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Ana Nikolic,1,2 Stéphanie Baud,1,3 Sarah Rauscher,1,4 and Régis Pomès1,4*

1Molecular Structure and Function, Hospital for Sick Children, Toronto, Ontario, Canada

2Department of Medicine, University of Toronto, Toronto, Ontario, Canada

3 Laboratoire SiRMa, CNRS UMR MEDyC 6237, IFR 53 Biomolécules, Université Reims Champagne-Ardenne, Reims, France
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INTRODUCTION

Together with the a-helix, the b-sheet is the most common

structural element in proteins. A b-sheet is defined by the lat-

eral association of two or more b-strands whose polypeptidic

backbone is nearly stretched, with consecutive side chains

extending alternately above and below the mean plane of the

backbone ribbon. Despite the common occurrence of b-sheets,
the mechanism of b-sheet formation is not fully understood.1

A major factor underlying this difficulty is that b-sheet pro-

pensity depends not only on the nature of the amino acid resi-

due but also on the tertiary context of the polypeptide

chain.2,3 Unlike a-helices, which involve hydrogen bonds

between backbone amide groups located four residues apart in

the primary polypeptide sequence, the strands of a b-sheet are
often connected by nonlocal hydrogen bonds and may even

come from different molecules. Importantly, intermolecular b-
sheets form the core of amyloid fibrils resulting from the

aggregation of misfolded proteins. Amyloid aggregates are

associated with severe neurodegenerative diseases, including

Alzheimer’s (Ab and Tau proteins), Huntington’s (huntingtin),

and Parkinson’s diseases (a-synuclein).4,5 Understanding the

microscopic forces controlling b-sheet and amyloid formation

is an important but largely unresolved task. Here, we use mo-

lecular simulations to probe the role of water-hydrophobic

interfaces in the self-organization of peptides into b-sheets.
Amyloid fibrils are elongated, insoluble structures found in

extracellular plaques.5 Structural studies have shown that

mature amyloid fibrils involve the alignment of short peptide

segments, usually between 6 and 12 residues in length, from

many protein monomers. Together, these aligned polypeptide

stretches form the characteristic core structure of the amyloid

fibril, the cross-b sheet, in which b-strands run perpendicular
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ABSTRACT

The capacity to form b-sheet structure and to self-

organize into amyloid aggregates is a property shared

by many proteins. Severe neurodegenerative pathologies

such as Alzheimer’s disease are thought to involve the

interaction of amyloidogenic protein oligomers with

neuronal membranes. To understand the experimentally

observed catalysis of amyloid formation by lipid mem-

branes and other water-hydrophobic interfaces, we

examine the physico-chemical basis of peptide adsorp-

tion and aggregation in a model membrane using atom-

istic molecular simulations. Blocked octapeptides with

simple, repetitive sequences, (Gly-Ala)4, and (Gly-Val)4,

are used as models of b-sheet-forming polypeptide

chains found in the core of amyloid fibrils. In the pres-

ence of an n-octane phase mimicking the core of lipid

membranes, the peptides spontaneously partition at the

octane-water interface. The adsorption of nonpolar

sidechains displaces the peptides’ conformational equi-

librium from a heterogeneous ensemble characterized

by a high degree of structural disorder toward a more

ordered ensemble favoring b-hairpins and elongated b-

strands. At the interface, peptides spontaneously aggre-

gate and rapidly evolve b-sheet structure on a 10 to 100

ns time scale, while aqueous aggregates remain amor-

phous. Catalysis of b-sheet formation results from the

combination of the hydrophobic effect and of reduced

conformational entropy of the polypeptide chain. While

the former drives interfacial partition and displaces the

conformational equilibrium of monomeric peptides, the

planar interface further facilitates b-sheet organization

by increasing peptide concentration and reducing the

dimensionality of self-assembly from three to two.

These findings suggest a general mechanism for the for-

mation of b-sheets on the surface of globular proteins

and for amyloid self-organization at hydrophobic inter-

faces.
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to the main axis of the fibril.6–9 In addition, fragments

of many known amyloid disease peptides, including ones

from Ab and a-synuclein, have been shown to adopt this

structure, despite vast differences in amino acid

sequence.10 Recent models of IAPP/amylin and a-synu-
clein suggest that the amyloid forms of these peptides

consist of short stretches of b-sheet connected by hairpin

loops.11,12 Crystallographic studies have shown that

even 6-residue fragments of various amyloidogenic pro-

teins can adopt a cross-b structure, with sequence-spe-

cific differences in packing and register.10

The presence of membranes is emerging as an impor-

tant factor in amyloid formation and toxicity. Amyloido-

genic peptides such as Ab-40 are thought to interact with

biological membranes and to modulate membrane proper-

ties,13 either by altering local membrane structure and

thickness or via formation of channels or pores.14 The

toxicity of amyloidogenic proteins such as a-synuclein has

been associated with binding and permeabilization of lipo-

some vesicles,15 although some evidence suggests that

lipid binding by a-synuclein can inhibit toxicity.16

Oligomer toxicity has also been demonstrated for short

fragments of amyloidogenic peptides, suggesting that it is

due to generic structural properties shared by a large

number of different sequences.17 The above evidence sug-

gests that amyloid toxicity is intimately related to the

interaction between membranes and oligomers formed in

the early stages of amyloidogenesis.

In addition to compromising membrane permeability

and inducing cell death, membrane binding by amyloido-

genic proteins has also been found to increase the rate of

amyloid formation.18–22 In particular, liposomes with a

high content of anionic lipids promote amyloidogenesis in

proteins as diverse as insulin, G3P dehydrogenase, myoglo-

bin, a fragment of the immunoglobin light chain, and the

Ab peptide.13,23–25 Moreover, amyloidogenesis is also

catalyzed by reverse micelles26 and by the hydrophobic

surfaces of hexane granules,27 nonpolar nanopar-

ticles,28,29 and nonpolar droplets.30 Finally, the air-water

interface has also been shown to promote the self-organi-

zation of peptides into b-sheets.31–34 Together, this evi-

dence suggests that the catalysis of amyloid formation is a

generic property of water-hydrophobic interfaces. How-

ever, although the effect of surfaces on amyloid formation

is well-known and the link between membranes and the

toxicity of amyloid diseases is well appreciated, the molec-

ular basis of these phenomena is presently unclear.14,35

Elucidating the early stages of peptide aggregation in

the presence of a membrane would improve our under-

standing of the structure and properties of amyloidogenic

oligomers and may ultimately provide insight into the

molecular basis of their toxicity. As early aggregates are

transient and small in size, molecular dynamics (MD)

simulation is well-suited for studying the early stages of

peptide aggregation and clarifying the role of water-non-

polar interfaces in amyloidogenesis. In recent years, MD

simulations at the atomic level of detail have provided

insight into the nature and the stability of mature amy-

loid structure and the formation of small oligomers in

water.36–40 At a lower level of resolution, coarse-grained

simulations have shed light on oligomer formation and

the nucleation-propagation mechanism of fibrilation sug-

gested by in vitro kinetic data.41–48 Simulations have

been performed both on full-length peptides, such as

Ab(1242), and on short amyloidogenic fragments

(e.g.39,40,49–51). Nevertheless, extensive conformational

sampling of peptides in lipid membranes remains com-

putationally challenging.52 Although recent simulation

studies have begun to examine the interaction of amyloi-

dogenic peptides with membranes or interfaces,52–61 the

aggregation mechanism has not been investigated in at-

omistic detail.

Here, we use all-atom molecular dynamics simulations

to probe the role of water-hydrophobic interfaces in the

self-organization of peptides into b-sheets. To achieve

statistically meaningful sampling, we study the self-aggre-

gation of short peptides at a model water-hydrophobic

interface. The above evidence suggests that short peptides

provide suitable models of amyloid formation and toxic-

ity. We focus on two of the simplest and shortest pep-

tides of relevance, namely, (Gly-Ala)4 and (Gly-Val)4,

henceforth abbreviated as (GA)4 and (GV)4. GA repeats

are known to adopt an extended b-sheet structure in the

so-called crystalline domain of many spider silks.62 The

(GA)n motif is also used in synthetic copolymers, and

has been observed to readily form b-sheet-containing
fibrils.63,64 A previous simulation study predicted that

an extended (GV)n repeat has a propensity to form amy-

loid.65 To avoid the long relaxation times of atomistic

simulations of lipid bilayers, we use an n-octane layer as

a simplified model of the nonpolar core of biological

membranes. Octane slabs have been shown to be an

appropriate membrane mimetic in simulation studies of

peptide adsorption and aggregation.66,67 We investigate

the effect of the water-hydrophobic interface on the

aggregation of (GA)4 and (GV)4 octapeptides. Specifi-

cally, we examine peptide self-assembly successively in

water and in the presence of an octane phase. The con-

formational distribution of peptide monomers and aggre-

gates is characterized. Consistent with experimental evi-

dence, the water-nonpolar interface is found to accelerate

b-sheet formation dramatically relative to aqueous aggre-

gates. The physical and molecular basis of catalysis is an-

alyzed and implications to protein folding and amyloid

self-organization are discussed.

