
& Disordered Proteins

Towards High-Throughput Modelling of Copper Reactivity
Induced by Structural Disorder in Amyloid Peptides

Giovanni La Penna*[a] and Mai Suan Li[b, c]

Abstract: Transition metal ions often interact with disor-
dered proteins. The affinity is high enough to compete with
structured proteins, but the catalytic activity of the metal
centre is often out of control and, therefore, potentially dan-
gerous for cells. An example is a single copper ion interact-
ing with the amyloid-b (Ab) peptide and triplet dioxygen, an
interaction that is fundamental in producing reactive oxygen
species in neurodegeneration. High-throughput modelling
of the Cu-Ab-O2 system was performed with the aim of pro-
viding a tool to dissect the structural features that character-
ise dangerous Cu-based catalysts in neurodegeneration. This

study showed that the production of superoxide is a process
with low-energy intermediate species, once a small popula-
tion of high-energy CuI-Ab complex is formed. This popula-
tion is enhanced when Cu bridges two different peptides in
1:1 Cu:Ab dimers. Despite the bias for high-energy reduced
reactant species, the reduction of CuII-Ab product by super-
oxide can also occur, in addition to that by ascorbate, be-
cause the structural disorder produces a small population of
oxidant species characterised by unstable CuII coordination,
coexisting with the most abundant reductant species, char-
acterised by stable CuII coordination.

Introduction

For chemical purposes and inspired by enzymes, scientists
have designed efficient catalysts by using structured ligands.
The structure of the ligand is favourable for the catalytic pur-
pose if it makes the catalyst robust, selective and unable to de-
liver the metal ions to competitors. In a cell, especially when a
pathological state occurs, these conditions are not fulfilled.
Metal ions are released by ligands, and interaction of other li-
gands with the ions leads to new and unpredictable catalytic
activities. Therefore, in many biological circumstances, we ob-
serve weakly coordinated transition metal ions exhibiting effi-
cient catalytic activity that must be understood and, possibly,
silenced. Under these circumstances, it is more difficult, com-
pared to structured ligands, to understand and eventually pre-
dict the reactivity of such complexes. One example is provided
by the Cu–amyloid-b complex, which is described in the fol-
lowing.

The interactions between the amyloid-b (Ab) peptide and
copper produce transient catalysts that activate dioxygen and
produce reactive oxygen species (ROS).[1, 2] This activation has
been addressed as an important pathway for triggering cell
death in neurodegeneration,[3–5] and models for dioxygen acti-
vation have been proposed on the basis of calculations.[6–8]

Since the affinity of Ab for Cu is relatively high, the Ab peptide
is a candidate for sequestering Cu from other partners, which
may efficiently silence its reactivity.

The intrinsic disorder of the Ab peptide makes any mecha-
nistic description of dioxygen activation difficult. Cu coordina-
tion to Ab has been proposed to prevail under physiological
conditions on the basis of EPR and NMR data for the oxidised
form CuII-Ab.[9, 10] The reduced form, CuI-Ab, has been also in-
vestigated,[11–15] but it is not stable under ambient conditions
in the presence of dioxygen.[14] In the CuII complex identified
as Ia, Cu2+ is bound in a square-planar geometry to N and O
of Asp1, Nd1 of His 6 and an imidazole N atom of His13 or
His14, either of the same peptide or of another peptide in a
multimeric state. Despite the constraints imposed by this con-
formation, significant distortions of this coordination modulate
the interactions of CuII with both equatorial and axial ligands,
and thus affect its chance of interacting with water molecules,
dioxygen and further ligand groups provided by the pep-
tide.[7, 16]

The activation of dioxygen by the Cu-Ab complex has been
studied in vitro, by comparing the Cu-Ab42 complex with a
series of reference Cu–ligand (L) complexes and the free Cu
aqua ion.[17] Ascorbate, which is abundant in the central nerv-
ous system, has been used as the reducing agent to form the
initial amount of reduced Cu-L (CuI-L) that is required to shut-
tle electrons towards dioxygen (see below for details). The
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steady-state production of hydroxyl radicals by Cu-Ab42 was
only half of that of the CuII aqua ion, which is known to not
exist in cells.[18] Production of ROS by Cu-Ab42 is comparable to
that of CuII-(Gly-His-Lys) (Cu-GHK), a naturally occurring Cu
complex involved in many biochemical pathways.[19] On the
other hand, the CuII-(Asp-Ala-His-Lys) (Cu-DAHK) complex is
silent in ROS production, since CuII is stable in the square-
planar geometry formed by the N terminus, the His side chain
and two deprotonated amide N atoms. This coordination
strongly disfavours any transient CuI-DAHK formation, contrary
to the case of Cu-GHK. All these complexes show, in vitro, a
resting state with Cu in the oxidised form (CuII). Therefore, any
tentative mechanism for catalytic ROS production involves ini-
tial coordination of CuII to the Ab42 peptide. This assumption
allows one to start from the information provided by the re-
ported studies, which mostly concern the coordination of CuII

to different amyloid peptides, because the coordination of CuI

can be conveniently studied in vitro only in Ar atmosphere.[14]

Herein, we describe a procedure to approximately rank the
reactivity of Cu-Ab as dioxygen activator, taking into account
some of the architectural constraints provided by the peptide,
both in monomeric and dimeric states.[20] This method is an ex-
tension of the tools described in our previous works,[16, 21] with
a special emphasis on the chance for efficient electron transfer
from CuI to dioxygen. In terms of number of probed structures,
this work extends similar works reported in the literature tack-
ling the same problem.[22]

Reaction Mechanism

According to recent experimental results,[1] the first step in
ROS production catalysed by Cu-Ab is the in situ production of
superoxide. The latter rapidly attacks other sites in the peptide
and in its environment.[5] A possible mechanism for this first
step is summarised below. The dioxygen activation is initiated
by the formation of a species that can efficiently split the bi-
radical state of dioxygen into two radicals. This species is a CuI

complex that is known to be produced in a small amount by
reductant molecules that are relatively abundant in cells, such
as ascorbic acid [Eq. (1)]:

L-Cu2þ-ðH2OÞ þ Asc� ! L-Cuþ-ðH2OÞ þ AscC ð1Þ

At pH 7 ascorbic acid is almost completely dissociated into
ascorbate (Asc�), and single-electron oxidation produces the
ascorbyl radical (AscC). In the framework of amyloid toxicity, L
represents the Ab peptide ligand. After the formation of an ini-
tial amount of reduced CuI-Ab, the activation of dioxygen be-
comes possible in an inner-sphere reaction, provided the ex-
change of water molecules close to the Cu centre with dioxy-
gen is possible [Eqs. (2), (2 a) and (3)]:

L-Cuþ-ðH2OÞ þ O2 ! L-Cuþ-ðO2Þ þ H2O ð2Þ

L-Cuþ-ðO2Þ $ L-Cu2þ-ðO2
�Þ ð2aÞ

L-Cu2þ-ðO2
�Þ þ H2O! L-Cu2þ-ðH2OÞ þ O2

� ð3Þ

Equation (2) represents the penetration of dioxygen into the
inner sphere of the Cu site by replacement of water molecules
eventually in contact with Cu. The energy change in this reac-
tion depends on the extent of resonance between the triplet
dioxygen state and the charge transfer from the reduced Cu
centre to dioxygen with formation of a CuII-bound superoxide
anion [Eq. (2 a)] . Equation (3) represents the ejection of super-
oxide into the solvent in contact with the protein environment.
This last step produces the resting state of CuII-Ab. The above
three reactions describe a hypothetical mechanism for the
second step in the production of ROS by Cu-Ab, consistent
with the recent experimental results [Eq. (4)]:

L-Cuþ-ðH2OÞ þ O2 ! L-Cu2þ-ðH2OÞ þ O2
� ð4Þ

that is, the in situ production of superoxide by the small
amount of CuI-Ab produced by ascorbate.[1] The first step is
the production of the small amount of CuI-Ab complex
[Eq. (1)] .

