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ABSTRACT: The amyloid β-protein (Aβ), which is present
predominately as a 40- or 42-residue peptide, is postulated to play
a seminal role in the pathogenesis of Alzheimer’s disease (AD).
Folding of the Aβ21−30 decapeptide region is a critical step in the
aggregation of Aβ. We report results of constant temperature all-
atom molecular dynamics simulations in explicit water of the
dynamics of monomeric Aβ21−30 and its Dutch [Glu22Gln], Arctic
[Glu22Gly], and Iowa [Asp23Asn] isoforms that are associated with
familial forms of cerebral amyloid angiopathy and AD. The
simulations revealed a variety of loop conformers that exhibited a
hydrogen bond network involving the Asp23 and Ser26 amino acids.
A population of conformers, not part of the loop population, was
found to form metastable β-hairpin structures with the highest
probability in the Iowa mutant. At least three β-hairpin structures were found that differed in their hydrogen bonding register,
average number of backbone hydrogen bonds, and lifetimes. Analysis revealed that the Dutch mutant had the longest β-hairpin
lifetime (≥500 ns), closely followed by the Iowa mutant (≈500 ns). Aβ21−30 and the Arctic mutant had significantly lower
lifetimes (≈200 ns). Hydrophobic packing of side chains was responsible for enhanced β-hairpin lifetimes in the Dutch and Iowa
mutants, whereas lifetimes in Aβ21−30 and its Arctic mutant were influenced by the backbone hydrogen bonding. The data suggest
that prolonged β-hairpin lifetimes may impact peptide pathogenicity in vivo.

■ INTRODUCTION
Alzheimer’s disease (AD) is a progressive, age-associated,
neurological disorder that is rapidly reaching epidemic
proportions. The pathognomonic signs of AD are extracellular
amyloid plaques and intraneuronal neurofibrillary tangles that
are composed of the amyloid β-protein (Aβ) and tau protein,
respectively. Progression of AD is associated with profound
neuronal loss, the precise cause of which remains enigmatic.
Historically, amyloid plaques were thought to cause AD.1−4

However, accumulating evidence suggests that the dominant
neurotoxins in AD are oligomeric forms of Aβ.5−13 If so, then
understanding the mechanisms of the toxicity of Aβ oligomers
holds therapeutic potential.
Achieving this understanding requires the determination of

the structures of the toxins and a correlation of structure with
neurotoxicity. Experimental and computational studies have
addressed possible mechanisms of Aβ folding and oligomer
formation for both full-length alloforms, Aβ1−40 and Aβ1−42
(e.g., refs 9 and 14 and references therein). Precise
experimental determination of the structure of low-order
oligomers, and even the monomer, has proven to be difficult
because Aβ belongs to the class of intrinsically disordered
proteins.15,16 Even partially ordered Aβ conformers are

transient and unstable.17,18 A zero-length chemical cross-linking
approach has enabled the stabilization of Aβ1−40 oligomers, the
isolation of pure Aβ1−40 monomers, dimers, trimers, and
tetramers, and the determination of order-specific neuro-
toxicity.19 In general, the tendency of Aβ to aggregate makes
experimental studies particularly difficult.20−23 For this reason,
many experimental and computational studies have focused on
fragments of Aβ that preserve key properties of the full-length
alloforms while aggregating less rapidly.24−36 This preservation
of structure in fragments, however, is not universal.37

An important fragment is the Aβ21−30 decapeptide. Using
limited proteolysis and solution NMR, Lazo et al.38 have shown
that this region within both Aβ1−40 and Aβ1−42 monomers is
protease-resistant. Surprisingly, the isolated decapeptide also is
protease resistant, suggesting that it functions as an Aβ
monomer folding nucleus. Subsequent computational studies
revealed the presence of bends or loops stabilized by
hydrophobic packing between side chains of Val24 and
Lys28.39−42 A combined experimental and computational
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study using solution NMR and replica exchange MD (REMD)
simulations concluded that the Aβ21−30 fragment existed mostly
(but not entirely) in unstructured conformations, lacking any
secondary structure or persistent hydrogen bonding (HB)
network but showing evidence for an Asp23−Lys28 salt bridge
(SB) formation that could stabilize the Aβ fibril structure.43

Intriguingly, a minority population of conformers contained a
β-turn centered at Val24−Gly25.
Further clues to the mechanistic bases of Aβ-induced disease

come from families in which mutations in the structural gene
for Aβ, the amyloid β-protein precursor gene (APP), cause
familial forms of AD (FAD) and cerebral amyloid angiopathy
(CAA). In these cases, a number of single amino acid mutations
within Aβ at positions 22 and 23 result in more aggressive
forms of AD and in vitro aggregate more readily than the wild
type (WT) Aβ. Examples include the Arctic [Glu22Gly], Dutch
[Glu22Gln], and Iowa [Asp23Asn] mutants.44−50 Experimental
and computational studies on Aβ21−30 decapeptides containing
these amino acid substitutions showed that the turn in the
Val24−Lys28 region was destabilized, which resulted in
intramolecular interactions between the Aβ21−30 region and
the rest of the full-length peptide that may facilitate
oligomerization and fibril formation.51 A follow-up computa-
tional study suggested that mutations at position 23 produced
peptide conformers different from those produced by
mutations at position 22.52 Ion mobility spectrometry coupled
with computational studies further found that a HB network
involving Asp23 contributed substantially to turn formation and
stability, suggesting that mutations at position 23 (Iowa) led to
significant structural changes, whereas mutations at position 22
([Glu22Gln], [Glu22Gly], [Glu22Lys]) led to only subtle
variations to the overall folded structure of Aβ21−30.

53

In the Aβ system, folding units observed in the Aβ monomer
or subregions thereof can be maintained in higher-order
assemblies. Solid state NMR of fibrils formed by full-length
Aβ1−40 showed that the fibrils comprise two β-strand regions
(12−24 and 30−40) connected by a bend in the 25−29 region.
This bend brought the two β-strands together to form parallel
β-sheets through side chain−side chain interaction.54,55 Several
computational studies of full-length Aβ showed significant
structure, such as β-strands, in several regions of the peptide,
with some of them spanning the 21−30 decapeptide
region.56−62 However, other studies did not report any β-
structure.63,64

Additional experimental studies supported the importance of
the 21−30 peptide turn in controlling aggregation propensity.
Aβ1−40 with a lactam (Asp23/Lys28) bridge showed that such a
preformed bend/turn increased fibrillogenesis by a factor of
1000 relative to the WT peptide.65 Also, by forming a disulfide
bond between amino acids 21 and 30 (using cysteine
substitutions: [Ala21Cys] and [Ala30Cys]), full-length Aβ
monomers formed a β-hairpin with strands comprising amino
acids 17−23 and 30−36 that resulted in toxic oligomeric
species.66 Interestingly, this disulfide bond prevented further
assembly of these oligomers into amyloid fibrils, suggesting that
if there was structure in the unmodified 21−30 decapeptide
region that initially forms and nucleates the folding of the Aβ,
this structure was metastable. If an intermediate, but benign,
structure within the 21−30 decapeptide region could be
stabilized, this would be a new therapeutic option, as it could
destabilize a potentially toxic state.67 A recent study has shown
that maintenance of a benign conformational state in the
transthyretin tetramer may be an effective strategy for treating

diseases like familial amyloid polyneuropathy or systemic
amyloidosis.68

Here, using constant temperature all-atom MD in explicit
water, the dynamics of Aβ21−30 and its Dutch, Arctic, and Iowa
mutants was examined. The decapeptide structural landscape
comprises a variety of loop structures and at least three types of
metastable β-hairpins. Differences in the structure and lifetimes
of these metastable β-hairpins were observed among the four
different decapeptides. These different β-hairpins could play a
critical role in nucleating full-length Aβ folding, while the
differences in structure and lifetimes reported here could be
responsible for distinct folding pathways and aggregation
propensity for each of these decapeptides.

