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ABSTRACT

It has long been recognized that liquid interfaces, such as the air–water interface (AWI), can enhance the formation of protein fibrils. This
makes liquid interfaces attractive templates for fibril formation but fully realizing this requires knowledge of protein behavior at interfaces,
which is currently lacking. To address this, molecular dynamics simulation is used to investigate fragments of amyloid beta, a model fibril
forming protein, at the air–water interface. At the air–water interface, the enrichment of aggregation-prone helical conformations provides a
mechanism for the enhancement of fibrillation at interfaces. The conformational ensemble at the air–water interface was also considerably
reduced compared to bulk solution due to the tendency of hydrophobic side chains partitioning into the air restricting the range of confor-
mations. Little overlap between the conformational ensembles at the AWI and in the bulk solution was found, suggesting that AWI induces
the formation of a different set of structures compared to bulk solution. The smaller Aβ(16–22) and Aβ(25–35) fragments show an increase
in the propensity for an ordered secondary structure at the air–water interface but with a increased propensity for turn over other motifs,
illustrating the importance of intra-protein interactions for stabilizing helical and extended conformations.

Published under license by AVS. https://doi.org/10.1116/6.0000620

I. INTRODUCTION

The formation of amyloid fibrils (dense linear protein aggre-
gates) is a common feature among proteins.1,2 They first came to
prominence due to their connection with a number of diseases,3 such
as Alzheimer’s, in which the formation of plaques formed by amyloid
fibrils was first observed, Parkinson’s, and type-II diabetes. Coupled
with its implications in disease, fibrils that perform a number of bio-
logical functions (functional fibrils) have been identified.4,5 These
functions include formation of structural features, such as biofilms or
insect egg cases, information transfer, and the storage of hormones.
In many cases, functional fibrils take advantage of the excellent mate-
rial and mechanical properties of protein fibrils. Their properties have
also prompted the use of fibrils as components in materials’ applica-
tions. Combining their strength with their biocompatibility has led to
a number of applications ranging from biomaterials to electronics.

While amyloid fibrils can form in many environments, it has been
shown that liquid interfaces, such as air–water or oil–water interfaces,

can greatly enhance their formation.6–9 This is due to a combination
of the (i) increased protein concentration at interfaces and (ii) inter-
faces stabilizing conformations favorable for fibril formation.10,11

Within the body, there are a host of interfaces, e.g., cell membranes
and surfaces of organelles, that can nucleate fibril formation. This has
been implicated in a number of diseases, such as the disruption of
membranes by aggregation of islet amyloid polypeptide (IAPP)
leading to type-II diabetes.12 Liquid interfaces have also been used as
templates for the formation of ordered structures from a range of
building blocks, both synthetic and natural, as such liquid interfaces
provide an attractive environment for the formation of fibrils for use
in many applications. To realize these applications, we need to under-
stand the fibrilliation process at interfaces, in particular, understand-
ing how the interfacial conformation of proteins can be related to
their fibrillation. Study of the early stages of fibrillation, in particular,
the conformations adopted by proteins at interfaces, will allow us to
decouple the effect of the interface templating fibril-favoring confor-
mations and identify intermediate states on the fibrillation pathway.
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The investigation of protein conformation at interfaces is chal-
lenging experimentally due to the small length scales involved. Surface
sensitive techniques, such as sum frequency generation13 (SFG), refrac-
tive index matched emulsion circular dichroism (RIME CD),14 and
synchrotron radiation circular dichroism (SRCD),15 can give informa-
tion on molecular structure at surfaces and interfaces. These, however,
are ensemble techniques, and so they are averaged over all the protein
molecules. This is a particular issue for intrinsically disordered pro-
teins (IDPs), such as amyloid beta (Aβ), which lack a well-defined
native structure. Understanding the interfacial behavior of these pro-
teins requires knowledge of the ensemble of different conformations
they can exist in and how this is affected by interfaces.

Molecular dynamics simulation has become a powerful tool for
the investigation of a biomolecular structure. In particular, the use of
advanced sampling techniques, such as replica exchange16 or metady-
namics,17 allows for the exhaustive sampling of conformations of
IDPs. A number of previous studies have used these to investigate the
structure of proteins on interfaces18–20 and surfaces,21,22 giving new
insight into the role of such environments in driving changes to the
protein structure. In particular, for disordered proteins, it has been
shown that adsorption onto interfaces and surfaces can induce the
formation of ordered structures, such as α-helices or β-strands, which
may then be prone to further aggregation.