METHODS

Simulation parameters and protocol

Monomeric and multiple chains of (GA)4 and (GV)4
in water were studied using MD successively with and
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without the presence of n-octane. The C and N termini

of the peptides were capped with amide and acetyl

groups, respectively, to eliminate the effects of terminal

charges on aggregation and membrane adsorption. Pep-

tides and octane were modeled using the OPLS-AA force

field68 and the TIP3P model69 was used for water. All

simulations were performed using the GROMACS pro-

gram, version 3.3.1.70,71 The simulations were run using

the leapfrog Verlet algorithm with a 2 fs integration time-

step. Electrostatic interactions were calculated using Par-

ticle Mesh Ewald (PME) summation with a grid size of

0.12 nm and a real-space cutoff of 0.9 nm.72 Lennard-

Jones interactions were subjected to twin-range cut-off

separations of 0.9 and 1.4 nm. Pressure coupling was

semi-isotropic, with a reference pressure of 1 atm, using

the Berendsen barostat and a coupling constant of 4 ps,

with a fixed z-axis to prevent contraction of the octane

layer.73 Peptide, octane, and water atoms were placed in

separate temperature coupling groups, and temperatures

were coupled independently with a coupling constant of

0.1 ps. All simulations were run at T 5 298 K. Covalent

bonds containing hydrogen were constrained using

LINCS,74 and the SETTLE algorithm was used for

water.75

Overall, 126 independent simulations of (GV)4 total-

ing 8 ls were performed as specified in Table I. The

simulations of (GA)4 were subjected to the same proto-

cols unless otherwise noted. The initial conformations

of peptide monomers were taken from runs WM (W’M
for (GA)4) generated in water at 296 K by simulated

tempering distributed replica sampling (STDR), a novel

generalized-ensemble algorithm developed in our labo-

ratory.76–78 As in simulated tempering, in STDR repli-

cas undergo a random walk in temperature to enhance

conformational sampling. In addition, an extra energy

function missing in conventional simulated tempering,

the ‘‘distributed replica potential energy’’ (DRPE),

enforces the desired distribution of replicas in tempera-

ture. The implementation of the STDR method is

described in detail elsewhere.78 The DRPE parameters

(c1 and c2) both had values of 0.005 for the simulations

of the (GV)4 and (GA)4 monomers. The STDR simula-

tions were performed using 35 temperatures distributed

exponentially between 230 and 602 K, for a total simu-

lation time summed over all temperatures of 5.5 ls
(�150 ns at 296 K). The switch function of GROMACS

was used for Lennard-Jones interactions, which corre-

sponds to the usual Lennard-Jones function until 1.3

nm, after which it is switched to reach zero at 1.4 nm.

Covalent bonds involving hydrogen atoms were con-

strained with the SHAKE algorithm.78 A Fourier spac-

ing of 0.15 nm and fourth-order interpolation were

used for PME sums. The real-space Coulombic cutoff

was 1.49 nm. Peptide and solvent were coupled to the

same reference temperature bath with a time constant

of 2 ps using the Nosé-Hoover method.79,80 All other

simulation protocols used in the STDR simulations

were the same as those of the canonical MD simula-

tions. A previous STDR study of a similar octapeptide

in water showed that this protocol leads to efficient

temperature diffusion and adequate convergence of

structural properties.78 The convergence of structural

properties of (GV)4 as a function of simulation time at

296 K is shown in Supporting Information Fig. S1.

Table I
List of Simulations of (GV)4 and (GA)4

System
Time

(ns/run)
No. of
peptides Octane

Box
dimensions (nm)

No. of
runs

Concentration
(water) (M )

Surface concentration
(interface) (M )a Starting state

(GV )4
AM

b 60 2 N 3.59 3 3.59 3 5.5 17 0.0644 0.129 2 monomers in water
OM 55.8 2 Y 3.59 3 3.59 3 5.5 8 0.0644 0.129 2 monomers in water
OI 10 8 Y 9.13 3 9.13 3 7.67 43 0.0341 0.080 8 monomers in water
OII 20 8 Y 9.27 3 9.27 3 4.06 43 — 0.080 8 peptides on surface (endpoint of OI)
OIII 82 40 Y 8.30 3 8.30 3 8 1 0.1710 0.482 40 monomers in waterc

OIV 136 40 Y 8.30 3 8.30 3 8 1 — 0.482 Endpoint of OIII

WO 48 16 Y 9.13 3 9.13 3 7.67 3 0.0682 0.160 Conformation from WI (aggregate
of 8) on either side

WM 150 1 N 3 3 3 3 3 35d — — Monomer in water
WI 20 8 N 9.13 3 9.13 3 4.81 5 0.0331 — 8 monomers in water
WII 160 8 N 5.00 3 5.00 3 5.00 1 0.1062 — Aggregate (8 peptides) in water

(GA)4
O0

M 60 2 Y 3.59 3 3.59 3 5.50 12 0.0644 0.129 Monomer in water
O0

I 100 50 Y 9.5 3 9.5 3 6.75 1 0.2453 0.460 50 monomers in water
W0

M 150 1 N 3.00 3 3.00 3 3.00 35d — — Monomer in water

aConcentration at the water-octane interface is calculated assuming that the z dimension of the interface is about 1 nm—this is the general width of the z value

distribution for the center of mass of adsorbed chains.
bSimulations performed with an air-water interface.
cRun OIII was generated by successive additions of 8, 16, and another 16 monomers in water at t 5 0, 10, and 22 ns, respectively, until all peptides were at the

octane-water interface.
dSimulated tempering distributed replica sampling (STDR) simulation with 35 replicas at different temperatures.

b-Sheet Formation at Interfaces
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The octane layer used in simulations OI-OIV and WO

was generated by tiling octane atoms to form a planar

phase at the center of the box, and then hydrating the

system. The resultant system was energy-minimized and

simulated for 600 ps under isotropic pressure coupling.

This procedure was sufficient to allow the separation of

octane and water into two neat phases and for the octane

phase to equilibrate. An air-water interface, used in simu-

lation AM, was generated by removal of octane molecules

from the equilibrated interface of simulation OM. Simu-

lation AM was run at constant volume to prevent collapse

of the air-water interface. At the starting points of bipha-

sic simulations OM, OI, and AM (see Table I) the peptides

were placed in the water phase with their center of mass

2 nm from the interface. In run OI, the initial separation

between peptides on either side of the membrane was

�2.5 nm and the axial separation between the two sets

of 4 chains was 5 nm. The resultant systems were energy-

minimized and each simulation was run for 400 ps at

constant pressure with position restraints on the peptides

to allow for solvent equilibration prior to production

runs; system composition and production run times are

listed in Table I.

To allow peptides to accumulate at the biphasic inter-

face while minimizing spontaneous peptide aggregation

in water, in simulation OIII additional peptides were

introduced into the aqueous solution in three stages, by

first adding 8, then 16, then another 16 peptides, allow-

ing them to equilibrate until all peptides had adsorbed at

the interface (which took �10 ns). Analysis of simulation

OIII was initiated after 32 ns. The initial conformation of

simulation WI was generated by removing the octane

from the simulation box and then bringing atoms from

the two sides together to fill the gap. The resulting box

was approximately equivalent to the water phase of

biphasic simulation OI. In run WO, the aqueous aggre-

gate from run WI with the most b-sheet structure was

added to the aqueous phase on each side of the octane

layer used at the start of run OI.

Analysis

Two distance metrics were computed for the peptides:

the distance of the center of mass of the peptide from

the octane-water interface along the z-axis (a measure of

adsorption) and the end-to-end distance, dete, defined as

the three-dimensional Euclidean distance between the

first and last Ca atoms of each octapeptide (a measure of

extension). To determine the approximate location of the

interface, the density of octane was measured in sections

along the z-axis (the interface normal) and the locations

where the density crossed 650 kg/m3 (i.e., approached

the bulk density of n-octane, �700 kg/m3) were used as

markers for the octane layer.

To compensate for any ruggedness on the octane sur-

face, axial distributions of peptide atoms were generated

by computing the distance from the octane-water inter-

face using a Voronoi tessellation-based method similar to

that described by Pandit et al.81 The octane C atoms

were placed on a two-dimensional grid with 1-nm spac-

ings. The highest and lowest octane C atoms on each

point in the grid were then selected and were used to

construct the tessellation. This procedure corrects for

static and dynamic fluctuations of the octane-water inter-

face compared to calculations in which the axial position

of the interface is estimated as a space- and time-aver-

aged position relative to the z-position of the center of

mass of the octane slab.

Hydrogen bonds were identified as any contact for

which putative donor-acceptor and hydrogen-acceptor sep-

arations were less than 0.35 and 0.25 nm, respectively, and

the donor-H-acceptor angle was greater than 1208. In

addition, the DSSP hydrogen-bonding energy criterion

was also considered.82 A bond matches this criterion if its

bond energy is �20.5 kcal/mol. Together, the above crite-

ria defined a hydrogen bond. The secondary structure was

analyzed using the DSSP algorithm, excluding the amide

and acetyl caps at C and N termini, respectively.82 The

hydration of the peptide backbone was analyzed by calcu-

lating the number of hydrogen bonds to water for each

amide group (either CO or NH). The hydration of the

side chains of (GV)4 was measured as the number of

water O atoms within 0.43 nm of each valine Cg. This

value was chosen because it corresponds to the first mini-

mum in the radial distribution function of water oxygen

to the Cg atoms of valine (data not shown), encompassing

the first hydration shell around the methyl groups. Various

kinetic parameters were calculated by performing least-

squares exponential fits of time series to an equation of

the form f(t) 5 a 3 e2bt 1 c; error was calculated using

the confidence bounds for each parameter obtained by the

fitting procedure. Standard error of histograms was calcu-

lated using block averaging,83 with the error bars repre-

senting the upper and lower bounds of the 95% confi-

dence interval of the mean.

