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ABSTRACT The free energy landscape for folding of the Alzheimer’s amyloid-b(25–35) peptide is explored using replica
exchange molecular dynamics in both pure water and in HFIP/water cosolvent. This amphiphilic peptide is a natural by-product
of the Alzheimer’s amyloid-b(1–40) peptide and retains the toxicity of its full-length counterpart as well as the ability to aggregate
into b-sheet-rich fibrils. Our simulations reveal that the peptide preferentially populates a helical structure in apolar organic
solvent, while in pure water, the peptide adopts collapsed coil conformations and to a lesser extent b-hairpin conformations. The
b-hairpin is characterized by a type II9 b-turn involving residues G29 and A30 and two short b-strands involving residues N27,
K28, I31, and I32. The hairpin is stabilized by backbone hydrogen-bonding interactions between residues K28 and I31; S26 and
G33; and by side-chain-to-side-chain interactions between N27 and I32. Implications regarding the mechanism of aggregation
of this peptide into fibrils and the role of the environment in modulating secondary structure are discussed.

INTRODUCTION

Alzheimer’s disease is a neurological disorder associated

with the pathological self-assembly of the Alzheimer

amyloid-b (Ab) peptide into toxic soluble oligomers and

insoluble fibrils with high b-sheet content. The Ab peptides

are proteolytic by-products of the transmembrane amyloid

precursor protein (APP) (1). As part of the APP complex, the

Ab peptide’s hydrophilic N-terminus is exposed to the

aqueous extracellular environment while its hydrophobic C

terminus is embedded in the membrane (2). Upon proteolytic

cleavage, the peptide is released into the extracellular milieu,

where, under appropriate cellular conditions, aggregation

can occur. The predominant forms of the Ab peptide present

in aggregates are 40–42-amino-acids long, although other

lengths can be present as well. In particular, an 11-residue-

long fragment, Ab(25–35) (with sequence GSNKGAIIGLM),

is produced in the brains of aged patients from proteolytic

cleavage of soluble racemized Ab(1–40) peptides (3). The

Ab(25–35) peptide possesses many of the characteristics of

the full-length Ab(1–40/42) peptide, including an amphi-

philic nature and an ability to aggregate, but its small size

renders it a more attractive model system to study the con-

formational changes involved in Alzheimer’s disease. Ag-

gregates of Ab(25–35) have been shown to possess the

neurotrophic and neurotoxic properties of their full-length

counterparts (4,5) and there is evidence that the monomeric

form of the peptide may itself be cytotoxic (6).

Unlike proteins, most peptides do not possess a unique,

stable, well-defined three-dimensional structure, but popu-

late a variety of partially structured or even completely

unfolded conformations under physiological conditions. The

diversity of conformations that peptides can adopt renders

the study of these peptides a challenge, particularly from an

experimental standpoint. Ab peptides in particular do not

lend themselves to structural experimental characterizations

in aqueous solvent, as they have low solubility and aggregate

under the concentration conditions (typically .1 mM)

required for NMR studies. As a result, the three-dimensional

structure of Ab(25–35) peptide in water is not known. It is,

however, critical to determine the monomeric conformations

of this peptide as they can play an important role in determin-

ing the nature of early aggregates and the resulting morphol-

ogy of the fibril. Indeed, different monomer conformations

can lead to different intermediate species for aggregation,

and eventually to fibrils of different shapes. Evidence that

different initial seeds lead to different fibrils is given in the

recent work by Petkova et al. (7), in which different sample

preparation schemes resulted in altered fibril morphologies.

Because of the inherent difficulties associated with

working on the Ab(25–35) peptide in water, effort geared

at characterizing the three-dimensional structure of this

peptide have thus far been limited to NMR studies performed

either in water/organic solvent mixtures or in micellar solu-

tions (8,9). The secondary structure has been probed through

circular dichroism (CD), vibrational circular dichroism, and

Fourier transform infrared spectroscopy (10–14) in a variety

of solvents. The conformations adopted by the peptide are

extremely sensitive to the media involved. As a general rule,

the peptide adopts a helical structure in apolar organic sol-

vents (such as TFE and HFIP) and an unstructured confor-

mation or b-structure (b-turn or b-sheet) in aqueous buffer

or polar organic solvent (8,9,13), although these trends can

be altered by pH, concentration, incubation time, and the

preparation and purification process (10–15). An atomi-

cally detailed characterization of the structures adopted by

Ab(25–35) in water has yet to emerge from experimental

studies.
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In this work, we use replica exchange molecular dynamics

