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Abstract

Divalent cations have a strong impact on the properties of phospholipid membranes, where R1.4

amyloid-β peptides exert effects related to possible functional or pathological role. In this

work we use an atomistic computational model of dimyristoyl-phosphatidylcholine (DMPC)

membrane bilayer. We perturb this model with a simple model of divalent cation (Mg2+), and

with a single amyloid-β (Aβ) peptide of 42 residues, both with and without a single Cu2+ ion

bound to the N-terminus. In agreement with experimental results reported in the literature,

the model confirms that divalent cations locally destabilize the DMPC membrane bilayer, and,

for the first time, that the monomeric form of Aβ helps in avoiding the interactions between

divalent cations and DMPC, preventing significant effects on the DMPC bilayer properties.

These results are discussed in the frame of a protective role of diluted Aβ peptide floating

around phospholipid membranes. R1.4



Introduction

Alzheimer’s disease is a degenerative disease, with one histological hallmark being extracellular

deposits in the central nervous system1. These deposits are made of amyloid peptides originated

by the amyloid precursor protein (APP), a trans-membrane protein with a multimodal function2.

Amyloid-β (Aβ) peptides are produced with proteolysis of APP at the membrane interface, by

the enzymes β and γ-secretases. The γ cleavage, that produces most of the neurotoxic peptides

(39-42 residues), occurs deeper in the membrane bilayer compared to β cleavage3. The production

of these toxic peptides at the membrane interface can have many important implications4, even

before peptide aggregation occur and when oligomers are more abundant than protofibrils5,6: i) the

toxic pathway can be influenced by interactions between peptides and of peptides with the mem-

brane; ii) the peptide, depending on its concentration, can destabilize the membrane, contributing

to cell instability and neuron death (apoptosis). Both these effects are eventually exerted in a

complex frame, with many molecules present: APP N-terminus (before the cleavage); peptides in

monomeric, oligomeric and pre-fibrillar assemblies; other cofactors, like metal ions. Thus, even at

the monomer level, the interactions between amyloid peptides and biological membranes are still

poorly understood7. More complete models are required to contribute to recent views of APP and

Aβ, where Aβ aggregation is interpreted as a loss of functional Aβ monomers8.

Molecular simulations, particularly molecular dynamics (MD), became a standard tool of com-

putational biology to study molecular interactions in such complex frames9. Despite the large

number of simulation studies involving Aβ monomers10,11, oligomers12,13, and fibril-like assem-

blies14–18, with all species in contact with membrane models, the role of cofactors abundant in the

environment of neurons have seldom been taken into account19. Among these cofactors, divalent

ions, and especially copper, are relevant for a correct physiology of the synapse20. Some of the

known facts are summarized below.

1. Copper (Cu) and zinc (Zn) are particularly abundant in the synaptic region. While physi- R1.8

ological Cu(II) concentration released within the synaptic cleft during synaptic vesicle
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release is 15 µM, it achieves 300 µM concentration upon neuronal depolarization21,22.

The hypothesis of copper buffering activity of membrane proteins was proposed for

prion (see Ref. 22 and references therein) and APP (Ref. 23 and references therein).

These concentrations are many orders of magnitude larger than that inside the cell, where

Cu, for instance, is present in negligible amount as an ion available to interactions24,25. The

addressing of APP as a copper mediator has been discovered26 and lately associated to many

neurodegenerative disorders20,27,28.

2. Divalent cations change membrane structure, transport properties29–31, and reactivity32, thus

possibly promoting protein aggregates resembling ion channels and membrane pores33,34.

3. Cu ions in contact with Aβ peptides form catalysts for the production of reactive oxygen

species, activating dioxygen molecules35,36, and promoting oxidative pathways37–40.

Because of these important issues, the modeling of interactions of divalent cations with lipid

charged and zwitterionic membranes is becoming a challenge41–43. Indeed, recent polarizable mod-

els explain the experimentally observed strong interactions between Ca2+ and phosphate groups in

POPC bilayers43.

In this work, we compare, for the first time, models of free and peptide-bound divalent cations

in interaction with dimyristoyl-phosphatidylcholine (DMPC) bilayers, with special emphasis on

oxidized copper. Polarizable models of interactions between divalent cations and biological macro-

molecules are still experimental43. Even for nucleic acids, the contribution of Mg2+ to the stability

of tertiary RNA folding is intricate44. Overall, it is not trivial starting from an unbound condi-

tion to sample bound conditions that are observed experimentally. Copper binding is known to be

fluxional and strongly dependent on the environment45,46. Therefore, we separately applied two

modeling techniques: i) a naive non-bonded model of Mg2+ that has been used to model the free

energy change for the exchange reaction between the water solution and a protein47, and for neu-

tralizing RNA phosphate groups48; ii) a bonded model of Cu2+ that has been applied to describe

a well documented binding site for Cu-Aβ(1-42) observed in experiments49–51 and extensively
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modelled by MD simulations36,52.

Models describe interactions between, respectively, Mg2+ aqua-ions, Aβ(1-42), and Cu(II)-

Aβ(1-42) monomers with DMPC bilayers, the latter a well studied molecular model of biological

membrane. The simple model used for the Mg divalent aqua-ion47,48 can depict a first approx-

imation of the effects of Cu2+ ions, that have size similar to Mg2+ when not bound to proteins.

These effects mimic those of oxidized Cu on the membrane structure when Cu is released around R1.4

a phospholipid membrane.

The model, investigated by means of multiple conventional MD simulations (CMD, hereafter)

and replica exchange MD (REMD), is limited to Aβ monomers and to exogenous addition of Aβ

to the lipid membrane, rather than to peptide incorporation into membrane during its assembly

(see Methods). This assumption is representative of the functional conditions of Aβ close to a

phospholipid membrane. Also, in vitro experiments about Aβ-DMPC interactions mediated by

divalent cations have been performed mimicking exogenous addition53,54. R1.4

Finally, the role of divalent cations in cell signaling is more general than in synapse55. There-

fore, it is of utmost importance to understand interactions of divalent cations with neuron mem-

brane in the presence of modulating ions’ ligands.

Methods

A summary of the simulations performed in this work is reported in Table 1.

Set-up of molecular dynamics simulations

The amyloid-β peptide of 42 residues (Aβ(1-42)), with and without a single bound copper ion in 2+

oxidation state (Cu2+), was simulated with constant temperature CMD and with REMD methods,

in order to sample the configurational space under in vitro studies and physiologically relevant

temperatures of, respectively, 303 and 311 K (30 and 38◦ C, respectively). The peptide and the

ions were put in contact with a bilayer composed of 1,2-dimyristoyl-sn-glycero-3-phosphocholine
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(also abbreviated as dimyristoyl-phosphatidylcholine, DMPC hereafter) lipid molecules.

The sequence of Aβ(1-42) is:

DAEFRHDSGY10 EVHHQKLVFF20 AEDVGSDKGA30 IIGLMVGGVV40 IA

with amino acids indicated with the one-letter code. We used the Amber16 package56, with the

FF14SB57 force-field for the peptide and monovalent ions (KCl), TIP3P water model58 for the

explicit water solvent, and LIPID1459 for the DMPC molecules. AMBER FF14SB force-field is

an improved version of FF99SB60 used in our previous simulations52,61. Older CHARMM force-

fields tend to provide better results for Aβ peptide than old AMBER force-fields62,63. Also OPLS-

AA has been combined with Cu-binding and Aβ oligomers64,65. Nevertheless, recent force-fields,

especially AMBER FF14SB and CHARMM36m, provide good agreement with experimental data

for Aβ 66,67. Moreover, AMBER FF14SB is fully consistent with LIPID14 force-field59, which is

expected to provide optimal accuracy for both lipids and peptide in the simulations that include

both species. In conclusion, the AMBER FF14SB is a good compromise to describe peptide,

lipids, water, and divalent cations in a unified manner.

