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Supporting Information: Fibrillation-prone conforma-
tions of the amyloid-β -42 peptide at the gold/water in-
terface
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1 Methods and computational details

All simulations were performed with GROMACS1(v4.5.3) togheter
with PLUMED2(v1.3) plug-in. All simulations were performed in
explicit solvent using TIP3P3 water model. The Aβ42 was treated
with the OPLS-AA4 FF, while interaction between the peptide
and gold surface was treated with the GolP FF5. GolP extends
the OPLS-AA parameters4 by interactions of amino acid build-
ing blocks with Au(111) and includes a term that describes metal
polarizability6. GolP yielded impressive results in previous ap-
plications7–12 and it also has a CHARMM version13. The model
to treat the surface polarizability was recently extended to other
materials, specifically graphene14. It has been proved that MD
simulations employing the OPLS-AA force field to treat Aβ can
reproduce experimental results15 and they have been proficiently
used in recent computational works16–18.

All the simulations were performed using periodic boundary
conditions (PBC) and an integration time step of 2 fs. The long-
range part of the electrostatic potential was treated with the Particle-
Mesh-Ewald (PME) protocol19 with a grid mesh not exceeding 1
step for 0.1 nm. The distance cut-off for non-bonded interactions
was set to 1.05 nm and a switch function was applied to smooth
interactions between 0.9 and 1.05 nm. All bonds were treated as
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holonomic constraints using the LINCS algorithm20. The temper-
ature was maintained constant using the stochastic thermostat21

with a coupling constant of 0.1 ps−1. The pressure in the NPT
ensemble was regulated using the Parrinello-Rahman barostat22.

2 Sequential multi-step simulation protocol
Here we describe the four sequential steps to go from a represen-
tative ensemble of Aβ42 in solution to the intensive sampling of
Aβ42 at the gold/water interface. Aβ42 does not attain a spe-
cific three-dimensional structure, but it consists of a broad and
fluctuating ensemble of conformations in equilibrium with each
other. Moreover, the adsorption of Aβ42 involves many dynam-
ical stages, from the initial recognition of the molecules by the
surface to the conformational rearrangements of the adsorbed
molecules to reach equilibrium. To study how NPs or surfaces
could affect the behavior of Aβ42, it was necessary to (i) prepare
the system starting from database knowledge; (ii) supply a rep-
resentative ensemble of the conformational states of the Aβ42 in
solution; (iii) adsorb Aβ42 onto the gold surface; and, finally, (iv)
perform an intensive sampling of the adsorbed Aβ42 conformers
on the gold surface.

2.1 Preparation of the peptide: Aβ42 from the membrane
environment to the early stage in solution

The initial structure for Aβ42 was selected from the NMR struc-
ture resolved in an aqueous/hexafluoroisopropanol mixture, which
reproduces the membrane environment23(PDB ID 1IYT, model
1). This peptide was placed in the center of a cubic box of 7.2
nm side and solvated with 12191 water molecules. Three Na+

counter ions were added to neutralize the total charge of the sys-
tem.

The system was minimized with 1300 conjugate gradient steps.
A preliminary MD equilibration of 2 ns was performed in the NVT
ensemble at 350 K. The system was simulated in the NPT ensem-
ble (1 atm, 350 K) for 20 ns to disengage from the NMR struc-
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ture. Then the system was subjected to a second equilibration in
the NPT ensemble at 300 K for 20 ns. Finally, a MD simulation
in the NVT ensemble (300 K) was carried out for 20 ns. During
these MD simulations alpha helix content of the peptide, which is
characteristic of the membrane environment (Fig. S1 A), changed
towards a collapsed conformation, which is instead more stable
in aqueous solution (Fig. S1 B). The final coordinates obtained
from this set of simulations was used to set up the 64 replicas for
the T-REMD simulation.

2.2 Sampling the conformational ensemble of Aβ42 in water
by T-REMD [ABWT-TREMD]

We employed the temperature replica-exchange molecular dy-
namics (T-REMD) technique24 to generate a representative en-
semble of the conformational states of the peptide in water. T-
REMD consisted of 64 replicas spanning a temperature range from
300 to 450 K. Intervals were evaluated following a scheme re-
ported elsewhere25. Exchange between replicas was performed
every 0.2 ps. The average acceptance ratio among the replicas
at end of the T-REMD simulation was about 20%. Each replica
was simulated in the NVT ensemble21 for 0.34 µs, totaling a cu-
mulative time of 22 µs. To take into account the possibility of
inter-conversion among different conformational states that could
proceed through extended intermediates, the T-REMD simulation
was carried out using a cubic box with a side length of 7.2 nm.
This size is adequate to sample elongated conformers (Fig. S4).