(REMD) simulations to probe the structure of the Ab(25–35)
peptide in both a membrane-mimicking environment (HFIP/

water) and in the extracellular environment (pure water). An

advantage of simulations over traditional bulk experiments

lies in treating the peptide at a single-molecule level, hence

permitting the identification of structured conformations of

low population that would not be seen in ensemble mea-

surements. Such conformations may play a critical role in

initiating aggregation and in determining the morphology of

resulting fibrils. Our first simulations, in HFIP/water cosolvent,

allow us to make a direct comparison with experiment. We

find, in agreement with experiment, that the peptide adopts a

primarily helical structure in apolar organic solvent. We then

turn to a prediction of the conformations sampled in aque-

ous solvent and find that the peptide adopts vastly different

structures than in the HFIP/water mixture, now coexisting

between b-hairpin and collapsed-coil configurations. The

nature of these structures, as well as their possible role in

initiating aggregation, will be discussed.

MATERIALS AND METHODS

Simulation methodology

All the simulations were started from the minimized solution NMR structure

(PDB code: 1QWP) of the Ab(25–35) peptide in 80:20 (vol/vol) HFIP/water

mixture. The NMR structure consists of an a-helix involving residues 28–31

and a 310-helix involving residues 32–34. The peptide was solvated in water

and in a 80:20 HFIP/water mixture. Water was modeled by the explicit

simple point-charge model (16) and HFIP by the all-atom model developed

by Fioroni et al. (17). The simulations were performed using periodic

boundary conditions in a dodecahedron box, with the minimum distance

between the solute and the box wall being 1.4 nm.

The MD simulations were performed using the GROMACS software

package (18,19) and GROMOS96 force field (20). The LINCS algorithm

was used to constrain all bond lengths in the peptides and HFIP and the

SETTLE algorithm for the water molecules, allowing an integration time

step of 2 fs. A twin-range cutoff 0.9/1.4 nm was used for the nonbonded

interactions, and a reaction-field correction with dielectric permittivity e ¼
80.1(30.3) (17) was employed to calculate long-range electrostatics

interactions in pure water (80:20 HFIP/water). The temperature and the

pressure were maintained by coupling temperature and pressure baths using

the method of Berendsen et al. (21). The solute and solvent were separately

coupled to external temperature and pressure baths. The temperature-

coupling constant was 0.1 ps. The pressure was kept at 1 bar using weak

pressure coupling with tp ¼ 1.0 ps (21).

The system was energy-minimized by steepest descent for 1500 steps. In

all the simulations the solvent was equilibrated in a 100-ps MD run with

position restraints on the peptide. The solvent equilibration run was followed

by another 100-ps run without position restraints on the peptide. The density

of the solvent for water1peptide (WP) and for HFIP/water1peptide (HWP)

system is 975 kg/m3 and 1445 kg/m3, respectively. After equilibration, two

different REMD simulations (NVT ensemble for each replica) were

performed for the WP and HWP systems. REMD is an enhanced sampling

protocol (22,23), in which several identical copies (replicas) of the system

are run in parallel at different temperatures and are periodically swapped

with a probability given by the Metropolis criterion (24–27). This leads to

escape from low-lying energy traps and enhanced equilibration.

For the HWP system, two 16-ns independent REMD simulations were

performed. Each REMD run consists of 34 replicas, and the total simulation

time is 544 ns for each REMD run. The temperature ranges from 270 K to

485 K with exponential distribution. The swap time between neighboring

replicas is 3 ps. The acceptance ratio is between 20.1% and 27.7%. In

addition, two independent 20-ns standard molecular dynamics simulations at

300 K and 1 bar were performed for the peptide. For the WP system, two

16-ns independent REMD simulations were performed. Each REMD run

consisted of 40 replicas and the total simulation time is 640 ns for each

REMD run. The temperature ranges from 300 K to 515 K with exponential

distribution. The swap time between neighboring replicas is 2 ps and

acceptance ratio ranged from 16.5% and 30.2%.

Analysis methods

Trajectory analyses were performed with the facilities implemented in the

GROMACS software package (18,19). The secondary structure content was

identified using the DSSP program (28). A hydrogen bond (H-bond) is

considered formed if the donor-acceptor distance is ,0.35 nm and the

donor-hydrogen-acceptor angle .120�. A helical structure is present if at

least three (four or five) consecutive residues have helical structure content

(including 310-helix, a-helix, and 5-helix). A b-hairpin conformation exists

if at least four residues have a b-sheet conformation and two residues have a

b-turn conformation. A side-chain-to-side-chain interaction exists if the

distance between the center of mass of the side chains of two residues is

smaller than 0.60 nm. The Daura cluster analysis method (29) was used to

cluster the conformations sampled in the REMD simulations. In a first step,

the peptide backbone (the two residues in the N- and C-termini were not

considered due to their high flexibility) root mean-square deviation (RMSD)

between all pairs of structures was calculated. The structure with the largest

number of neighbors satisfying the condition that the RMSD from the

central structure of the cluster is #0.1 nm was taken, together with the

neighbors, to form the first cluster and eliminated from the pool of structures.