The same mechanism is depicted in more detail in Figure 1.
Reaction 4 corresponds to Equation (4), and the identity of
Equation (5) holds.

DE4 ¼ DE2 þ DE3 ð5Þ

Since the turnover of CuI [Eq. (1)] must be satisfied, the ideal
set of energy changes satisfying Equation (5) occurs for nega-

Figure 1. A possible reaction mechanism in the oxidoreductive equilibria for
the production of superoxide by Cu-Ab. Step 1 is the initiation step [Eq. (1)] ,
that is, the initial formation of the reduced form of Cu-Ab (CuI-Ab) ; step 2 is
the process of exchange of one water molecule in the vicinity of CuI with di-
oxygen [Eq. (2)] ; step 3 is the replacement in the vicinity of CuII of the re-
duced dioxygen (superoxide) by a water molecule [Eq. (3)] ; step 4 is the re-
duction of dioxygen to superoxide by the reduced form CuI-Ab, with the for-
mation of the resting state CuII-Ab [Eq. (4)] .
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tive values of both DE2 and DE3, together with small absolute
values of their sum DE4 and small absolute values of DE1. This
condition makes DE4 only slightly negative, as the sum of posi-
tive- and negative-energy pathways. The Cu-coordination flux-
ionality allows the process to be sustained with a small excess
of ascorbic acid to reduce CuII-Ab to CuI-Ab according to Equa-
tion (1). The cycle is also partially sustained by the small
amount of CuII-Ab reduction due to superoxide when DE4 is
positive. The characterisation of the state denoted “Intermedi-
ate” in Figure 1 is the main goal of this work.

Below, we provide an estimate of the concentration of CuI-
Ab under the conditions used for in vitro experiments. The
latter are assumed to mimic physiological conditions in the
central nervous system. With C0(CuII) and C0(Asc) as the initial
concentrations of CuII-Ab and ascorbate, respectively, the equi-
librium constant of Equation (1) is given by Equation (6):

K ¼ ½CuI�½AscC�
½CuII�½Asc�� ð6Þ

where CuII and CuI denote the oxidised and reduced forms, re-
spectively, of Cu-Ab

We define the amount of product x as the concentration of
product CuI and express this quantity as the ratio of x to the
initial concentration of CuII : y = x/C0(CuII). Assuming x is small
compared to the initial concentrations C0 of reactants, Equa-
tion (6) becomes Equation (7):

K ¼ y2

C0ðAscÞ=C0ðCuIIÞ ¼
y2

z
ð7Þ

where z is the ratio between initial concentrations of ascorbic
acid and that of the CuII-Ab complex. The equation can be
simply written as: lg y = 1/2[lg z�DG0/(RTln10)] , in which DG0 is
the free-energy change under standard conditions of reac-
tion 1.

In experiments, the ratio z is usually 10, while in the central
nervous system this ratio is larger. Assuming z = 10 and DG0�
DE, in which DE is the energy obtained by calculations for re-
action 1, we obtain a simple relation for the concentration of
reduced CuI-Ab complex with respect to the total amount of
Cu-Ab complex [Eq. (8)]:

lg y ¼ 1=2½�DE=ðRT ln10Þ þ 1� ð8Þ

With these approximations, a value of 30 kJ mol�1 produces
a concentration of CuI-Ab of 1 % of the total amount of Cu-Ab.

The cycle from the resting state, passing through reasonable
configurations for water and dioxygen in the Cu inner sphere,
can be modelled at the DFT level of theory. Configurations rep-
resenting the resting oxidised state are extracted from empiri-
cal models, that is, molecular dynamics (MD) simulations of
Ab(1–42) dimers including one Cu2 + ion per monomer, explicit
water molecules and monovalent ions modelling the environ-
ment of in vitro experiments.

The transition from empirical models of CuII-Ab to DFT
models of CuI-Ab is based on the relaxation of atoms within

the DFT forces accounting for the change of oxidation state
(see Methods Section). This approximation implies the assump-
tion that all the Cu coordination geometries sampled in the re-
action pathway described in Equations (1)–(3) are those of min-
imal reorganisation for the resting oxidised state. Therefore,
the major limitation of the calculations reported here is to
overestimate the weight of negative values in DE4, that is,
overestimate the stability of the oxidised form CuII-Ab.

As an example of the method, in this article we analyse the
energetics, at an approximate DFT level of theory, of 66 config-
urations obtained by 80 initial empirical models in which Cu2 +

is bound to each peptide through Asp1, His6 and His13 (Ne2),
and 52 configurations obtained by 55 empirical initial models
in which Cu2 + is bound to one peptide through Asp1 and
His6, and to a second peptide through Ne2 of His13. In all
cases the experimental coordination Ia is assumed, but the po-
sition of water molecules, reactant dioxygen molecule and su-
peroxide product in the Cu inner sphere and negatively
charged side chains of Asp residues differ.

Methods Section

The methods used in this work are summarised in Figure 2. The
most important information to retain in the empirical model is the
set of constraints due to the peptide arrangement around each Cu
site. To retain this information, the relaxation stages performed
with inclusion of valence electrons in the model are short (20
steps). This is an empirical balance between the requirement to
relax bond lengths and angles with a small deformation of the li-
gands.[23] This approximation implies that all the Cu coordination
geometries sampled in the reaction pathway described in Equa-
tions (1)–(3) are those of minimal reorganisation for the resting oxi-
dised state.

Structure preparation and MD simulation

We performed molecular dynamics (MD) simulation of a system
composed of two Ab(1–42) peptides bound in two different ways
to Cu2 + in 1:1 ratio. The force-field parameters were those used in
our previous work[20] on Cu-Ab monomers and dimers: the usual
models for water (TIP3P[24]) and NaCl[25] were applied together with
the 99SB Amber force field[26] updated with parameters for CuII

equatorial binding as in EPR component I (Ia). Below, we summa-
rise the simulation procedure used in this work.