2.3 Early stage of adsorption of Aβ42 on Au(111) in water
[ABAU-MD]

We selected 128 conformations of Aβ42 from the last 128 ns of
replica 0 (the replica at 300 K) of the T-REMD simulation. One
conformer was selected at each ns and placed in the middle of a
box with size 9.1×8.8×8.5 nm3 containing a gold slab (5 layers,
1 nm thick) and 19661 water molecules. These 128 systems were
subjected to unconstrained MD for 20 ns at 300K in the NVT en-
semble, to trace the adsorption dynamics of Aβ42 onto the gold
surface. During the initial stages of the MD simulations, the dis-
tances between the gold and protein atoms were greater than 2
nm, and thus, the interactions between the peptide and the gold
surface were negligible (Fig. S2). It is worth noting that the 128
initial conformers reflected all the features of the “structural cat-
egories” that Aβ42 can populate in solution (Fig. S3).

2.4 Aβ42 at the gold/water interface by HT-REMD [ABAU-
HTREMD]

The Hamiltonian-Temperature-Replica-Exchange-MD (HT-REMD)
technique was used to ensure an adequate sampling of the peptide-
covered substrate26. HT-REMD is a variant of T-REMD that al-
lows interactions between different portions of the system to be

scaled, in order to raise the probability of overcoming the barri-
ers between states of the system. In HT-REMD, N copies of the
system (replicas) run concurrently at different temperatures and
with scaled Hamiltonians between different portions of the sys-
tem (i.e., scaling the interactions between gold and protein). On
the one hand, scaling the specific gold-protein potential in the
modified-Hamiltonian replicas, it is possible to decrease the high
energy barriers due to the interactions between the surface and
the peptide. On the other hand, with the use of high tempera-
tures it is possible to accelerate the crossing of the energy bar-
riers of the whole system. Exchanges of the configurations of
neighboring replicas are attempted at fixed intervals, and are ac-
cepted or rejected by means of a Metropolis test so as to ensure
the correct thermodynamics ensemble. The HT-REMD protocol,
therefore, represents a robust method to sample heterogeneous
systems where the interactions among the various species can be
very different in intensity.

HT-REMD was performed using 128 replicas. The initial con-
formations for the the 128 replicas were taken from ABAU-MD:
the final structure from each one of the previous MD simulations
was used to set up a replica. The temperatures of the replicas
were between 300 and 450 K, whereas the gold/protein interac-
tions were scaled starting from replica 20 (i.e. at 320 K). The
scaling factor spanned between 1 and 0.6. Each replica lasted
for 0.15 µs; the cumulative time of the HT-REMD simulation was
20 µs. Exchange between replicas was performed every 0.2 ps.
The average acceptance ratio among the replicas at end of the
HT-REMD simulation was about 40%.

3 Analysis of the results
For comparison between ABWT-TREMD and ABAU-HTREMD, we
considered the last 0.1 µs of the first 20 replicas, (i.e., the non-
scaled Hamiltonian replicas) of the HT-REMD and the last 0.2
µs of the first 10 replicas of the T-REMD, taking into account 1
conformation every 10 ps. The analysis was carried out in a series
of conformations with a cumulative time of 4 µs, i.e, 2 µs for each
system.