■ METHODS
MD Simulations. Long-time constant temperature MD

simulations of the decapeptide Aβ21−30 monomer in explicit
TIP4P69 water were performed. All atoms were explicitly
considered with potential energies given by the OPLS/AA70

force field within the GROMACS 4.0.571,72 package and using
the NPT ensemble.73 The system was confined in a cubic box
with periodic boundary conditions. MD simulations were
carried out at a constant temperature of T = 283 K
corresponding to in vitro experiments.38 In the simulations,
amino acids were numbered sequentially starting from Ala21
through Ala30, corresponding to position 21 through 30 of the
full length amyloid β-protein. The WT Aβ21−30 had the primary
structure Ala-Glu-Asp-Val-Gly-Ser-Asn-Lys-Gly-Ala, where
Glu22 and Asp23 were negatively charged and Lys28 was
positively charged. Following Lazo et al,38 the Aβ21−30 was
blocked with NH3

+ and CO2
− at the N− and C− termini,

respectively. Simulations with the Arctic [Glu22Gly], Dutch
[Glu22Gln], and Iowa [Asp23Asn] mutations were also
considered. In each case, the peptide was initially solvated by
inserting it in the center of a previously equilibrated cube of
water molecules of side 43 Å. This insertion deleted all water
molecules overlapping or in close proximity (<2.4 Å) to any of
the monomer atoms, resulting in a system with an approximate
number of water molecules of 2500. To maintain system
neutrality (for WT only), a single Na+ ion was inserted far from
the peptide.
The SETTLE algorithm74 was used to hold constant the

covalent bonds of the water molecules. The bonds involving
hydrogens were constrained according to the LINCS
protocol.75 Neighbor lists updated every 10 simulation steps
were used for the nonbonded interactions. To calculate the
electrostatic interactions, a particle mesh Ewald method76 was
used with a cutoff distance of 10 Å for nonbonded interactions
and a 1.2 Å grid spacing for the Fourier transform in the
reciprocal space for all trajectories. A time step of 2 fs was used
in all trajectories. The temperature was controlled by coupling
the system to an external bath.73,77 The energy of the system
was first minimized for 20 000 steps by applying the conjugate
gradient algorithm that relaxed all atoms except the Cα atoms.
Next, the Cα atoms were released and minimized again for
another 20 000 steps. The system was gradually heated in the
NVT ensemble from 0 to 283 K by harmonically constraining
all Cα atoms for 100 ps. Following this step, and still
constraining the Cα atoms, another 200 ps were performed in
the NPT ensemble at 283 K and 1 atm, followed by a brief 50
ps NPT simulation with no constraints to generate the starting
configuration for the production runs. Because of the way that
the overlapping water molecules were deleted in the solvation
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step above, these NPT equilibration steps allowed for water
molecules to fill in holes left from the insertion of the
decapeptide, thus shrinking the size of the system by about 1 Å
in all directions.
To study the dynamics of the WT decapeptide, 34

trajectories were generated with total running times between
100 and 300 ns, resulting in 8.8 μs of total simulation time. The
initial conformations for these trajectories were selected from
previously generated stretched chain conformations (con-
formations with large Rg). Water molecules were given different
velocities in each trajectory (based on a Maxwell velocity
distribution), making the trajectories independent of each
other. The number of trajectories for each of the mutant
peptides, which were initially in a stretched chain conformation,
was as follows: (i) seven trajectories for the Arctic mutant,
resulting in 710 ns, (ii) seven trajectories for the Dutch mutant,
resulting in 700 ns, and (iii) eight trajectories for the Iowa
mutant, resulting in 900 ns of simulation time. These
trajectories had total running times between 100 and 200 ns
each.
Trajectories to estimate lifetimes of β-hairpin structures

(described below) were carried out starting from the preformed
β-hairpin under consideration. The time at which this β-hairpin
would unfold was taken as the breaking time, τi, for that
trajectory labeled i. A total of 10 trajectories per β-hairpin
conformation were performed for each of the four variants
(WT, Arctic, Dutch, and Iowa), resulting in 120 additional
trajectories. Because these unfolding events were independent
of each other, individual values for τi were the result of a
Poisson process in which state A (β-hairpin) could change into

state B (unstructured) with a constant probability per unit time,
with τi belonging to an exponential distribution. Each β-hairpin
lifetime was thus given by the characteristic time of an
exponential fit to the distribution of all breaking times {τi}. To
minimize error, the fitting was performed by finding
distributions of breaking times {τi} using 3−7 bins. This
produced five distributions for which exponential fits yielded
five corresponding lifetimes. The lifetime for each β-hairpin was
then obtained by averaging these five individual lifetimes and
obtaining standard deviations. Because each trajectory would be
carried out until its β-hairpin structure unfolded, total trajectory
times varied but remained in the range from 100 to 400 ns. In
less than 6% of the trajectories, β-hairpin structures did not
unfold at the 400 ns maximum trajectory length. The total
accumulated simulation time for this β-hairpin lifetime analysis
amounted to 16.5 μs. Additionally, one replica-exchange MD
simulation was performed to test the stability of the β28 hairpin
conformation (see the Supporting Information), amounting to
1.2 μs of total accumulated running time.
In total, this paper presents data derived from more than 28.8

μs in simulated trajectory times when considering all
trajectories used to study the extended conformations and β-
hairpin simulation trajectories.

Structural Determinants. To quantify average structures
of the decapeptides, contact maps were constructed by
counting the number of Cα−Cα distances between different
pairs of amino acids that would fall below 7 Å (creating a
contact) and dividing this number by the total number of
frames in the trajectories. Similarly, HB contact maps were
calculated by counting the number of particular HBs and

Figure 1. Contact maps for the WT (upper left), Arctic (upper right), Dutch (lower left), and Iowa (lower right) mutants where the colors represent
the percentage of the trajectory containing each contact. A contact was established whenever the distance between Cα−Cα atoms of different amino
acids fell below 7 Å. In each map, the lower left corner indicates the Ala21−Ala21 contact while the upper right corner indicates the Ala30−Ala30
contact. The color bar on the right indicates the conversion between the color of the contact and the trajectory percentage for that contact.
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dividing by the total length of simulations. A HB was defined if
the distance between the donor and acceptor was ≤3 Å and the
angle θ between the donor−hydrogen−acceptor atoms was in
the range 160° ≥ θ ≤ 200°. If, in addition, two hydrogen-
bonded atoms were of opposite charges, they formed a SB.78

To quantify changes in structure of the decapeptide as a
function of time, the radius of gyration Rg and specific distances
between atoms were measured and labeled using the notation
R(x,y), where R was the distance between amino acid x and
amino acid y at a particular time.41 The distances that were
taken into consideration were the following: (i) R(4,8) and
R(3,6), the distances between the two Cα atoms of Val24 and
Lys28 and Asp23 and Ser26, respectively; (ii) R(2,8), the
distance between Lys28(Nζ) and Glu22(Cδ); and (iii) R(3,8),
the distance between Lys28(Nζ) and Asp23(Cδ).
The combined solvent accessible surface areas (SASAs),

S(x,y), between amino acids x and y79 were calculated to
monitor for hydrophobic contact formation using the VMD
package.80 Of particular importance was S(4,8), the combined
SASA of the Val24 and Lys28 side chains, the S(3,6), S(3,7),
and S(2−4,6−8). The S(2−4,6−8) represented the total SASA
of the decapeptide excluding the glycines and the terminal
alanines. The secondary structure propensity per amino acid
was calculated by using the program STRIDE81 within VMD.
The quantity D, used to measure correlations between relative
orientations of side chains of two amino acids, was obtained by
calculating the normalized scalar product between the vectors
defined by the direction of the side chains of Val24 and
Lys28.41

To find representative conformations from a trajectory, a
cluster algorithm based on the matrix of RMSDs as a measure
of the distance between two peptide conformations was used.82

In this algorithm, a representative conformation was found by
first measuring all mutual distances (defined by their RMSD
distance) between conformations. Given an upper cutoff for
this distance, neighborhoods of common conformations were
defined and the one with the largest number of conformations
selected. Within this selected neighborhood (cluster), the
central structure (centroid) was chosen as a representative
conformation. This entire neighborhood of conformations was
then removed from the pool of conformations, and the
algorithm was repeated. In the present work, RMSDs were
measured only taking into account the backbone Cα atoms of
amino acids 22−28. A cluster was defined as that in which
neighboring conformations had an RMSD equal or less than 1
Å.