We aimed at obtaining a sample of different structures for Cu-
Ab(1–42) monomers and dimers, each characterised by: 1) the
same coordination of Cu, representing the most abundant CuII co-
ordination (see Introduction); 2) sampling of different ligand struc-
tures (monomeric and dimeric), each representing a different envi-
ronment for the first Cu coordination sphere, accessible under am-
bient thermal conditions. In dimeric Cu-Ab(1–42) systems, one of
the two His side chains binding Cu may belong to a peptide differ-
ent from that providing the other His side chain. Therefore, we
built two types of Cu coordination: in the first type (set 1, here-
after) Cu is bound to Asp1 (N and O), His6 (Nd1) and His13 (Ne2),
whereby all side chains belong to the same peptide (say pepti-
de A); in the second type (set 2, hereafter) Asp1 and His6 belong
to one peptide (A), while His13 belongs to the other peptide (B).

For each type of coordination (set) we aimed at differentiating the
possible peptide configurations. For this purpose, we used metady-
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namics based on a collective variable that in our previous work[20]

was found effective in changing the peptide structure, that is, the
number of salt bridges (SB). This variable is the number of contacts
between positively charged groups (Nh of Arg and Nz of Lys) and
negatively charged groups (Cg of Asp, Cd of Glu and C in C termi-
nus). The contact is defined when the atoms of the groups are
within 4 �. We aimed to study the first Cu coordination sphere and

its reactivity in O2 activation in peptide configurations character-
ised by different values of SB.

For set 1, we extracted one configuration of CuII-Ab(1–42) from the
basin of maximal probability obtained with a microsecond-long
MD simulation of CuII-Ab(1–42) monomers,[20] which are assumed
to be the resting state of any in vitro study of oxidoreductive prop-
erties of Cu complexes in the presence of dioxygen (see Introduc-
tion). To build dimers, two identical monomers were placed at a
distance between geometry centres of 2 nm and randomly rotated.
We chose 80 different mutual orientations as initial configurations
for a multiple-walkers MD simulation[27] based on a common histo-
ry-dependent bias function of SB. The latter bias was built with the
recent altruistic metadynamics method.[28] Each walker is also
termed a replica hereafter. The goal of the multiple walkers is to
sample all values of SB in a given range (0 % SB % 20) while pre-
venting different walkers from repeating sampling of values that
have large degeneracy.

Each replica was simulated for 22 ns in a thermal bath of explicit
water molecules and NaCl at T = 300 K and P = 1 bar. Periodic
boundary conditions were used in three dimensions. The NAMD
2.10 package[29] was used for all MD simulations, and VMD[30] for
analysis and visualisation. After energy minimisation, we integrated
equations of motion acting on atoms using a time step of 2 fs
with constraints[31] acting on bond lengths involving H atoms, a
distance cut-off for nonbonding interactions of 1.1 nm and the
smooth particle mesh Ewald algorithm[32] for long-range electro-
static interactions. We used stochastic thermostat[33] and barostat[34]

to keep temperature and pressure, respectively, constant. The sim-
ulation cell was kept orthorhombic by the equation of motion con-
sistent with the NPT statistical ensemble. The system representing
set 1 was composed of 1252 protein atoms, 2 Cu, 31 Na, and 27 Cl
atoms and 15 229 water molecules. Since configurations in set 2
have less space for water between the two peptides than those in
set 1 (see below), set 2 contained 14 462 water molecules. On the
other hand, the more extended peptide chains in set 2 provide a
larger anisotropy to the simulation cell. Table 1 lists some of the
simulation parameters and conditions used for the two sets. The
parameter a indicates the weight of the histograms in altruistic
metadynamics linear combination. This weight is applied to histo-
grams that originate from walkers different from that for which the
bias is used for the next simulation stage. When a is not reported,
the same bias resulting from the previous stage is applied to all
walkers, as is required in any final metadynamics stage. We note
that our goal is not to use the metadynamics to build a free-
energy profile as a function of the chosen collective variable SB.
The use of metadynamics is here meant to spread walkers over dif-
ferent values of SB.

The construction of initial configurations for set 2 was different,
because dimers are linked by interpeptide covalent bonds involv-
ing bridging Cu atoms. The first configuration built in set 1 was
chosen as initial configuration for a Monte Carlo (MC) random walk
in the torsional space of the peptides.[35] A similar approach was
adopted in ref. [16] and described in the supplementary material
provided for that work. All dihedral angles F and Y are randomly
changed in the 0–3608 range, while keeping Asp1 in chain A and
the Cu ion bound to it fixed in space. The temperature for the Met-
ropolis MC test, based on the potential-energy change upon con-
figuration modification, is randomly chosen within 0 and a given
maximum, 10 000 K. The reciprocal temperature b= 1/RT is uni-
formly sampled in the corresponding temperature range. The MC
random walk is performed until Ne2 of His13 in chain B enters into
the Cu(A) coordination sphere. This condition is fulfilled when
Cu(A)�Ne2 [His13(B] is within 4 �. We selected 20 configurations

Figure 2. The methods used to reach the representative configurations of
the states depicted in Figure 1. The MD simulation (A) contains a thermal
bath of water molecules (not displayed), from which those within 5 � of the
Cu site are extracted (B). Atomic and bond radii are arbitrary. The VMD pro-
gram[30] was used for all the molecular drawings. Atoms within 2.5 � of the
Cu site are emphasised in green. For details, see the Methods Section.

Chem. Eur. J. 2018, 24, 1 – 13 www.chemeurj.org � 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4&&

�� These are not the final page numbers!

Full Paper

http://www.chemeurj.org


fulfilling the above condition. The same MC random walk was then
repeated while keeping fixed Asp1 of chain A and Hi13 of chain B,
together with Cu(A), until configurations with Nd1 of His6(A) enter
the coordination sphere of Cu(A). Once Asp1(A), His6(A) and
His13(B) are all within the coordination sphere of Cu(A), the proce-
dure is repeated with Cu(B), which was kept attached to Asp 1(B)
in all MC moves. This procedure allowed the collection of 55 con-
figurations with Cu(A) approximately coordinated by Asp 1(A) (N
and O atoms), His 6(A) (Nd1) and His 13(B) (Ne2), and at the same
time Cu(B) approximately coordinated by Asp1(B), His6(B) and
His13(A). The covalent bonds were then activated and the energy
minimised. The 55 configurations obtained with this procedure
were then used as starting points for 55 walkers (see description
above for set 1). Since the number of replicas (55) is smaller in set
1 than in set 2 (80), the MD simulation of each replica, both with
and without the applied bias, was longer (34 ns, see Table 1).

On the basis of the analysis of root mean square deviation (RMSD)
within the trajectory of each replica and between different final
points for replicas (see Results), we chose the last collected config-
uration for each independent replica for further modelling includ-
ing electrons.