This process was repeated until no structures remained in the pool.

The VMD and MOLMOL programs were used for trajectory visualiza-

tion and for graphical structure analysis. All simulations were performed on

128 dual CPU Xeon 3.06 GHz processors. In all the trajectory analysis for

REMD runs, the data generated during the first 2 ns were not included, and

all the results are an average of two independent 16-ns REMD runs, except

when mentioned otherwise. End-to-end distance (dd) used in this study is the

distance between the a-carbon atom of S26 and that of L34. RMSD is the

backbone RMSD for residues 26–34 of the Ab(25–35) peptide except when

mentioned otherwise.

RESULTS

Conformational states of Ab(25–35) in HFIP/water
cosolvent: stabilization of helical structure

The conformations sampled during the two REMD runs were

clustered by mutual RMSD as described in Materials and

Methods. At 275 K, the peptide is seen to exist 45% of the

time in a helical conformation. The helical structures coexist

with unstructured coils of similar dimensions to the helix, as

well as, to a much lesser extent, compact, collapsed coils of

smaller dimensions than the helix. The secondary structure

probability per residue is shown at four different tempera-

tures in Fig. 1. The helical structures possess a stable central

a-helix (residues 27–31), while the terminal residues show

more fluctuations. The C-terminus adopts a mostly turnlike

structure, while the N-terminal region alternates between a

turn and a helical structure. Collapsed coils generally possess

turns in the central region of the peptide (residues 29–30).

Structure of the Ab(25–35) Peptide 1639
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The helical structures found in our simulations in HFIP/water

are in good agreement with the structure derived from NMR.

NMRstudies show that Ab(25–35) adopts a turn-helical struc-
ture in solutions containing at least 50% HFIP in volume.

This structure has a partially ordered turn in the N-terminus

(residues 26–28), followed by an a-helix from residues 28–31,

and a 310-helix spanning the C-terminus residues 32–34. Our

simulations indicate (Fig. 1) that the helix vanishes at high

temperature (450 K), while the turn structures appear to be

more resistant to temperature denaturation.

The potential of mean force (PMF) for the peptide in

HFIP/water cosolvent is given as a function of end-to-end

distance (dd) and backbone RMSD from the central 28–31

residues (a-helix) in the NMR PDB structure at 275 K and

450 K in Fig. 2, a and b. The backbone RMSD from the

central-positioned four residues (28–31) was chosen as a

reaction coordinate as this segment forms a stable a-helix
(while the terminal residues show significant structural fluc-

tuations). Three minimum-energy basins were found in the

PMF plot at 275 K (Fig. 2 a). They are located at (RMSD,

dd) values of (0.025 nm, 1.0 nm) (the lowest minimum-

energy basin), (0.125 nm, 0.45 nm), and (0.12 nm, 1.1 nm),

corresponding to helical structure, a b-hairpin-like collapsed
coil with turn in the central region (G29-A30), and a more

extended coil conformation, respectively. At 450 K, the

peptide has lost all helicity and samples different extended

coil conformations (Fig. 2 b). Representative structures

located in the different minimum-energy basins are shown

beside the PMF plot, labeled from A ; E.
The role of HFIP/water mixture in stabilizing the helical

structure was probed by investigating the interactions of the

solvent molecules with the peptide backbone. Jasanoff and

Fersht (30) have suggested that alcohols affect protein struc-

ture, in part, by displacing water molecules from hydrogen-

bonding sites along the peptide backbone. Recent experiments

and computer simulations indicate that preferential solvation

on the surface of a peptide by fluoroalcohol component of

a fluoroalcohol/water mixture may play an important role

on the conformational effects of the peptide induced by

fluoroalcohols (17,31–33). To test if preferential interaction

between HFIP and peptide takes place for Ab(25–35) in HFIP/
water mixture, we considered two independent 20-ns-long

FIGURE 1 The percentage of helical, b-sheet, and turn conformation for each residue of Ab(25–35) at four different temperatures (300 K, 353 K, 400 K, and

500 K) in HFIP/water mixture (a–c) and in pure water (d–f).
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molecular dynamics simulation at 300 K initiated from the