The use of more recent force-fields for intrinsically disordered proteins, like Aβ peptides, will

be pursued in the future, after a detailed comparison between experiments and simulations in gen-

eralized ensembles will be reported in the context of amyloid peptides.

We assumed the physiological (pH∼7) protonation state for amino acid side chains and free

termini. Thus, the charge of Aβ(1-42) is -3 (the N-terminus is protonated and the C-terminus

deprotonated). The parameters for copper and copper-bound amino acids were the same as those

used in our previous MD and REMD simulations52,61. Cu is bound to N and O of Asp 1, Nδ of His

6 and Nε of His 13, the latter protonated at Nδ. His 14 is neutral and protonated in Nε, like His 6.

Bond distances and angles involving Cu contribute to harmonic energy terms, with stretch-

ing constants, bending constants, and equilibrium values set as fitting parameters of quantum-

mechanics calculations at the density-functional level of approximation for truncated models (see

Methods in52). All the dihedral angles where Cu has index 2 or 3, do not contribute to the poten-

tial energy, while those with Cu with index 1 or 4 are obtained by the AMBER99SB force-field
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where heavy atoms have the same dihedral indices of Cu. Point charges are derived from the re-

strained electrostatic potential (RESP) method68,69, where the electrostatic potential mapped onto

the solvent-accessible surface was obtained at the density-functional level of truncated models (see

Ref. 52 for details). Excess of net charge, obtained by merging point charges of truncated mod-

els into AMBER FF14SB amino acids, was distributed to Cβ and Hβ of Asp 1, His 6 and His

13 when these residues are bound to Cu2+. Lennard-Jones parameters for Cu are reported in the

literature70. The Cu2+ coordination geometry in this empirical force-field is approximately square-

planar, with a fifth axial coordination always available to electrostatic interactions, as shown in

previous simulations performed with the same force-field36. The root-mean square deviation be-

tween configurations obtained with this empirical force-field and minimal-energy configurations

obtained including explicit electrons (like in density-functional theory applied to truncated models)

is small.

As for the free divalent cation, we used the so called “dummy” cation model for Mg2+ 47. This

model has been used together with AMBER99SB phosphate groups48, where it showed reasonable

electrostatic properties. Even though this model is a very crude approximation of divalent cations,

it is far more reliable than a single site with point charge 2+. A comparison between the affinity

of divalent and monovalent cations for the DMPC membrane has been performed by umbrella

sampling estimates of free energy differences (see Supporting Information).

An initial lattice model of DMPC bilayer was built, using 77 DMPC molecules per layer, with

an approximate area per molecule of 62 Å2. An orthorhombic simulation cell was built, with the

cell side along zeta, the latter the direction normal to the DMPC layer, initially set to 70 Å. The

space between the periodic images of the bilayer was filled with 13511 water molecules, initially

at the density of 1 g/cm3, according to the TIP3P model of bulk water at room conditions. KCl

was added in the same space, according to an approximate bulk concentration of 0.1 M. Ions were

added randomly replacing water molecules in the initial configuration. The number of Cl- anions

was adapted to the change of net charge due to addition of the peptide (see below). The net charge

of the simulation cell was always zero.
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Initial configurations of amyloid−β monomer, without copper (charge 3-) and with copper

(charge 2-, because of N-terminus deprotonation), were inserted in the space filled by the water

molecules. The same was done for the single divalent cation. The space occupied by water on

each side of the bilayer is, initially, 70 Å along x and y direction, and 140-34 Å along z, being R1.9

the initial thickness of the bilayer approximately 34 Å. The bulk concentration of divalent

cation in this cell is, therefore, 3.2 mM, thus in the range of the bulk concentration used for

Ca, Mg, Zn and Cu in in vitro experiments. With a few exceptions, in vitro experiments use

concentrations, both of peptide and divalent ions, about 2 orders of magnitude larger than in

vivo in the synaptic cleft of CNS neurons (in the order of ∼10 µM, physiologically, and 100 R1.8

µM upon neuronal depolarization, see Introduction).

To remove eventual atomic overlaps produced by each initial configuration set-up, we per-

formed 25000 steps of steepest decent energy minimization, followed by other 25000 steps of

conjugate gradient energy minimization.

The initial coordinates for the CMD and REMD simulations are included as Supporting In-

formation in the protein data-bank (PDB) file format (the first configuration) and as compressed

(Bzip2) XYZ format.

Molecular dynamics simulation protocol

We simulated CMD trajectories in the isobaric-isothermal (NPT) statistical ensemble, at the con-

stant temperature T of 303 and 311 K and at the pressure P of 1 Atm. Temperature was controlled

by a Langevin thermostat71 with collision frequency of 2 ps−1. Pressure was controlled by a

stochastic barostat, with relaxation time of 100 fs. The SHAKE algorithm72 was applied to con-

strain bonds involving hydrogen atoms. A cut-off of 10 Å was applied for non-bonded interactions

and the particle mesh Ewald algorithm73 was used to compute long-range Coulomb and van der

Waals interactions. The simulation time-step was 2 fs.

In order to increase the sampling, we collected several trajectories for each system, starting

from different initial conditions. As for DMPC and Cu/DMPC systems only initial velocities were
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changed, while for the other systems the positions of ions and peptide atoms were also changed.

Composition of each system and some parameters related to sampling are reported in Table 1.

Replica-exchange molecular dynamics simulation

The REMD simulation was carried out with 56 replicas (or trajectories) corresponding to 56 tem-

peratures ranging from 273K to 500K. The configuration with minimal energy was distributed

among 56 replicas, and each replica was equilibrated in 200000 steps at the temperature chosen

in the temperature distribution. After equilibration, the REMD simulation started, for a total time,

for each replica, of 400 ns. The exchange of temperature between pair of replicas was attempted

every 500 steps of simulation. The REMD simulation is used here mainly to capture the statisti-

cal contribution of extended peptide configurations and partially disordered layers, configurations

that are rarely sampled at temperatures in the range where the force-field is accurate. The accep-

tance rate of REMD simulations was, on average, 20% and 21% for, respectively, Aβ(1-42) and

Cu-Aβ(1-42).

The behavior of lipid order parameters as a function of temperature (data not shown here)

shows that the DMPC bilayer is, at the temperature closest to that of the human body (37◦ C, 310

K), in the liquid crystalline phase. The configurations sampling the temperature of 311 K are,

therefore, analyzed in detail in the following.

To avoid possible bias due to the choice of initial configurations, we used the second half R1.6

(500 ns) of each simulation for analysis (see Table 1). In REMD we used equilibration and

sampling times (200 ns) shorter than those used in CMD because of the faster convergence

of REMD compared to CMD. The choice of these sampling times is dictated by the time- R1.2

evolution of structural properties. See for instance RMSD in SI and the distance along the z

axis between the bilayer center and the closest atom of the peptide (see Fig. 5 and comments

in “Results” section).
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Analysis

Structural properties

Root-mean-square deviation (RMSD) and radius of gyration (Rg) were calculated for all Aβ(1-42)

atoms using the initial Aβ(1-42) structure as a reference for the RMSD measurement. Secondary

structure of Aβ(1-42) was analyzed using DSSP software included in the cpptraj tool56, a part

of AmberTools package. Three regular types of secondary structure were distinguished in the

analysis: helices (α, 3-10, and π), β-sheets (parallel and antiparallel), and turns, while the residues

in other conformations were treated as unstructured (coil). Solvent accessible surface area was

calculated for Aβ(1-42) and lipids using Linear Combinations of terms composed from Pairwise

Overlaps (LCPO) method74, implemented in cpptraj.