DFTB relaxation

To include electrons, simplification of the ligand is required. This
procedure is named ligand truncation. In this application the
ligand is composed of amino acids, but also water molecules and
dioxygen. This type of truncation scheme has been already applied
to Cu-Ab.[16] With A and B indicating the peptide chains of each
monomer, residues Asp1(A), His6(A), Asp7(A), and His13(A or B) are
entirely included in the following models with electrons. To keep
the mechanical constraints acting on the 1–7 (A) loop, residues

Ala2, Glu3, Phe4 and Arg5 are transformed into Gly and thus retain
the peptide backbone of the 1–7 region of peptide A. Where trun-
cation of the peptide chain occurs, termini are replaced, as usual,
with CH3CO� (Ace) and �NHCH3 (NHmet) groups. All water mole-
cules with O atom closer than 5 � to Cu were also extracted from
the same MD sample.

To relax the stress due to the inclusion of valence electrons in the
model, we used the Hamiltonian of the system based on the self-
consistent charge density-functional tight-binding approximation[36]

(DFTB). In this approximation, geometrical parameters (e.g. , distan-
ces and angles) of minimal-energy conformations are consistent
with accurate DFT calculations for a large set of organic molecules,
both isolated and in condensed phases. We used the DFTB +
code[37] for these simulations. The valence electrons of each atom
were represented as s and p orbitals ; d orbitals were added to Cu.
We used the parametrisation for Cu proposed for a Cu complex
similar to Cu-Ab.[38]

Each configuration extracted from the empirical stage was mini-
mised for 20 steps. This relaxation step has the major advantage of
relaxing the terminal groups replacing the truncated residues in
the peptide.

DFT relaxation

We used the parallel version of the Quantum-Espresso package[39]

to further reduce the atomic forces in the geometries obtained
with the DFTB approximation. The DFT approximation is here de-
signed to speed up the calculations; therefore, it involved the Van-
derbilt ultrasoft pseudopotentials[40] and the PBE exchange-correla-
tion functional.[41] Electronic wave functions were expanded in
plane waves up to an energy cut-off of 25 Ry, while a 300 Ry cut-
off was used for the expansion of the augmented charge density
in the proximity of the atoms, as required in the ultrasoft pseudo-
potential scheme. We inserted each configuration in a cubic super-
cell of 30 �, suitable to avoid interactions between periodic images
of Cu model complexes. After 20 steps of energy minimisation,
performed with the Broyden–Fletcher–Goldfarb–Shanno algorithm,
the atomic forces never had any component larger than
0.01 Ry bohr�1.

Single-point calculations

This step provides the energy values used to compute the energy
changes for reactions in Equations (1)–(4) (see Figure 1). We used
the Gaussian 09[42] code for the single-point calculation of energy
for the final atomic configurations obtained in the previous DFT re-
laxation stage. The DFT set-up, identical to that used in ref. [7] , in-
cludes a localised basis set of type 6-31 + G(d) for N, O, C and H
atoms, and LANL2DZ for Cu, the atomic core of which is described
by a pseudopotential. We used the M06-2X hybrid exchange func-
tional,[43] which was found to be suitable to describe the second
ionisation energy of Cu and the electron affinity of dioxygen. The
latter parameters are the basis of the charge transfer in CuII···O2C

�

species [Eq. (2a)] . We modelled the solvent effects, only at this
stage, with an implicit polarizable continuum model (SMD).[44] The
geometries of O2, O2

� and H2O were optimised at the same level of
DFT approximation.

The atomic charge density was determined by natural bond order
population analysis,[45] and the corresponding atomic charge is de-
noted q.

Not all of the configurations satisfy a ground-state electron wave
function, since convergence is not achieved in a small amount of
configurations produced with the more approximate PBE exchange

Table 1. Parameters used in MD simulation for each walker.[a]

Simulation stage Ensemble Bias a t [ns]

Set 1
0 NVT no – 0.3
1 NPT no – 8
2 NPT yes – 2
3 NPT yes 0.25 2
4 NPT yes 0.50 2
5 NPT yes 0.75 2
6 NPT yes 1.00 2
7 NPT yes – 2
8 NPT no – 2

Set 2
0 NVT no – 0.3
1 NPT no – 2
2 NPT yes – 10
3 NPT yes 0.25 4
4 NPT yes 0.50 4
5 NPT yes 0.75 4
6 NPT yes 1.00 4
7 NPT yes – 2
8 NPT no – 4

[a] Temperature T is 300 K, except in stage 0, in which it was increased
from 0 to 300 K during the first 0.3 ns. In the NPT ensemble, the pressure
P was kept constant at 1 bar. When a is reported, the value was used in
Equation (3) of ref. [28] to build the bias used in the actual stage on the
basis of the histograms of the number of salt bridges (the collective vari-
able SB) obtained with all walkers in the previous stage. The last nanosec-
ond of stage 8, that is, in absence of any bias, was used for RMSD analy-
sis.
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functional. The critical step is the unrestricted calculation of the
Cu-Ab-(O2) ternary complex (intermediate) in the triplet state. For
this system, 66 of 80 configurations converged to the ground state
in set 1, and 52 of 55 in set 2. For configurations representing reac-
tant, 78 of 80 configurations converged in set 1, while all configu-
rations converged for set 2. For configurations representing prod-
uct, 79 of 80 configurations converged in set 1, and 54 of 55 for
set 2.

Structural parameters

Hydrogen bonds were defined as present when the X···Y distance
in XHY is shorter than 3 � and the X�H···Y angle is larger than
1358. The solvent-accessible surface area (SASA) was determined[46]

by using atomic radii for amino acids.[47] The radius of Cu was set
to 1 �. Electron units were used for atomic charges.

The extent of complex formation in set 1 was measured by the
ratio R between the SASA of the assembly and the sum of the
SASAs of the two monomers A and B [Eq. (9)] . The assembly is as-
sumed to be a dimer if R<0.95.

R ¼ SASAð½A�B�Þ=½SASAðA�BÞ þ SASAðBÞ� ð9Þ

The coordination number (CN) is defined as the number of atoms
within a given distance cut-off from Cu. In this work the cut-off for
the distance was 2.5 �. Once the coordination number CN is deter-
mined and the ligand atoms L are identified, the geometry of the
coordination is measured by means of the eigenvalues of the or-
dering matrix formed with the coordination bonds Cu�L. The or-
dering (or Saupe) matrix is defined as Equation (10):

Qa,b ¼
1
2

�
3

CN
S
CN

i¼1
u!ðiÞa u!b�da,b

�
ð10Þ

in which u!(i) is the unitary vector along each Cu�L bond, d is the
Kronecker symbol, a and b run over the three directions of space
and i runs over the ligand L atoms. The three eigenvalues of the
ordering matrix are compared with the exact eigenvalues deter-
mined for the ideal coordination geometries (linear, trigonal, tetra-
hedral, etc.). The geometry is identified as one of the exact geome-
tries when the RMSD between the calculated eigenvalues and the
exact eigenvalues is within 1/4.

Results

Structural deviations among collected samples

Before reporting the calculations of the energy changes DE2,
DE3 and DE4 in Equations (2), (3) and (4), respectively, we first
characterised the structures of the 135 samples (80 for set 1
and 55 for set 2) that were used for the analysis of energetics.