RESULTS

Summary of simulations

We examined the structure and aggregation of two

simple octameric peptides, (GV)4 and (GA)4, successively

in water and in the presence of a hydrophobic octane

phase. Because the results obtained for (GA)4 are qualita-

tively similar to those obtained for (GV)4, in this section

we present a detailed description of results for (GV)4 and

provide numerical values obtained for (GA)4 for the pur-

pose of comparison whenever appropriate. The MD sim-

ulations performed on the (GV)4 peptides are summar-

ized in Table I. All the simulations of water and octane

resulted in a biphasic system, with neat octane and water

phases separated by planar interfaces. In the first series of

A. Nikolic et al.
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simulations, peptide monomers initially placed in water

spontaneously diffused to the interface. In simulations

OI-OII, four hydrated peptides diffused to each interface,

where the process of self-aggregation initiated. Peptide

concentration was then increased from 0.0341M to

0.171M in 32 ns by adding monomers to the aqueous

phase in three installments, allowing them to adsorb at

the interface before performing the next addition (simu-

lation OIII). This process led to 20 peptides at each inter-

face, where self-aggregation continued freely for another

186 ns (simulations OIII-OIV), leading to the spontaneous

formation of b-sheets within 218 ns. Control simulations

were performed in water (runs W), successively for

monomeric peptides (WM) and for aggregates (WI and

WII). In the later simulations, hydrated peptide mono-

mers organized into amorphous aggregates within a few

ns. However, despite rapid aggregation, the emergence of

b-sheet structure in the hydrated aggregates was much

slower than at the interface. In simulation WO, hydrated

aggregates were placed in the presence of an octane phase

to study the effect of the hydrophobic interface on the

reorganization of amorphous assemblies. Finally, the

spontaneous adsorption of (GV)4 monomers at the air-

water interface was examined in simulation AM.

Peptide adsorption to the water-nonpolar
interface

All the simulations performed with (GA)4 and (GV)4 in

the biphasic solution resulted in the partition of the pep-

tides at the octane-water interface. In Simulations OM and

OI, (GV)4 peptide monomers initially placed in water

bound irreversibly to the planar interface. Adsorption was

initiated by interactions between one of the valine side

chains and the octane phase [Fig. 1(A)] and usually

resulted in the partition of three or four side chains of

each monomer into the nonpolar phase [Fig. 1(B)]. Pep-

tide adsorption to the interface occured rapidly, with 99%

of all peptide chains bound within 10 ns in simulation OI.

Peptide adsorption follows standard first-order kinetics,

with a short relaxation time of 2.30 ns (Fig. S2) reflecting

the fact that the 43 simulations of hydrated peptide

monomers started with the center of mass of the peptide

a mere 20 Å from the biphasic interface. Although the

partition of individual valine side chains into the octane

phase is dynamic and reversible, peptide desorption was

not observed over the time scale of the simulations.

Axial density profiles were computed along the interface

normal from the simulations of (GV)4 and (GA)4 monomers

(Fig. 2). The peptides distributions peak at the two octane-

water interfaces [Fig. 2(A)]. Axial distributions of valine Cg

atoms and of main-chain Ca atoms show that the valine side

chains are distributed asymmetrically. The Cg distribution

peaks at the interface and is skewed toward the octane phase,

whereas the distribution of Ca atoms in (GV)4 is centered 4

Å above the interface and is more symmetric [Fig. 2(B)]. On

average, backbone atoms are skewed slightly away from the

nonpolar phase compared to Ca atoms [Fig. 2(A)], which is

likely due to the polar character of amide groups. The distri-

bution of alanine Cb atoms in (GA)4 is analogous to that of

the valine Cg atoms in (GV)4; however, as a consequence of

the shorter alanine side chains, the Ca distribution peaks

closer to the surface, at �2 Å [Fig. 2(B)].

Side chain and backbone dehydration

The above results suggest that peptide adsorption is

driven by dehydration of the nonpolar side chains. How-

ever, adsorption also results in the partial dehydration of

the peptidic backbone. A comparison of side chain and

backbone hydration for the various states of (GV)4 is

shown in Figure 3. In water, the hydrophobic effect

drives self aggregation. Accordingly, average valine side

chain hydration, computed as the number of water mole-

Figure 1
Snapshots showing adsorption of a (GV)4 monomer to the octane
surface from simulation OM. The peptide backbone is represented by a

noodle and Val side chains by sticks. A: Adsorption is initiated by

interaction between at least one valine side chain (pink) and the octane

phase (blue) at 1.5 ns. B: After 6 ns, the peptide is lying flat on the

octane-water interface in an extended conformation.

b-Sheet Formation at Interfaces
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cules in the first solvation shell of Cg atoms, drops from

5.5 to 4.6 upon aggregation. Concurrently, the average

number of water molecules bound to the peptidic back-

bone of each octamer drops from 15 to 13.

By contrast, the side chains of adsorbed peptide mono-

mers (OM) are much less hydrated than those of aqueous

aggregates (WM) and almost as dehydrated as those of

mature aggregates (OIV), with 1.6 water molecules per

chain on average. These results suggest that the hydro-

phobic effect is the driving force for the adsorption, but

not necessarily the aggregation, of peptides at the water-

octane interface. Concurrently, the backbone of adsorbed

monomers is partially dehydrated, with an average hydra-

tion number of 12 comparable to that of aqueous aggre-

gates. Self-aggregation at the interface is characterized by

increasing dehydration of the backbone, to seven water

molecules per chain on average (runs OI through OIV).

Initially, two distinct populations corresponding to

monomers before and after adsorption differ in both

backbone and side chain hydration (run OI), and the

Figure 2
Densities and distributions of peptide atoms relative to the octane-water
interface. A: Density profile for simulation OM of (GV)4 showing the

distribution of backbone, Ca, and Val Cg atoms. B: Axial distribution of

(black) valine Ca atoms and Cg atoms of (GV)4 and (green) alanine Ca

and Cb atoms of (GA)4 normalized with respect to the octane-water

interface. These data were compiled from simulations of peptide

monomers OM and O0
M (see Table I).

Figure 3
Side chain and backbone hydration of (GV)4. The number of water

molecules in the first hydration shell of Val Cg atoms, XWSC, is

compared to the number of backbone-bound water molecules, XWBB,

successively for (GV)4 simulations WM, WI, OM, and OI through OIV.

A. Nikolic et al.
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side chains of adsorbed peptides are on average less

dehydrated (2.8 water molecules) than those in simula-

tion OM (1.6) due to shorter simulation times (respec-

tively 10 and 50 ns). This effect is reversed with longer

simulation time and higher concentrations. In run OII,

all the peptides are adsorbed and their side chains are as

dehydrated as those of adsorbed monomers, and the

hydration number further drops to 0.9–1.1 in simulations

OIII and OIV.

The results obtained for (GA)4 are similar with back-

bone and side chain hydration numbers dropping from

15 to 11 and from 6.6 to 3.2, respectively, upon peptide

adsorption at the interface (not shown). This analysis

provides quantitative criteria to distinguish between

aqueous and adsorbed side chains: all V side chains with

a hydration number nSC = 3 and interfacial distance dZ
< 6 Å, and all A side chains with nSC = 5 and dZ < 4 Å

are considered to be adsorbed. These criteria yield equi-

librium constants of 5.1 � 0.8 for valine in (GV)4 and of

2.5 � 0.2 for alanine in (GA)4, which correspond to free

energies of 24.1 � 0.4 and 22.3 � 0.2 kJ/mol for the

transfer of individual V and A side chains from water to

n-octane. The corresponding adsorption probabilities of

84% and 70% explain why peptide desorption, which

requires hydration of all four side chains, is unlikely.

Adsorption displaces the conformational
equilibrium of the peptides

Both in water and at the interface, (GV)4 and (GA)4
monomers are conformationally disordered: they adopt

many different conformations which interconvert over

the course of the simulations. Accordingly, we use a

global structural property, the distribution of the end-to-

end distance, dete, to represent this conformational equi-

librium. The comparison of results obtained for aqueous

and adsorbed (GV)4 peptide monomers reveals essential

differences (Fig. 4). First, the end-to-end distribution is

significantly sharper for adsorbed peptides than their

hydrated counterpart at short extensions. In addition, it

contains a peak in the long range which is absent in the

aqueous case. Inversely, conformations corresponding to

intermediate extensions are more populated in water

than at the interface. We define three conformation types

based on the two intersections between hydrated and

interfacial distributions: (i) short for dete < 0.66 nm; (ii)

medium-length for 0.66 < dete < 1.3 nm; and (iii) long

for dete < 1.3 nm. Representative conformers of all three

categories of adsorbed (GV)4 are shown in Figure 4 and

the populations of all three states are listed in Table II.