Analysis, where not mentioned, was performed with VMD27(v1.9.2),
GROMACS tools and PLUMED. The chemical shifts for the Cα

atoms, which usually are the most significant indicators of pro-
tein secondary structure, were calculated using the SPARTA+ pro-
gram28. The homonuclear HN-HA coupling constants were esti-
mated evaluating the Karplus equation29 using the coefficients
reported elsewhere18 (A=6.88, B -6.50, C=-3.53). Error analy-
sis for the estimated J coupling constants was performed using
the block average method30. The structural similarity was evalu-
ated by the root mean square deviation (RMSD): if not specified,
RMSD was evaluated for Cα atoms. Cluster analysis was per-
formed using the “gromos” algorithm31 available with the GRO-
MACS tools, g_cluster: only the Cα atoms were included in the
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Fig. S1 Aβ42 in membrane environment and in solution. (A) The experimental NMR Aβ42 structure in the membrane environment (PDB ID 1YIT)
shows a high α-helix content. Aβ42 is composed of 4 segments that differ from each other for their physical properties: the first segment (S1, blue,
1Asp-2Ala-3Glu-4Phe-5Arg-6His-7Asp-8Ser-9Gly-10Tyr-11Glu-12Val-13His-14His-15Gln-16Lys) is defined by residues 1-16 and has mainly
hydrophilic properties; the segment 17-21 (S2, yellow,-17Leu-18Val-19Phe-20Phe-21Ala) is composed by hydrophobic and aromatic residues and is
known as the “Aβ42 hydrophobic core”; the segment 22-29 (S3, green, -22Glu-23Asp-24Val-25Gly-26Ser-27Asn-28Lys-29Gly) in fibrils adopts a β

turn shape; and finally the C-terminal tail 30-42 (S4, orange,-30Ala-31Ile-32Ile-33Gly-34Leu-35Met-36Val-37Gly-38Gly-39Val-40Val-41Ile-42Ala) is
hydrophobic. (B) Final structure of Aβ42 from the preparatory MD trajectory in solution: the peptide collapses to a more compact shape. The
C-terminal tail (S4) shows a high propensity to form a β -sheet. The core of the peptide remains in the α-helix conformation, whereas the N-terminal
tail is mainly unstructured.

Fig. S2 Simulation Box. The system is composed of water, Aβ42 and five gold layers, specifically Au(111). Gold atoms are shown as yellow
spheres. Water molecules are shown as a transparent material: those within 10 Å from the gold surface are yellow, bulk water is light gray. The
C-terminal and N-terminal Cα atoms are shown in red and blue, respectively.
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Fig. S3 . Aβ42 structures used as starting points for the relaxation of the Aβ42 onto the gold surface. Examples of two of the 128 Aβ42
conformers extracted from ABWT-TREMD and used as starting points to study the dynamics of the adsorption process. The yellow spheres represent
the atoms of the two equivalent gold surfaces. Water molecules are not shown. A. A globular conformer. B. The most extended conformer among the
selected structures: the maximum intramolecular distances between the Cα atoms of this structure is rCα A−Cα A

max =4.3 nm.

clustering procedure, using a Cα -RMSD cut-off of 0.28 nm. The
secondary structure content was analyzed with the DSSP pro-
gram32.
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4 Supplementary table

Table S1 RMSD between final and initial conformer and averaged for all
the 128 ABAU-MD simulations.

Segment residues RMSD (nm)
all (1-42) 0.275 ± 0.111
S1 (1-16) 0.287 ± 0.141
S2 (17-21) 0.246 ± 0.095
S3 (22-29) 0.222 ± 0.090
S4 (30-42) 0.272 ± 0.142
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Fig. S4 Distance distribution function P(r) of Aβ42 in water (ABWT-TREMD). The black curve represents the distance distribution function of all
inter-atomic distances of the heavy atoms of the peptide in water. The maximal value of r for which the distribution P(r) is non negligible (rmax)
corresponds to the maximum diameter that Aβ42 reaches during the simulation. P(r) shows an asymmetric band with an extended tail towards high
distances. The peak of the band is centered at about 0.12 nm and is due to the most populated states (i.e. the globular conformers), whereas the tail
at high distances is due to the elongated states of the peptide. The green curve represents the distance distribution function of all inter-atomic
distances of the Cα atoms. Peaks at small distances are due to the presence of segments arranged in secondary and tertiary structures. At distances
larger than 3 nm P(r) rapidly decreases but the number of elongated conformers is not null. The inset illustrates the most extended conformation of
Aβ42 in water, with a maximum Cα -Cα of 5.1 nm. The sides of the cubic box used in the simulation ABWT-TREMD are drawn explicitly.