For disordered proteins such as Ab, the length of a single
simulation that is able to sample a stationary ergodic process
is beyond the microsecond timescale. The simulation protocol
we applied here is designed to obtain Ab ligand configurations
representing different host peptide structures for the guest Cu
active site, all accessible under ambient thermal conditions.
The achievement of reliable statistical weight of configurations
is still beyond the possibility of computational methods.

Since each trajectory was simulated in the NPT statistical en-
semble, the sides of the orthorhombic cell Lx, Ly and Lz are vari-

able quantities. Cell sides decrease at the beginning of the
NPT simulation (stage 2 in Table 1) to accommodate the water
solvent and the ionic atmosphere around each initial configu-
ration. After this settling, the fluctuation of the variables is
always within 0.1 �. The variation of cell sides between differ-
ent walkers is larger, as shown in Figure 3, in which the averag-

es of the cell sides are shown for the last stage of simulation.
Particularly for set 2, the cell anisotropy is significant. This
effect is due to the construction of initial configurations.
Monte Carlo random walks, used to build initial configurations
in set 2, produce extended peptide-chain configurations that
are expected to slowly relax during the MD simulations. This
effect has been partially circumvented in set 1, because initial
monomers were obtained by long MD simulations, and there-
fore they are more compact from the beginning. In any case,
there are no direct interactions between different periodic rep-
licas of the solute, that is, no atomic pairs involving periodic
replicas of solute are within the distance cut-off used for non-
bonding (Lennard–Jones and direct Coulomb) interactions
(1.1 nm, see Methods Section).

Since the empirical force field for CuII-Ab interactions is de-
signed to represent the Cu coordination consistent with Ia ge-
ometry in the oxidised state (EPR component I), the main dif-
ferences between Cu coordination samples is in the access of
water to Cu from a axial direction with respect to the four
equatorial ligands. Figure 4 shows the RMSD[48] computed for
the final points of the different walkers, by using the first
walker of each set as reference (thick line). This RMSD is com-
pared with the RMSD evaluated during the last nanosecond of
each trajectory (thin line), by using the final point of the re-
spective trajectory as reference. The RMSD computed for all
peptide atoms (Figure 4 A) and that computed for the ligand
atoms used as truncated models when electrons are included
(Figure 4 B) are shown. In both panels the larger RMSD for the
configurations of set 2 shows that the condition of imposing a
Cu bridge between two monomers exerts significant con-

Figure 3. Average over each MD trajectory of the orthorhombic cell sides Lx,
Ly and Lz. Set 1 is on the left-hand side, and set 2 on the right-hand side.
Root mean square errors are always smaller than 0.007 and 0.01 nm for sets
1 and 2, respectively.
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straints both on the entire monomer and on the Cu ligands.
The comparison between the two panels shows that the dis-
tortions of the Cu coordination (excluding the water molecules
in the vicinity of Cu) are only in a few cases of set 2 larger
than 3 �, that is, a value that was assumed as a threshold for
distinguishing structures (Figure 4 B). The RMSD of monomer A
(Figure 4 A) is, on the other hand, larger than 3 � when differ-
ent final points are compared to the final point of the first tra-
jectory (solid line). The RMSD within the last nanosecond is, in
most of the trajectories, smaller than 5 �. These comparisons
indicate that the final points of each trajectory represent a
wide spectrum of configurations for monomer A (from which
the Cu site is extracted in all cases). All of these points are ac-
cessible under ambient thermal conditions, even though the
statistical weight of configurations cannot be computed with
this method, because the simulations are too short in time and
the number of walkers is too small.

Although the Cu-site configurations sampled differ only
slightly in the geometry of the ligand atoms, the differences in

many structural parameters concerning the Cu environment
are large. The number of samples that represent CuII-Ab

dimers, according to a threshold of R<0.95 (see Methods Sec-
tion), is 30 of 80 in set 1. This shows that the sampling per-
formed with metadynamics allows both monomeric and dimer-
ic states to be investigated under ambient thermal conditions.

Table 2 summarises the distribution of some of the relevant
structural parameters dealing with the Cu environment, focus-
ing on the state of water molecules and dioxygen reactant in
the vicinity of the Cu atom. These parameters were computed

for the configurations analysed in single-point DFT calculations,
that is, the structures representing the energetics of the reac-
tions in Figure 1. Most of the water molecules bound to the
Cu centre are involved in hydrogen bonds with other groups,
mainly other water molecules in the site. The number of hy-
drogen bonds involving the Cu-bound water molecules in-
creases with increasing oxidation state of Cu, consistent with
the higher water polarisation measured by atomic charges
(data not shown) and with the number of samples character-
ised by short Cu�O distances. For dioxygen close to CuI (see
below for the characterisation of the intermediate state), most
of the configurations represent possible Cu-bound states, with
a few hydrogen bonds involving dioxygen. These data show
that the sampled configurations represent different contribu-
tions to the description of the reactant (CuI), intermediate and
product (CuII) states due to the interactions in the axial region
of the Cu site described here.

Charge separation in the intermediate state

The intermediate state is described by 118 samples in which
the convergence of the ground-state electron density was suc-
cessful : 66 of 80 in set 1 and 52 of 55 in set 2. The first ques-

Figure 4. RMSD within final points obtained by different walkers (thick line,
reference is the first walker) and obtained within the last ns of MD simula-
tion of each walker (thin line, error bars display root-mean square errors, ref-
erence is the final configuration). A) RMSD computed for all protein atoms
of monomer A. B) As for A) but computed for the atoms representing the
Cu ligand (Asp 1(A), backbone of residues 2–5 of monomer A, His6(A)-
Asp7(A), His13(A/B). Results for walkers 1–55 are shown on the right-hand
side of each plot).

Table 2. Number of configurations fulfilling selected structural conditions
among all samples used for reactant (78 + 55), intermediate (66 + 52) and
product (79 + 54) states in the two coordination types (sets 1 and 2).[a]

Set State d(Cu�O) HBd
= 0

HBd
= 1

HBd
= 2

HBa
= 0

HBa
= 1

HBa
= 2

1 reactant 15 0 3 12 2 10 3
intermediate 60 – – – 57 3 0
product 27 0 7 20 6 17 4

2 reactant 8 0 3 5 2 4 2
intermediate 37 – – – 33 4 0
product 19 0 9 10 6 9 4

[a] d(Cu�O): distance between Cu and the closest water molecule (or O in
dioxygen) is shorter than 2.5 �, that is, water (or dioxygen) is bound to
Cu. HBd = 0: water molecule is bound to Cu and donates no hydrogen
atoms as hydrogen bonds. HBd = 1: water molecule is bound to Cu and
donates one hydrogen atom as hydrogen bond. HBd = 2: water molecule
is bound to Cu and donates two hydrogen atoms as hydrogen bonds.
HBa = 0: water (dioxygen) molecule is bound to Cu and accepts no hy-
drogen atoms as hydrogen bonds. HBa = 1: water (dioxygen) molecule is
bound to Cu and accepts one hydrogen atom as hydrogen bond; HBa =

2: water (dioxygen) molecule is bound to Cu and accepts two or more
hydrogen atoms as hydrogen bonds.
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tion that can be answered with the many configurations col-
lected is the chance for configurations to show a contribution
of electron transfer CuII···O2C

� to the ground-state electron den-
sity. This measure is provided by the atomic charge derived by
the natural population analysis. The atomic population
summed over the two O atoms in O2 never shows an excess of
electrons below 0.7 in set 1, while in set 2 there are four con-
figurations with excess charge on dioxygen lower than 0.2.
Therefore, the superoxide electron configuration CuII···O2C

� con-
tributes to the ground state of dioxygen when it is coordinat-
ed in the inner sphere of the Cu centre, as in the Ia geometry,
with a few exceptions (4 of 118 = 66 + 52 configurations in
which the ground-state electron density converged).