NMR structure. During the course of one run, the amount of

helicity fluctuated and we calculated the average number of

contacts of both water molecules and HFIP molecules with

the peptide at different points in the simulation. The average

number of contacts of water molecules with the peptide in

the initial 0.5th–1.5th-ns stages of the simulation (where

helicity was moderate) and the final 1 ns of the simulations

(where helicity was high) was monitored. The number of

contacts of the water molecules with the peptide decreased

by 32% from 131 to 89, while the number of contacts

between the HFIP molecules and the peptide increased from

136 to 142. In addition, the average number of H-bonds

between the water molecules and the peptide decreases from

14 and 10 during this same period, along with a decrease

of peptide-water interaction (the corresponding interaction

energy increases from�600 kJ/mol to�400 kJ/mol). Another

20-ns molecular dynamics run shows qualitatively the same

results. These results support a picture in which the HFIP

molecules displace the water molecules from the vicinity of

the peptide, which in turn decreases the chance of forming

H-bonds between either the peptide backbone and water or

between amino-acid side chains and water. The large HFIP

molecules coat the peptide, stabilizing an extended confor-

mation and favoring the formation of helical intrapeptide

H-bonds over b-sheet H-bonds. The hydration of the peptide

by water was further investigated by analyzing the number of

contacts between the water oxygen and the hydrogen-bond-

forming group (�C¼O and �N-H) of each residue in the

first hydration shell (0.36 nm) during the duration of the

REMD simulations (Fig. 3). In HFIP/water, residues located

in the center of the peptide (the most helical region) have,

on average, fewer hydration waters than those located near

the N- and C-termini (where there is less structure). This

shielding of the backbone is consistent with theoretical work

FIGURE 2 Potential of mean force of

Ab(25–35). (a) HFIP/water mixture at 275 K

and (b) at 450 K plotted as a function of end-to-

end distance (dd) and RMSD (residues 28–31)

of each conformation relative to the starting

NMR structure (residues 28–31); (c) in water at

300 K and (d) at 500 K, plotted as a function of

end-to-end distance (dd) and RMSD of each

conformation relative to the structure of the

central member of the most populated cluster

(collapsed coil). Representative structures of

Ab(25–35) located in the different minimum-

energy basins are shown beside the PMF plot.

The N-terminus of the peptide is labeled with

the letter N.

FIGURE 3 Number of contacts between the oxygen of water and the

backbone hydrogen-bond-forming groups (�C¼O and �N-H) for each

residue of Ab(25–35) in the first solvation shell (within 0.36 nm) in HFIP/

water mixture and in pure water.
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byVila et al. (34) and Ghosh et al. (35), in which peptide back-

bone dehydration is shown to stabilize helical conformations.

Conformational states of Ab(25–35) in water:
adoption of collapsed-coil and b-hairpin structure

Having now established that the force-field and simulation

methodology used for Ab(25–35) correctly yield a helical

conformation as the most stable structured state in HFIP/

water, we turn to the prediction of the structure of Ab(25–
35) in water, using the same protein force field and the

REMD approach.

Structures obtained from the REMD simulations in water

are clustered as described in Materials and Methods. We find

that the conformational states populated by this peptide in

pure water are in sharp contrast to those populated in HFIP/

water cosolvent. The secondary structure probability per

residue is shown in Fig. 1. The percentage of helical structure

is insignificant (,3%) and the most populated conformation

at 300 K is a collapsed coil conformation (populated 70% of

the time). The collapsed coils coexist with b-hairpin
conformations of similar dimensions (populated ;30% of

the time). Extended coils are rarely populated. The peptide

adopts two different b-hairpin structures, shown in Fig. 4.

Both structures are characterized by a type II9 b-turn
involving residues G29 and A30, and two short antiparallel

b-strands consisting of residues N27, K28, I31, and I32. The
two types of b-hairpins differ in the twist of one strand

relative to the other and have a mutual RMSD of 0.25 nm.

The collapsed coils are of similar overall dimensions to the

b-hairpin and have some structure present in the form of

turns in the central region (30% of the time) as well as in

smaller amounts in the N- (residues 26–27) and C-termini

(residues 32–34). The temperature-dependence of the sec-

ondary structure is given in Fig. 1, d–f. While the population

of b-sheets diminished significantly with increasing temper-

ature, the turn structure located at G29 and A30 is thermally

stable and retains a population of .20% at 500 K.