To aid understanding of the fibrillation process, it is common to
investigate fragments of larger proteins. For Aβ commonly, these
include the Aβ(10–40) fragment, which lacks the N-terminal region
which remains disordered following fibril formation,23 Aβ(16–22)
fragment, which contains the central hydrophobic core of the protein,
and Aβ(25–35) fragment that is the smallest fragment to show the
same neurotoxic effects of the full protein.24 While it may be expected
that these fragments should mimic that of the full protein, in some
cases these can show significantly different behaviors. For instance,
on gold surfaces, the diphenylalanine motif in Aβ(16–22) shows dif-
ferent behaviors to that in the full protein,25,26 which is responsible
for the contrasting effect of surfaces on the fibrillation of the fragment
and full protein. This highlights the importance of a larger protein
structure on fragment behavior. To understand this comparison of
small and large fragments, in particular, the investigation of whether

the fragment behaves in the same way in a larger molecule than
when its on its own is necessary.

In this paper, the behavior of three fragments of Aβ, Aβ(16–22),
Aβ(25–35), and Aβ(10–40) is investigated at the air–water interface
(AWI), a model hydrophobic–hydrophilic interface. Comparison with
the structures found in the bulk solution shows that, in common with
studies of other IDPs, the AWI induces the formation of ordered
structures. This was primarily α-helical for the largest fragment, signif-
icantly different to the structure found in the bulk solution. For the
smaller two fragments, the similar secondary structure motifs were
found on both the AWI and in the bulk solution but with a higher
probability of the ordered structure at the AWI. This difference
between the smaller and larger fragment highlights the importance of
the larger protein in stabilizing the secondary structure formation.

II. MODEL AND METHODOLOGY

A. Simulated system

The simulated systems consist of a single protein molecule
[Aβ(16–22), Aβ(25–35), or Aβ(10–40) fragment] in water. For Aβ
(10–40) and Aβ(25–35) the initial peptide structures were taken from
experimental nuclear magnetic resonance (NMR) structures [1IYT
(Ref. 27) and 1QYT (Ref. 28)] with the first nine and last two residues
removed for Aβ(10–40). The initial structure for Aβ(16–22) was
taken to be a linear chain constructed using Avogadro. Protonation
states of the termini and for polarizable residues were set appropriate
for pH= 7. For the AWI simulations, this was placed in a water slab
with initial sizes of 80A

� � 80A
� � 60A

�
, 60A

� � 60A
� � 50A

�
, and

60A
� � 60A

� � 50A
�

for Aβ(10–40) Aβ(16–22) and Aβ(25–35),
respectively, with the box tripled in the z-direction to give a vacuum
layer on each side of the slab. For the bulk simulations, the protein
was placed in a cubic water box with side lengths of 70 Å, 40 Å, and
50 Å for Aβ(10–40) Aβ(16–22) and Aβ(25–35), respectively.

B. Simulation method

In order to enhance sampling of protein conformations’
replica exchange with solute tempering (REST) was employed.29,30

TABLE I. REST scaling factors and effective temperatures.

Nreplica Scaling factors

Aβ(10–40) AWI 12 1 (300 K), 0.966 (311 K), 0.932 (322 K), 0.9 (333 K), 0.867 (345 K)
0.84 (357 K), 0.811 (370 K), 0.784 (383 K), 0.757 (396 K), 0.731 (410 K)

0.706 (425 K), 0.682 (440 K)
Solution 10 1 (300 K), 0.956 (313 K), 0.918 (327 K), 0.88 (341 K), 0.843 (355 K)

0.808 (371 K), 0.775 (387 K), 0.742 (404 K), 0.711 (422 K), 0.682 (440 K)
Aβ(16–22) AWI 6 1 (300 K), 0.926 (324 K), 0.858 (350 K),

0.795 (377 K), 0.736 (408 K), 0.682 (440 K)
Solution 6 1 (300 K), 0.926 (324 K), 0.858 (350 K),

0.795 (377 K), 0.736 (408 K), 0.682 (440 K)
Aβ(25–35) AWI 8 1 (300 K), 0.947 (319 K), 0.896 (335 K), 0.849 (354 K)

0.803 (373 K), 0.761 (394 K), 0.72 (417 K), 0.682 (440 K)
Solution 8 1 (300 K), 0.947 (319 K), 0.896 (335 K), 0.849 (354 K)

0.803 (373 K), 0.761 (394 K), 0.72 (417 K), 0.682 (440 K)
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This is a variation on replica exchange molecular dynamics,31

where the temperature varies only for a subset of the system, in this
case, the protein. The temperature scaling was performed by
scaling the protein–protein and protein–solvent interactions by a
factor depending on the effective temperature. Specifically, the
potential energy was given by Ref. 30,

Ei ¼ βiE pp þ β1=2i E ps þ Ess, (1)

where Epp, Eps, and Ess are the protein–protein, protein–solvent, and
solvent–solvent interactions, respectively, and the scaling factor
βi ¼ T0=Ti. For all systems, the effective temperature was in the
range from 300 K to 440 K, slightly wider than used in previous
REST simulations of the Aβ(10–40) fragment,32 with the scaling
factors and effective temperatures for different systems are given in
Table I. Exchange attempts between neighboring replicas were
attempted every 500 time steps (1 ps). Transitions between different
temperatures and acceptance probabilities are given in the Appendix
(Fig. 9 and Table V).