Radial distribution function (RDF) measures the probability to have the distance between two

sites within a given distance range, N(r). As usual for liquids and polymers, this quantity is then

divided for the same probability for the ideal gas with the same uniform density of sites, Nid(r):

g(r) = N(r)/Nid(r). The function g(r) approaches the limit g(r) =1 when r →∞, i.e. when the

two sites in the pair become not correlated.

The bilayer thickness is defined as the distance between the two planes formed by phosphor

atoms belonging to each layer. The roughness of a layer is defined as the standard deviation of z

coordinates of phosphor atoms within each layer.

The number of contacts is defined as the count of the usual distance-based step-like variable:

CN2 =
∑
i,j

si,j

si,j = 1 if ri,j ≤ 0

si,j = 0 if ri,j > 0

ri,j = |ri − rj| − d0 .

(1)

with i and j running over different sets of atom pairs, each term of the pair contained in a different
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portion of the system. When the two sets of atoms identify, respectively, atoms belonging to

positively charged groups (Nζ in Lys and Nη in Arg) and negatively charged groups (Cγ in Asp

and Cδ in Glu), we address the contact as an intramolecular salt bridge. The number of such

contacts is indicated as SB and the d0 parameter is chosen as 4 Å. As for generic inter-residue

contacts, we measured the distance between the centers of mass of side chains in the two involved

residues. In this case, d0 is chosen as 6.5 Å. When the contact between amino acids and lipid

molecules is addressed, the center of mass of DMPC molecules is used and the d0 distance is

4.5 Å.

The S(CH) order parameter is the average of 2nd-rank projection of the chosen C-H R1.3

bond over the axis of preferred orientation of lipid molecules:

S =
1

2
〈3 cos2 θ − 1〉 , (2)

where θ is the angle between the C-H bond and the z bilayer axis, as in the liquid crystal

phase.

Elastic moduli

Elastic moduli of lipid bilayer were calculated by fitting suitable ensemble averages with the fol-

lowing equations75:

〈|n̂‖q|2〉 =
kBT

Kcq2

〈|n̂⊥q |2〉 =
kBT

KΘ +Ktwq2
.

(3)

where Kc, KΘ, Ktw are bending, tilt, and twist elastic moduli, respectively, kB is Boltzmann con-

stant, T is temperature, and n̂q is the reciprocal space vector determined as summarized below (see

also supplementary information of Ref. 75 and Ref. 76).

The xy plane of the membrane is discretized to a square 8×8 grid. The orientation vector of

lipid molecule j is n(α)
j (x, y, z) with α 1 or 2 for upper and lower layers, respectively. Each vector

points from the midpoint between P and C2(glycerol) atoms to the midpoint between the terminal
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C atoms of the lipid tails. The orientation vectors are projected onto the xy plane and are mapped

onto the 8×8 grid, providing n(α)(x, y). Fast Fourier transform is used to obtain n(α)
q , where q is

the reciprocal space index. From n
(α)
q we obtain the quantity

n̂q =
1

2
[n(1)
q − n(2)

q ] , (4)

that is decomposed into longitudinal (n̂‖q) and transverse (n̂⊥q ) components:

n̂‖q =
1

q
[q · n̂q]

n̂⊥q =
1

q
[q× n̂q] · ẑ .

(5)

Finally Eq. 3 is used to average according to the collected sampling of lipid molecules.

Results

Addition of a divalent cation to the DMPC bilayer

The affinity of Mg2+ for the DMPC bilayer was measured by the umbrella sampling method (see

Supporting Information, Fig. S1). The free energy minimum was found at 17 Å from the bilayer

center, thus corresponding to the average minimal distance between P atoms belonging to opposite

layers (see below). The flatter shape of free energy around the minimum in the case of Na+ is due

to the equivalent interactions of Na with phosphate and carbonyl groups of DMPC. These interac-

tions allow a deeper penetration of Na into the bilayer than Mg. The binding free energy of Mg2+

was estimated as about four times that of Na+ and equal to approximately 2.0 and 0.5 kcal/mol, re-

spectively. Range of negative values of the potential of mean force (PMF) is wide, indicating R1.5

that the dragging of water molecules below the surface of the lipid membrane forms stable

structures. This difference favours the binding of Mg to the DMPC surface compared to

Na. This difference is opposite to what expected on the basis of dehydration free energy, that
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should favour Na compared to Mg, being the hydration free energy at 300 K about five times

more negative for Mg compared to Na77. This effect is due to the strong electrostatic interac-

tions formed by Mg when absorbed by phosphate groups, together with a significant drift of

water molecules towards the bilayer center along with the cation’s penetration. Therefore,

interactions with phosphate oxygen and with residual water molecules strongly compensate

the loss of water molecules from the Mg first-coordination sphere when Mg is driven from

the bulk water towards the bilayer center. PMF plot (Figure S1) shows that there is a sig-

nificant energy barrier hindering Na+ and Mg2+ ions to enter middle of lipid membrane, R1.5

equal to approximately 6.5 and 7.5 kcal/mol respectively. Obtained barrier is smaller than

the one reported in other computational works, which is in range of 15 to 24 kcal/mol for Na+.

This may be caused by use of different lipid bilayer models, force-field parameters and sam-

pling78–80. The cited works show presence of shallow minimum at distance of 14 to 18 Å from

the bilayer center, indicating possible binding affinity, similarly to our results. However, all

these values, including experimental observations are subjected to rather large errors due to

used methodologies and simplifications of models80.

All of the 3 CMD trajectories of Mg/DMPC display a rapid approach of the divalent cation

(Mg2+) from the bulk to the initially closest layer. After 200 ns, the divalent cation is trapped

by phosphate groups of DMPC. Since the 3 CMD trajectories are equivalent in several average

properties (like the radial distribution function g, see Methods), the average over the 3 trajectories

is analyzed in the following. We indicate the cation-bound layer as layer 1 (L1) and the layer

not affected by the binding as layer 2 (L2). The difference between g calculated for L1 and L2

is displayed in Fig. 1. The divalent cation (black) is bound to the phosphate oxygen atoms, thus

displaying the coordination distance of 2.9 Å with respect to P atoms. Including the second-shell P

atoms (the peak at 3.5 Å), the number of P atoms around the cation is 4. This coordination affects

the average distance between charged groups within L1, as it is displayed by the P-P distances

(red line), respectively, within each layer L1 and L2. Conversely, atoms farther than P from the

perturbing cation are less affected, as shown by the difference in N-P distance distribution among

13



the two layers (blue line).

The formation of a cluster of phosphate groups in L1 induces the release of the electrostatic

interactions within the head groups in each layer. Therefore, a consequence of the phosphate

neutralization by Mg binding to L1, is a change in the distribution of monovalent counterions at

the interface of the two different layers. This effect is emphasized by plotting the difference in

K-P radial distribution function between the two layers and by comparing this quantity with the

same quantity computed in the absence of divalent cation (Fig. S2 in Supporting Information).

In panel A, it can be noticed that the distribution of K+ in the presence of Mg (black curves) is

more asymmetric than with no Mg (red curves). The low symmetry of K-P distribution in the

absence of Mg (red curves) is due to sampling limitations. Indeed, the presence of Mg on the

L1 layer displays a “hole” in K distribution where there is a little excess in the absence of Mg.

Because of the change in interactions between K+ and P at short distance (the peaks at the left),

there is also a decrease of bulk concentration within a distance of 1 nm from the P atoms. This

change of the electrostatic properties between the two sides of the bilayer is equivalent to a weak

polarization of the membrane. This asymmetry is caused by the asymmetry in the P-P radial

distribution (Fig. S2B), that is due to the formation of the Mg-O(P) coordination.