The PMF of the Ab25–35 peptide in water is plotted in

Fig. 2, c and d, at 300 K and at 500 K as a function of the

end-to-end distance (dd) and the RMSD from the central

member of the most populated cluster (the collapsed coil

structure labeled as A9 in Fig. 2 c). Representative structures
belonging to each basin are labeled from A9; F9 in Fig. 2. At
300 K, there are three main basins located at (RMSD, dd)

values of (0.05 nm, 0.45 nm), (0.2 nm, 0.5 nm), and (0.32 nm,

0.85 nm). The first basin is populated by collapsed-coil

conformations with a b-turn located at G29–A30 (Fig. 2 c) as
well as b-hairpin conformations. These collapsed coils do

not satisfy the DSSP criteria (of proper intrapeptide H-bonds

formed and (f, c) values of residues N27, K28, I31, and I32
in the b-region of Ramachandran plot (28)) to form a true

b-hairpin, but have low RMSD from the structured b-hairpin
conformations. The second basin is populated with similar

structures with a turn at G29-A30, but with a different twist

of the strands from those in the first basin (see structures B9
and C9 in Fig. 2). The third basin corresponds to collapsed

coils without this turn (although these states can possess turns

in the N- and C-termini). These structures have larger end-to-

end distance than those populated in the first two basins, but

they are nonetheless quite compact (with dd,1 nm). At 500

K, the peptide loses its b-sheets’ secondary structure and

increases in size, now populating both collapsed and more

extended coil conformations (Fig. 2 d). As noted previously,

the G29-A30 turn is still present 20% of the time at 500 K.

The interactions stabilizing the hairpin structure were

probed by monitoring the probabilities of formation of four

interstrand backbone hydrogen bonds: I31:HN-K28:O (H1),

K28:HN-I31:O (H2), G33:HN-S26:O (H3), and S26:HN-

G33:O (H4) (numbered from the turn to the tail of theb-hairpin)

FIGURE 4 Representative structures of the two most

populated b-hairpin conformations. Both possess a type II9
b-turn involving residues G29 and A30 and two short

b-strands involving residues N27, K28, I31, and I32, but

differ in the relative twist of the strands. A trace repre-

sentation of the b-hairpins and a CPK representation of the

side chains of the b-stranded residues are shown in panels

a and b. Structures a and b are located at positions (0.42 nm,

0.03 nm) and (0.44 nm, 0.19 nm), respectively, in Fig. 2. A

fully atomic representation of the main chain of the two

b-hairpins is shown in panel c (the same conformation as

shown in a) and panel d (the same conformation as shown

in b). H-bonds are represented by dotted lines and are num-

bered from the turn to the tail of the b-hairpin (H1–H3).

The two b-hairpins have the same H-bond pattern. The

N-terminus of the peptide is labeled with N.
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at a number of temperatures. The expression Xi:HN-Yj:O

denotes a hydrogen bond between residues Xi and Yj, with

X, Y being the one-letter code of amino acids and i, j being
the sequence number in the Ab(25–35) peptide. Fig. 5 shows
the probability of each H-bond as a function of temperatures

ranging from 300 to 515 K. H-bonds H1 and H2, located in

the turn region of the b-hairpin, are seen to be much more

stable than H-bonds H3 and H4, located at the extremity of

the b-hairpin. H-bond H4 rarely formed and the b-hairpin
structure appears to be mainly stabilized by H-bonds H1–H3.

The probabilities of H-bonds H1–H3 decrease gradually

with increasing temperature, consistent with the loss of hair-

pin structure seen in Fig. 1 e. Analysis of the probabilities of
formation of four pairs of cross-strand side-chain-to-side-

chain interactions: K28-I31, K28-I32, N27-I31, and N27-I32

at 300 K indicate that the dominant interaction in stabilizing

the hairpin comes from the N27-I32 pair. This side-chain-to-

side-chain contact is populated 60% of the time while the

formation probabilities of the other three side-chain-to-side-

chain interactions are ,20%. Emerging from the interaction

analysis is that the three interstrand H-bonds, H1–H3, and

the side-chain-to-side-chain interaction between N27 and

I32, play a significant role in the stabilization of the b-hairpin
conformations sampled by Ab(25–35) peptide in water.

An examination of the average number of contacts

between water oxygen and the backbone hydrogen-bond-

forming groups (�C¼O and �N-H) for each residue in the

first solvation shell (within 0.36 nm) at 300 K (Fig. 3) reveals

that the backbone hydrogen-bond-forming groups of the

b-turn residues G29 and A30 have higher number of con-

tacts with water (;3.0 for both of them) than the other residues

of the peptide (not counting the solvent-exposed termini).