Interfacial simulations were performed in the NVT-ensemble
with the temperature controlled using a velocity rescaling algorithm33

with a relaxation time of 0.2 ps. Bulk simulations were performed in
the NpT-ensemble using the Parrinello–Rahman barostat34 (relaxation
time 2 ps) to control the pressure. All simulations were performed at a
temperature of 300 K, and the bulk simulations had a pressure of
1 atm. Periodic boundary conditions were used with a cutoff of 12 Å
for the van der Waals and short-range electrostatic interactions.
Long-range electrostatic interactions were evaluated using a Particle
Mesh Ewald35 sum with a Fourier spacing of 0.16 nm. Reciprocal
space grids of 36� 36� 36 (bulk solution) and 40� 40� 160
(surface) were used. The equations of motion were integrated using a
time step of 2 fs with the Linear Constraint Solver (LINCS) algorithm
use to constrain bond lengths.36 Simulations were performed using
the Gromacs simulation package (version 4.6.7),37–39 compiled with
the PLUMED library40 to implement REST simulations.

Simulation lengths were 400 ns for the interface simulations
and 500 ns for the bulk simulation. Equilibration was judged from
considering the number of unique conformations found from cluster
analysis (Fig. 10) using the method of Daura et al.41 Conformations

FIG. 1. (a) Time variation of the secondary structure for Aβ(10–40) at the AWI (left) and in the bulk solution (right). α-helix, β-strand, turn, 3/10-helix, and random coil (dis-
ordered) denoted by blue, yellow, red, cyan, and white, respectively. (b) Propensity for different secondary structure motifs (both ordered and random coil) for each residue
(averaged over last 200 ns of simulations). α-helix, β-strand, turn, 3/10-helix, and random coil (disordered) denoted by blue, yellow, red, cyan, and white, respectively.
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were partitioned into nonoverlapping clusters based on the root-
mean-squared difference (RMSD) between Cα positions (two con-
formations were in the same cluster if the RMSD was less than
3 Å). Equilibration being achieved once the number of low energy
clusters (with free energy within 3 kcalmol�1 of the most popu-
lated cluster) had plateaued. Following this, the simulations were
run for a further 200 ns with the analysis performed over this
period (unless otherwise stated).

C. Analysis

The analysis of the simulations was performed using a combi-
nation of standard Gromacs utilities, custom-written python scripts
using the MDAnalysis library,42 and visual molecular dynamics.43

The secondary structure analysis was performed using the STRIDE

algorithm.44 Similarity to helices was also analyzed through deter-
mining the number of α-helical and 3/10-helical hydrogen bonds,21

Nα�HB ¼
XNHB

i¼1

1� ri=r0ð Þn
1� ri=r0ð Þm , (2a)

N3=10�HB ¼
XNHB

i¼1

1� ri=r0ð Þn
1� ri=r0ð Þm , (2b)

where r0 ¼ 2:5A
�
, n ¼ 8, m ¼ 12, and the sums run over all poten-

tial α-helical [Eq. (2a)] and 3/10-helical [Eq. (2b)] hydrogen bonds,
i.e., between backbone carbonyl oxygens and amine hydrogens sep-
arated by four or three residues, respectively. The similarity to
β-strands was analyzed through the dihedral offset function,

DH ¼ 1
2

XN�1

i¼1

1þ cos fi � fref

� �� �
þ 1þ cos ψ i � ψ ref

� �� �
, (3)

where the sum runs over the f and ψ angles of the protein residues
and the reference angles are fref ¼ �2:36 rad and ψ ref ¼ 2:36 rad,
corresponding to an ideal β-strand with alternating residues on
opposite sides of the protein backbone.

Protein size was characterized through the radius of gyration

R2
g ¼

1
N

XN
i¼1

ri � rcomð Þ2, (4)

where ri is the position of the ith atom and rcom is the protein
center of mass, and the sum runs over atoms in the protein and the

TABLE II. Structure of Aβ(10–40) at the AWI and the bulk solution. Quoted uncer-
tainties estimated from standard deviation.