Those with a small dete (left) include b-hairpin-like con-

formations, although they do not always contain intra-

molecular hydrogen bonds. Those with intermediate dete
adopt diverse conformations, including hydrogen-bonded

turns and conformations devoid of intramolecular hydro-

gen bonds. Finally, the stretched, strand-like conforma-

Figure 4
Distribution of end-to-end distances of (GV)4 peptides. Top:

representative snapshots of the backbone of peptide monomers in (i)

short, (ii) intermediate, and (iii) extended conformations. Valine

residues are shown in pink and intramolecular hydrogen bonds are

shown as green lines. Bottom: Normalized distribution of dete. Biphasic

simulations are listed at the top, in order of increasing timescale and

concentration. Simulations in water are shown at the bottom. The scale

of the y axis is arbitrary. Standard error is depicted as gray shading.

Dashed vertical lines at dete 5 0.66 and 1.3 nm highlight the

boundaries separating conformations (i), (ii), and (iii).

Table II
Fractional Population of Different Conformations of (GV)4

(i) dete<0.66 nm (ii) 0.66�dete�1.3 nm (iii) dete>1.3 nm

OM 0.30 � 0.03 0.26 � 0.03 0.44 � 0.04
OI 0.19 � 0.01 0.38 � 0.01 0.42 � 0.01
OII 0.18 � 0.01 0.32 � 0.01 0.50 � 0.01
OIII 0.10 � 0.01 0.26 � 0.01 0.65 � 0.01
OIV 0.06 � 0.01 0.22 � 0.01 0.71 � 0.01
WM 0.26 � 0.02 0.53 � 0.02 0.22 � 0.01
WI 0.26 � 0.03 0.48 � 0.04 0.26 � 0.04
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tions always lack hydrogen bonds. Thus, the adsorption

of peptides at the octane/water interface profoundly dis-

places the conformational equilibrium in favor of

stretched conformers resembling b-hairpins and b-
strands. A similar effect, albeit not quite as pronounced,

is also apparent at the air-water interface (simulation

AM).

Self aggregation at the water-octane interface further

displaces the conformational equilibrium of the peptides

(Fig. 4, Table II). The magnitude of the peak and the

population of peptides at short extensions decrease dra-

matically from simulations OM and OI through OIV as

the concentration and time spent on the interface

increase. Concurrently, the population of extended con-

formations grows, suggesting that hairpin-like conforma-

tions are gradually replaced by extended ones. In con-

trast, aqueous peptides retain a proportion of closed con-

formations similar to that of adsorbed monomers

regardless of their aggregation state. Furthermore, they

rarely occupy extended conformations, and remain inter-

mediate in length even after self aggregation. The rugged-

ness in the conformational distribution for run WI is due

in part to the slow rate of conformational reorganization

of the peptides in aqueous aggregates.

Together, these results show that the conversion of in-

termediate conformers to extended ones is a consequence

of (GV)4 adsorption that is observed neither in mono-

mers nor aggregates in water. In run OIV, nearly three-

quarters of the chains are in extended conformations, a

three-fold increase compared to aqueous monomers. The

time evolution of short, intermediate, and extended pep-

tide populations in runs OI and OII is shown in Figure 5.

The increase in the population of extended states occurs

exponentially, with a relaxation time of 7.4 ns, primarily

via conversion of intermediate-length conformers. By

contrast, the population of short, hairpin-like conformers

decays more slowly with time. Although the direct con-

version from short to extended forms may occur, this

process is more likely to take place in two stages involv-

ing conformers of intermediate length.

Aggregation and hydrogen bonding

The time evolution of the fraction of peptides aggregated,

as defined by the presence of at least one intermolecular

peptide–peptide hydrogen bond, is shown in Figure S3. At

the interface, the rate of aggregation follows simple expo-

nential kinetics with a relaxation time of 6.4 ns at a concen-

tration of 0.033M (run OII). Aggregation was 55%-complete

by the end of simulation OII and 99%-complete by the end

of simulation OIV (similarly, it was 96%-complete by the

end of (GA)4 simulation O0
II). Self-aggregation led to a

rapid increase in the number of peptide–peptide hydrogen

bonds (Fig. 6). In runs OI-OII, the number of intermolecu-

lar hydrogen bonds grew exponentially to over 1.5 bonds

per chain (i.e., about 3 per aggregated chain) within 30 ns,

while the number of intramolecular hydrogen bonds

remained approximately constant at 0.6 [Fig. 6(A)]. At

higher concentration, the total number of hydrogen bonds

approached an asymptotic value of 7.70 per chain within

200 ns, while the number of intramolecular hydrogen bonds

decreased slowly as the peptides formed ordered aggregates

at the interface [Fig. 6(B)]. By contrast, the average number

of intramolecular hydrogen bonds in aqueous monomers

was significantly larger than at the interface (0.9 vs. 0.6) and

remained relatively large in aqueous assemblies.

In water, the peptides clustered into largely-amorphous

globular aggregates. The eight monomers rapidly formed

hydrogen-bonded dimers and trimers, even reaching a

single aggregate in three of five 20-ns simulations (run

WI). In contrast, 45% of peptide chains remained mono-

meric after 30 ns at the interface in (run OII). The initial

rate of hydrogen-bond formation was higher in aqueous

aggregates than at the interface [Fig. 6(C)]. This burst

coincided with the initial collapse into clusters in the first

15 ns, after which hydrogen bonding increased at a lower

rate through rearrangements within existing aggregates.

In simulation WII, the number of hydrogen bonds per

monomer rose to 5 in the first 10 ns and remained con-

stant for the rest of the simulation, with the exception of

a 20-ns spike where a large number of intermolecular

hydrogen bonds were transiently formed and dissociated

[Fig. 6(D)]. The fact that the number of intermolecular

peptide–peptide hydrogen bonds formed at the interface

reaches a plateau in both low- and high-concentration

simulations [Figs. 6(A,B)] is a consequence of both

aggregation and self-organization. At lower concentra-

Figure 5
Time-evolution of the relative population of (i) short, (ii) intermediate,

and (iii) extended (GV)4 conformers in simulations OI-OII. Significant

peptide extension occurs in the first 10 ns, primarily at the expense of

intermediate-length conformations. The curves of best fit for extended

and intermediate conformer populations (white lines) are f(t) 5
0.53320.354 e20.198t and f(t) 5 0.273 1 0.270 e20.135t, with relaxation

times of 5 and 7.4 ns, respectively.
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tions, the peptides take longer to diffuse and bind to

each other. Once the chains aggregate, they become

trapped in local energy minima and must undergo rear-

rangement to gain additional hydrogen bonds. In water,

this reorganization process is further impeded by a

greater conformational heterogeneity.

To characterize the conformational dependence of

hydrogen-bond formation, we recomputed the end-to-

end distance distributions separately for four mutually

exclusive categories corresponding to peptides forming

either inter- or intramolecular hydrogen bonds, both, or

neither (Fig. 7). At the interface, these four classes sepa-

rate into two groups: the degree of peptide extension is

Figure 6
Time evolution of the number of peptide–peptide hydrogen bonds per

monomer in simulations of aggregates. A: Simulations OI and OII. Fit

for intermolecular bonds: f(t) 5 1.63021.696e20.109t. Fit for all bonds:

f(t) 5 2.19421.635e20.135t. B: Simulations OIII and OIV. Fit for

intermolecular bonds: f(t) 5 7.70024.561e20.013t. Fit for all bonds: f(t)

5 7.75924.564 e20.016t. C: Simulation WI. Fit for intermolecular bonds:

f(t) 5 5.25225.721e20.059t. Fit for all bonds: f(t) 5 6.69126.159e20.050t.

D: Simulation WII.

Figure 7
End-to-end distance distribution for different hydrogen-bonding classes

of (GV)4 peptides. A: Simulation OII. B: Simulation OIV. C: Simulation

WII. Standard error is represented by shading. Pie chart insets indicate

the relative populations (in %) of the four different classes. Red:

Intermolecular hydrogen bonds only; purple: inter and intramolecular

hydrogen bonds; blue: intramolecular hydrogen bonds only; black: no

hydrogen bond.
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essentially determined by the presence of intramolecular

hydrogen bonding. The two conformational classes

devoid of intramolecular hydrogen bonds correspond to

the extended portion of the dete range, with the longest

extensions reserved to peptides containing only intermo-

lecular bonds [Figs. 7(A,B)]. The striking emergence of

the pronounced shoulder at dete > 2 nm in simulations

OIII-OIV reflects the extension of b-strands in newly

formed b-sheets. In contrast, the two conformational

classes containing intramolecular bonds exhibit similar

distributions and prevail in the short dete range, which

reflects the dominant contribution of hairpin-like confor-

mations to these two populations. The two distributions

eventually diverge (in simulations OIII-OIV) due to the

gradual extension induced by intermolecular hydrogen

bonds, suggesting that peptides containing both inter and

intramolecular hydrogen bonds can act as intermediates

in the formation of b-sheets. Qualitatively, a similar

behavior is observed in aqueous aggregates, although the

peptides lacking intramolecular hydrogen bonding are

significantly less extended than at the interface.