Energy change with reactions

Since the initial configurations for DFT relaxation were ob-
tained by MD simulations of empirical models in the resting
oxidised state CuII-Ab42, the Cu coordination starts from coordi-
nation number four (the equatorial ligands), and in some cases
five, because of the approach of water molecules from the
axial direction (see Table 2 for reactant species). Nevertheless,
during the DFT relaxation in the reduced state [reactant spe-
cies in Eq. (2)] , the distances between the Cu and ligand atoms
in the equatorial plane of the CuII initial geometry change sig-
nificantly on Cu reduction. In Table 3, the range of sampled dis-
tances and geometries is reported for reactant and product
states. In the reactant state the Cu�O(Asp1) distance shows
deviations beyond 2.5 �: the number of samples in which this
distance is larger than 2.5 � is 24 of the 78 converged samples
of set 1, and 22 of the 55 samples of set 2. The Cu�Ne(His13)
distance is larger than 2.2 � in four of 80 samples and seven of
55 samples in sets 1 and 2, respectively, and this shows that in

Cu-bridged dimers significant mechanical constraints act on
the Cu environment.

The extent of structural diversity obtained with relaxation in
both reactant and product states is summarised in Table 3 for
the distribution of samples with ideal geometries available to
Cu (see Methods Section). Even though concentration of the
samples for square-planar coordination number four is shown,
there are both three-coordinate T-like configurations in the re-
actant state and five-coordinate trigonal-bipyramidal geome-
tries in the product state. The n(CN = 5)/n(CN = 4) ratio in the
product state and n(CN = 3)/n(CN = 4) ratio in the reactant
state are larger in set 2 than in set 1. This shows that an ideal
square-planar coordination of CuII is more easily realised when
Cu bridges two peptides than in a Cu site wrapped by a single
Ab chain.

The energy change DE4 for Cu oxidation [Eq. (4)] is shown in
Figure 5 as a function of the Cu�O(Asp1) distance in the reac-
tant species. The CN, that is, the number of ligand atoms
within 2.5 � of the Cu centre (including water molecules), is
also displayed, as it is calculated in the reactant species. We as-

sociate a different colour with each of the represented values
of CN (3, 4 or 5). A value of CN = 3 represents configurations in
which the O(Asp1) atom is remote from the Cu centre and nei-
ther water molecules nor Od of Asp1 can bind to the Cu
centre. A value of CN = 5 represents configurations that do not
change, upon reduction, from the high CN of 5 typical of CuII

in the resting oxidised state of a disordered CuII-Ab peptide,
with the Cu site accessible to water molecules. We define the
latter condition as Cu crowding, because under this condition
it is not easy for the peptide ligand and its solution environ-
ment to remove a large number of potential ligand atoms
around Cu, and thus destabilise the oxidised state.

In Figure 5, small values of DE4 are, as expected, found for
high values of CN (blue points), but also lower CNs contribute.
Even though the distribution of energy is wide, the largest
values of DE4 are found for CN = 3 and for Cu�O(Asp 1) distan-
ces larger than 2.6 �. Angular distortions of Cu bonds do not
contribute to increase the values of DE4. We remark that
Od(Asp 1) is also involved in Cu coordination (see below). Such
interaction explains, for instance, the point with Cu�O(Asp1)

Figure 5. Values of DE4 (y axis) as a function of the distance between Cu and
O (Asp1), measured in configurations representing the reactant reduced
state (see Figure 1). Blue points are configurations with Cu CN = 5, red
points CN = 4 and black points CN = 3. Both sets (78 samples for 1 and 55
for 2) are displayed.

Table 3. Summary of Cu coordination geometry in reactant (CuI) and
product (CuII) species in sets 1 and 2.[a]

Set 1 react. Set 1 prod. Set 2 react. Set 2 prod.

Cu�N(Asp1) 2.03–2.27 2.03–2.14 2.01–2.35 2.03–2.18
Cu�O(Asp1) 2.22–2.92 2.05–2.60 2.18–2.98 2.05–2.79
Cu�Nd(His6) 1.93–2.09 1.97–2.10 1.93–2.09 1.97–2.08
Cu�Ne(His13) 2.01–2.31 2.04–2.18 2.04–2.42 2.04–2.25
n(tbp) 7 25 1 19
n(sqp) 48 52 29 30
n(tp) 7 1 7 4
n(T) 15 0 12 0
n(nc) 1 1 2 1
n(CN = 3) 15 0 12 0
n(CN = 4) 56 53 38 35
n(CN = 5) 7 26 5 19
n 78 79 55 54

[a] Range of distances [�] between Cu and equatorial ligands; number of
samples n with coordination geometry specified as sqp (square planar),
trigonal-bipyramidal (tbp), trigonal-based pyramidal (tp), or T (T-like) ; nc
means that the geometry cannot be classified as tetrahedral or trigonal
(see Methods Section). Ligand atoms are N(Asp1), O(Asp1), Nd(His6),
Ne(His13), O(water), and Od(Asp1). CN is the number of ligand atoms
within 2.5 � of the Cu site. The total number of samples is n (last row).
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distance of 3 �, DE4 =�40 kJ mol�1 and CN = 4 in Figure 4. This
shows that Od(Asp1) can efficiently replace O(Asp1), but this
interaction stabilises the oxidised state of Cu.

The energy change for reaction 2 [DE2, i.e. , DE of Eq. (2)]
provides an estimate of the free-energy change for climbing
from reactant to the eventual intermediate state mostly repre-
sented by the Cu-bound superoxide. The values computed for
sets of configurations 1 and 2 are separately displayed at the
top of Figure 6 (left and right panels, respectively). The Cu-
bound dioxygen states (the four triplet dioxygen states found
in the second set of configurations, i.e. , configurations 9, 41,
52 and 55 in the right panel) have positive values of DE2.

In both sets, about one-half of the configurations show neg-
ative values of DE2, that is, the production of a superoxide
anion confined within the Cu inner sphere (within 5 � of Cu) is
not sufficiently hindered, neither by Cu coordination con-
straints or by the peptide wrapping around Cu. Also, the signif-
icant distortions of the ligand peptide occurring in set 2
(Figure 6) do not inhibit significantly the formation of superox-
ide.