AWI Solution

Rg/Å 10.7 ± 1.6 11.5 ± 1.8
Gmax/Å 8.9 ± 2.0 9.7 ± 2.1
Gmid/Å 5.0 ± 0.7 5.0 ± 0.9
Gmin/Å 3.4 ± 0.4 3.4 ± 0.4
NCα 162 ± 18 148 ± 14
NCγ 39 ± 6 37 ± 5
Nα−HB 5.8 ± 6.8 0.5 ± 0.4
N3−10 4.6 ± 3.8 1.5 ± 0.6
DH 36 ± 9 46 ± 2

FIG. 2. Backbone hydrogen bond map for Aβ(10–40) at the AWI (left) and in the bulk solution (right).
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eigenvalues of the gyration tensor are

G2
αβ ¼

1
N

XN
i¼1

(riα � rcomα )(rβ � rcomβ ), α, β ¼ x, y, z: (5)

The formation of compact structures can also be investigated
through the number of contacts between Cγ atoms calculated using

NCγ ¼
XN
i

XN
j.i

fswitch(rij), (6)

where the double summation runs over Cγ atoms on different resi-
dues and the switching function is given by

fswitch(r) ¼ 1� r=r0ð Þn
1� r=r0ð Þm , (7)

where m ¼ 12, n ¼ 8, and r0 ¼ 4:5A
�
. Contacts between Cα

atoms (NCγ) are calculated similarly (with r0 ¼ 8A
�
). The confor-

mational ensemble was analyzed from a cluster analysis, using the
method of Daura et al.,41 using a cutoff of 3 Å. Unless otherwise

FIG. 3. Aβ(10–40) structure at the AWI. (a) Representative simulation snapshots, corresponding to the most common probable structures from cluster analysis.
Hydrophobic side chains are highlighted as van der Waals (VDW) spheres. (b) Side chain orientation. Red, green, blue, and magenta denote hydrophobic, polar,
negatively-charged, and positively charged residues, respectively. (c) Helical wheel plots for α-helical regions (V12-D23 and A30-V36). Colors as in (b). (d) Probability
histogram of helix orientation relative to AWI (cosψ ).
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stated, the analysis was performed for the β ¼ 1 replica (the only
physically relevant one).

III. RESULTS

A. Air–water interface induces formation of helical
structures in amyloid-β

Adsorption onto the air–water interface significantly changes
the structure of Aβ(10–40). The secondary structure [Fig. 1(a)]
shows large differences between the AWI and the bulk solution

even from the same α-helical starting structure. At the interface,
the protein adopts a mixture of conformations, including ones with
a high α-helix content. The α-helical conformations typically have
two helical regions (V12-D23 and A30-V36). The formation of
α-helical structures is consistent with previous experimental studies
of Aβ,8,45 which have identified the formation of helical structures

FIG. 4. (a) Probability of different clusters for Aβ(10–40) at the AWI (black) and
in the bulk solution (red). (b) Snapshots showing higher ranked clusters for Aβ
(10–40) at the AWI (left) and in the bulk solution (right).

TABLE III. Hydrogen bonds in highest ranked clusters (first residue donor, second
acceptor). α-helical hydrogen bonds highlighted in bold.

Cluster
ID Nhbonds Hydrogen bond list

AWI
1 29 E11→H14, H13→H13, Q15→Y10,

Q15→E11, Q15→E11, K16→V12,
L17→H13, V18→H14, F19→Q15,
F20→K16, F20→L17, A21→L17,
A21→V18, E22→V18, D23→F19,
V24→F20, V24→A21, G25→E22,