The proportion of peptides in each category also varies

with the systems: as shown in the insets of Figure 7, on

average half of the peptides are aggregated in run OII, 1/

3 of which contain intramolecular hydrogen bonds, while

96% of the chains in OIV are aggregated, 1/5 of which

also have intramolecular bonds. The fraction of peptides

with both intra and intermolecular hydrogen bonds

increases from simulation OI to OIII, then drops off as

aggregates mature in simulation OIV (not shown), con-

firming that the peptides containing both types of hydro-

gen bonds act as intermediates in the process of self-or-

ganization. In contrast, half of the 68% of peptides that

have aggregated in simulation WI also form intramolecu-

lar hydrogen bonds, reflecting the greater conformational

heterogeneity of aqueous aggregates relative to their

adsorbed counterparts.

To examine the interplay of backbone desolvation and

self-organization, the distribution of backbone-water

hydrogen bonds is shown as a function of the number of

peptide–peptide hydrogen bonds (Fig. 8). The anticorre-

lation between these two variables reflects the progressive

replacement of solvent by peptide hydrogen bonds from

simulations OI through OIV as aggregation and self-orga-

nization proceed. The overall trend is a gradual increase

in the number of peptide–peptide hydrogen bonds and

in the spread of the distribution, which rises from

between 0 and 4 in simulation OI to between 4 and 12

in OIV. The same analysis for simulation WI shows results

similar to simulations OI-OII, albeit with a higher degree

of backbone hydration. Although the slope of the 2D dis-

tribution is �23/5 and 22/3 in run OI and WI, it

approaches 21 in runs OII-OIV. Thus, although backbone

dehydration is undercompensated by peptide–peptide

hydrogen bonds upon initial adsorption of monomeric

peptides and at early stages of aqueous aggregation, inter-

Figure 8
Distributions of the number of backbone–backbone hydrogen bonds per

(GV)4 monomer, XBB, vs. the number of water molecules hydrogen

bonded to the backbone, XWB. Results are shown successively for

simulations OI through OIV and WI. The average is shown as a white
star and a linear fit is shown as a black line.
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molecular peptide hydrogen bonds nearly make up for it

during self-organization at the interface. These findings

suggest that peptide–peptide hydrogen bonding drives

the emergence of secondary structure at the interface.

Compared to its monomeric counterpart, the peptidic

backbone is on average 12% and 37% dehydrated in

aggregates formed in water and at the interface, respec-

tively.

Self-organization into b-sheets

To characterize the time dependence of self-organiza-

tion, the secondary structure of the aggregates is shown

in Figure 9. The amount of b-sheet structure grows

monotonically in runs OI through OIV, with the fraction

of residues forming b-sheets increasing from 0 to 4, 6,

10%, and up to nearly 30% after 218 ns of simulation.

By contrast, the fraction of b-bridges, which are defined

as short b-sheet-like segments of two residues in length,

remains near 5% of all residues in all simulations. Since

b-sheets are extended b-bridges (as they involve more

than two residues), these findings suggest that b-bridges
act as substrates for the formation of b-sheets. More-

over, the combined population of all other hydrogen-

bonded structures (including turns and helical confor-

mations) in simulations OII through OIV is less than

5%. The trend was similar for (GA)4 peptides, although

comparatively less b-sheet structure, 11%, was formed

after 100 ns (not shown). By contrast, although the

amount of b-sheet structure in aqueous aggregates of

(GV)4 (runs WI-II) is comparable to that at the interface

at early stages of aggregation (12% for OI vs. 9% for

WI), it increases slowly and nonmonotonically, with

dramatic fluctuations in the 100-ns time range [WII,

Fig. 9(D)]. Despite the higher rate of aggregation, self-

organization merely reaches 12% after 160 ns vs. 30% at

the interface over the same time scale. These differences

reflect more disordered initial conformations, as a result

of which the formation of b-sheets requires consider-

ably more reorganization in water than at the interface.

Accordingly, b-bridges make up a large fraction of b
structure in aqueous aggregates, even at long times.

The sharp but transient increase in b-sheet content at t
�50 ns [Fig 9(D)] corresponds to the spike noted in

Figure 6(D).

The final structure of peptide aggregates on each of

the two interfaces at t 5 218 ns is depicted in Figures 10

and 11, while snapshots from early stages of self-aggrega-

tion are depicted in Figure S4 for comparison. Whereas a

few b-hairpins and short b-sheet segments are apparent

at early stages, after 218 ns the majority of peptides take

part in b-sheets involving two or more residues per chain

(Fig. 10). Ordered aggregates include several trimers and

tetramers, some of which appear to be in the process of

merging [Fig. 11(top)]. The aggregates contain both par-

allel and antiparallel b-sheets at various stages of registra-

tion. In water, the largest extent of contiguous secondary

structure consists primarily of an extended b-sheet dimer

[see Fig. 12(A)]. Nevertheless, this transient structure is

Figure 9
Time evolution of secondary structure in (GV)4 aggregates at the octane-water

interface and in aqueous solution. A: Simulations OI and OII. Fit for b sheets:

f(t)5 0.082720.0928e20.0564t. Fit for all b: f(t)5 0.13920.0880e20.0436t. B:

Simulations OIII and OIV. Fit for b sheets: f(t)5 0.32220.247e20.00849t. Fit for

all b: f(t)5 0.35820.274e20.0132t. C: Simulation WI. D: Simulation WII.
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globally disordered. Although elongated b-sheet structure
is attained at the interface, it should be noted that even

adsorbed peptides are still largely disordered (60 to 70%

in OIV, higher in the other runs), as is apparent from the

structural detail shown in Figure 11. The role of Val side

chain adsorption in self-organization is evident from the

perspective in Figure 11(middle), while the side-view

shown in Figure 11(bottom) emphasizes at once the ap-

proximate two-dimensional nature of the aggregates and

the partial hydration of the backbone.

The prevalence of disordered states implies that signifi-

cantly more time is required to reach a fully ordered

state. The number of hydrogen bonds depends on con-

centration, the progress of the aggregation, and the total

number of chains. The largest b-sheet that a tetrameric

aggregate of octapeptides can form contains

(23812381818)/4 5 12 hydrogen bonds per chain

due to finite size. This theoretical maximum rises to 15.2

with 20 peptides per interface (simulations OIII-OIV) and

Figure 10
Snapshots of (GV)4 aggregates at the two octane-water interfaces at the

end of simulation OIV (t 5 219 ns). Both sides show extended dimers,

trimers, and larger structures. The octane surface is shown in gray. The

peptides are shown with valine residues in pink and glycine residues in

a different color depending on the chain. B-sheets are represented as

flat arrows. Both interfaces contain dimers and aggregates of higher

order, with both parallel and antiparallel b-sheets at various degrees of
registration.

Figure 11
Self-organization at the interface. Views of (GV)4 aggregates after 219

ns (simulation OIV). B-sheets are shown in yellow and octane is shown

in gray; water is omitted and valine side chains are shown as single

spheres for clarity. Top: Top view emphasizing secondary-structure

formation. Middle: Side view highlighting side-chain adsorption and

showing that despite self-organization, many peptide chains are still

partially adsorbed and significantly disordered. Bottom: Side view

emphasizing the two-dimensional character of the aggregates.
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16 for an infinite sheet. As only a small fraction of the

chains in simulations OI-OII are aggregated, normalizing

the number of observed hydrogen bonds by the fraction

of chains aggregated yields an average of three hydrogen

bonds per bonded chain, which corresponds to 12, 19,

and 37% of the theoretical maximum for tetramers,

trimers, and dimers, respectively. Considering that the

early aggregates consist mostly of dimers, such an extent

of self-organization is substantial considering the short

time scale of these simulations. Similarly, in simulations

OIII-OIV, with 20 peptides on each surface, the maximum

number of bonds formed is approximately seven bonds

per chain, which is corroborated by the observation of a

fully formed dimer (maximum of eight hydrogen bonds)

and of partly ordered trimers and tetramers (maximum

of 10 or 12 hydrogen bonds) [see Fig. 11(top)].

Reorganization of preformed aggregates

Although the results presented above pertain to self-

aggregation in water and at the interface, respectively, it

is also possible that, due to the high rate of aggregation

of peptides in water, aggregates form prior to peptide

adsorption on the interface. To probe the competition

between the forces driving peptide aggregation, mem-

brane adsorption, and conformational reorganization, we

performed a series of additional simulations in which

several states of the preformed aqueous aggregate of 8

(GV)4 peptides from simulation WII were placed in the

presence of an octane phase (simulation WO). This pro-

cedure led to the remarkably rapid adsorption of the

amorphous aggregates, with half of the valine side chains

partitioning into the octane phase within the first 2 ns of

simulation (Fig. 13, top). In the subsequent 45 ns, valine

adsorption only increased by 25%, whereas the amount

of b-sheet more than doubled, increasing in several

bursts from 12 to 28% (Fig. 13, bottom). The final con-

formation of peptide aggregates in one of the three WO

simulations is shown in Figure 12(B–D). The topology of

these aggregates is nearly two-dimensional as previously

obtained by diffusion of monomers at the interface (see

Fig. 11). Surface adsorption breaks down the amorphous

aggregate and drives the spread and subsequent self-orga-

nization of the peptides. The dramatic acceleration of b-
sheet self-organization following surface adsorption of

the preformed aggregate demonstrates that the phase

separation of nonpolar side chains is strong enough to

trigger not only the adsorption and preorganization of

peptide monomers, but also the adsorption and the reor-

ganization of an amorphous aqueous aggregate. The lat-

ter effect is consistent with the former mechanism but

with the replacement of the surface diffusion step by a

rapid change in the morphology of the three-dimensional

aggregate. These results suggest that at high aqueous con-

centrations, the peptides are likely to aggregate via 3D

diffusion in water and reorganize at the interface,

whereas the lower concentration limit may favor initial

adsorption of monomers followed by preorganization

and comparatively slow 2D diffusion at the interface.