Fig. S5 Computed chemical shifts and J-couplings for ABWT-TREMD. A. Comparison between experimental data and values computed by us for
ABWT-TREMD of the chemical shifts (Ref. 48 in the manuscript). The error bars for the calculated chemical shifts were obtained by SPARTA+, i.e., the
σ value. B. Relation between the J-couplings J(HN-HA) calculated from simulation ABWT-REMD and the experimental values (Ref. 41 in the
manuscript). The correlation between experimental and computed J(HN-NA) values is overall satisfactory, especially in view of the experimental
uncertainties and of the extreme simplicity of the adopted Karplus’ model for the extraction of the J values from the atomic structure.
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Fig. S6 Contact fraction for ABAU-MD as a function of the simulation time, for all the 128 simulations. The contact fraction is defined as the
total number of contacts between the protein heavy atoms and the atoms of the gold surface, divided by the number of protein heavy atoms. We put a
threshold of 0.6 nm on the establishment of a contact: namely, there is contact when the distance between an atom of the protein and a gold atom is
smaller than 0.6 nm. This threshold corresponds to the situation where the peptide penetrates the water layer at the gold surface and starts to interact
directly with gold.
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Fig. S7 Pathway and rotations of the center of mass (COM) for ABAU-MD. The COM path for ABAU-MD is illustrated as a blue trace, while the
peptide is illustrated in different simulation stages (A and B) in a color code as defined in Fig. S1: yellow spheres represent gold atoms. A. At the
beginning of the simulation, the peptide (centered in the simulation box) starts to diffuse and eventually adsorbs onto the gold surface. B. Peptide
adsorbed onto the gold surface. In the early adsorption stages rotation along z−axis and translation in the x− y plane are allowed. C. Distribution of
Euler’s angles that superimpose the final to the initial structure, averaged over all the 128 simulations. D. Distribution of Euler’s angles that
superimpose the final structure to the structure at 10 ns, averaged over all the 128 simulations: we see that rotation along the z−axis is not totally
inhibited.
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Fig. S8 Adsorption percentage of ABAU-MD. This curve was extracted from the 128 MD simulations at 300 K, i.e., ABAU-MD. A Peptide is
considered adsorbed onto the gold surface if it has more than one atom at a distance smaller than 0.6 nm from the surface. At the end of the
ABAU-MD simulations more than 80% of the peptides are engaged with the surface.

Fig. S9 RMSD of Aβ42 during the adsorption process. Left: RMSD of the 128 final structures relative to the initial structures, for ABAU-MD,
including all protein atoms. There are 8 systems with RMSD larger than 0.5 nm (horizontal dashed line). Such systems undergo substantial
conformational rearrangements during MD runs. Nevertheless, in 4 of the 8 systems (marked with red asterisks), Aβ42 does not interact with the gold
surface. Therefore, such high deviations could equally likely be due to the conformational fluctuations of Aβ42 or to the interaction with the substrate.
Thus, a high RMSD is not a strict index of peptide-gold interaction. Center: Partial RMSD of the peptide from ABAU-MD structures at 20 ns, evaluated
with respect to the initial structures, considering all the atoms of the peptide. Right: Peptide RMSD resolved by residues, for ABAU-MD structures at
20 ns, evaluated with respect to the initial structures, considering all the atoms of the protein and averaged over the 128 MD simulations.

Journal Name, [year], [vol.],1–S16 | S9



Fig. S10 Radius of Gyration for ABAU-MD. Rg evaluated (considering all the protein atoms) for the Aβ42 conformers at 0 ns (black) and at 20 ns
(red). The horizontal axis runs over the 128 copies of the system.

Fig. S11 Contact fraction in ABAU-MD: cutoff 1.2 nm vs 0.6 nm. Left: average contact fraction per residue (cutoff at 1.2) during the first 10 ns of
simulation, indicating for each residue how many of the simulations have reached a distance of less than 1.2 nm from the surface. This fraction is not
expected to be affected by the presence of the surface, and thus only depends on the geometry of the peptide. Right: average contact fraction per
residue from 10 ns to the end of the simulation, indicating for each residue how many of the simulations have reached a distance of less than 0.6 nm
from the surface. This fraction is affected by the presence of the surface and reflects the preferential interaction of the different residues.
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Fig. S12 Minimum distance distribution. Summary of the minimum peptide-gold distance distribution mediated over the 128 adsorption
trajectories. The sharp peak at around 3Å is due to the adsorbed peptide, the peak at around 5-6Å is due to a water-mediated adsorption state that is
preliminary to the anchoring on the surface, see also Fig. 3C in the main text.