S26→A21, K28→E22, K28→E22, G29→N27,
G33→G29, L34→A30,

M35→I31, M35→I32, V36→I32, G37→G33,
G38→L34

2 14 V12→G38, H13→G37, H14→H13,
Q15→H14, K16→G37, K16→E11,

L17→V36, F19→L34, E22→N27, N27→F20,
K28→E22, L34→F19,
V36→L17, V40→Y10

3 10 Q15→V36, K16→H13, V18→L34,
A21→A30, G25→D23, G25→D23,

S26→D23, G29→S26, A30→A21, I32→F19
4 15 V12→G38, H13→G37, H13→Q15,

H14→H13, H14→H14, K16→G37,
K16→E11, L17→V36, F19→L34, D23→E22,

K28→D23, K28→D23,
L34→F19,V36→L17, V40→Y10

Solution
1 16 Y10→A21, Y10→D23, Y10→D23, V12→F19,

H13→E11, H14→L17,
L17→H14, F19→V12, F20→G33, A21→Y10,

D23→N27, N27→D23,
N27→G25, M35→F20, V36→M35,

V40→G38
2 12 Y10→A21, Y10→D23, V12→F19, H14→L17,

L17→H14, F19→V12,
F20→I32, A21→Y10, D23→N27, S26→D23,

N27→D23, L34→F20
3 16 Q15→G38, L17→M35, F19→G33,

A21→A30, D23→N27, V24→D23,
S26→D23, S26→G25, N27→D23,
N27→V24, G29→A21, I32→F19

G33→F19, M35→L17, G37→G15, V40→H13
4 9 V12→G38, H13→E11, V18→L34, S26→D23,

S26→D23, L34→V18,
V36→K16, G38→V12, V40→Y10
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that may act as intermediate states for fibrillation on liquid inter-
faces. In the bulk solution, after the initial equilibration period,
there are no α-helical conformations. Rather, the protein adopts a
mixture of β-strand and disordered conformations.

The changes in the protein structure can also be seen from the
propensity for different secondary structure motifs [Fig. 1(b)]. At
the AWI, regions of higher α-helix propensity can be seen, consis-
tent with the time series of the secondary structure. Notably, no
residue has an α-helix propensity above 50%. There are also some
regions (L17-A21 and I31-V36) that have a significant propensity
for the β-strand formation. These are both contained within the
β-strand regions in the Aβ(1–40) fibril.23

In the bulk solution, there is a region of high β-strand propen-
sity near the N-terminus (E11-H14 and L17-F20) with the remain-
der of the protein being less ordered. Notably, there is lower
propensity for β-strand formation toward the C-terminal end of
the peptide. Unlike the AWI, there are no α-helical regions. For
both AWI and bulk solution, there are also regions of the protein,
such as the terminal residues and F20-A21 in the bulk solution,
which adopt largely disordered conformations for most of the sim-
ulation (shown by white in the SSP plot).

The tertiary structure of Aβ(10–40) is altered at the AWI
(Table II). At the AWI, the protein is slightly more compact with
Rg and Gmax being larger than in the bulk solution. The more
compact structure is also evidenced by the higher number of Cα

contacts. Notably, the number of Cγ contacts is similar in both
environments, suggesting that differences in the protein structure
are reflected largely in the backbone conformation than the
packing of the side chains. Consistent with the differences in the
secondary structures at the AWI, the number of helical hydrogen
bonds (both α-helix and 3/10-helix) is higher and the dihedral
offset (DH) is lower than in the bulk solution.

The difference in the secondary and tertiary structure of Aβ
(10–40) is driven by the differences in intramolecular interactions,

in particular, backbone hydrogen bonding, in these environments.
The probabilities of backbone hydrogen bond formation between
the different residues are shown in Fig. 2. At the AWI, hydrogen
bonds consistent with α-helix formation are more probable than in
the bulk solution, consistent with the higher α-helix propensity
[Fig. 1(b)]. The probability of these hydrogen bonds are ,50%,
showing that the α-helical structures are still in a minority. In the
bulk solution, there is a significant probability of hydrogen
bonding between the (E11-H14 and L17-F20) β-strand regions,
consistent with the formation of an intramolecular antiparallel beta
sheet. Outside of this, the hydrogen bond probabilities are typically
lower than at the AWI, suggesting that a hydrophobic interface
induces the formation of more ordered structures.

The formation of α-helices at hydrophobic interfaces, which
has been observed in a number of previous studies,46,47,20 is typi-
cally ascribed to the partitioning of hydrophobic residues into the
hydrophobic media. Representative simulation snapshots [Fig. 3(a)]
suggest that this holds for Aβ(10–40). In all cases (for both α-helix
and β-strand rich conformations), hydrophobic residues typically
lie near the AWI or in the air region.

The partitioning of the hydrophobic residues can be
assessed quantitively through the orientation of each side chain
[Fig. 3(b)]. This was defined as the angle between the interface
normal, taken to be the z-axis and the vector joining the Cα

atom, and terminal heavy atom in the side chain for each residue.
Typically, hydrophobic residues orient toward the air–water
interface. Consideration of the two principal α-helical regions
[Fig. 3(c)] shows that in the first of these (V12-D23) forms an
amphipathic helix with a predominately hydrophobic face (con-
sisting of H13, K16, L17, F20, and A21). This hydrophobic face
may act as a hotspot for aggregation between neighboring mole-
cules on the AWI, increasing the rate of fibrillation. The second
helical region (A30-V36) is largely hydrophobic (being drawn
from the more hydrophobic C-terminus of the protein).

FIG. 5. Number of hydrogen bonds in clusters for Aβ(10–40) at the AWI (black)
and in the bulk solution (red).