Figure 12
Self-organization in aqueous and adsorbed aggregates. A: Most extensive

b-sheet conformation from simulation WII. This conformation

corresponds to the peak occuring at t � 50 ns, as noted in Figures 6(D)

and 9(D) (see text). Different colors are used for the glycine residues of

different peptide chains. Peptide–peptide hydrogen bonds are shown as

blue lines. B: Intermediate conformation of simulation WO following

adsorption of two aqueous aggregates on either side of the octane

phase. C,D: Final conformation of peptide aggregates at the two octane-

water interfaces in simulation WO. Peptide–peptide hydrogen bonds are

shown as lines.
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DISCUSSION

The above results paint a picture of b-sheet formation

at water-hydrophobic interfaces which is fundamentally

different from that in water. In this section, we analyze

the thermodynamic and kinetic basis of self-organization

and we discuss the implications of our findings to amy-

loid formation and protein folding.

Structural and physical basis of peptide
self-organization

The phase separation of nonpolar side chains is the

initial event that results in diverging pathways of aggrega-

tion in water and in the biphasic system. While the

hydrophobic effect is the primary driving force for pep-

tide aggregation in water, in the biphasic systems the

same effect instead drives the partition of nonpolar side

chains into the nonpolar (octane) phase. The transfer

free energies of Val and Ala side chains from water to the

octane interface, as computed from our simulations, are

24.07 and 22.29 kJ/mol, respectively. These values are

close to the transfer free energy of Val and Ala side

chains from water to octanol of 24.93 and 22.17 kJ/

mol, respectively.84 In a recent simulation study, the

good overall agreement between the computed partition

of amino-acid side chain analogues from water to the

surface of lipid bilayers85 and measured partition coeffi-

cients for transfer from water to octanol84,86 was taken

as a confirmation that octanol is a good mimetic of the

lipid membrane interface.85 In turn, the fact that our

results are also in good agreement with the octanol scale

suggests that the water-octane interface is a good mi-

metic of the water-lipid interface, at least as far as hydro-

phobic side chains are concerned.

In addition, the quantitative agreement between side-

chain partition in our octapeptides, which contain four

hydrophobic side chains, and the results of studies using

pentapeptides as hosts86 or small-molecule analogues of

amino-acid side chains85 suggests that the adsoprtion of

individual side chains to the hydrophobic interface

occurs independently of the rest of the peptide. This ob-

servation has two implications: first, it indicates that

intramolecular interactions between side chains do not

play a significant role in the separation. Second, it

implies that the polypeptide backbone is passive in the

adsorption process, as also suggested by our finding that

the proximity of the backbone to the surface is dictated

by the length of the adsorbed side chains [see Fig. 2(B)].

Accordingly, adsorption has profound effects on the

structure and hydration of the peptide. Binding to the

interface decreases the conformational freedom of the

polypeptide chain and shifts its conformational equilib-

rium from highly disordered to locally extended micro-

states, with amide planes lying approximately parallel to

the interface. The conformational ensemble of the

adsorbed peptide monomers is displaced toward a bi-

modal distribution favoring closed, hairpin-like confor-

mations and elongated, strand-like conformations (Fig.

4). This effect is a direct consequence of hydrophobic

partition in the peptide sequences considered, in which

the side chain of every other residue is nonpolar. Both

hairpin-like and extended conformations satisfy the parti-

tion of these residues. Although Gly is considered nonpo-

lar, its lack of a side chain results in a weak propensity to

partition into the nonpolar octane phase relative to V

and A. As a result, (GA)n and (GV)n peptides behave like

binary amphipathic sequences. It is the propensity for

alternating residues to face the octane5 phase that drives

local elongation of the backbone. In turn, the resulting

conformational restriction of the backbone torsions to

the b-sheet basin determines the formation of sheet-like

secondary structure upon aggregation [see Figs. 11 and

13(bottom)].

Although surface adsorption reduces the conforma-

tional freedom of the peptides, this effect does not in

itself lead to their aggregation. Rather, it is the partial

dehydration of the backbone, as it lies on the interface

that drives the formation of peptide–peptide hydrogen

bonds. In the monomeric state, the average number of

water molecules bound to the peptide decreases from

Figure 13
Surface-induced reorganization of aqueous aggregate in simulation WO.

Top: Number of Val side chains adsorbed. Bottom: Fraction of peptide

groups forming b-sheet structure.
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about 15 to about 12 upon adsorption in (GV)4 (Fig. 3)

and from 15 to 11 in (GA)4. The propensity to compen-

sate by forming peptide–peptide hydrogen bonds is man-

ifested by the formation of b-hairpins, which is the only

way to combine local extension of the backone and intra-

molecular hydrogen bonding. By contrast, in the presence

of other peptides, the number of peptide–peptide hydro-

gen bonds is maximized by making intermolecular b-
sheets. As a result, the formation of intermolecular

hydrogen bonds drives aggregation and further displaces

the bimodal conformational equilibrium of the peptide

backbone toward fully elongated conformations (Fig. 4).

Self-organization proceeds via monotonic increases in

both hydrogen-bonding and b-sheet content (Figs. 6 and

9) which coincide with further backbone desolvation

(Fig. 8).

The process described above highlights two types of

entropic contributions, (i) the dehydration of nonpolar

side chains, which is thermodynamically favorable (since

it corresponds to a positive change in entropy), and (ii)

one of its consequences, the reduction of the internal

conformational freedom of the peptide main chain,

which is unfavorable entropically and ultimately pro-

motes the ordering of peptide aggregates via the forma-

tion of b-sheets. In addition, entropic factors contribut-

ing to the catalysis of b-sheet formation at the interface

also include (iii) the restriction in orientational freedom

resulting from peptide adsorption, which replaces a

three-dimensional process of self-assembly by a two-

dimensional one, further decreasing the likelihood of

forming disordered aggregates such as those observed in

water. Finally, adsorption also results in (iv) an increase

in the local concentration of the peptide, as the same

number of monomers is found near a two-dimensional

surface rather than in a three-dimensional volume. While

the magnitude of this effect depends on the surface-to-

volume ratio, the relative confinement of peptide mono-

mers displaces the aggregation equilibrium toward the

aggregated state,35 as also suggested in recent coarse-

grained simulation studies of amyloid aggregation on the

surface of lipid vesicles87 and nanoparticles.88

This process is fundamentally different from the for-

mation of amyloid in the aqueous phase for several key

reasons. First, as mentioned above, aggregation in water

is driven by the hydrophobic effect, not by backbone

dehydration. Second, the three other entropic factors

promoting b-sheet formation at the interface (namely,

increase in concentration and loss of orientational and

conformational freedom) are missing in the process of

aqueous aggregation. Ultimately, the reason why the

interface promotes b-sheet formation is that its biphasic

nature and two-dimensional character complement those

of b-sheets. As a result, when monomers self-aggregate at

the interface, they are already largely preordered, contrary

to their disordered state in water. In other words, the

(entropic) catalysis of b-sheet self-organization by the

water-hydrophobic interface results from the provision of

a template whose two-dimensional topology and physical

properties match those of amphipathic b-sheets.

Mechanism and kinetics of b-sheet formation

The different pathways of self-organization lead to rad-

ically different kinetic properties. Our results in water are

compatible with kinetic models of amyloid formation in

aqueous solutions. The latter process is usually described

as a nucleation-propagation mechanism, in which an ini-

tial lag phase corresponds to the formation of a thermo-

dynamically unfavored intermediate state, the nucleus,

followed by the favorable addition of monomers resulting

in the rapid elongation of the proto-fibrillar aggre-

gate.35,89,90 Although our simulations of aqueous aggre-

gates did not lead to the spontaneous formation of a

b-sheet nucleus, the above results support a two-stage

process wereby aggregation and the initial formation of

intermolecular hydrogen bonds occur rapidly (at least, at

the concentration considered, 0.033 mol/L), but the reor-

ganization of this network is a slow process characterized

by a competition between b-sheet-like and nonspecific

hydrogen bonds, as evidenced by the chaotic process

depicted for aqueous aggregates in Figure 9(C). Reorgan-

ization is slowed down by the large number of disordered

conformations, which act as kinetic traps along the path

to an ordered, water-excluding core. This finding is con-

sistent with a recent spectroscopic study suggesting that

the rearrangement of early-stage oligomers via fragmen-

tation, that is, breakage and reforming of interactions

between peptide chains, plays an important role in the

kinetics of amyloid formation.91 Although we cannot

discount the possibility that a b-sheet aggregate is not

the stable endpoint of our system, self organization is

apparent in the fact that b-sheet content reaches signifi-

cant proportions over the course of the simulation [Fig.