■ RESULTS

We first present distance and HB contact maps for each
decapeptide variant, which are used to identify the main
(whole-trajectory average) structural elements of the four
decapeptides. Spontaneously formed, metastable, β-hairpin
structures appearing in the trajectories are then characterized
using secondary structure and hydrogen bonding analyses.
Finally, the lifetimes of these β-hairpin structures are obtained
and discussed in terms of hydrophobicity, electrostatic
interactions, and hydrogen bonding.

Common Folding Structure of Aβ21−30 and Its
Mutants. In Figure 1, contact maps between pairs of Cα

atoms are shown for the WT and mutant decapeptides. The
values of the contacts were calculated as the percentage of the
trajectory over which the Cα−Cα distance between amino acids
was less than 7 Å. These maps showed that contacts between
Asp23 and other inner amino acids (Ser26 and Asn27) were

Figure 2. HB contact maps for the WT (upper left), Arctic (upper right), Dutch (lower left), and Iowa (lower right) mutants. The scale on the right
indicates the conversion between the color and percentage that each pair of amino acids are connected by HBs.
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the most prevalent (strongest) for all decapeptide types,
suggesting that interactions in the interior of the decapeptides
might play a pivotal role in the decapeptide structure. The next
four strongest contacts were Gly25−Lys28, Asp23−Lys28,
Val24−Asn27, and Ala21−Ala30 (see Table A in the
Supporting Information for specific values). Schematic
diagrams in Figure I in the Supporting Information illustrate
the location and strength of these contacts. The diagonal
feature in the contact map of the Iowa mutant (Figure 1) is
indicative of a β-hairpin structure and is discussed below. These
data show strong contacts between the inner amino acid Cα

atoms that reflected a persistent unstructured turn or loop in
the central region in all decapeptide variants.
Next, hydrogen bonds between pairs of amino acids were

analyzed. Figure 2 shows HB contact maps for all decapeptide
types where each contact was calculated as the percentage
occurrence of the contacts between pairs of amino acids
(strongest HBs are listed in Table B in the Supporting
Information). Similarly to Figure 1, the Asp23−Ser26 HB
contact was very prominent in the WT, Arctic, and Dutch
decapeptides. In the Iowa mutant, however, the dominant HB
contact was Glu22−Lys28. Because the Iowa mutant is the only
one without a charge at position 23, this result suggested that
the absence of charge at position 23 facilitated HB formation.
This point was more clearly illustrated when examining specific
pairs of atoms forming the HBs (Table C, Supporting
Information). The prevalent HBs for the WT, Arctic, and
Dutch decapeptides formed between Asp23(Oδ)−Ser26(H)
and Asp23(Oδ)−Ser26(Hγ), unlike in the Iowa mutant.
Furthermore, the accumulated percentage of HBs for the
WT, Arctic, and Dutch mutants involving the charged
Asp23(Oδ) were 54, 62.7, and 46.2%, respectively (Table C,
Supporting Information). For the Iowa mutant, the total
percentage of HBs formed by the uncharged Asn23(Oδ) was
only 9.1%. It is important to note that the absence of charge at
position 23 in the Iowa mutant was not compensated by an

increase of HB propensity of the charged Glu22(Oε) and
formation of the Glu22(Oε)−Lys28(Hζ) SB but rather by an
increased number of backbone HBs. Thus, the absence of
charge at position 23 (as exemplified by the Iowa mutant) but
not at position 22 (as exemplified by the Arctic and Dutch
mutants) changed the HB network and dynamics.
Analysis of the average secondary structure of each amino

acid over the entire trajectories revealed a turn between
positions 23 and 27 and unstructured N- and C-termini (Figure
II, Supporting Information), consistent with the contact maps
(Figures 1 and 2) that indicated persistent bonding among
inner amino acids for all decapeptide variants. In addition, there
was a small but statistically significant extended β structure
involving amino acids at positions 22/23 and 27/28. The
average amount of this extended β structure depended on the
decapeptide variant, ranging from ≈5% (Dutch) to ∼32%
(Iowa). These extended β structures corresponded to three
distinct sporadic types of β-hairpin structures differing by the
register of their dominant backbone HBs and labeled β28, β29,
and β18. The structure and dynamics of these β-hairpin
structures are further examined in the following sections.

Role of Hydrogen Bonding and Hydrophobic Packing
in Decapeptide Folding. The contact maps of Figures 1 and
2 and secondary structure (Figure II, Supporting Information)
were derived by calculating time-averaged quantities using
entire trajectories. These averages, however, do not accurately
describe abundance nor frequencies of the different underlying
structures, since the distributions from which these averages
were derived were typically multimodal and the HB contacts
did not occur with equal probability throughout each trajectory.
To analyze the relative contribution of these structures,
histograms of distances between pairs of Cα carbons, radius
of gyration (Rg), and the SASA value for S(4,8) for each of the
four decapeptide variants were calculated and are shown in
Figure 3.

Figure 3. Normalized histograms of S(4,8), amino acid distances R(x,y), and radius of gyration Rg per mutation. Black lines correspond to each
quantity calculated using entire trajectories, while blue, green, and orange lines are the individual contributions to the histograms from the β28, β29,
and β18 hairpins, respectively. The red lines correspond to the histograms calculated excluding the β-hairpins. The dashed vertical lines used to
demarcate regions in S(4,8), R(3,6), R(4,8), R(2/3,8), and Rg are at 287 Å2, 7 Å, 8 Å, 4.2 Å, and 6.3 Å, respectively.
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For all four peptides, the S(4,8) histograms exhibited a peak
at ≈340 Å2 (Figure 3, first column), which corresponded to the
loop structure presented in the previous section. The other
peaks at lower values of S(4,8) (between 240 and 260 Å2) in
the Arctic, Iowa mutants, and to some extent also in the WT
peptide, mostly corresponded to β-hairpin structures. The
midpoint between the loop and these β-hairpin structures in
these histograms was used to draw a dashed line at 287 Å2 as a
value that separates these distinct populations. Because Val24
and the n-butyl portion of Lys28 are hydrophobic, the low
values of S(4,8) indicated that the hydrophobic side chains
were more effectively shielded from the solvent in the β28 and
β29 hairpin structures than in the loop structures. However, the
β18 hairpin structure in the Arctic had larger values of S(4,8).
The uncharacteristic high abundance of β-hairpin structures in

the Iowa mutant, first observed in Figure 1, gave rise to a
double peaked distribution.
The R(3,6) distance histograms showed a bimodal

distribution for R(3,6) < 7 Å in all decapeptides (Figure 3,
second column). These two peaks were mostly populated by
conformations with a high occurrence of HB pairs Asp23(Oδ)−
Ser26(H) and Asp23(Oδ)−Ser26(Hγ) in the WT, Arctic, and
Dutch mutants. These HBs were also among the dominant HBs
(trajectory-wide) in these decapeptides (Table C, Supporting
Information), and their propensity within and among these
peptides corresponded to the relative heights of the R(3,6)
peaks. The high percentage of these HBs indicated that the
R(3,6) distance was the dominant structural feature in these
three decapeptides, also consistent with Figure 1. In contrast,
while these two peaks in the Iowa mutant were dominated by