The asymmetry of the interactions between divalent cations added from one side of the bi-

layer is consistent with experimental data reported for exogenous addition of Cu2+ and Zn2+ to

bilayer models (POPC/POPS mixtures)53. The comparison between 2H and 31P ss-NMR spectra

of POPC/POPS molecules shows that P atoms are strongly affected, while the molecular tails in the

hydrophobic region of the bilayer are almost unaffected. The addition of Cu2+ to these membranes

induces the formation of smaller vesicles, thus showing a dramatic effect of this ion on the bilayer

stability.

The effect of the divalent cation on the elastic property of DMPC is also significant. In Table 2

we report the elastic constants determined by the different simulations, with averages of Eq. 3 (see

Methods) computed over all the acquired trajectories (see Table 1).

The values are in the range of those found in DPPC atomistic simulations75, though the con-
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ditions (temperature, force-field, etc.) are different. The bending constant (Kc) of pure DMPC is

smaller than in all the other cases, where the DMPC is perturbed by exogenous addition of species.

This change shows that the addition of any species on one side of the bilayer increases the rigidity

of curvature, because of the change exerted more on one layer than on the opposite layer. On top

of this effect, that is due to the asymmetry of the addition, the tilt modulus (Kθ) is significantly

smaller for Mg/DMPC compared to the DMPC bilayer both unperturbed (DMPC) and with the

peptide (Aβ/DMPC and Cu-Aβ/DMPC) floating over the bilayer surface. This additional informa-

tion reveals that the formation of bridges between phosphate groups occurring in Mg/DMPC (see

Fig. 1) produces a cluster of 3-4 lipid molecules that changes the elasticity of DMPC. As described

above (and also in detail below), the lipid molecules belonging to the cluster are more rigid and

create a small hollow in the surface. The perturbation exerted by Mg-phosphate interactions makes

a little hollow over the bilayer surface affected by Mg binding. This little hollow can be observed

looking at the configurations where the Mg penetration is deep, like in Fig. 2. This local pertur-

bation allows the molecules neighbor to the cluster to more easily tilt with respect to the bilayer

normal.

The effect of Mg addition to L1 does not significantly alter other structural parameters of the

bilayer at the same temperature (see Table 3). For instance, bilayer thickness and area per lipid

compare well with the values measured by diffraction studies for DMPC81. Experiments report

thickness at T =303 and 323 K of, respectively, 36.7 and 35.2 Å2, while in our MD simulation at

311 K thickness is 34.4 Å2. This small difference may be due to the slightly different way used

to measure the thickness (see Methods and Ref. 81). The experimental area per lipid is 59.9 and

63.3 Å2 at the same two probed temperatures, while it is 63.8 at 311 K. Negligible effects are

observed for the average roughness with the Mg2+ addition (see Table 3), thus confirming that any

effect do to Mg/DMPC association is very localized in space.

We measured the order parameter, probed by means of S(CH) (see Methods), for C-H R1.3

bonds in the methylene groups in the acyl chains of the lipid molecules. The profile of S(CH)

along the chain does not change upon addition of divalent cation (see Fig.S5 and related
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discussion in SI). This, again, shows that the perturbation made by the divalent cation is

limited to the lipid head groups.

Exogenous addition of Aβ peptide to the bilayer

In the REMD Aβ/DMPC and Cu-Aβ/DMPC simulations the DMPC bilayer is in the liquid crys-

tal phase at all the probed temperatures, consistently with similar MD simulations reported in the

literature82. The temperature dependence of the area per lipid in Aβ/DMPC REMD simulation

is displayed in Fig. 3, together with the available experimental results for DMPC81, the result for

CMD at T =311 K for DMPC, and the average of 10 CMD trajectories at T = 303 K described

below. The behavior for Cu-Aβ/DMPC is not graphically distinct from Aβ/DMPC and, therefore,

it is not displayed. The REMD simulation is able to capture the increase of area per lipid (A) as T

increases as well as the area per lipid at high T , but it is dominated by high-T lipid configurations

that are often exchanged in REMD with low-T configurations. However, REMD can adequately

probe the possibility of peptide penetration at the highest area per lipid accessible, both by experi-

ments and simulations, in the liquid crystal phase of DMPC. Therefore, it is expected that for lower

A peptide penetration would be more difficult than at high T .

In Fig. S3 (see SI) we display the radial distribution function g for selected pairs, to show the

extent of penetration of N- and C-termini (respectively Nt and Ct) through the membrane surface

(using P atoms in the pair) or towards the membrane center (using the terminal C atom in the

two acyl chains of DMPC, Cf hereafter). The g function is measured at T =311 K, i.e. the

physiological temperature of biological membranes. The REMD trajectory at 311 K shows that R1.4

the propensity for Aβ and Cu-Aβ N-termini to interact with the membrane surface is limited to the

head groups of the DMPC bilayer, the P atoms. The peaks in Fig. S3A (black lines for Aβ/DMPC)

represent the electrostatic interaction between the positively charged Nt group of Aβ with the

negatively charged phosphate groups (see also the number of salt bridges discussed below). The

peptide N-terminus (residues 1-16) contains most of the charged side chains and it is the peptide

segment involved in metal ion binding. For this reason the behavior of N- and C-termini are
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expected to be different when they are in contact with a charged membrane. The approximate

symmetry of the g function measured for different layers in the bilayer membrane (L1 and L2)

shows that in both conditions the N-terminus of the peptide is floating above the membrane surface,

going back and forth from one layer to the other. The lower symmetry of Aβ/DMPC (black lines)

compared to Cu-Aβ/DMPC (red lines) shows that even the wide REMD sampling is not fully

adequate to capture the intrinsic symmetry of the system when electrostatic interactions occur.

The Aβ peptide Nt atom approaches the P atoms at 3.5 Å, while Cu in Cu-Aβ rarely reaches a

distance lower than 6.5 Å. The Cu-binding to Aβ reduces the interactions between the N-terminal

region of the Aβ peptide and DMPC head groups, producing a more symmetric g function among

the two layers. This effect is expected since the interaction with Cu spreads the positive charge

over the Cu-bound residues, while in the charged N-terminus (when not bound to Cu) of the Aβ

peptide, the positive charge density is higher and the interactions with negatively charged groups

at the bilayer interface are more likely.

The peptide rarely penetrates the membrane bilayer, as shown by the g function for pairs in-

volving the Cf atoms (the bottom of the acyl chains in lipid molecules, Figs. S3C-D). According to

bilayer structure (see results reported below) the average distance between P atoms and the center

of the bilayer is about 17 Å. Therefore, the Nt atom for Aβ/DMPC (black lines in panel C) and the

Ct atom in Cu-Aβ/DMPC (red lines in panel D) significantly approach the bilayer center, showing

a deep penetration in rare configurations in the trajectory. Noticeably, when Cu is bound to the pep-

tide (red lines) penetration occurs from the C-terminus, while when Cu is absent the N-terminus

is allowed to move from the surface (P atoms) towards the bilayer center. The representation of

this change in penetration is better understood examining the few snapshots contributing to the

contribution to g at short distances in, respectively, Cf-Nt (Aβ/DMPC, Fig. S3C) and Cf-Ct (Cu-

Aβ/DMPC, Fig. S3D). In Fig. 4 we display, left and right panels, one of such configurations for,

respectively, each of the two systems. It can be observed that a common feature of the peptide

structure in these configurations is the breaking of cross-talk between the N- and C-termini. This

cross-talk is always present when the peptide (both Aβ and Cu-Aβ) are in water solution and it
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is often maintained when the peptide interacts with the membrane surface. The interplay between

the release of intra-peptide interactions and penetration into the bilayer is discussed in more detail

below.