This is in contrast to what we observed in cosolvent, where

the central part of the peptide (now in helical form) shows

less contact with water than the termini. The implication is

that hydration/dehydration of the backbone affects the differ-

ent conformational preferences of Ab25–35 in the two different
solvents and possibly their aggregation propensities. This

will be discussed further in Discussion and Conclusions.

To check the force-field dependence on the main confor-

mational states of Ab(25–35) peptide adopted in water, a

32-ns REMD run with 40 replicas using OPLS/AA force

field was performed. At 300 K, Ab(25–35) is seen to adopt

2% helical structure and 23% of b-hairpin structure in OPLS/
AA, in good agreement with the 3% of helical structure and

30% of b-hairpin structure found using the GROMOS96

force field. The main b-hairpin structure identified in the

GROMOS simulations is also the predominant structure

found in the OPLS/AA simulations. Slight variants of this

b-hairpin (with different length of turn/bend conformations

connecting the two b-strands) are also present in the OPLS/

AA simulations, but they all involve residues G29 and A30

in the turn region. The length of the turn/bend varied from

2 ; 4 residues involving residues 28–31.

DISCUSSION AND CONCLUSIONS

Our simulations show that Ab(25–35) adopts a mostly

helical structure in HFIP/water cosolvent. In pure water, on

the other hand, the peptide adopts mostly collapsed-coil

structures as well as to a lesser extent b-hairpin conforma-

tions. The implication is that the Ab(25–35) sequence has

the intrinsic ability to populate a wide variety of secondary

structures, ranging from helices to b-hairpins, and that sol-

vents play the role of fine tuners of structure. Fluorinated

alcohols such as HFIP and TFE are commonly used to

stabilize helical structure, although in some instances, these

solvents act as protein denaturants (36). Despite their

frequent use, the precise mechanism by which they promote

(or disrupt) structure is poorly understood. The use of REMD

simulations enabled us to obtain, for the first time, a near-

complete characterization of the free energy for folding of

this peptide. Earlier theoretical work on small peptides in

TFE and in HFIP were limited by computational resources,

but nonetheless were able to suggest possible mechanisms

for helix stabilization. Simulations by Brooks and Nilsson

(36) on a blocked alanine tripeptide in TFE suggested that

the fluoroalcohol adopted spatial and orientational order

around extended conformations of the peptide. Fiorini et al.

(17) studied the peptide melittin in a HFIP/water mixture in a

five-nanosecond simulation and a 100-nanosecond simu-

lation (37) initiated from a helical structure. Helicity was

preserved during the simulation time, and HFIP molecules

were seen to cluster around the peptide. Daidone et al. (38)

have performed 50-ns-long simulations in TFE of the H1

prion peptide and of the 12–28 fragment of the Alzheimer

amyloid-b peptide, with helical starting structures. Their

simulations indicate that the helical forms of these peptides

are very stable and are retained during the length of the simu-

lation. Our simulations are consistent with previous simu-

lations as well as recent NMR studies (33) and suggest that

water is displaced from the immediate vicinity of the peptide,

in favor of HFIP molecules. The latter arrange themselves

around the peptide, preventing chain collapse and favoring
FIGURE 5 Probabilities of backbone H-bonds of Ab(25–35) in water as a

function of temperature.
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the formation of helical intrapeptide hydrogen bonds over

b-hairpin H-bonds.

Apolar solvents, such as a 80:20 (vol/vol) HFIP/water

mixture, are useful probes of structure in a membranelike

environment, but are not representative of the aqueous extra-

cellular environment into which the peptide is released upon

proteolytic cleavage. Mounting evidence point to the role of

extracellular soluble species (monomers and oligomers), as

well as fibrils as being the major players in cytotoxicity

(39,40). Determining the monomeric structure of the peptide

in aqueous solvent is a necessary first step to gain insight

into possible modes of toxicity. While there are no NMR

structures of Ab(25–35) in pure water, CD measurements of

a very dilute (50 mm sample of Ab(25–35) peptide in freshly
prepared phosphate buffer solution (PBS) suggest the

presence of coil conformations, b-turn and b-sheet structures
(41). These experimental conditions are believed to closely

mimic aqueous conditions. Our theoretical findings, in which

we find coexistence of collapsed coils and b-hairpins, are
consistent with these experimental observations, and provide

atomically detailed structural information about the confor-

mations populated in aqueous solution. The hairpins are seen

to possess a turn located in the A29-G30 region, and are

stabilized by three H-bonds near the turn and by a side-chain-

to-side-chain interaction involving residues N27 and I32.