Figure 4. Two-dimensional maps corresponding to the normalized logarithm of the number of configurations G[S,R] plotted according to their
R(4,8), R(3,6), and Rg vs S(4,8) values using the data from Figure 3. The rainbow colormap corresponds to the highest number of conformations
(red) to zero conformations (blue). Thus, a point in a map with value G[S,R] that is red indicates that that particular pair of R(x,y) and S(4,8) is
populated by the maximum number of conformations. The dashed lines are linear regression fits to the data for only those data exhibiting significant
correlations. For the WT G[S(4,8),R(4,8)], the Pearson correlation coefficient, r, is r = 0.71, and for the G[S(4,8),Rg], it is r = 0.57. For the Arctic
G[S(4,8),R(4,8)], the correlation coefficient is r = 0.59, and for the G[S(4,8),Rg], it is r = 0.55. For the Iowa G[S(4,8),R(4,8)], the correlation
coefficient is r = 0.68, and for the G[S(4,8),Rg], it is r = 0.63. The thin dotted vertical lines in the S(4,8) axis are centered at 287 Å2, while the
horizontal lines at the R(4,8), R(3,6), and Rg axes are at 8, 7, and 6.3 Å, respectively.
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structures exhibiting the HB pairs Asn23(Hδ)−Ser26(O) and
Asn23(Oδ)−Ser26(H), these two HBs were not dominant
when considering the whole trajectory (Table C, Supporting
Information). Instead, the dominant HBs dictating the
prevalent structure in the Iowa (Figure 1) came from the
large population of β-hairpin conformations found at the
R(3,6) ≈ 5.4 Å peak (Figure 3, green line) sustained by the
three dominant backbone HBs (listed in Table C, Supporting
Information). A broader conclusion from the data of the four
decapeptides is that, although HBs involving the Asp23−Ser26
amino acids dominated the R(3,6) structure, the fact that there
was a bimodal distribution (R(3,6) ≈ 5.4 and 6.5 Å peaks)
prevented the decapeptides from locking into a single
conformation and allowed the loop to explore different, though
related, structures. On the other side of the spectrum, the peak
in the Dutch mutant at R(3,6) ≈ 8.5 Å originated from the
Asp23(Oδ)−Asn27(H) and Asp23(Oδ)−Asn27(Hδ) HBs. This
peak was the most predominant in the Dutch mutant because
of the higher combined percentage of these two HBs as
compared with the other three decapeptides (Table C,
Supporting Information).
The shapes of the R(4,8) distance distributions (Figure 3,

third column, black lines) suggested two regions of low and
high R(4,8) populations separated at R(4,8) ≈ 8 Å. This
separation was consistent with the compact structure, and thus
low R(4,8), of the β28 and β29 hairpins (green and blue lines)
that were to the left of this separating line. In previous work,41

this separating line was found at a smaller distance of 6.5 Å and
was associated with hydrophobic events. However, because the
R(4,8) distances did not dominate the structure of the
decapeptides (suggested by the lack of Val24−Lys28 contacts
in Figure 1), hydrophobicity as indicated by the S(4,8) played a
reduced role in the present context. We note that the β18
conformations (orange lines in Figure 3) had increased values
of R(4,8), which when combined with their high values of
S(4,8) (e.g., in the Arctic, first column) suggested that these β18
hairpin structures might be more open than the β28 and β29
hairpins.
The histograms of the R(2,8) and R(3,8) distances showed

the presence (or absence) of SBs between the negatively
charged Glu22/Asp23 and positively charged Lys28 (Figure 3,
fourth and fifth columns). These SBs were shown as sharp
narrow peaks at a distance of ≈4 Å.83 According to the charges
of the Asp23 and Glu22, both SBs occurred in the WT peptide,
whereas in the Arctic and Dutch mutant only the Asp23(Oδ)−
Lys28(Hζ) SB formed, and in the Iowa mutant only the
Glu22(Oε)−Lys28(Hζ) SB was present. The area below the SB
peaks in the R(2,8) and R(3,8) distance histograms was
proportional to the number of SBs formed. This in turn
reflected a low rate of SB formation, which was consistent with
the percentage of SB formation (Table C, Supporting
Information), suggesting a relatively small contribution of SBs
to the decapeptide folding dynamics.
The Rg histograms (Figure 3, sixth column) for all of the

decapeptide types included a peak at values of Rg < 6.5 Å
consisting of compact loop conformations as well as all β-
hairpin structures. The area A under the curve of each Rg
distribution (up to Rg = 6.5 Å) indicated that the level of
compactness was variant-specific. The Arctic mutant was, on
average, the least compact (A = 0.39), followed by the WT
peptide (A = 0.49), the Dutch mutant (A = 0.52), and the Iowa
mutant (A = 0.58). The second peak in the Arctic mutant for Rg

> 6.5 Å arose from structures that also had a large value of
S(4,8) (>287 Å2), further examined below.
Next, possible correlations between key distances R (R(4,8),

R(3,6), and Rg) from Figure 3 and the hydrophobic packing of
Val24 and Lys28 side chains S(4,8) were examined. Two-
dimensional correlation maps were constructed in which for a
given pair of values [S(4,8),R] they: (i) counted the number of
conformations simultaneously satisfying those two numbers
and (ii) plotted G[S(4,8),R], the normalized logarithm of this
histogram (Figure 4). Data for G[S(4,8),R(4,8)] shown in the
first column of Figure 4 showed that R(4,8) and S(4,8) were
positively correlated in the WT, Arctic, and Iowa variants, as
indicated by their Pearson correlation coefficient r = 0.71, 0.59,
and 0.68, respectively. The Dutch mutant, however, only
showed a weak correlation with r = 0.45 where conformations
with low R(4,8) and high values for S(4,8) (lower-right region)
weakened the correlation. These results were preserved even
when β-hairpins were excluded from the analysis (Figure III,
Supporting Information). The regions with large S(4,8) and
R(4,8) values (upper right) were the most populated in all
peptides except in the Iowa mutant, which was characterized by
a large population of β-hairpin structures with low S(4,8) and
R(4,8) (lower-left region). This behavior was confirmed by
calculating G[S(4,8),R(4,8)] excluding all β-hairpin structures
(Figure III, Supporting Information). In the second column of
Figure 4, G[S(4,8),R(3,6)] was examined to see whether the
dominant Asp23−Ser26 HBs were correlated with hydrophobic
packing events. No significant correlation was found,
demonstrating that, regardless of the Asp23−Ser26 HB, most
conformations had high S(4,8) values (also in Figure III,
Supporting Information). The exception was the Iowa mutant
with the β-hairpin structures populating the low S(4,8)/low
R(3,6) value region (compared to Figure III, Supporting
Information). An important feature is that the peaks in the
distribution of R(3,6) (Figure 3) were here segregated into
unconnected “islands” with respect to S(4,8), indicating distinct
conformational subgroups differing not only by S(4,8) but also
by their predominant HBs. In the third column, G[S(4,8),Rg]
demonstrated a correlation between the compactness of the
decapeptide structure and hydrophobic packing in the WT,
Arctic, and Iowa variants with r = 0.57, 0.55, and 0.63,
respectively. Again, in the Dutch mutant, this quantity showed
only a weak correlation with r = 0.35. However, when excluding
in the analysis all of the β-hairpin structures, only the WT
preserved a significant correlation with r = 0.54 (Figure III,
Supporting Information). This is in part because, when
excluding the β-hairpin structures, the remaining conformations
mostly corresponded to high values of S(4,8) (first column of
Figure 3, red curves) irrespective of compactness. Interestingly,
the Dutch mutant with one of the most compact structures,
even when excluding β-hairpin structures (Rg in Figure 3 black
and red curves), had the weakest correlation between S(4,8)
and Rg, indicating that even when considering the most
compact conformations, as exemplified in the Dutch variant,
they would not necessarily result in hydrophobic packing.
Overall, these maps suggested that the WT decapeptide
sampled a larger R and S(4,8) phase space than the mutants
which were characterized by a more discrete set of preferred
conformations in the form of highly populated phase space
islands.