The number of intramolecular salt bridges (SB) within the peptide (Table 4) is consistent with

the data reported for the simulation of the same peptides in water (last columns). For Aβ/DMPC

SB is similar to the value in water, with N(Asp 1) providing a contribution of approximately 1 in

both cases. This shows that despite the few interactions between the N terminus and the phosphate

groups of DMPC, the intramolecular salt bridge involving N(Asp 1) in the peptide is not statisti-

cally broken and the monomeric peptide keeps the network of intramolecular salt bridges almost

intact. This result is consistent with the rare events of membrane penetration observed in REMD

at T =311 K. Also in Cu-Aβ/DMPC SB does not change with respect to the value in water. These

data show that the N-terminus of Aβ(1-42) and Cu-Aβ(1-42) is bent towards the peptide by, re-

spectively, intramolecular salt bridges and covalent bonds involving Cu. Thus, N-terminus is rarely

released by the peptide cross-talk to form new interactions with the DMPC phosphate groups.

The bilayer structure (Table 3) shows only a moderate propensity for larger thermal fluctua-

tions, induced by the perturbation due to weak interactions with the peptide, and a small increase

in thickness.

Because of the extended conformational sampling in REMD, in both cases the peptide N-

terminus moves back and forth between the two layers, because of the usual periodic boundary

conditions used in simulations. As a consequence of the weak interactions between the peptide

and the DMPC bilayer, the distributions of K-P and P-P distances are approximately symmetric

among the two layers and almost identical to those of pure DMPC (data not shown here). The

peptide does not change the distribution of monovalent ions.

The S(CH) order parameter is not sensitive to the presence of the peptide, irrespectively R1.3

of the Cu-binding to peptide. This, again, shows that the interactions of the peptide are

limited to the lipid head groups and do not affect the hydrophobic core of the lipid bilayer.

In order to extract more information about possible specific interactions favoring asymmetry
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in structural and electrostatic properties among the two layers, in the following we compare 10

separated long (1 µs) CMD simulations performed for both Aβ/DMPC and Cu-Aβ/DMPC models.

Comparing different peptide/DMPC associations

In this section, the NPT-ensemble MD simulations (that we indicate as conventional MD, CMD)

of Aβ/DMPC and Cu-Aβ/DMPC are described. Since the sampling in CMD is more limited than

in REMD, the different trajectories allow a comparison between different kinds of Aβ/DMPC and

Cu-Aβ/DMPC association.

In Fig. 5, in order to describe the type of association, the distance along the z axis between the

bilayer center and the closest atom of the peptide is displayed as a function of time for all trajec-

tories. Among 10 1 µs-long trajectories acquired for each of the two species, Aβ/DMPC (panel

A) and Cu-Aβ/DMPC (panel B), respectively, we observe the rapid incorporation of the peptide

into the bilayer in one trajectory only, trajectory 1 of Aβ/DMPC. As for Aβ/DMPC, we observe

a partial incorporation after 600 ns for trajectory 5, while for Cu-Aβ/DMPC a moderate bilayer

penetration is observed for trajectory 8. These data show that in most of the cases the peptide in-

teracts with head groups (around P atoms). On average, the distance between Cu and the center of

the membrane is 42.0±10.6 Å for Cu-Aβ/DMPC compared to 15.3±2.4 Å for Mg in Mg/DMPC.

In all simulations the bilayer thickness is about 34 Å (see Table 3 and discussion below), thus the

average distance between P atoms and the central plane of the bilayers is never below 17 Å. The

approach of Mg towards the bilayer central plane does not significantly drift, on average, the P

atoms towards the center of the bilayer, because the density of P atoms projected along the z axis

does not change (data not shown here). However, as described above, the perturbation makes a

little hollow over the bilayer surface affected by Mg binding (see Fig. 2 and discussion above).

These observations are consistent with the experimental data reported for exogenous addition

of Aβ(1-42) to bilayer models (POPC/POPS mixtures)53. Comparing 2H and 31P solid state-NMR

of Aβ(1-42) and Cu-Aβ(1-42), a clear indication of the confinement of peptides around the head

groups is shown. Peptide incorporation during the bilayer preparation, on the other hand, has more
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severe impact on NMR data and bilayer stability, irrespective of Cu addition.

Effect of peptide addition to DMPC bilayer structure

The area per lipid as a function of temperature measured by REMD simulation (see above) and con-

sistent with experimental data81 shows that the area per lipid increases with temperature. There-

fore, most of the changes displayed in Table 3 are due to the lower T used in the CMD simulations

of Aβ/DMPC and Cu-Aβ/DMPC (T =303 K) compared to DMPC and Mg/DMPC (T =311

K). The choice of T =303 K is to compare these results to CMD simulations of Aβ(1-42) and

Cu-Aβ(1-42) in the absence of DMPC52. Despite the more significant effect of peptide/DMPC

interactions in the 10 separated CMD than in REMD, the changes in bilayer structural parameters

(Table 3) are consistent with the experimental data53 that show a small structural effect for the

bilayer, when addition of both Aβ(1-42) and Cu-Aβ(1-42) to the POPC/POPS bilayer is exoge-

nous. On the other hand, the peptide incorporation has a more significant effect on the structure

of DMPC head groups, as it discussed in the next subsections. As for bilayer thickness, in our

simulations we observe a few incorporated samples, but in all cases where peptide incorporation

occurs the thickness of the bilayer is not dramatically affected, compared to the case where the

peptide is confined at the membrane surface. The change in area per lipid is, on the other hand,

more significant for trajectory 1 (61.6 Å2) compared to the average (60.6). This shows that peptide

digs a little hollow separating the lipid molecules one from each other, with no wide changes in the

bilayer structure, like those emerging from the displacement of a lipid head group from the layer

to the solvent.

The order parameters of hydrophobic DMPC chains (data not shown here) show a negligible

effect of both Aβ and Cu-Aβ exogenous addition to DMPC. This is an expected effect, since the

penetration of the peptide into the bilayer is small (see Fig. 5B).
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Effect of peptide addition to DMPC on electrostatic properties

We extend the measure of the effects of interactions between peptide and the DMPC head groups on

the distribution of monovalent ions (K+) on the two layers. Again, to better understand these effects

we analyze the different CMD trajectories. In Fig. S4 (see SI), we compare the radial distribution

function for pairs involving P atoms in DMPC and atoms in the N-terminus of the peptide, N(Asp

1) and Cu in, respectively, Aβ/DMPC and Cu-Aβ/DMPC. For instance, comparing trajectories

1 and 2 for Aβ/DMPC and Cu-Aβ/DMPC, we notice that the more symmetric is the interaction

between the peptide among the two layers (left panels), the more symmetric is the distribution

of K+ (right panels). It is also interesting to notice that the strong interaction of trajectory 1 for

Aβ/DMPC (see above), produces a polarization of K+ that is opposite to that produced by Mg2+

(Fig. S2A, black curve).

Effect of Cu and DMPC on peptide structure

Circular dichroism provides important experimental information about the change of structure of

Aβ(1-42) and Cu-Aβ(1-42) when the peptides are added to the preformed bilayer53. When these

experiments are performed at low peptide concentration (by using synchrotron radiation sources),

aggregation phenomena are minimized during the measurements. These experiments show that the

change of structure of the peptide is minimal, both without and with Cu, when peptides are added

to the bilayer. A more significant change occurs when peptides are incorporated during bilayer

formation and, in the latter case, the addition of Cu is also affecting the structural modification.