Two types of hairpins, differing in the relative twist of one

strand with respect to the other, are observed. The coil struc-

tures adopt a variety of conformations, with turns in the cen-

tral (A29-G30) region (the most common location), and in

the N-terminus (26–28) and C-terminus (31–34). The coils

structures have dimensions (as measured by the end-to-end

distance) similar to those of the hairpin conformations

(Fig. 2).

It is pertinent to compare the structure of the Ab25–35
peptide in water studied here to that of other amyloidogenic

fragments studied computationally. In particular, what is the

nature of the structured states? Is the hairpin found in our

simulations a common feature to amyloidogenic peptides? A

hairpin must possess a minimum of four residues in order

to form (42). Baumketner and Shea (43) have studied the

monomeric and dimeric states of two amyloidogenic tetra-

petides (KFFE and KVVE) using REMD simulations in

implicit solvent. Their simulations indicate, however, that

these peptides, in their monomeric form, do not adopt any

hairpin conformations, but instead populate extended strand-

like conformations and collapsed conformations lacking hair-

pin signatures. A slightly larger peptide, the seven-residue

16–22 fragment of the amyloid-b peptide was studied by

Klimov and Thirumalai (44). Their eight-nanosecond sim-

ulation in explicit water indicated that the peptide existed in

random coil and to a lesser extent in b-strand conformations.

More recent work by Gnanakaran et al. (45) using REMD

simulations in explicit solvent showed a dominant PPII con-

formation for this peptide. Larger amyloidogenic peptides,

on the other hand, appear to populate b-hairpins. Replica

exchange simulations of a peptide of similar length to the one

studied here, the 11-residue fragment of b2 microglobulin,

also showed the presence of b-hairpin conformations (46).

The use of replica exchange (or other enhanced sampling

techniques) is critical to achieve proper sampling of confor-

mational space, particularly for larger peptides. Constant

temperature simulations cannot reach timescales correspond-

ing to the relaxation time of these peptides (on the order of

milliseconds) and can therefore only provide a partial repre-

sentation of the relevant conformations. Nonetheless, such

constant temperature simulations have provided invaluable

insight into some of the possible conformations adopted

by amyloidogenic peptides. Constant temperature simula-

tions (on the order of 100-ns-long) of the 14-residue-long

H1-fragment of the prion protein and the 12–28 fragment of

the amyloid-b protein (38) both showed population of

hairpin structures in water. A microsecond-long simulation

of the Alzheimer amyloid Ab10–35 peptide identified the

presence of a strand-loop-strand structure (47). REMD sim-

ulations in explicit solvent on the same peptide found that

the peptide did not fold to a unique ground state, instead

populating a number of collapsed coil conformations

(A. Baumketner and J.-E. Shea, unpublished). Implicit sol-

vent replica exchange simulations on the full-length Ab1–42
peptide indicate that this peptide exists primarily as a col-

lapsed coil, with small population of secondary structure (49).

Constant temperature simulations of this peptide in explicit

water, initiated from a helical structure found in apolar

media, showed that one of the helices sampled b-rich and

random coil structures, while the other remained helical (50).

A common feature to all these amyloidogenic peptides in

aqueous solvent is that they exist mostly as collapsed coil

states, populating only a fraction of structured states. This is

not surprising, as one would expect such sequences to have

frustrated landscapes, rather than the funneled landscape

typical of well-designed proteins that fold to a unique global

structure. Amyloidogenic peptides may have to populate a

structured state with the correct geometry to self-replicate in

order for aggregation to proceed. This could be a b-strand, in
the case of shorter sequences, or a b-hairpin for longer

sequences. We discuss next the possible role of the confor-

mations found in our simulations with regard to aggregation.

The monomeric conformations in water identified in our

simulations are all possible starting points for aggregation

into fibrils. From an entropic standpoint, the most likely

candidates to seed further growth are those with preformed

structure (collapsed coils with turn formed, or b-hairpins).
Indeed, these structures possess less configurational entropy

than completely unstructured coil conformations, and will

hence pay less of an entropic penalty for association into

dimers and larger aggregates. Fernández and Scheraga (51)

have noted that proteins that aggregate readily tend to have a

significant number of backbone H-bonds exposed to solvent,

available for further protein-protein interaction. Our simula-

tions indicate (Fig. 3) that the backbone hydrogen-bond-forming
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groups of the b-turn region are more exposed to water than

the remaining residues of the peptide. This suggests that the

b-turn in Ab(25–35) is a possible segment for initiating

aggregation. (It is interesting to note that in cosolvent, where

the peptide does not aggregate, all residues show low back-

bone H-bonds exposure to solvent.) A plausible scenario in

which the turn region nucleates aggregation is through the

formation of aggregates initiated from direct interpeptide

interactions between the exposed H-bonds in the turn region.