Clustering Analysis. To test whether decapeptide
structures could be classified in terms of representative
conformations regardless of their R(4,8), R(3,6), Rg, or
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S(4,8) values, a clustering algorithm (described in the Methods
section) was used. In Figure 5, the RMSD matrix of all
concatenated trajectories of the WT is shown as a function of
simulation time (upper left matrix). This matrix indicated, by
using a colormap representation, the RMSD distance between
any frame i (x-axis) and frame j (y-axis). Overall, this map
indicated large variability of conformations with RMSD
distances ranging from less than 1 Å to about 6 Å with small
but significant clustering regions. To the right of this map, the
same data was now sorted according to the cluster to which
each time frame belonged (defined in the Methods section).
The most populated cluster started at the (0,0) position
followed by clusters of decreasing population size for increasing
values of the x- and y-axes. The most populated cluster,
denoted C1, comprised 7.7% of all conformations, followed by
C2 and C3, with 5.9 and 5.4%, respectively. The significance of
these percentage values as well as the definition of clusters and
the correspondence of time frames to clusters is small, however,
since all of these quantities were found to be strongly
dependent on the choice of RMSD cutoff and not on intrinsic
properties of the structures (Figures IV and V, Supporting
Information). Nonetheless, under the current definition
(RMSD cutoff = 1 Å), clusters were determined at every
frame of the trajectories, identifying each frame as belonging to
either C1 or C2 by using a cyan or purple bar below both
RMSD matrices of Figure 5. The scattered distribution of

frames in the unsorted matrix on the left belonging to C1 and
C2 indicated that conformations belonging to C1 and C2
occurred throughout the length of the trajectories. Below these
C1 and C2 colored bars, secondary structures as a function of
simulation frame are presented. While in the unsorted
trajectories secondary structure elements were uniformly
distributed throughout the trajectories, in the sorted
trajectories, there was clear indication of clustering correspond-
ing to C1, C2, C3, etc. The sorted trajectories indicated that,
for structures belonging to C1, C2, and C3, amino acids in the
central part of the decapeptide exhibited similar turn structures.
In contrast, cluster C4 corresponded to β-hairpin conforma-
tions. In the four lower graphs in Figure 5, the quantities
R(3,6), R(4,8), S(4,8), and Rg again assumed a wide range of
values in the unsorted trajectories unlike in the sorted frame
sequences where they exhibited regions of constant values that
corresponded to each cluster. Importantly, whereas R(3,6)
showed a relatively constant value for clusters C1, C2, and C3
in the sorted trajectories (at about 6.5 Å), the other quantities
varied radically from cluster to cluster. This result indicated
that, while there was a commonality in the values of R(3,6)
among the predominant clusters, these clusters were nonethe-
less distinct from each other in other structural aspects, thus
indicating the absence of a dominating single representative
conformation.

Figure 5. Clustering analysis for the WT trajectories. The analysis is presented in two ways: by concatenating all trajectories and analyzing them as a
function of simulation time (left column) and by sorting the frames of all of the trajectories according to the cluster that each frame belongs to (right
column). In each column, the top color matrix is the RMSD matrix indicating the RMSD distances between all pairs of trajectory frames. The cyan
and purple horizontal bars (indicated by C1 and C2, respectively) mark those frames belonging to the most populated cluster (C1, cyan) and the
second most populated (C2, purple). Below these bars, the secondary structure per amino acid for each frame is shown (colors correspond to turn -
green, gold - bridge, yellow - extended β, and magenta - α helix). The four graphs below trace values for R(3,6), R(4,8), Rg (in Å), and S(4,8) (in Å

2)
for each trajectory frame.
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Structural Characteristics of the β-Hairpin Conforma-
tions. To study in more detail the extended β structures found
in the average secondary structure analysis (Figure II,
Supporting Information), the time evolution of the secondary
structure was examined. At least three distinct sporadic types of
β-hairpin structures were identified (Figure VI, Supporting
Information), the β28, β29, and β18 discussed above, that differed
by the register in which pairs of amino acids formed hydrogen
bonds. The different registers are shown in Figure 6. For the β28

type, the dominant backbone HBs were between Glu22−Lys28,
Ala21−Ala30, and Val24−Ser26 (see Table 1). For the β29 type,
the dominant backbone HBs were between Glu22−Gly29 and
Val24−Asn27. For the β18 type, the dominant HB was between
Ala21−Lys28. A complete list of the HB propensities within the
three β-hairpin conformations is given in Table 1. Comparison
between HB pair propensities (Table C, Supporting
Information) and HB propensities for particular β-hairpin
conformations (Table 1) showed that the loop and β-hairpin
conformations fundamentally differed. Whereas the β-hairpin
structures were associated with the backbone−backbone HB
formation, the loop conformations did not have any appreciable
backbone−backbone HBs but rather formed HBs between the
charged side chain group of Asp23(Oδ) and either backbone
atoms or other side chain groups.
Because of the specific register of the three β-hairpin types,

the Val24 and Lys28 side chains were found to be located at
fixed positions relative to each other yet not necessarily in
proximity. Specifically, in the β28 type, the Val24 and Lys28 side
chains were on the same side of the hairpin and adjacent to
each other (Figure VII, top, Supporting Information).
However, in the β29 type, they occupied opposite sides of the
hairpin (Figure VII, middle, Supporting Information). In the
β18 type, they were on the same side, but the side chain of
Val24 was within the turn region pointing away from the Lys28
side chain (Figure VII, bottom, Supporting Information).
These data indicated that the quantity S(4,8) would not be an
appropriate metric for hydrophobic events in the β-hairpins, as
low values would not necessarily indicate proximity and
hydrophobic contact between Val24 and Lys28 as had been
the case for the loop. An alternate measure, the SASA of the
whole decapeptide, is discussed below.

Different β-hairpin type structures occurred at different
proportions for each decapeptide variant (Table D, Supporting
Information). The particularly high percentages of β28 and β29
in the Iowa mutant were already evident in the strong diagonal
contacts in Figure 1, a clear signature of β-hairpin structures.
Taken as a whole, these results demonstrated that the absence
of charge at position 22 decreased the β29 occurrence, whereas
the absence of charge at position 23 increased β28 and β29
occurrences. The β18 occurrence percentage increased for the
Arctic mutant. However, of the three β-hairpins, the β18 was the
most insensitive to mutations.

Degree of Stability of the β-Hairpin Conformations. A
simple observation of the time evolution of the β-hairpin
structures revealed that these structures would form and unfold,
although in a few cases they would remain folded for the
duration of the trajectory. Numerous studies38−43,51−53,63,84−86