9(D)].

Based on this study, the process of nucleation and

propagation commonly assumed to be the mechanism of

amyloid formation in vitro no longer applies when the

monomers are bound to a hydrophobic surface. Catalysis

of b-sheet formation occurs because each adsorbed

monomer acts as a b-sheet primer, obviating the

need for the formation of a nucleus and eliminating

the rate-limiting step of aqueous amyloidogenesis. Self-

organization is preceded by binding to the interface and

conformational rearrangement of peptide monomers.

Both hairpin-like and strand-like conformers favored by

adsorption constitute templates for the formation of a

b-sheet. Subsequently, monomers encounter each other

through two-dimensional diffusion and readily form

b-sheets. This mechanism is altogether different from a

nucleation-propagation process, as there is no need for

slow and extensive reorganization of the aggregate to

reach a transient state with low propensity (the nucleus)
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from which b-sheet evolves. As a result, the lag phase

attributed to the rate-limiting nucleation step is entirely

avoided. Instead, initial contact leads to partially formed

b-sheets, whose subsequent reorganization is limited to

maximizing the number of hydrogen bonds through the

systematic elongation and improved registration of

monomers. These findings are qualitatively consistent

with a previous theoretical study which suggested that

increasing the stability of a ‘‘b-prone’’ conformation

allows the lag phase to be bypassed.43

Recent theoretical studies considered two limiting ki-

netic pathways of aqueous amyloidogenesis depending on

b-sheet propensity and/or concentration.46,48 In the

high-propensity or low-concentration limit, the rate-lim-

iting step is the addition of a monomer to ordered

oligomers, whereas at high concentrations or low pro-

pensities, it is the extensive reorganization of disordered

aggregates. As discussed above, our results in water are

consistent with the latter mechanism. In contrast, the

biphasic interface induces a mechanism of linear exten-

sion consistent with the high-propensity limit, since any

monomer is a b-sheet template. Accordingly, most

hydrogen bonds lead to b-sheets and the need for reor-

ganization is limited even at high concentrations. It

should be noted that the concentrations of peptides in

our simulations of aggregation are orders of magnitude

greater than those used for in vitro kinetics measure-

ments, even in our low-concentration simulations B1 and

B2. Nonetheless, the lifetime of peptide monomers is

long enough to displace the conformational equilibrium

of the polypeptide chain toward locally elongated confor-

mations. Together, these results suggest that at low pep-

tide concentrations, two-dimensional diffusion at the

interface is the rate-limiting step not only for self-aggre-

gation but also for self-organization.

In our simulations, we modeled the limits of high

aqueous concentration and/or slow diffusion at the inter-

face relative to water by allowing aggregation to occur

prior to contact with the interface. Upon contact, the

spontaneous partition of nonpolar side-chains into the

octane phase forced the rapid reorganization of the disor-

dered aggregate from 3D to 2D morphology, and the ag-

gregate subsequently rearranged into b-sheets in a pro-

cess similar to that observed following 2D diffusion of

adsorbed monomers (Fig. 13). These results indicate that

adsorption has the same organizing and catalyzing effect

on b-sheet formation, regardless of the initial aggregation

state of the peptides.

The three distinct pathways of peptide self-organiza-

tion into b-sheets observed in this study are summarized

in Figure 14. The only concentration-dependent step in

the aqueous system is the aggregation of peptides into

oligomers via 3D diffusion. In the biphasic system, two

concentration-dependent steps are found at low concen-

tration: 3D diffusion leading to peptide adsorption and

2D diffusion on the surface leading to aggregation (Fig.

14, top). At high aqueous concentration and/or slow sur-

face diffusion, aqueous diffusion governs both aggrega-

Figure 14
Schematic depiction of the effect of water-hydrophobic interfaces on the mechanism and kinetics of b-sheet formation. The peptide backbone

(black), nonpolar side chains (green), water molecules (blue), and backbone–backbone hydrogen bonds (red) are shown together with the interface

(gray). In water, the formation of disordered aggregates is followed by slow, extensive conformational reorganization (middle row). At low

concentrations, adsorption of peptide monomers leads to their preorganization, which is followed by aggregation and limited reorganization (top).

At high concentrations, adsorption of preformed, amorphous aqueous aggregates at the interface catalyzes their conformational reorganization into

b-sheets (bottom).
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tion and adsorption, and the rapid preorganization of

peptide monomers is replaced by a rapid change in the

morphology of the aggregate (Fig. 14, bottom). Thus, the

interface catalyzes both pre and reorganization of the

polypeptide chains. In both cases, the slow reorganization

step limiting the rate of self-organization in aqueous

aggregates is eliminated.

General implications to b-sheet formation in
amyloidogenesis and protein folding

Amyloid formation in simple biphasic systems

This study offers a molecular explanation for the effect

of hydrophobic interfaces on b-sheet formation by pep-

tide aggregates, suggesting a generic mechanism for the

catalysis of peptide self-organization resulting from phase

separation of nonpolar side chains. Experimental studies

of protein aggregation have shown that recombinant spi-

der silk proteins form b-sheets at the air-water inter-

face,33 which also promotes the formation of b-sheet
monolayers by lipopeptides containing amphipathic Leu-

Glu repeats.32 Air-water interfaces created by stirring

were also demonstrated to accelerate in vitro amyloido-

genesis.34 Fibril formation was shown to be catalyzed by

nanoparticles, with Trp side chains adsorbed on nonpolar

surfaces.28,29 Likewise, the treatment of a-synuclein
with hexane granules increases the rate of formation of

amyloid fibrils27 and reverse micelles seed the formation

of amyloid from Ab-derived peptides.26 Furthermore,

nonpolar droplets increase aggregation of Ab, although
the aggregates formed in this way have a different mor-

phology from those formed in water.30 This study sug-

gests a molecular mechanism for these observations, with

the nonpolar phase acting as a template increasing the

b-sheet propensity of the polypeptide chains, similar to

the effect of the octane-water interface on our model

peptides. The generality of this mechanism is corrobo-

rated by the fact the air-water interface also displaced the

conformational equilibrium of (GV)4 peptides toward

b-prone conformations.

Our results are consistent with previous computational

studies in which the conformational basis of aggregation

was either not considered56,87,88 or not reported.92 As

discussed above, coarse-grained simulations of peptide

aggregation on the surface of nanoparticles88 and lipid

vesicles87 captured the concentration effect resulting

from surface binding. However, the low structural resolu-

tion of these models precludes a detailed examination of

the physico-chemical basis of fibril formation. To model

the effect of surface adsorption on the conformational

equilibrium of peptides and proteins, the stereochemistry

of the polypeptide backbone and side chains must be

accounted for. In addition, it is unclear that the balance

of various entropic effects and the essential role of side-

chain and backbone dehydration in the mechanism of

adsorption and self-organization, as uncovered in this

study, would be attained with implicit representation of

the solvent.

Two recent atomistic simulation studies have suggested

that consistent with the present findings, orientational

restriction is one of the primary effect of adsorption at

hydrophobic interfaces.56,92 In one of these studies, the

effect of model hydrophilic and hydrophobic surfaces

(including liquid-vapor) on the aggregation of hydro-

philic and hydrophobic peptides was examined.92 Only

when both the surface and the peptides were hydropho-

bic did the peptides adsorb on the surface, where an

increase in peptide aggregation relative to bulk water was

interpreted in terms of increases in both concentration

and orientational ordering.92 In the other study, the

dehydration of nonpolar side chains drove the partition

of an amphipathic duodecapeptide monomer at the air-

water interface and it was noted that such preorganiza-

tion of monomers could facilitate self-organization into

two-dimensional aggregates.56 Reversible folding into a

b-hairpin conformation occured and this conformation

was shown to predominate both in bulk water and at the

interface.56 However, the later result does not imply that

interfacial partition has not effect on the conformational

equilibrium of the peptide: our study shows little differ-

ence in the population of hairpin-like conformations of

(GV)4 monomers in water and at the interface (Table II),

although partition displaced the population of other (dis-

ordered and extended) conformational states.

Catalysis of amyloid formation at lipid-water interfaces

Like simple hydrophobic surfaces, lipid-water interfaces

also catalyze amyloid formation.18–25,93 Although this

study constitutes a step toward understanding the molec-

ular basis governing the interaction of amyloidogenic

oligomers with lipid membranes, the octapeptides (GA)4
and (GV)4 have idealized sequences and octane only

approximates biological interfaces. Here, we consider

how the lipid-water interface and the amino-acid

sequence may affect thermodynamic and kinetic proper-

ties of adsorption and self aggregation.