In Fig. 6 we report the average secondary structure of the peptide, both without DMPC (top, data

from Ref. 52) and with DMPC (bottom, this work). The data show that the effect of DMPC

association on the peptide is on average small: there is only a significant increase in population

of helical regions together with a spreading of the β-sheet content among residues. We notice

that simulations with no membrane have been performed with a different force-field (AMBER

FF99SB).

In Table 4 we compare structural parameters averaged over 10 trajectories, with those obtained
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for some selected trajectories, the latter showing the largest extent of association with DMPC. As

for those trajectories that are more strongly interacting with the bilayer (especially trajectories 1

of Aβ/DMPC and 8 of Cu-Aβ/DMPC) the helical content is significantly increased. This is an

expected result, since it is well known that the incorporation of Aβ(1-40) into vesicles produces

α-helical motifs in the peptide83. It must be noticed that when the peptide is embedded into the

bilayer (Aβ/DMPC, traj. 1) there is an expansion of the peptide, while the association with the

bilayer surface (Aβ/DMPC, traj. 5, Cu-Aβ/DMPC, traj. 8) induces a significant compaction. The

size and secondary structure of the peptide is, therefore, significantly modulated by the type of

association when the latter occurs: electrostatic (strong interaction with bilayer surface) versus

hydrophobic (penetration into the bilayer).

The penetration of the peptide into the membrane increases, as expected, the helix content. The

maximal percentage of helix is displayed by the trajectories where the penetration is deeper: tra-

jectory 1 for Aβ/DMPC and trajectory 8 for Cu-Aβ/DMPC, 15% and 20%, respectively (Table 4).

This percentage is lower than that reported for Aβ(1-42) in micelles on the basis of CD and NMR

experiments in SDS84 and in helix-inducing solvents85. The difference can be due to the partial

achievement of peptide penetration in our simulation, where an exogenous addition is per- R1.10

formed, compared to fully embedded Aβ(1-42) in micelles, where the assembly is prepared

starting with the components. Another possibility, that we cannot verify in this work, are

limitations of force-field and sampling. It is known that conformational changes within lipid

bilayer require long simulation timescales and only electrostatic interactions with charged

group of the membrane can abruptly affect the Aβ(1-42) structure15.

The number of intramolecular salt bridges is, on average over the 10 trajectories, not altered

in the presence of DMPC with respect to the case of water solution (Table 4). The SB quan-

tity increases when the association of the peptide with DMPC is more significant (trajectories 1

and 5 for Aβ/DMPC, trajectory 8 for Cu-Aβ/DMPC). The number of contacts between positively

charged groups in Aβ (see Methods) and P atoms, does not increase substantially, being always

around 0.2, independently from the chosen trajectory (data not shown in Tables). The number of
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contacts between negatively charged groups in the peptide and the ammonium group in DMPC

is always negligible, because of the steric effect of methyl groups attached to the N atom. These

data indicate that the extent of association between peptide and membrane is independent from the

electrostatic interactions between charged groups in the peptide and those with opposite charge

at the membrane surface. Charged head groups in the membrane are on average not sufficient to

divert charged groups in the peptide from pre-existent salt bridges.

A further illustration of the type of interactions occurring in the peptide/DMPC association can

be obtained by examining and comparing the final configurations of trajectories characterized by

a different behavior. We limit this comparison, reported in Fig. 7, to Aβ/DMPC, since the differ-

ence with Cu-Aβ/DMPC is, in this respect, marginal. The final configuration in trajectory 2 (top)

represents a typical weak interaction between an almost unperturbed Aβ peptide and the surface

of DMPC. Trajectory 5 (middle) ends with configurations significantly penetrating the membrane

bilayer, but with interactions almost confined to the surface. Finally, in trajectory 1 the peptide

rapidly achieves the penetration of the bilayer from the side of its C-terminus (bottom). In the latter

conditions, it can be noticed that the region of Aβ crossing the layer surface is small, separating the

N-terminus (above the surface) and the C-terminus (below the surface). This configuration, again,

represents the requirement of removing the cross-talk between the N-terminus and the C-terminus

(exerted by the bending of N-terminus towards the C-terminus) before a deeper penetration of the

peptide into the membrane from the side of the C-terminus. This configuration is similar to that

obtained by REMD of Cu-Aβ/DMPC displaying the deepest penetration into the bilayer (Fig. 4B),

with the main difference that the N-terminus is not partially neutralized by Cu binding.

The further comparison between statistical properties in the three different simulations repre-

sented by the snapshots described above, confirms the description of the force that is exerted by

the DMPC bilayer when the peptide is incorporated. In the left panels of Fig. 8 the probability of

inter-residue contacts (see Methods) is displayed for trajectories 2 (top), 5 (middle), and 1 (bottom

panels). In the first case there are almost no interactions between Aβ(1-42) and DMPC, since the

number of Aβ-DMPC contacts is 5. In trajectory 5 significant interactions of Aβ(1-42) with the
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bilayer surface are revealed by an increase in the number of Aβ-DMPC contacts to 13. Finally, in

trajectory 1 the deepest penetration of the peptide into the bilayer occurs and the number of con-

tacts increases to 49. Again, trajectory 2 (top panel) displays a typical behavior for an unperturbed

Aβ(1-42) peptide, where a weak cross-talk between many residues is allowed by the structural

disorder of the peptide. As already observed for the monomeric Aβ(1-42) peptide in water so-

lution, contacts are distributed among two domains, one N-terminal and one C-terminal, as it is

shown by the low probability of contacts in the range of residues 20-26. In the case of interactions

confined to the DMPC bilayer surface (trajectory 5, middle panel), we observe a conformational

freezing, displayed by an increase, with respect to the free peptide, of highly populated contacts

between residues far in the sequence. Some of them involve Glu 22, Asp 23, and Lys 28, with

these charged side chains interacting mostly with the N-terminus and not between themselves. In

the case of a peptide that is more significantly embedded into the bilayer (trajectory 1, bottom

panel), one notices the disappearing of contacts within residues in the C-terminus and the exten-

sion of the N-terminal domain up to Lys 28, with the void observed for trajectory 2 (top) almost

filled. This change in cross-talk is induced by the formation of contacts between the C-terminus

and DMPC. In the right panels of the same figure, we display the mass density for different atomic

sets in Aβ(1-42). S1 is the N-terminus, S4 the C-terminus, while S2 is the hydrophobic segment

and S3 contains the charged residues involved in one of the intramolecular SBs. When the pep-

tide is out from the bilayer (trajectory 2, top-right panel) only the N-terminus (S1) is approaching

the bilayer surface. The analysis of the trajectories not displaying penetration into the bilayer (all

trajectories except 1 and 5, data not shown here) shows that there is no preference among the dif-

ferent segments for weak interactions with the bilayer surface. When a more significant interaction

with the bilayer surface occurs (trajectory 5, middle-right panel) the hydrophobic segment S2 is

projected towards the bilayer because of the stronger interactions among S3 and S1 (as shown in

the middle-left panel). When the penetration is deeper (trajectory 1, bottom-right panel), the S4

segment overtakes the layer of P atoms, with the latter interacting with S3. Interestingly, in these

conditions the S2 segment is projected towards the water layer, thus allowing interactions with
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other monomers in the nearby, especially if pre-organized as in trajectory 5 (middle panel).

As for Cu-Aβ/DMPC, 9 of 10 trajectories of display the behavior of Aβ/DMPC in trajectory

2, while only trajectory 8 displays a pattern similar to trajectory 5 in Aβ/DMPC.