(also text and Figure VIII in the Supporting Information),
however, have shown that this decapeptide does not have stable
conformations. Thus, the behavior observed here can only be
attributed to metastable β-hairpin structures with low
occurrence probabilities, manifested in our current dynamical
trajectories as short-lived conformations.
Examination of the time evolution of the secondary structure

suggested that the β-hairpins had characteristic formation times
and lifetimes (the typical time that a β-hairpin structure existed
before unfolding or converting into another β-hairpin type)
that may be sensitive to mutations at positions 22 and 23. Here,
only the lifetime of each β-hairpin structure was examined as a
measure of the degree of stability. Visual inspection of the
fluctuations in the extended structure (Figure VI, Supporting
Information) initially suggested that the β28 type was more
stable than the β29 type, followed by the least stable β18 type,
consistent with the number of dominant backbone HBs of each
β hairpin type, namely, 3, 2, and 1 (see Table 1).
To measure lifetimes, independent trajectories labeled i were

started from preformed β-hairpins and their breaking times τi
were measured. Lifetimes were then calculated by an
exponential fit to the set {τi}, as described in the Methods
section. Specifically, τi were obtained by examining the
secondary structure as a function of simulation time. The
times at which the extended β conformations disappeared were
then recorded as τi. A secondary criterion for τi was obtained by
examining, in a similar way, the RMSD between the starting
conformation (β-hairpin at t = 0) and all conformations at later
times. The times at which the RMSD rapidly increased were
recorded as τi. The respective τi obtained through these two
methods typically coincided (Figure IX, Supporting Informa-
tion).
In Figure 7, results for all {τi} from 10 independent

trajectories per decapeptide variant for each of the β-hairpin
types are plotted. The number at the top of each graph is the
calculated lifetime for that particular β-hairpin structure (see
the Methods section for details). Open symbols indicate a
trajectory in which the β-hairpin did not break within the
maximal observation time of 400 ns. For the β28 in the Dutch
mutant, a lifetime could not be calculated due to the high
number of unbroken β-hairpins but was considered to have a
lower bound of no less than 500 ns when compared with the
β28 and β29 in the Iowa. Overall, the breaking times were
typically higher for β28 and lower for β29 and β18 in all four
decapeptide variants. In the WT peptide, one β18 trajectory may
have biased the β18 lifetime to a value greater than the one for
the β29 trajectories. On the basis of the lifetimes of the

Figure 6. Snapshots of β-hairpin conformations for the WT showing
some of the dominant backbone HBs (orange dashed lines) that define
each different register. These HBs are (from bottom to top): (a) β28
between Glu22(H)−Lys28(O), Glu22(O)−Lys28(H), and Val24-
(H)−Ser26(O); (b) β29 between Glu22(O)−Gly29(H) and Val24-
(H)−Asn27(O); and (c) β18 between Ala21(H)−Lys28(O) and
Ala21(O)−Lys28(H). Conformations show the N termini on the left
end of the decapeptide. Only backbone atoms are displayed.
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dominant β28 and β29 hairpins, these results separated the four
decapeptide variants into two groups: (i) the WT and Arctic
mutant, with lifetimes below 200 ns, and (ii) the Dutch and
Iowa mutants, with lifetimes above 200 ns and as high as 500
ns. For comparison, a similar analysis performed using the C1
and C2 clusters in the WT trajectories (using the data from the
cyan and purple bars of Figure 5) yielded a loop lifetime of
15.88 ± 0.11 and 13.60 ± 0.10 ns for the C1 and C2 loop
conformations, respectively (Figure X, Supporting Informa-
tion). These loop lifetimes were an order of magnitude smaller
than any of the WT β-hairpin structures.
The distinct lifetimes of the three β-hairpin structures could

be associated with S(2−4,6−8), the combined SASA of the
decapeptide excluding the glycines and the two terminal
alanines. Specifically, low S(2−4,6−8) values could potentially
indicate a more stable structure with more hydrophobic
contacts. To evaluate this possibility, average values for S(2−
4,6−8) were calculated for each of the decapeptide and β-
hairpin types (Table E, Supporting Information) by calculating
the average Si(2−4,6−8) per trajectory (10 per β hairpin type),

averaging over all Si to obtain ⟨S(2−4,6−8)⟩, and normalizing
this average by the values of each stretched decapeptide variant,
Sext(2−4,6−8). This normalization was necessary because the
range of S(2−4,6−8) values was variant-dependent (e.g., Arctic
had a smaller range of S(2−4,6−8) values than the WT because
of the [Glu22Gly] substitution). Sext(2−4,6−8) for each variant
was obtained by using fully stretched decapeptides. The total
times over which each average was determined are listed in
Table F, Supporting Information. To test whether the lifetimes
were correlated with S(2−4,6−8), the dependence of lifetimes
vs S(2−4,6−8) was plotted (Figure 8). The lifetime of the β28
in the Dutch mutant was set here to 500 ns. The data in Figure
8 demonstrated that the β28 (black) and β18 (green) lifetimes
significantly decreased with increasing S(2−4,6−8); thus, a
higher exposure to solvent decreased their lifetimes. However,
this correlation was not evident for the β29 type. In the
following, the nature of the lifetimes of each of the β28, β29, and
β18 hairpins is discussed.
For the first case, having established that for the β28 hairpin

type the WT and Arctic decapeptides had shorter lifetimes

Table 1. Table of HB Percentages for All β-Hairpin Types and Decapeptide Variantsa

β28 β29 β18

hydrogen bond (%) WT Arctic Dutch Iowa WT Arctic Dutch Iowa WT Arctic Dutch Iowa

SB
Glu22(Oε)−Lys28(Hζ)
Asp23(Oδ)−Lys28(Hζ) 27.9 23.9 22.9 12.7 2.9 16.1

Charged-SC
Glu22(Oε)−Asp23(H) 3.9 4.1 4.3 9.0
Glu22(Oε)−Asn27(Hδ) 14.9 2.8 17.1
Asp23(Oδ)−Val24(H) 1.4 1.5
Asp23(Oδ)−Gly25(H) 9.5 12.6 8.8 5.0 2.8 3.2 2.8 2.2 4.8 9.9 1.5
Asp23(Oδ)−Ser26(H) 3.3 6.3 5.0 2.2 1.1
Asp23(Oδ)−Ser26(Hγ) 5.7 5.9 1.8
Gly25(O)−Lys28(Hζ) 1.0
Ser26(Oγ)−Lys28(Hζ) 1.7
Ala30(O)−Lys28(Hζ) 5.1 1.2 2.5

Backbone-Backbone
Ala21(O)−Lys28(H) 21.6 22.9 24.1 17.3
Glu22(O)−Lys28(H) 19.3 20.9 21.2 19.4
Glu22(O)−Gly29(H) 29.5 24.1 28.2 32.9
Asp23(O)−Ser26(H) 5.2
Ser26(O)−Asp23(H) 2.6 9.3 19.4 2.5
Ser26(O)−Val24(H) 20.3 20.6 19.9 24.8
Asn27(O)−Val24(H) 13.9 20.2 18.1 29.8
Lys28(O)−Ala21(H) 3.0 23.4 9.8 19.5 27.5
Lys28(O)−Glu22(H) 16.5 13.4 19.2 15.3
Gly29(O)−Ala21(H) 1.5 8.7 3.4
Gly29(O)−Glu22(H) 9.9 8.8 11.6 9.1
Ala30(O)−Ala21(H) 24.8 20.2 25.9 27.8 2.5 9.4 1.8 2.9 2.0 8.8 1.5 10.1
Ala30(O)−Glu22(H) 2.3 1.3 2.7

SC-Backbone
Gly25(O)−Asn23(Hδ) 2.8
Gly25(O)−Ser26(Hγ) 1.2
Ser26(O)−Asn23(Hδ) 10.8
Ser26(Oγ)−Asn23(Hδ) 1.0
Asn27(Oδ)−Ala21(H) 3.3 1.7 2.1
Asn27(Oδ)−Gly29(H) 3.6 1.1
Lys28(O)−Asn27(Hδ) 3.7 1.5 4.8
Ala30(O)−Gln22(Hε) 3.2

aThis table was compiled using data gathered from the pre-formed β-hairpin trajectories. Only HBs with percentages greater than 1% are listed. The
three most prevalent HB bonds are indicated in bold.
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(∼150 ns) than the Iowa (485 ns) and Dutch (≥500 ns)
because their side chains were more exposed to the solvent
(Figure 8), specific amino acids were probed to examine their
role in reducing the solvent exposure. In Figure XI in the
Supporting Information, contributions from different SASA
combinations of amino acids are plotted for all four decapeptide
variants. For the β28 type, minima in S(2−4,6−8) were caused
by decreased S(2,4,8) (in the Dutch mutant) or decreased
S(3,7) and S(3,6) (in the Iowa mutant). By examining
representative structures (using the cluster analysis described
in the Methods section but now only using β-hairpin
structures), it was observed that, whereas the side chains of
Val24 and Lys28 were on the same side of the hairpin loop
(Figure VII, Supporting Information), the Gln22 side chain in