Fig. S13 Chemical Shifts. Chemical shift per residue: blue and orange curves represent ABWT-TREMD and ABAU-HTREMD, respectively. Aβ42
chemical shifts for ABAU-HTREMD are somewhat modified relative to ABWT-TREMD, to an extent that decays with the distance between the protein
atom and the gold surface.
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Fig. S14 Acylindricity and Asphericity. Distribution of the acylindricity (A) and asphericity (B), which are relevant quantities that characterize the
shape of the peptide, for ABWT-TREMD (blue) and ABAU-HTREMD (yellow). The acylindricity measures the deviation of the protein from a cylindrical
object (acylindricity equal to zero). The asphericity measures the deviation of the protein from a spherical object (asphericity equal to zero).
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Fig. S15 DSSP analysis. Percentage of secondary structures: blue and orange curves represent ABWT-TREMD and ABAU-HTREMD, respectively.
Definitions used in compact form in the article: HELIX (2H+3I+4G), BETA(7B+8E), BEND/TURN(5S+6T), Loop/irregular (1C).
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Fig. S16 Distribution of the radius of gyration over representative structures obtained from clustering. Left: Distribution (curve) of the radius of
gyration of Aβ42 in solution (ABWT-TREMD): the representative structures of the 484 obtained clusters are shown as dots. The distribution shows two
regions: one main peak is centered at 1 nm and a broad tail extends to Rg values larger than 1.15 nm. The peak at 1 nm is due to the globular
conformers, whereas the broad region at higher values is due to extended/flat conformers, suggesting the presence of two major conformational
groups, the globular and elongated states. Representative structures of clusters 1 and 2 (17 and 28), indicated in the plot with numeric labels in order
of increasing cluster population, are illustrative of the globular (elongated) group and are discussed in the text. Center: Distribution (curve) of the
radius of gyration of Aβ42 at the gold/water interface (ABAU-HTREMD): the representative structures of the 877 obtained clusters are shown as dots.
This distribution is markedly shifted to larger Rg values and elongated structures are more abundantly populated. Representative structures of clusters
1 and 2 (5 and 11), indicated in the plot with numeric labels in order of increasing cluster population, are illustrative of less and more elongated states
and are discussed in the text. Right: The most populated cluster in solution has a globular shape. Other representative structures are illustrated in Fig.
7 in the main text. Cluster 17 (Fig. 7C) is composed of the most elongated structures, whereas cluster 2 (Fig. 7B) contains the most globular states,
with region S2 involved in a helix structure. Cluster 1 (Fig. 7A) and cluster 28 show (Fig. 7D) an antiparalell β -sheet motif between S2 and S4. This
motif is reminiscent of the β -hairpin observed in the monomeric Aβ40 bound to the affibody ZAβ3. Moreover, cluster 28 shows a peculiar β -meander
motif composed of S2, A30-L36 and V39-I41 β strands. Interestingly, clusters 1 (Fig. 7A) and 28 (Fig. 7D) share a similar hairpin motif, but they differ
in the arrangement of S1. In the most populated cluster, S1 interacts with S2 and S3 forming a collapsed loop in the region between Lys16 and His6,
thus promoting the interaction between Phe4 and the phenil-motif, i.e., the residues Phe19 and Phe20 (Fig. S16, right). The N-terminal tail interacting
with the hydrophobic core (S2) appears to shield the hairpin motif from the environment. Alternatively, in the cluster 28, S1 does not interact with S2,
promoting a pronounced hairpin motif, which is quite exposed and therefore prone to interact with surrounding peptides.
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Fig. S17 Distribution of the RMSD values of ABWT-TREMD (blue) and ABAU-HTREMD (yellow) with respect to experimental fiber structures.
These plots complement the data compiled in Table 1.

Journal Name, [year], [vol.],1–S16 | S15



Fig. S18 ABAU-HTREMD conformations (orange) that have the lowest RMSD value with respect to the experimental structure (gray). (A)
Superposition of the most similar conformation ABAU-HTREMD on the 5KK3 NMR model. (B) Superposition of the most similar conformation of the
ABAU-HTREMD on 2NAO.
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