FIG. 6. Probability of Aβ(10–40) solution conformations (by cluster ID) found in
AWI simulation. Insets show snapshots of most probable solutionlike conforma-
tions at the AWI.
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As can be seen from the snapshots, the helices also tend
to lie in the plane of the AWI. This can be assessed quantita-
tively through the angle ψ between the helix axis and the inter-
face normal. The average cosψ ¼ 0+ 0:3 consistent with the
helix lying in the interface plane. This is also shown by the his-
togram of cosψ [Fig. 3(d)], which is peaked around cosψ ¼ 0.
Similar behavior was seen for the insulin B-chain at the air–
water interface.20

B. Effect of air–water interface on the conformational
ensemble of Aβ

As an intrinsically disordered protein, Aβ exists in an
ensemble of different conformations, which can be modified
through adsorption onto interfaces. Using the cluster analysis,
the size of the conformational ensemble and typical structures in
these different environments can be examined. There is a sub-
stantial reduction in the number of distinct conformations at the
AWI compared to the bulk solution (256 vs 647). This shows that
adsorption to the interface restricts the number of conformations

the protein can adopt, likely driven by the preferred partitioning
of the hydrophobic side chains into air.

The probability of different clusters for the AWI and the bulk
solution is shown in Fig. 4(a). While in both environments, the
first cluster is significantly more probable than the others, it is still
,50% showing that there is not a single predominant structure in
both environments. Despite the reduction in the total numbers of
conformations at the AWI, the decrease in probability with the
cluster index is slower than in the bulk solution. Comparison of the
structures of the different clusters [Fig. 4(b)] shows that the most
common cluster at the AWI is α-helical rich but the other common
clusters have a higher β-strand content. This is consistent with the
enriched formation of aggregation-prone helical intermediates at
the AWI. In the bulk solution, there are no α-helical conformations
among the most common clusters.

The different hydrogen bonding patterns between the AWI
and the bulk solution (Fig. 2) are also apparent when we consider
the hydrogen bonds formed in the different clusters (Table III). At
the AWI, the top ranked cluster has a number of α-helical hydro-
gen bonds. It, and other clusters with α-helical structures, has

FIG. 7. Secondary structure propensity for each residue (averaged over last 200 ns of simulations) at the AWI (left) and in the bulk solution (right). Top and bottom show
Aβ(16–22) and Aβ(25–35), respectively. Colors as in Fig. 1.
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significantly more hydrogen bonds than the other clusters at the
AWI and those found in the bulk solution (Fig. 5). The increase in
the number hydrogen bonds has been seen for other proteins that
form α-helices at interfaces20 and reflects the increase in the hydro-
gen bond strength at interfaces. Other clusters found at the AWI
also show different hydrogen bonding patterns to those in the bulk
solution. In particular, hydrogen bonds between residues at the N-
and C-termini (Y10-V40, V12-G38) are found, which suggest
increased interactions between the two termini. Hydrogen bonds
between the residues near the termini are less common in the most
common solution conformations.

To investigate the difference between the conformational
ensembles at the AWI and in the bulk solution, the probability of
finding each solutionlike conformation in the AWI simulation is
determined. Following the previous work,22 the Cα–Cα distance
root-mean-squared deviation (DRMSD) is calculated between
each saved conformation from the AWI simulation and the clus-
ters found in the bulk solution with the conformations matching
if DRMSD � 3A

�
. Similar to the previous study of the model

fibril forming polypeptide hIAPP on hydrophobic surfaces, gener-
ally the conformations formed at the AWI do not typically corre-
spond to those found in the bulk solution with �66% of the
conformations found at the interface having a DRMSD . 3A

�

from any solution conformation. This suggests that the AWI
induces the formation of conformations that are qualitatively dif-
ferent to those found in the bulk solution. This is similar to
behavior seen for other IDPs on hydrophobic interfaces but
differs from the behavior of Aβ on more hydrophilic gold surfa-
ces,26 suggesting that interfacial hydrophobicity plays a major role
in determining the protein conformation. The only solutionlike
conformations (Fig. 6) that are found with a probability greater
than 0.01 correspond to cluster IDs 506 (p ¼ 0:03), 550 (0.02),
571 (0.11), 594 (0.01), and 643 (0.02), where increasing ID corre-
sponds to decreasing probability for these clusters in the bulk sol-
ution. This indicates that solutionlike conformations found at the
AWI do not correspond to the most commonly observed confor-
mations in the solution. The solutionlike clusters typically are
either β-strand or random coil, suggesting the the aggregation-
prone α-helical conformations are induced at the air–water inter-
face and not present in the bulk solution.