the Dutch mutant closely packed with the Val24 and Lys28 side
chains, thus lowering the effective S(2,4,8) (Figure XII,
Supporting Information). In contrast, in the WT and Iowa
mutant, the Glu22 side chain was solvated. In the Arctic
mutant, this packing was also missing, as the Gly22 lacked a
side chain. This observed Gln22−Val24−Lys28 packing in the
Dutch mutant also enhanced the lifetime of the structure by
reducing the fluctutations between the side chains of Val24 and
Lys28, which was consistent with a narrower distribution of the
dot product D between the vectorial directions of the Val24
and Lys28 side chains (Figure XIII, Supporting Information).
By examining a representative structure of the Iowa β28 type
structure, it was observed that the dip in S(3,7) (Figure XI, top,
Supporting Information) was caused by the Asn23−Asn27
hydrophobic packing (Figure XIV, Supporting Information).
The additional reduction in the value of S(3,6) for the Iowa
mutant (Figure XI, top, Supporting Information) did not
independently contribute to a longer lifetime, since the Asp23
and Ser26 side chains were on opposite sides of the β28 hairpin
but rather reflected the decrease in the R(3,7) distance resulting
from the Asn23−Asn27 hydrophobic packing discussed above.
Additional contributions to the increased lifetime of the

Dutch and Iowa β28 hairpin type structures came from their
backbone HBs. In Figure 9, the lifetimes of β-hairpins are
plotted as a function of the “effective HB percentage”. These
effective HB percentages were derived from Table 1 by adding
up all in-register backbone HBs (middle section of that table)
while subtracting the percentage of “competing” HBs.
Specifically, for the β28 type, the effective HB percentages
were obtained by adding up all Glu22−Lys28, Val24−Ser26,
and Ala21−Ala30 contributions while subtracting the con-
tribution from Lys28(O)−Ala21(H) that competed with the
formation of the Lys28(O)−Glu22(H). For the β29 type, all of
the backbone HBs were included except Ala30(O)−Glu22(H),
which was subtracted due to the competition with Gly29(O)−
Glu22(H). Similarly, for the β18 type, the contributions from
Gly29(O)−Ala21(H) and Ala30(O)−Ala21(H) HBs were
subtracted because they competed with formation of the

Figure 7. Breaking times τi obtained for each of 10 trajectories per β-hairpin and decapeptide type. The number at the top of each graph is the
average lifetime and standard deviation obtained by fitting an exponential distribution to the data (see the Methods section).

Figure 8. Dependence of the β-hairpin lifetimes on the normalized
total SASA of the decapeptide excluding the glycines and two terminal
alanines, ⟨S(2−4,6−8)⟩/Sext. The symbols correspond to WT - circle;
Arctic - square; Dutch - diamond; and Iowa - triangle. The different β-
hairpins are denoted by the color of the symbol, where β28 is black, β29
is red, and β18 is green. Error bars correspond to the standard error of
the mean.
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Lys28(O)−Ala21(H) HB. In Figure 9, the β28 in the Dutch and
Iowa mutants had larger effective HB percentages than the WT
and Arctic. These results demonstrated that both reduced
SASA and an increase in backbone HBs contributed to longer
lifetimes of the β28 hairpin in the Dutch and Iowa mutants.
For the case of the β29 hairpins, the lifetimes of the Arctic

(<70 ns) and Iowa (≈500 ns) mutants were respectively lower
and higher than the lifetimes of the WT and Dutch mutants
(100−200 ns). In terms of SASA, the small lifetime of the β29 in
the Arctic mutant corresponded to an increased value of S(2−
4,6−8), indicating an increased exposure to the solvent relative
to the other variants (Figure XI, middle, Supporting
Information). On the other hand, the long lifetime in the β29
Iowa hairpin could not be attributed to a reduced overall SASA,
as none of the S(x,y) values (Figure XI, Supporting
Information) was significantly smaller than those for the WT
peptide. Also, examination of representative structures in the
Iowa mutant did not reveal any other hydrophobic contacts
that could lengthen the lifetime of the hairpin. The long
lifetime of the Iowa β29 type was most likely caused by the
backbone HBs, consistent with the highest value of the effective
HB percentage (Figure 9). Interestingly, this higher effective
HB percentage in the Iowa occurred even in the absence of the
Asp23−Lys28 SB (Table 1), suggesting that the absence of this
SB was compensated by an increase in the backbone HBs,
resulting in a longer lifetime.
The lifetimes of the β18 hairpins for the WT and Dutch

mutants had values between 100 and 200 ns, whereas for the
Arctic and Iowa mutants these lifetimes were below 20 ns
(Figure 7). In the graph of the lifetime versus S(2−4,6−8)
(Figure 8), the lifetime of the β18 hairpin decreased with
increasing SASA. Thus, the Arctic and Iowa mutants with
considerably larger SASA values had on average correspond-
ingly smaller β18 hairpin lifetimes. An additional destabilizing
factor was found when examining the effective HB percentages
vs lifetimes (Figure 9), in which the Arctic and Iowa mutants
with the shortest β18 hairpin lifetimes had the smallest effective
HB percentages. This low value of the effective HB percentage
was a result of the large number of HBs incompatible with the
β18 hairpin, such as the Gly29/Ala30−Ala21 HBs (Table 1).

In sum, increased lifetimes in the β28 hairpin were a result of
strong hydrophobic contacts involving Gln22, Val24, and Lys28
side chains in the Dutch mutant and the weaker but relevant
Asn23−Asn27 contact in the Iowa mutant. For the case of the
β29 hairpin lifetimes, the number of backbone HBs was the
most influential factor where in particular the increased lifetime
in the Iowa mutant was consistent with an increased number of
backbone HBs originating from the absence of the Asp23−
Lys28 SB. Lastly, the β18 hairpin lifetimes were also affected by
hydrophobicity and by the competing HBs in the Iowa and
Arctic mutants that destabilized the hairpin, whereas, in the WT
and Dutch mutants, the Asp23−Lys28 SB helped sustain the
β18 hairpin structure.

■ DISCUSSION
Constant temperature MD simulations of the Aβ21−30
decapeptide and its Arctic, Dutch, and Iowa mutants in explicit
water revealed three long-lived metastable β-hairpin structures
(β28, β29, and β18) that differed in registers and number of
backbone−backbone HBs and appeared with different
propensities in all four variants. Their lifetimes were also
strongly variant-dependent. Results from the WT suggested
that β-hairpin lifetimes may be an order of magnitude larger
than lifetimes of loop conformations. Hydrophobic packing of
side chains resulted in increased lifetime of the β28 in the Dutch
(Gln22−Val24−Lys28) and Iowa (Asn23−Asn27) mutants,
whereas in the β29 hairpins lifetimes were mostly influenced by
backbone−backbone HBs. Overall, formation of SBs did not
play a major role in β-hairpin lifetimes. However, the lack of a
Asp23−Lys28 SB in the Iowa increased the number of
backbone HBs, resulting in an increased lifetime. Finally, the
short lifetimes found in the β18 hairpin were attributed to the
competition among the backbone HBs of different registers.
These β-hairpin structures comprised ∼5−12% of all

structures in the WT, Arctic, and Dutch mutant and up to
∼32% in the Iowa mutant, with uninterrupted structural
persistence from tens to hundreds of nanoseconds. Nonethe-
less, the overwhelming total population of coil and loop
structures in any given trajectory suggested that the free energy
of the β-hairpins, with comparatively lower solvent exposure
from the tightly packed side chains, increased intrapeptide
contacts, and lower potential energy due to backbone−
backbone HBs, could not compete with that from the coil
and loop structures which benefited from the much larger
entropic contribution of these structurally looser structures.
Because of the majority of loop conformations, when
considering whole-trajectory averages, these β-hairpins did
not dominate the predominant structural characteristics. These
predominant structural characteristics for most decapeptide
variants showed instead a strong Asp23−Ser26 interaction
involving at least two HBs, a loop structure with a turn
comprising amino acids 23−27, and unstructured N- and C-
termini, previously observed in other studies.38−43,51,52,85 A low
rate of SB formation was found (also seen in ref 86), suggesting
a relatively small contribution of SBs to the decapeptide
conformational dynamics. Detailed whole-trajectory analysis of
HBs also revealed that the Iowa mutant displayed a distinct HB
network as compared with the WT, indicating that the absence
of charge at position 23 profoundly changed the dynamics of
HB formation, whereas the absence of charge at position 22 left
the HB network intact, also consistent with previous
studies.52,53 In contrast to previous work, clustering analysis
including all conformations failed to show a dominating loop