The bottom panels of Figure 6 show the DE3 values, while
keeping track of points that show a negative value for DE2.
The points for which both energy changes are negative repre-
sent downhill processes for the oxidation of Cu together with
the formation of superoxide outside of the Cu inner sphere.
There is a strong anticorrelation between the signs of DE2 and
DE3, showing that the state denoted “Intermediate” in Figure 1
is, in many of the probed configurations, a real intermediate
state. When DE2 is negative and DE3 is positive, the state is
easily reached when dioxygen penetrates the inner sphere of
CuI, but superoxide is not easily released into the Cu outer
sphere. Under these conditions, the Cu site can rearrange to
better host CuI, and thus the potential for the reduction of CuII

is decreased. Under the latter conditions, dioxygen can be re-
covered because of settling of the CuI coordination.

About one-fourth of the configurations in both configura-
tion sets have negative values of DE2 and DE3. Most of the red
points in the bottom panels (i.e. , configurations with negative
values of DE2) have DE3 between zero and �20 kJ mol�1. We
searched for triplets of values that can represent easy turnover
of the reactant (the reduced Cu-Ab complex, that is, a small
energy change for Equation (1). This “ideal” case is represented
by negative values for DE2 and DE3, together with a value of
DE4 within a small range, for example, �20<DE4<0. This
search found 15 cases among the 118 samples. Again, this
shows a high chance for the production of superoxide, its ejec-
tion into the protein environment and a low energy require-
ment for the production of the initial reactant.

Table 4 lists the distances between the Cu centre and its
ligand atoms for the three states on the pathway that displays
the flattest profile of DE changes. The structure of the reactant
state is shown in Figure 7. Superoxide easily replaces the water
molecule in the axial coordination site of reduced Cu, since the
axial water molecule is farther than 2.5 � from the Cu centre.
The distances between Cu and N/O of Asp1 decrease with oxi-
dation of Cu by dioxygen. Then, the distances are maintained

Table 4. Cu–ligand distances along the reaction pathway for configura-
tion 53 of set 1.[a]

Distance Reactant Intermediate Product

N(Asp1)�Cu 2.14 2.12 2.09
O(Asp1)�Cu 2.36 2.37 2.08
Nd1(His6)�Cu 2.03 2.05 2.04
Ne2(His13)�Cu 2.09 2.11 2.06
Oax�Cu 2.82 2.03 2.55

[a] Oax in the intermediate state is the superoxide O atom closest to Cu,
while it is O of water in reactant and product. DE2 =�5, DE3 =�4, DE4 =

�9 kJ mol�1. See Figure 1 and Equations (2)–(4) for the meaning of the
quantities.

Figure 6. Values of DE2 (top) and DE3 (bottom) for reactions in Figure 1 [Eqs. (2) and (3)] , and for the 118 configurations representative of the intermediate
state (66 for first set, left panel and 52 for the second set, right panel). Points with positive values of DE2 are in black, and negative values in red.
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when superoxide is replaced by water, which is bound to the
Cu centre axially, as in the stable square-pyramidal CuII coordi-
nation environment. The slight displacement of equatorial li-
gands, together with the light push-and-pull movement of the
axial water molecule, represents a small reorganisation of the
Cu site that hosts both oxidation states and the dioxygen elec-
tron shuttle. This flat energy pathway is an alternative to path-
ways that involve displacement of O(Asp1) from the Cu
centre,[8, 22] which involves a higher reorganisation energy. The
data concerning DE4 clearly show that the displacement of li-
gands from the equatorial plane of CuII-Ab is required to
obtain CuI-Ab by oxidising either ascorbate or superoxide.
Indeed, the largest value of DE4 in Figure 5 (DE4 = 30 kJ mol�1)
is associated with a Cu site having three ligands, with Nd(His6)
anti to N(Asp1) and Ne(His13) binding from the orthogonal di-
rection, and thus represents T-like coordination of CuI. This co-
ordination mode has been already addressed as a good candi-
date for efficient Cu reduction. In the case of dioxygen activa-
tion, this geometry is not active, because DE2 = 26 kJ mol�1 and
DE3 = 3 kJ mol�1. This is due to the repulsion of water mole-
cules anti to Ne(His13) and to the low chance to attract dioxy-
gen from the same direction. Therefore, a fine balance in Cu
plasticity upon reduction is required by the proposed reaction
mechanism. A study including a wider model of the ligand re-
organisation around Cu will be the next step to better describe
its catalytic role in ROS production.

The hydrogen bond between the carboxylate group of Asp1
and HN of Ala2 is displayed by most of the configurations col-
lected in this work. This hydrogen bond activates the binding
of Cu by O(Asp1), and thus prevents the release of such a
bond upon Cu reduction. In a few configurations the carboxyl-
ate group of Asp1 enters the first coordination sphere of Cu
(d(Cu�Od)�2.5 �). This event occurs in the reactant state for
one configuration in set 1 (78 samples) and for seven configu-
rations in set 2 (55 samples). The chance for interactions be-
tween Cu and the Asp1 carboxylate group has been addressed
as an important contribution to the electron transfer to dioxy-

gen.[2, 7] Also, the greater chance for Od(Asp1) to enter Cu coor-
dination when different Ab peptides are bridged by Cu has
been observed in previous structural models. However, the set
of configurations analysed in this work do not contain configu-
rations in which one of the His side chains breaks the bond
with Cu, as is observed in previous works.[7] Thus, the effect of
carboxylate on the oxidised state of CuII-Ab cannot be fully ex-
erted, and the DE2 values for these are positive in five of eight
cases in which Od(Asp1) approaches the Cu centre. This limit-
ed exchange of ligands around Cu will be removed in future
works, and thus the exploitation of reaction steps character-
ised by high reorganisation energy enhanced. In terms of trun-
cated models, some of these configurations have been studied
in the reduced state CuI-Ab.[22]

It is important to search for geometrical parameters, such as
those reported in Tables 2 and 3, that correlate with the sign
of DE2, and thus indicate whether there is a specific interaction
that can favour or disfavour, for instance, step 2 in the pro-
posed mechanism. Interestingly, the minimal distance between
O2 and Cu is not strongly correlated with the sign of the
energy change DE2. For instance, in set 1 there are five config-
urations in which the Cu�O distance is longer than 3 �, but
two of these configurations have DE2<�20 kJ mol�1. This
shows that the charge transfer is energetically favoured even
at Cu�O distances for which a Cu�O covalent bond is absent.