C. Effects of AWI on fragment conformation

The secondary structure propensities for the Aβ(16–22) and
Aβ(25–35) fragments are shown in Fig. 7. Similar to the Aβ(10–40)
peptide adsorption at the AWI changes the secondary structure
propensity. For both these smaller fragments, this is primarily an
increase in the proportion of turn residues, caused by an increase
in the probability of backbone hydrogen bonding at the AWI. In
the Aβ(16–22) the probabilities of the F20-V18 and A21-L17
hydrogen bonds are significantly higher than in the solution. For
the Aβ(25–35) fragment, there is an increase in the probability of

FIG. 8. Histogram of F19–F20 orientation for Aβ(16–22) (top) and Aβ(10–40)
(bottom). AWI and solution data shown in black and red, respectively.

TABLE IV. Comparison between structures of Aβ(16–22) and Aβ(25–35) fragments
and equivalent regions in Aβ(10–40).

Aβ(16–22)
AWI
(frag)

AWI
(full)

Solution
(frag)

Solution
(full)

Rg/Å 5.7 ± 0.4 6.1 ± 0.7 6.6 ± 0.6 7.5 ± 0.4
Gmax/Å 4.4 ± 0.5 4.9 ± 1.1 5.6 ± 0.9 7.0 ± 0.6
Gmid/Å 3.2 ± 0.3 3.2 ± 0.3 3.0 ± 0.4 2.5 ± 0.3
Gmin/Å 2.2 ± 0.3 2.1 ± 0.4 2.1 ± 0.3 1.9 ± 0.2
NCα 17 ± 2 16 ± 3 14 ± 1.5 12.4 ± 0.4
NCγ 4.6 ± 0.7 3.8 ± 0.6 4.0 ± 0.7 3.2 ± 0.7
Nα−HB 0.2 ± 0.3 1.0 ± 1.2 0.0 ± 0.1 0 ± 0
N3−10 0.5 ± 0.4 0.8 ± 0.9 0.2 ± 0.2 0.05 ± 0.03
DH 6.8 ± 0.9 6.1 ± 2.4 8.2 ± 1.0 9.4 ± 0.4

Aβ(25–35) AWI
(frag)

AWI
(full)

Solution
(frag)

Solution
(full)

Rg/Å 7.4 ± 1.1 7.4 ± 1.3 8.1 ± 1.2 8.6 ± 0.8
Gmax/Å 6.3 ± 1.3 6.3 ± 1.4 7.2 ± 1.5 7.3 ± 1.2
Gmid/Å 3.5 ± 0.5 3.2 ± 0.5 3.4 ± 0.5 3.8 ± 0.8
Gmin/Å 2.3 ± 0.3 2.3 ± 0.3 2.2 ± 0.3 2.2 ± 0.2
NCα 31 ± 5 32 ± 5 28 ± 4 26 ± 6
NCγ 4.5 ± 1.1 4.3 ± 1.3 3.7 ± 1.0 3.1 ± 0.6
Nα−HB 0.2 ± 0.5 1.1 ± 1.2 0.1 ± 0.1 0.05 ± 0.05
N3−10 0.6 ± 0.5 1.1 ± 0.9 0.3 ± 0.3 0.3 ± 0.3
DH 12.2 ± 1.7 11.4 ± 2.3 13.5 ± 1.3 14.0 ± 1.0
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L34-I32 hydrogen bonds, increasing the propensity for turn in the
second half of the peptide.

Notably, for both these fragments, the secondary structures
are different than in the larger Aβ(10–40) system [Fig. 1(b)].
Partially, this can be attributed to these fragments being too short
to sustain helices or strands. For the Aβ(16–22) fragment, the most
significant structural feature is often considered to be the F19-F20
diphenylalanine motif. Containing two hydrophobic side chains,
the conformation of this significantly affected by the AWI. The
probability distribution of the angle between these two side chains
is shown in Fig. 8. Compared to the bulk solution at the AWI, this
distribution is shifted toward cis states, similar to previous studies
of Aβ(16–22) on gold surfaces25 and the diphenylalanine molecule
at the water–cyclohexane interface.48 This allows both these side
chains to partition into the air, which further stabilizes turn confor-
mations. For the larger Aβ(10–40) fragment, tendency for cis con-
formations at the AWI is weaker as the adoption of cis-states leads
to more unfavorable interactions for the rest of the molecule.

There is a smaller difference in the secondary structure pro-
pensity for the Aβ(25–35) region in the small and large fragments.
The first half of this region (G25-G29) is mostly turn (AWI) or
random coil (solution) in both cases. Formation of turn, rather
than α-helix or β-strand, is due to the lose of interactions that sta-
bilize these structures that are found in the Aβ(10–40) system.