Figure 9. Dependence of β-hairpin lifetimes on the effective backbone
hydrogen bonding propensity. The symbols correspond to WT -
circle; Arctic - square; Dutch - diamond; and Iowa - triangle. The
different β-hairpins are denoted by the color of the symbol, where β28
is black, β29 is red, and β18 is green.
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representative structure in the WT (largest cluster <8% of the
total trajectory) but rather a multitude of clusters. While these
clusters of loop structures shared structural properties such as
the R(3,6) distance and common HBs emanating from the
Asp23(Oδ), they were structurally different from each other and
displayed short lifetimes with a high rate of interconversion
between them.
The existence and long lifetimes of the β-hairpin structures

found here is not ubiquitous in all computational studies.
Previous REMD studies on Aβ21−30 and its mutants have been
characterized by a paucity or absence of β-hairpin struc-
tures.39,52,53,85 On the other hand, a full-length Aβ1−40 and
Aβ1−42 REMD study reported a β-turn formation in the
Aβ1−40.

57 In addition, constant temperature MD of the full-
length Aβ have shown evidence of a β-hairpin in the 21−30
region,87 while discrete MD studies using a coarse-grained
peptide model also found evidence for a β-hairpin structure in
the decapeptide region within Aβ1−40, Aβ1−42, and their Arctic
mutants.60,61 A possible explanation for this discrepancy could
be that, whereas β-hairpin structures are metastable states with
low occurrence probability, the mechanisms by which they fold
are more readily accessible in simulations that examine
dynamics and time evolution of the Aβ. Another possibility is
that other mechanisms intrinsic to the formation of the β-
hairpins presented here are at play, such as possible anti-
Arrhenius behavior found in the folding rates of β-hairpins in
some proteins88−90 that may need a special treatment when
examined by REMD.91,92 Other reasons could also include that
simulation times used in REMD may have to be greater than
the folding times of the β-hairpins studied here93 or that
REMD might not show the folding.94

Our data, and that of others, demonstrate that the majority
loop conformation observed in all four decapeptide variants was
not static but rather comprised many short-lived conformations
that interconvert with time.52 This result raises the question of
how could such a dynamic loop population nucleate the folding
of the full-length Aβ. The present work elucidates the dynamics
of three metastable β-hairpin structures that could play a critical
role in nucleating full-length Aβ folding and affect the assembly
pathway. The stability and structure of intermediates have been
shown to affect protein folding, misfolding, and amyloid
formation.67 The β-hairpins studied here represent metastable
states that could, in principle, nucleate the fold of the full-length
Aβ by initially forming within the 21−30 region and then
propagating into a β structure comprising the 17−22 and 28−
37 regions.54,95 This process is consistent with an experimental
study that stabilized a β-hairpin of Aβ1−40 in the decapeptide
region by binding Aβ1−40 to the affibody ZAβ3.96 This view is
consistent also with studies that showed that a preformed
lactam bridge in the decapeptide region of Aβ1−40 strongly
enhanced the rate of fibrilization65,97 and produced toxic
oligomeric species.66 In our proposed scenario, the nucleation
of a full-length Aβ fold by formation of the β-hairpin in the 21−
30 region may be then followed by a subsequent loss of this
same β-hairpin structure to become a turn, consistent with
other full-length Aβ simulations.58

The results presented in this study suggest that longer β-
hairpin lifetimes correlate with the degree of aggregation.
Clinically, Dutch mutation carriers suffer from recurrent strokes
and exhibit diffuse plaques and massive cerebral amyloid
angiopathy (CAA).49 In vitro studies have demonstrated that
Dutch Aβ polymerizes into protofibrils and then into fibrils
significantly faster than does WT Aβ.98 This may be reflected in

vivo by accelerated aggregation and deposition on the surface of
endothelial cells and cerebrovasculature smooth muscle cells,
causing damage.99 Our results showed that the Dutch exhibited
significantly longer β-hairpin lifetimes than the WT, Arctic, and
Iowa mutants.
Similarly, the Iowa mutant had the largest propensity to form

β-hairpins. These β-hairpins were also shown to have a
substantially longer lifetime compared to the WT and Arctic
mutants (but shorter than the Dutch). Clinically, the Iowa
mutant also exhibits diffuse plaques with massive CAA similar
to the Dutch but rarely exhibits strokes or hemorrhage,45,100 in
contrast to the Dutch. It is plausible that the relatively large β-
hairpin lifetimes (similarly to the Dutch) and the large
propensity to form β-hairpins (different from the Dutch) in
the Iowa mutant combine to produce the massive CAA but
result in an assembly pathway distinct from that of the Dutch
mutant.
While there are differences between the Dutch and Iowa,

there are also similarities. The β-hairpin lifetime results
presented above separated the decapeptides into two classes:
the WT and Arctic, with lifetimes less than 200 ns, and the
Dutch and Iowa, with lifetimes of at least 500 ns. Experiments
also show this separation. The Dutch and Iowa mutations are
clinically, pathologically, and in vitro very similar,45,101 leading
to symptoms and pathologies distinct from AD.102 On the
other hand, the Arctic mutation exhibits clinical and
pathological features typical of AD such as compact plaques,
a fibrillization rate similar to the WT, and progressive dementia
without stroke or hemorrhage. Also, the Arctic mutation does
not exhibit the severe CAA that characterizes other mutations
in the Aβ region of APP such as the Dutch and the Iowa
mutations.46,47

Nonetheless, the Arctic stands out on its own. While it
produces clinical and neuropathological features indistinguish-
able from those of late-onset sporadic AD, it produces them
prematurely.46,47 In vitro studies suggested that increased
generation of intermediate protofibrillar Aβ assemblies formed
early during fibrillogenesis may play a role in the pathology
compared to WT.46,103,104 It is possible that the differences
observed in this paper in the Arctic mutant regarding its
intramolecular HB (enhanced over the other decapeptide
types) play a role in these differences.
In summary, constant temperature all-atom molecular

dynamics simulations to study the dynamics of monomeric
Aβ21−30 in explicit water and its Dutch [Glu22Gln], Arctic
[Glu22Gly], and Iowa [Asp23Asn] isoforms revealed a majority
of loop conformers predominantly exhibiting a hydrogen bond
network involving the Asp23 and Ser26 amino acids. A
minority but important population of conformers forming
metastable β-hairpin structures were also observed. Measure-
ments of the lifetimes of the dominant β-hairpins indicated that
the Dutch mutant had the longest β-hairpin lifetime (greater
than 500 ns), closely followed by the Iowa mutant (≈500 ns),
while the Aβ21−30 and the Arctic mutant had significantly lower
lifetimes (≈200 ns). The connection with clinical and
pathological data suggests that the lifetimes and β-hairpin
formation propensity may correlate with the degree of
aggregation. Stabilizing or preventing intermediates prone to
amyloid formation may prevent toxic assembly.67 Experimental
studies have shown that targeting the central region of the Aβ
using antibodies and fragments inhibited Aβ aggregation.105−107

The results of our study suggest that targeting the stability of
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the metastable β-hairpin structures studied here could, in
principle, be of therapeutic utility.
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