The observations related to contacts, both defined as specific salt bridges and generic inter-

residue contacts, represent the process of changing the cross-talk between domains that are poly-

morphic in the free Aβ(1-42) peptide. The interactions with the charges on the surface of the

membrane bilayer selects configurations that have a low population in the DMPC-unbound state,

thus indicating a free energy barrier in the process of peptide penetration through the bilayer sur-

face. The observation that peptide embedding into the membrane is a rare event (1 trajectory over

10) shows that the structural changes accompanying the penetration are hindered by the polymor-

phism that characterizes the monomeric Aβ(1-42) peptide. The Cu binding to Aβ(1-40) enhances

the spread of configurations over polymorphic states in the monomeric state61, thus providing a

possible entropic explanation to the question why Cu binding reduces the penetration of monomers

through the charged DMPC surface.

Again, we remind that this analysis is limited to peptide monomers.

Discussion

In previous works we analyzed in detail the effect of Cu-binding on the properties of Aβ(1-42) pep-

tide, both in monomeric and dimeric states. Simulations of Cu-bound monomers and dimers

show that Cu-binding hinders the formation of larger oligomers and amorphous aggregates, R1.11

the latter the final stable form of Cu-Aβ(1-42) in water solution86–88. One major result of our

simplified models for monomers in water is that the interactions between the peptide charged

side chains and the water solvent are enhanced by the dominant coordination mode of Cu ob-

served in ESR spectroscopy. This observation is consistent with the longer life-time observed

for Cu-Aβ(1-42) monomers compared to Aβ(1-42) monomers, when the Cu:Aβ ratio is 1:1,

i.e. when all peptides are bound to Cu87. According to models of Aβ(1-42) and Cu-Aβ(1-42)
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nucleation kinetics, Cu binding, together with Zn-binding, promotes the Aβ aggregation into

amorphous particles, rather than fibrils, because of the longer latency of soluble monomers

and oligomers bound to metal ions87.

Therefore, by adding Aβ(1-42) and Cu-Aβ(1-42) monomers to DMPC, i.e. a lipid bilayer with

charged head groups, the difference in organization of charged side chains is potentially important.

Our models of monomeric Aβ(1-42) and Cu-Aβ(1-42) in contact with the DMPC bilayer con-

firm the experimental information that the exogenous addition to DMPC of these peptides reveals

peptide-membrane interactions that are confined to the charged head groups of the bilayer. The

interactions between the peptide and the membrane are concentrated in the head groups also in

the few exceptions where the peptides are significantly embedded into the membrane bilayer. The

exogenous addition of the peptide to the membrane bilayer does not alter significantly the bilayer

structure when free divalent cations are either absent or bound to the peptide. As for the Aβ(1-42)

peptide, this fact has been already observed experimentally by means of spectroscopy and diffrac-

tion studies89. Consistently, dramatic changes of peptide/membrane interactions are observed at

conditions where the peptide is truncated to be more hydrophobic (Aβ(25-35)) or forms fibril as-

semblies89,90.

The picture of Aβ monomers floating over the membrane surface is consistent with other ob-

servations reported in the literature. A recent FRET experimental work4 describes the strong in-

teractions among growing fibrils and the DOPC membrane, modelled as a lipid vesicle. The same

study confirms that monomers do not directly bind the lipid bilayer, as already observed in previous

studies.

As for the impact on oligomer formation, our results point out the possible role of charged

groups of the bilayer in organizing monomers into oligomers. Indeed, several simulations showed

that a strong association between Aβ and zwitterionic and charged membranes occurs starting from

tetrameric Aβ assemblies15. Since it is known that the lag-time of monomers associated to Cu is

larger than that of Cu-free Aβ when in the water solvent87, it is not surprising that the DMPC

association with Aβ(1-42) in the absence of divalent cations does not decrease the chance of inter-
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monomer contacts compared to the water solution. The bilayer-water interface, when bilayer has

charged groups on the surface, exerts a mild attraction for Aβ(1-42) thus decreasing the freedom

of monomers by reducing the space dimensionality. Conversely, at oligomeric level the bilayer

surface can assist the formation of larger oligomers and protofibrils. This type of association has

been observed in models of preformed protofibrils interacting with lipid bilayers14.

We notice here that in ss-NMR experiments, the effect of the addition of free Cu2+ and Zn2+

ions on the membrane properties is more dramatic than in the presence of Aβ peptide53. Similar

strong effects have been observed both experimentally and computationally for free Ca2+ ions41–43,

and Mg and Cu divalent cations are even smaller than Ca2+ in size. For the first time, we show

in this study that the Aβ-bound Cu2+ ion does not exert the strong perturbation on the membrane

exerted by a free divalent ion. Indeed, the effect of Cu-Aβ monomer on the membrane is weaker

than that of the more charged Aβ peptide.

Therefore, the formation of the Cu-Aβ complex before an eventual incorporation into the mem-

brane and before an increase in peptide concentration, appears as a protection against membrane

destabilization and oxidation. This hypothesis is confirmed by the NMR experiments performed

with the Aβ(25-35) peptide, both without and with Cu54,89. Since the N-truncated peptide does not

bind Cu, the addition of Cu to the system has an effect on the bilayer that is similar to that of free

Cu.

Conclusion

We perturbed an atomistic model of the DMPC bilayer, representing a very crude approximation of

a portion of a common cellular membrane, with a single divalent cation (Mg2+) and with Cu-free R1.4

and Cu-loaded amyloid-β peptides of 42 amino acid residues in the monomeric form.

All the data reported in our simulations represent important structural and electrostatic changes

of the bilayer when a single divalent cation interacts with the phosphate groups of DMPC. On the

other hand, the presence of the peptide represents a floating molecule, mildly interacting with the
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bilayer surface, and well suited to sequester divalent cations, in this case Cu2+. The model clearly

depicts the possible protective role of the amyloid-β(1-42) peptide in avoiding interactions between

Cu2+ and the membrane. R1.4

The model has many limitations. Beyond the limitations in size and number of components,

that are common to application of atomistic models, there is the lack of working approximations

to interactions between a ion like Cu2+, with available 3d orbitals, and molecules providing a

plethora of possible ligand atoms, like phosphate, carboxylate, imidazole, and carbonyl groups,

not to mention deprotonated amide backbone nitrogen that are known to bind Cu2+ at physiological

pH. There have been applications of modified non-bonding models for Cu2+ and Zn2+ cations,

that maintain pre-organized binding sites91, but are limited in describing the exchange of cations

between imidazole and carboxylate side-chains. These limitations will be eventually removed by

polarizable and reactive force-fields, not yet available.

The investigation of the events occurring when the concentration of the peptide increases are the

future perspective of this study. However, the type of weak interactions of the peptide with DMPC,

shows that modulation of inter-peptide electrostatic interactions are likely changing the picture

describing the behavior of monomers, where intramolecular salt bridges are found particularly

stable. The assembly of several monomers into oligomers, especially when loaded with Cu2+,

is likely affecting the surface of the bilayer. Then, as expected, the increase in concentration of

Cu-Aβ(1-42) close to a biological membrane becomes a possible crucial event destabilizing the R1.4

neuron membrane. The increase in turnover of Cu-Aβ monomers or dimers, possibly because of

self-oxidation (the latter enhanced in dimers), can also contribute to membrane protection.
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Tables

Table 1: Summary of simulations analyzed in this work. Abbreviations: CMD - conventional
molecular dynamics; REMD - replica exchange molecular dynamics; DMPC - dimyristoyl-
phosphatidylcholine; Aβ - Aβ(1-42) peptide, charge -3; Cu-Aβ - Cu-Aβ(1-42) complex,
charge -2. Reported times are per each replica. See Methods for details.