Two collapsed-coils conformations (possessing a turn in the

G29-A30 region) would associate in a first step via their turn

regions. This nucleation step would be followed by hydro-

gen-bonding and side-chain interactions between residues

flanking the turn region, leading to aggregates formed of

extended b-strands. Evidence supporting this scenario stems

from CD measurements of Ab(25–35) in PBS buffer solu-

tion (41). CD spectra of fresh samples showed the presence

of b-turn, while 24 h samples (when aggregation is now

well underway) show a net decrease in this motif, with the

remaining monomeric structures now predominantly show-

ing random coil (41) signatures. The implication is that the

configurations possessing a turn structure have associated to

form larger aggregates, showing their greater predisposition

than the unstructured conformations to self-associate. Fur-

thermore, the Ab(25–35)(M35Nle) peptide, which does not

aggregate readily, has considerably less b-turn content than

the wild-type Ab(25–35). In addition, the high thermal sta-

bility of the turn region found in simulation may enable this

peptide to aggregate at high temperatures.

It may be noteworthy to compare the hairpin structure of

Ab(25–35), with its turn located at residues G29-A30, to

proposed fibril structures of the full-length Ab structure.

Such comparisons must be taken with the caveat that it is not

entirely clear whether the assembly of Alzheimer amyloid-b
peptide fragments should proceed in the same way as does

the full-length peptide. A fibril model by Petkova et al. (52),

based on solid-state NMR, suggests the presence of a single

loop involving a salt bridge between D23 and K28, while a

recent model for quiescent Ab(1–40) fibrils based on proline
(and alanine) scanning mutagenesis data (53,54) suggest the

presence of two turns located at positions E22-D23 and

G29-A30. It is possible that the turn located at G29-A30 in

Ab(25–35) might play a key role in initiating the aggregation

of the full-length Ab(1–40).
We note that while the turn may play a critical role in

initiating aggregation, other nucleation sites are possible.

Indeed, the hydrophobic-rich C-terminus of an Ab(25–35)
peptide may readily associate through hydrophobic interac-

tions with the C-terminus of a second peptide, leading to

extended (parallel or antiparallel) dimers stabilized byH-bonds,

or to dimers of hairpins (with the N-terminal regions folding

over). These dimers could then grow into full-fledged fibrils.

Yet another possibility is the formation of amorphous aggre-

gates, which can act as either on- or off-pathway interme-

diates for fibril formation.

It is quite possible that a variety of aggregation scenarios

can be realized for the Ab(25–35) peptide. Indeed, exper-
iments by Petkova et al. (7) demonstrate that different

experimental preparation conditions led to fibrils of different

morphologies. This suggests that different monomeric struc-

tures present in solution will lead to different fibril seeds

(nuclei), hence resulting in different end fibrils. For our

particular peptide, protofilaments of different diameters and

shapes have indeed been reported, consistent with different

possible nucleation scenarios. Atomic force microscope

images of incubated Ab(25–35) peptides showed that this

peptide had two distinct protofilament morphologies with

diameters of 1.41 6 0.48 nm and 3.58 6 1.53 nm, respec-

tively (55). Taking a distance of;0.35 nm between adjacent

residues in an extended b-conformation, the first set of

diameters is compatible with the peptides adopting b-hairpin
conformations over the width of the protofilaments and

second set with the peptide adopting extended b-strands
conformations. Structural data on Alzheimer’s amyloid olig-

omers and fibrils, obtained from experimental (52,56–58)

and computational techniques (43–45,59–61). suggest that

shorter fragments assemble intob-sheets (formed ofb-strands),
while larger fragments (including the full-length Ab pep-

tides) assemble into fibrils containing hairpinlike structures.

The Ab25–35 peptide appears to be a particularly interesting
case, as our simulations indicate that it could aggregate both

into extended b-strand or b-hairpin aggregates.

Finally, we note that in addition to playing a role in

initiating aggregation, the b-turn seen in our simulations may

be responsible for the observed toxicity of soluble (mono-

meric or possibly small oligomeric) forms of this peptide

(5,6,41). Indeed, soluble Ab25–35 is known to bind to

protein receptors on microglia, leading to their activation and

subsequently to damage to neurons. b-turns are a structural

motif often involved in binding to receptor proteins, and it

is possible that the presence of such turns in Ab(25–35) may

be necessary to induce toxicity (41).
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