Our results indicate that nonpolar surfaces displace the

conformational equilibrium of simple amyloidogenic

peptides to conformational states prone to form extended

b-sheets. The primary difference between lipid bilayers

and the octane-water interface is the presence of a thick

and chemically diverse interfacial region containing the

polar and charged headgroups of lipids. This difference

may in principle modulate the binding affinity of peptide

side chains compared to that occurring at the octane-

water interface due to coulombic interactions with polar

and charged groups of the peptide. Different binding

modes at the lipid-water interface may have different

effects on the conformational equilibrium than observed

in this study. In addition, the kinetics of aggregation is
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likely to be affected by the longer relaxation scales66

resulting from such interactions.

Consistent with this study, molecular simulation stud-

ies of the adsorption of peptide and amino acid ana-

logues into lipid bilayers show that nonpolar side chains

partition into the hydrophobic core of lipid mem-

branes85,94,95 and amphipathic peptides partition at the

interface.96–98 As discussed above, our results show that

the octane-water interface is a quantitative model of the

lipid-water interface in terms of adsorption of hydropho-

bic side chains, suggesting that the competing forces

keeping amphipathic peptides on the surface of lipid

bilayers are adequately modeled by the octane-water

interface. Thus, our findings should extend to the lipid-

water interface for sequences characterized by the alter-

nance of polar and nonpolar residues, consistently with

the fact that such sequences are strongly amyloido-

genic.99 Nonetheless, the long relaxation time scales of

molecular motion at the lipid-water interface are likely to

slow down the rates of adsorption, conformational rear-

rangement, and peptide aggregation relative to those

observed at the octane-water interface.

To the extent that amyloid formation is driven by the

hydrophobic effect, the molecular mechanism for the ca-

talysis of b-sheet self-organization uncovered in this

study is likely to play a role in the acceleration of amy-

loid formation by lipid bilayers. However, the significance

of this effect for a given amino acid sequence should ulti-

mately depend upon the extent to which the conforma-

tional equilibrium of the peptide is displaced toward

elongated, b-prone conformations rather than other con-

formations such as a-helices (for example, other types of

amphipathic sequences may form helices at the interface,

whereas more uniformly nonpolar sequences may insert

into the membrane100,101). Significant population of

off-pathway conformational states would likely slow the

kinetics of b-sheet self-organization. The detailed investi-

gation of these effects will be the object of forthcoming

studies. To this date, two studies have attempted to char-

acterize the conformational equilibrium of an amyloido-

genic peptide in a lipid bilayer. Replica-exchange MD

simulations were used to examine the effect of lipid

adsorption on the structure of the Ab(1-42)53,59 and

Ab(1-40) monomers.59 In both studies, the peptides

resided at the phospholipid interface. In one study, the

Ab(1-42) peptide adopted more extended conformations

and transiently formed b-hairpins, but the authors

concluded that it was more disordered than in aqueous

solution.53

Protein folding

The mechanism of formation of amphipathic b-sheets
uncovered above may be relevant to b-sheet formation

on the surface of globular proteins. In as much as the

hydrophobic effect drives protein folding,102–104 the

biphasic system considered in this study may be viewed

as a model for the phase separation of polar and nonpo-

lar residues inherent in the fold of globular domains.

Our results suggest that, upon hydrophobic collapse, the

partition of nonpolar side chains out of the aqueous

phase may bias specific segments of the polypeptide

chain with suitably amphipathic patterns to adopt locally

elongated conformations comprising turns and strand-

like conformations, restricting their conformational free-

dom and presenting partially dehydrated backbone amide

groups to the vicinity of other strands; and that this pro-

cess initiates the formation of b-sheets.
This model is consistent with the recognition that sec-

ondary structure elements in globular proteins are gov-

erned not only by the inherent preference of individual

residues for a given type of structure (such as helix or

strand), but also, essentially, by patterns of hydrophobic

residues along the primary sequence, and that it is these

patterns that determine the topology of the folded

state.103 Accordingly, amphiphilic sequences are found

in solvent-exposed b-sheets of folded proteins and have

been shown to form amyloid fibrils.99 This analysis reso-

nates with the facts that b-sheet propensity is modulated

by tertiary context,2,3 that most b-sheets of globular

proteins are on the surface,105 and most significantly,

with the discovery that the single most important factor

in the prediction of b-sheets is the formation of a non-

polar face.1

If the set of 20 naturally occuring amino acids is parti-

tioned into polar and nonpolar residues, the most com-

mon patterns of amino acid polarity observed in the b-
sheets of globular proteins have alternating polar and

nonpolar residues (i.e., a periodicity of two).105 How-

ever, this preference disappears when the sets are re-

stricted to strongly polar (K, R, E, D, S, T, Q, N) and

strongly hydrophobic residues (V, L, I, F, M), respec-

tively.106 The selection against npnpnp sequence perio-

dicity, despite the inherent b-sheet preference for such

patterns, is thought to reflect the need for avoiding amy-

loid. The recognition that proteins have evolved this trait

to avert the amyloid fate is consistent with various strat-

egies of ‘‘negative design".99,107 Nevertheless, a recent

analysis of sequence patterns using a restrictive subset of

polar and nonpolar residues noted the presence of (i,

i12) nonpolar side-chain correlations at the N-terminus

of parallel sheets and both N and C termini of antiparal-

lel sheets in globular proteins.106 The preference for

alternating stretches at the end of b-sheet segments sup-

ports a mechanism whereby, consistent with this study,

phase separation of amphipathic stretches initiates the

formation of b-sheets.106

By extension, the present results also suggest that a

similar mechanism could be involved in the early stages

of forming b-barrels in integral membrane proteins,

many of which are amphipathic as they possess a polar

interior and present a nonpolar surface to the membrane
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core.108 In this process, the selective partition of nonpo-

lar side chains into the hydrophobic phase may conceiv-

ably promote b-sheet nucleation on the lipid surface

prior to the insertion and full formation of the barrel in

the core of the lipid membrane.

SUMMARY AND CONCLUSION

We have used molecular dynamics simulations to

examine the role of a nonpolar interface in the self-as-

sembly of peptides into b-sheets. We have characterized

the structural equilibrium and the aggregation properties

of two simple octapeptides, (GA)4 and (GV)4, succes-

sively in aqueous solution and in the presence of a mem-

brane-mimetic octane phase. Our results reveal that the

mechanism and kinetics of aggregation at the biphasic

interface differ dramatically from the expectations set out

by the nucleation-propagation model and provide a sim-

ple molecular mechanism for the catalysis of amyloido-

genesis by hydrophobic interfaces.

The preliminary step to b-sheet formation is the parti-

tion of the nonpolar side chains into the hydrophobic

phase. This phase separation leaves the backbone lying at

the interface, displaces the conformational equilibrium of

the peptides toward locally extended, b-prone conforma-

tions, and induces partial dehydration of the polypeptide

backbone, which favors the formation of intra and inter-

molecular peptide–peptide hydrogen bonds. As a result,

once adsorbed monomers encounter each other through

2D diffusion, they readily form intermolecular hydrogen

bonds and rapidly evolve b-sheet structure. In this pro-

cess, displacement of the conformational equilibrium of

the peptide monomer eliminates the need for a rate-lim-

iting nucleation phase, since both the hairpin-like and

strand-like conformations favored by adsorption provide

templates for the formation of a b-sheet. Relative to

aqueous aggregation, the nonpolar phase accelerates both

the preorganization of peptide monomers and the reor-

ganization of preformed aqueous aggregates.

Catalysis of b-sheet formation at the interface results

from the interplay of four entropic factors, which are

missing in the process of aqueous aggregation: the hydro-

phobic effect drives adsorption, which leads to an

increase in concentration and to loss of orientational and

conformational freedom. In this process, the biphasic na-

ture and two-dimensional character of the interface com-

plement those of b-sheets. Thus, the (entropic) catalysis

of b-sheet self-organization by the water-hydrophobic

interface results from the provision of a template whose

two-dimensional topology and physical properties mirror

those of amphipathic b-sheets.
The key finding of this study is the profound effect of

interfacial adsorption on the conformational equilibrium

of the peptides. Whether or not the present mechanism

applies to more complex sequences should depend on

the extent to which the conformational equilibrium of

the peptides is displaced toward elongated conforma-

tions, rather than toward other conformations resulting

in different degrees of insertion, different aggregation

propensities, or different types of aggregates. It is reason-

able to expect that both the primary sequence of the pro-

tein and polar interactions between protein and lipid

headgroups play a role in this process—as suggested, for

example, by the fact that amyloid catalysis is strongest

with anionic lipids.13,23–25 The modulation of aggrega-

tion properties by more complex sequences and by lipid

interfaces of various composition will form the basis of

forthcoming studies.

Although more work is needed to elucidate the molec-

ular basis of membrane-protein interactions in the pa-

thology of amyloid diseases, the generality of our find-

ings extends beyond the catalysis of amyloid formation

by hydrophobic interfaces. The results uncovered in this

study suggest a generic mechanism of b-sheet formation,

whereby the emergence of b-prone conformations upon

phase-separation into a hydrophobic core precedes the

formation of b-sheets not only in amyloidogenesis, but

also in the folding of globular proteins and of integral

membrane-bound b-barrels into their native state. In

support of such a generic mechanism of b-sheet forma-

tion in protein folding, the formation of a nonpolar face

has been found to be the single best predictor of b-sheet
structure in globular proteins,1 where this type of sec-

ondary structure often appears on the protein’s sur-

face.105
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