Simulation Composition number of equilibration analysis
replicas/ time (ns) time (ns)

trajectories
DMPC CMD 2×77 DMPC H2O 4 200 200

+37 K+37 Cl+13511 H2O
Mg/DMPC CMD 2×77 DMPC +Mg 3 200 200

+35 K+37 Cl+13510 H2O
Aβ/DMPC REMD Aβ+2×77 DMPC 56 200 200

+39 K+36 Cl+13511 H2O
Cu-Aβ/DMPC REMD Cu-Aβ+2×77 DMPC 56 200 200

+38 K+36 Cl+13511 H2O
Aβ/DMPC CMD Aβ+2×77 DMPC 10 500 500

+39 K+36 Cl+13511 H2O
Cu-Aβ/DMPC CMD Cu-Aβ+2×77 DMPC 10 500 500

+38 K+36 Cl+13511 H2O

Table 2: Elastic moduli of DMPC bilayer with no addition (DMPC) and interacting with,
respectively, a divalent cation (Mg/DMPC), the Aβ peptide (Aβ/DMPC), and the Cu-Aβ pep-
tide (Cu-Aβ/DMPC). Average is computed over 10 windows of 20 ns each, during the last 200
ns of each CMD trajectory. Standard error is within parenthesis.

Elastic moduli DMPC Mg/DMPC Aβ/DMPC Cu-Aβ/DMPC
Kc (10−20 J) 7.859 (0.369) 14.568 (0.756) 13.316 (1.307) 15.210 (2.077)

Kθ (10−20 J/nm2) 6.679 (0.191) 5.200 (0.200) 6.767 (0.241) 7.095 (0.200)
Ktw (10−20 J) 1.447 (0.010) 1.629 (0.006) 1.668 (0.061) 1.668 (0.042)
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Table 3: Bilayer structural data averaged over the second half of all trajectories (avg.) and
selected trajectories (traj./REMD). Root-mean square errors are within brackets.

Simulation Area per lipid (Å2) Thickness (Å) Roughness L1 (Å) Roughness L2 (Å)
DMPC 63.75(0.05) 34.4(0.2) 2.4(0.3) 2.5(0.4)
Mg/DMPC 63.75(0.05) 34.3(0.2) 2.5(0.4) 2.5(0.4)
Aβ/DMPC (REMD) 64.5(0.1) 34.4(0.2) 2.5(0.3) 2.5(0.3)
Cu-Aβ/DMPC (REMD) 64.4(0.1) 34.4(0.2) 2.5(0.3) 2.5(0.4)
Aβ/DMPC (avg.) 60.6(1.4) 35.6(0.6) 2.7(0.5) 2.7(0.5)
Cu-Aβ/DMPC (avg.) 60.6(1.2) 35.6(0.6) 2.7(0.5) 2.7(0.5)
Aβ/DMPC (traj. 1) 61.6(1.1) 35.5(0.5) 2.6(0.4) 2.6(0.4)
Aβ/DMPC (traj. 5) 60.8(1.6) 35.4(0.7) 2.7(0.4) 2.7(0.5)
Cu-Aβ/DMPC (traj. 8) 60.9(1.1) 35.6(0.5) 3.2(0.9) 3.3(0.9)

Table 4: Structural data averaged over the second half of all trajectories (avg.) and selected
trajectories (traj./REMD). See Methods for definitions. Root-mean square errors are withing
brackets.

Simulation SASA (nm2) SB β (%) helix (%) Rg (nm)
Aβ/DMPC (avg.) 33(3) 2.7(1.1) 7.9 11.1 1.1
Cu-Aβ/DMPC (avg.) 35(2) 2.9(1.1) 6.2 11.2 1.1
Aβ/DMPC (REMD) 35(3) 2.5(1.2) 9 12 1.1
Cu-Aβ/DMPC (REMD) 38(3) 2.2(1.0) 8 7 1.3
Aβ/DMPC (traj. 1) 39(2) 3.0(0.9) 0.0 15.1 1.3
Aβ/DMPC (traj. 5) 30(1) 3.1(0.8) 2.8 1.9 1.0
Cu-Aβ/DMPC (traj. 8) 33(2) 3.2(0.6) 0.1 20.0 1.0
Aβ 32(2) 2.8(1.0) 10.0 4.2 1.0
Cu-Aβ 36(2) 2.8(1.3) 0.6 1.2 1.1
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Figure 1: Difference between radial distribution function (g) computed in Mg/DMPC for layer 1
(Mg-bound) and layer 2. Mg-P (black line); P-P (red line); N-P (blue line). Left y-axis is for black
line, right y-axis is for red and blue lines.
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(A) (B)

Figure 2: Configuration of Mg/DMPC where the distance between Mg (purple sphere) and the
bilayer central plane is minimal along with the CMD simulations 1-3. P atoms in DMPC are
represented as yellow spheres, those within 3.5 Å from Mg are emphasized in orange. The other
DMPC molecules are represented as thin bonds. Water and KCl are not displayed. Atomic radii
are arbitrary. Panel B is the same structure in A observed from the z axis and with only lipid
molecules in L1 displayed.
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Figure 3: Area per lipid (A) as a function of temperature (T ): average results for REMD simulation
(black squares); experimental results at 303, 323, and 333 K (red squares81); average of 10 CMD
simulations for Aβ/DMPC at 303 K and DMPC at 311 K (blue squares).
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(A) (B)

Figure 4: Configurations of Aβ/DMPC (left) and Cu-Aβ/DMPC (right) displaying the deepest
penetration into the lipid bilayer in REMD simulations. The configurations are those where the
distance between any peptide atom and any of the bilayer Cf atoms (the terminal methyl group of
acyl DMPC side chains) is minimal along with the trajectory at T =311 K. The peptide is rep-
resented as bonds (N-terminal residues 1-16 in black, C-terminal residues 17-42 in red), Cu as a
purple sphere. P atoms in DMPC are represented as yellow spheres. The other DMPC molecules
are represented as thin bonds. Water and KCl are not displayed. Atomic and bond radii are arbi-
trary.
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Figure 5: Penetration of Aβ(1-42) (left, Aβ/DMPC) and Cu-Aβ(1-42) (right, Cu-Aβ/DMPC) into
the lipid bilayer. y axis is the z coordinate of the lowest atom (minimal z) of peptide. The horizon-
tal line at y=0 indicates the center of geometry of the bilayer which is the average of z coordinates
of all DMPC’s atoms. The horizontal line at 17.7 Å shows the average position of all P atoms.
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Figure 6: Secondary structure (see Methods for definition) as a function of residue in Aβ. Top:
(A) Aβ(1-42) and Cu-Aβ(1-42) (B) without DMPC52. Bottom: secondary structure averaged over
10 trajectories, Aβ(1-42)/DMPC (C) and Cu-Aβ(1-42)/DMPC (D).
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Figure 7: Final configurations of Aβ/DMPC in trajectories 2 (top), 5 (middle), and 1 (bottom).
Residues 1-16 are in black (segment S1 in Fig 8), 17-21 in gray (S2), 22-28 in red (S3), and
29-42 in (S4). The peptide is represented as bond sticks. P atoms in DMPC are represented as
yellow spheres. The other DMPC atoms are represented as lines. Water molecules and ions are not
displayed. Bond and atomic radii are arbitrary.
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Figure 8: Probability, for Aβ/DMPC, of inter-residue contacts (left panels, see Methods for details)
and density of mass for different atomic sets as a function of the coordinate z along the bilayer nor-
mal (right panels): trajectory 2 (top); trajectory 5 (middle); trajectory 1 (bottom). S1 are residues
1-16, S2 17-21, S3 22-28, S4 29-42. The density of each component is divided by the number of
atoms in each atomic set.
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Simulations show that Aβ monomers divert
divalent cations from interactions with a

biological phospholipid membrane.
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