Despite the wide spectrum of geometries (see Tables 2 and
3) associated with the 135 probed configurations, the search
for a single or a few geometrical parameters affecting the sta-
bility of superoxide in the Cu site does not provide any strong
correlation with the energy change. The average Cu�Leq dis-
tance, where Leq indicates any of the four ligand atoms in the
equatorial plane (N and O of Asp1, Nd1 of His6 and Ne2 of
His13 of chain A or B), is slightly correlated with DE2, as shown
in Figure 8. Even though there are exceptions, this plot shows
that the closer to Cu the equatorial ligand atoms are, the
lower is the energy change to produce superoxide. Since the
four ligand atoms are affected by significant distortions, but
are in all cases at bonding distance from Cu, the presence of
these ligand atoms stabilises the oxidised state of Cu com-
pared to the reduced state (see the above discussion concern-
ing DE4).

Figure 7. Structure of the reactant on the pathway of configuration 53 in set
1. The distances between Cu and its ligand atoms are displayed. The evolu-
tion of these distances is reported in Table 4.

Figure 8. Values of DE2 (y axis) as a function of the average distance be-
tween Cu and equatorial ligand atoms [N,O (Asp1), Nd1 (His6), Ne2 (His13 A/
B)] in configurations representing the reactant reduced state (see Figure 1).
Red points are configurations obtained from set 1, and black points those
from set 2.
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We note that, within the approximations of the sampling re-
ported in this work, the expulsion of the electron from the re-
duced CuI site towards dioxygen is mainly forced by the ligand
atoms kept in the equatorial plane of Cu. The concentration of
samples with approximately square-planar Cu coordination
(Table 3) stabilises the oxidised CuII site and destabilises the re-
duced CuI site, which is suitable for more isotropic coordina-
tion or lower coordination numbers. The reported model is
more focused on mimicking the presence of a nearby electron
acceptor (e.g. , dioxygen approaching from the water solvent),
an event that is essential for the generation of ROS.

The oxidised form of Cu-Ab (CuII-Ab) must not be stable, to
allow the Cu reduction and restore the conditions for transfer-
ring electrons to dioxygen (the reactant state). The positive
sign of DE4 (reaction 4 in Figure 2) means that superoxide can
be transformed back into dioxygen by CuII-Ab. This condition
holds for 11 of 77 converged (in both oxidation states) config-
urations of set 1 and 12 of 55 of set 2. The distribution of DE4

(Figure 5) shows that Cu is easily oxidised, but superoxide has
a significant chance to reduce CuII-Ab to CuI-Ab, restoring di-
oxygen and the possibility of superoxide production. This
event can occur either with a small reorganisation of the Cu
site, that is, the transition from one configuration to another
among those sampled here, or, more likely, with superoxide
approaching a Cu-Ab oligomer with suitable structure in solu-
tion. The sampling provided by this computational method
shows that 1/10 of the collected configurations satisfy the con-
straints for a partially self-sustaining cycle of reactions 2–4. This
condition is met because of the structural disorder of the Ab42

peptide.
The main limit of the method is in the unknown statistical

weight of the samples that have been chosen as representa-
tive of the energetics in the proposed reaction pathway. More
extended metadynamics simulations are required to converge
towards reliable statistical weights. The latter are dominated
by interactions between the peptides and the environment
and between peptides. These interactions are characterised by
long timescales that are not yet accessible when disordered
peptides are concerned. Assuming that the statistical weight
of all the samples is the same, we obtain �20�20 kJ mol�1 as
the average of DE4, with error calculated as the root-mean
square error of collected data. The aim of this work is to show
that for 135 samples that are wobbling at room thermal condi-
tions around a given structure for 1 ns, by starting from ther-
mally accessible configurations obtained by multiple-walkers
metadynamics, the formation of superoxide is observed in all
cases with the exception of four.

Conclusions

We applied a method to approximately rank the energy
change of chemical steps in a hypothetical reaction mecha-
nism involving electron transfer from reduced CuI-Ab complex
to dioxygen forming the aggressive ROS superoxide, which is
ejected into the protein environment of the complex.

On the basis of the investigation of 135 samples character-
ised by significant distortions with respect to ideal geometries

and by a wide spectrum of interactions concerning the mole-
cules (water or dioxygen) approaching the axial coordination
site of the Cu atom, we conclude that the formation of super-
oxide has a high chance to occur once a small population of
high-energy reduced CuI-Ab complex is formed. In this model,
the production of superoxide is allowed by the solvent accessi-
bility to Cu from the axial direction orthogonal to the plane
formed by slightly reorganising the equatorial ligand atoms.
The electron transfer from CuI-Ab to dioxygen is then favoured
by the stability of square-planar CuII geometry in the product
state, together with the low (though significant) chance to de-
crease the Cu coordination number to three when the com-
plex is in the reduced reactant state. Under these conditions,
the distance between Cu and the closest O atom in dioxygen
can be larger than 3 �, but still with effective electron transfer.
The set of properties suitable for efficient electron transfer to
dioxygen hold for a small population of high-energy CuI-Ab re-
actant species, prior to reorganisation processes that stabilise a
more redox-silent linear His-CuI-His coordination. Indeed, it has
been shown in previous works[15] that the linear and stable His-
CuI-His coordination of CuI-Ab is more hydrophobic than CuII-
Ab.

The model also shows that part of the reduced CuI-Ab reac-
tant can be restored by oxidation of superoxide to dioxygen,
and this contributes, with ascorbate, to sustaining the process
of ROS production. The dual role of reductant when CuII-Ab is
more stable, and oxidant when CuI-Ab is more stable, involves
the structural diversity of the Cu-Ab complex due to ligand dis-
order.

These observations are limited by the choice of initial config-
urations, largely biased by the resting oxidised state CuII-Ab.
Since the proposed method is suitable to extract mechanistic
information for a large number of atomic configurations, a
larger extent of distortions around the reduced state must be
investigated in more detail, and this will be the continuation
of this study. In this respect, the empirical MD simulation of
fluxional models of Cu, both in reduced and oxidised states,
appears to be the best strategy to extend the statistics. These
future studies will introduce wider fluctuations of geometrical
parameters acting on the electronic ground structure of Cu in
both oxidation states. For instance the replacement of one His
side chain by water, dioxygen or a carboxylate group can be
introduced, as well as a further decrease in CN, especially in
the reactant reduced state.

Also, further work is required to devise a robust method to
estimate the statistical weight of the peptide assembling
around one or even more Cu ions. This is particularly relevant,
because this study shows that dimeric states exert mechanical
forces that induce important coordination distortions on the
Cu site and thus modulate its catalytic properties.
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Towards High-Throughput Modelling
of Copper Reactivity Induced by
Structural Disorder in Amyloid
Peptides

Out of disorder : Transition metal ions
often interact with disordered proteins.
For example, the interaction of a single
Cu ion with amyloid-b (Ab) peptide and
triplet O2 is fundamental to producing
reactive oxygen species in neurodegen-
eration. Hence, modelling of the Cu-Ab-
O2 system was performed with the aim
of dissecting the structural features that
characterise dangerous Cu-based cata-
lysts in neurodegeneration. This study
showed that the production of superox-
ide is a process with low-energy inter-
mediate species, once a small popula-
tion of high-energy CuI-Ab complex is
formed (see figure).
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