Despite the differences in the secondary structure, the tertiary
structures of these fragments are similar to the equivalent regions
in Table IV. For both fragments, there is a slight decrease in Rg and
Gmax , particularly in the bulk solution. The tendency of the AWI to
induce more structured conformations may be reducing the differ-
ences in the tertiary structure between the smaller and larger frag-
ments. Consistent with the loss of helical structures, Nα�HB and
N3�10 are both lower for Aβ(16–22) and Aβ(25–35) than for the
equivalent regions in Aβ(10–40).

IV. CONCLUSIONS

Protein aggregation has long been recognized as being enhanced
at liquid (e.g., air–water, oil–water) interfaces. One driving force for
this is the interface templating the formation of aggregation-prone
conformations. This is particularly true for intrinsically disordered
proteins, which typically lack a well-defined structure in the bulk sol-
ution. Using molecular dynamics simulation, we found that the
model fibril forming protein amyloid beta can adopt α-helical confor-
mations at the AWI; this formation of ordered conformations at the
AWI is consistent with other IDPs and contrary to the loss of struc-
ture often seen for globular proteins.49

The formation of helical structures at hydrophobic interfaces
has been observed for a number of intrinsically disordered pro-
teins,20,46 suggesting that this is a common feature. Indeed, experi-
mental investigations of Aβ8,45 have identified α-helical
intermediates as a key step in its interfacial aggregation. As these
helices are commonly amphipathic, the exposed hydrophobic faces
can make these more prone to aggregation. Notably, only one of
the two helices formed at the AWI is amphipathic (V12-D23) with
the other consisting of solely hydrophobic amino acids.

As an intrinsically disordered protein, Aβ exhibits a number
of distinct conformations, both at the AWI and in the bulk

solution. The number of conformations is significantly reduced at
the AWI compared to the bulk solution due to the partitioning of
hydrophobic side chains into the air. There is also little overlap
between the sets of conformations in these two environments. This
suggests that Aβ exhibits induced fit-like50 behavior at hydrophobic
interfaces in common with other IDPs.

Comparison between the smaller [Aβ(16–22) and Aβ(25–35)]
and larger [Aβ(10–40)] fragments illustrates the influence of the
larger protein structure conformational behavior. Both the smaller
fragments show an increase in the propensity for the ordered sec-
ondary structure, in common with the larger fragment, but for
both the smaller fragments, this is predominately turn as they are

FIG. 9. (a) Plot of scaling factor (i denotes β i ) for Aβ(10–40) at the AWI.
Graphs show (from top to bottom) replicas with i ¼ 0, 6, and 11 at t ¼ 0. (b)
Plot of scaling factor (i denotes β i ) for Aβ(10–40) in the bulk solution. Graphs
show (from top to bottom) replicas with i ¼ 0, 5, and 9 at t ¼ 0.

ARTICLE avs.scitation.org/journal/bip

Biointerphases 15(6), Nov/Dec 2020; doi: 10.1116/6.0000620 15, 061011-10

Published under license by AVS.

https://avs.scitation.org/journal/bip


too short to form stable helical or extended structures at least as
monomers. In the case of Aβ(16–22) fragment, the difference in the
secondary structure is further driven by the increased adoption of
cis-conformations of the F19-F20 diphenylalanine motif at the AWI.

While the AWI provides a simple model of a hydrophobic/
hydrophilic interface, we would expect amyloid beta, and other
amyloidogenic proteins, to exhibit similar behavior at other more
complex interfaces. Within biological systems, proteins can encoun-
ter a variety interfaces, most notably the cell membrane. These can
often act to induce protein conformational change and aggregation,
which is implicated in cell damage caused by amyloidogenic pro-
teins. Knowledge of the conformation of amyloid beta at interfaces
can then be used to give insight into fibril formation on other bio-
logical environments. Surfaces and interfaces are also commonly
used in the preparation of protein structures, such as fibrils, for the
use in materials’ science and biotechnological applications, where
the enhancement of fibrillation is advantageous.
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APPENDIX: SIMULATION SAMPLING AND
CONVERGENCE

Motion of trajectories between replicas can be monitored
through the variation of the REST scaling parameter (βi) for differ-
ent replicas (Fig. 9) for Aβ(10–40). As can be seen, the replicas
explore different values of βi. The acceptance rates for the simula-
tions are shown in Table V. In all cases, the acceptance rates are
above 20 % for all simulations and all pairs of replicas.

To see whether the conformational ensemble has been well
sampled, the number of unique conformations found (using the
cluster analysis) against simulation for Aβ(10–40) is shown in
Fig. 10. As can be seen, the number of clusters within 3 kcalmol�1

of most common cluster has plateaued within 200 ns for the AWI
simulation and 300 ns for the bulk solution, suggesting adequate
sampling of the conformational ensemble.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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