as expected. The peptide
exhibited stronger tendency to fold when the initial structure was
in extended and P structure, with the helical starting structure
showing the highest stability. This property has previously been
observed in simulation studies of a 3-hairpin peptide [85]. The
transition between the zipping mechanism and the hydrophobic
collapse methods described above was observed in the /ipid and
x-strand systems. The structural transitions were also observed to
a lesser extent in the B-strand system, which may reflect the need
for a longer simulation time. The a-helix system showed the least
structural change, probably reflecting the intrinsic stability of this
conformation, although overall the /ipid system (which is the
NMR structure) showed the lowest SASA reflecting the highest
sidechain packing.

The total of 400 ns of simulation time is of sufficient length to
reveal characteristic elements of the crucial initial stage of
amyloidosis. The formation of turn structure and subsequent
hydrophobic core provide the conditions to drive aggregation and
fibril formation. These results suggest the importance of future
analysis of different sized peptides of apoC-II, such as apoC-II
(60—70). Recent experimental work has shown that the ten residue
peptide of apoC-11(60—70) also forms amyloid fibrils [4], and is
potentially the region which nucleates the fibrillation folding
process. This peptide is contained within the apoC-II (56—76)
peptide and was the region where we observed much of the turn
structure. The MD simulations also provide the opportunity to
investigate the dynamic behaviour of individual residues in the
amyloid prone peptide, for example, Met 60 of apoC-II. The
oxidation of Met is known to, not only reduce or eliminate
biological activity [86—89], but is also linked with changes in the
assembly of fibrils and may reduce propensity for fibril formation
[90-92]. This work could be continued by performing simulations
of mutant variants of the peptides to provide insights into the role
of particular residues. Lastly, the turn structures obtained from the
simulations will be useful starting structures to build models of
possible oligomeric amyloid of apoC-II.
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