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Tag der mündlichen Prüfung: 23. Februar 2016



Statement of Authorship

I, Qinghua Liao, hereby certify that the work presented here is, to the best of my knowl-

edge and belief, original and the result of my own investigations. I have fully acknowledged

and referenced the ideas and work of others, whether published or unpublished, in my

thesis. My thesis contains no material published elsewhere or extracted in whole or in

part from a thesis submitted for a degree at this or any other university. Where the results

are produced in collaboration with others, I have clearly mentioned my contributions.

Signed:

Dated:

i





Abstract

Alzheimer’s disease is associated with the aggregation of amyloid-β (Aβ) peptides into fib-

rillar β-sheet structures, which eventually aggregate into Aβ plaques. It has been shown

experimentally that both metal ions and pH have an important role in the Aβ aggrega-

tion. The Cu2+ binding increases the neurotoxicity of the Aβ peptides, as Cu2+ causes

Aβ to become redox active and decreases the lag time associated with Aβ aggregation.

Additionally, the pH is also a main factor that influences both the Aβ aggregation rates

and the binding of Cu2+. The effects of Cu2+ binding and pH on Aβ folding and ag-

gregation have been determined experimentally, but the structural and causal details are

still elusive. To investigate the conformational folding of Aβ1−42 under Cu2+ binding and

different pH, we use enhanced sampling methods via the Hamiltonian replica exchange

algorithm and we developed a dummy model for Cu2+ for a more realistic treatment of

this metal ion. First we developed and validated the force field parameters for modelling

the interactions between Cu2+ and monomeric Aβ1−42 using a bonded model for Cu2+–Aβ

interactions. We found that both Cu2+ binding and a low pH condition accelerate the for-

mation of β-sheet in Aβ1−42 and lead to the stabilization of salt bridges, previously shown

to promote Aβ aggregation. These results suggest that Cu2+ binding and mild acidic con-

ditions can shift the conformational equilibrium towards aggregation-prone conformers of

the monomeric Aβ. Furthermore, we developed a nonbonded model for Cu2+ including

the Jahn-Teller effect, as ligand exchange was suggested to occur in the aggregation of

Aβ peptides involving Cu2+. We successfully validated its application by studying the

metal binding problem in two biological systems: the Aβ peptide and the mixed-metal

enzyme superoxide dismutase. To investigate the effects of Cu2+ on the dimerization of

Aβ1−42, we performed Hamiltonian replica exchange molecular dynamics simulations of

an Aβ1−42 dimer bridged by both the bonded and nonbonded models for Cu2+. We found

that the bonded Cu2+ model greatly decreases the flexibility of the Aβ1−42 dimer while the

nonbonded Cu2+ dummy model has little influence on the flexibility of the Aβ1−42 dimer.

Ligand exchange was also observed in the dimerization of Aβ1−42 with the nonbonded

Cu2+ dummy model. Moreover, the simulations suggest that the Cu2+ enhances the sam-

pling of β-sheet and disrupts the α-helix structures, which is of significant importance to

the initialization of the Aβ1−42 aggregation.
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Zusammenfassung

Die Alzheimersche Demenz steht im Zusammenhang mit der Aggregation des Amyloid-

β (Aβ) Peptids zu fibrillaren β-Faltblatt-Strukturen, welche schließlich zu Plaques ag-

gregieren. Experimente haben gezeigt, dass sowohl Metallionen als auch der pH-Wert

einen großen Einfluss auf den Aggregationsverlauf haben. Kupfer erhöht die Neurotox-

izität des Aβ Peptids, da Kupfer das Redoxpotential von Aβ aktiviert und die Aggre-

gationszeit verkürzt. Darüber hinaus beeinflusst der pH-Wert die Aggregationsrate von

Aβ und die Bindung von Kupfer. Während diese Effekte experimentell bewiesen wur-

den, sind ihre strukturellen und kausalen Details nach wie vor unbekannt. Um den

Einfluss von Kupfer und pH-Wert auf die Faltung von Aβ zu untersuchen, haben wir

Molekulardynamik-Simulationen (MD-Simulationen) mit Hamiltonian-Replika-Austausch

(H-REMD) angewandt, um den Konformationsraum von Aβ effizient abzutasten. Desweit-

eren haben wir ein nichtbindendes, sogenanntes Dummymodell für Kupfer entwickelt, um

eine realistischere Beschreibung dieses Ions in MD-Simulationen zu ermöglichen. Zunächst

wurden jedoch Kraftfeldparameter für ein Cu2+-Modell entwickelt und validiert, bei dem

kovalente Bindungen zwischen Kupfer und Aβ bestehen. Basierend auf H-REMD-Simulationen

konnte dann gezeigt werden, dass sowohl die Bindung von Kupfer als auch ein niedriger

pH-Wert die Ausbildung von β-Faltblättern in Aβ beschleunigen und zur Stabilisierung

von Salzbrücken beitragen, welche bereits dafür bekannt sind, die Aggregation von Aβ

zu begünstigen. Diese Resultate legen den Schluss nahe, dass die Bindung von zweifach

positiv geladenen Kupfer(II)-Ionen und ein leicht säuerliches Milieu das Konformationsgle-

ichgewicht von monomerem Aβ in Richtung leicht aggregierender Konformere verschieben.

Im zweiten Teil der vorliegenden Arbeit wurde ein Dummymodell ohne kovalente Bindung

zwischen Ion und Protein für Kupfer(II)-Ionen entwickelt, welches den Jahn-Teller-Effekt

nachbildet und den Austausch von Liganden möglich macht. Das Modell konnte erfolgre-

ich durch die Studie der Metallbindung in zwei biologischen Systemen validiert werden:

das Aβ-Peptid und das Metalloenzym Superoxid-Dismutase. Um den Effekt des Kupfers

auf die Dimerisierung von Aβ zu untersuchen, haben wir H-REMD-Simulationen des Aβ-

Dimers durchgeführt. Hierbei haben wir drei Systeme studiert: das Aβ-Dimer ohne Cu2+

und das Dimer, in dem die beiden Peptide entweder durch das gebundene oder durch

das ungebundene Dummymodell für Cu2+ verbrückt sind. Das gebundene Kupfer(II)-

Ionen-Modell vermindert stark die Flexibilität des Aβ-Dimers, während das ungebundene

iii



Zusammenfassung

Modell wenig Einfluss auf die Flexibilität des Dimers hat. Bei Verwendung des ungebunde-

nen Modells konnte dafür Ligandenaustausch während der Simulation beobachtet werden.

Schließlich deuten die Simulationsergebnisse darauf hin, dass das den Dimer verbindende

Kupfer(II)-Ion die Bildung von β-Faltblättern erleichtert und die von α-Helices stört. Dies

ist von großer Wichtigkeit für die Initiierung der Aggregation von Aβ.
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1 Introduction

1.1 Alzheimer’s disease (AD)

As the most common form of dementia (accounting for ∼60-80% of all cases) [1], Alzher-

mer’s disease (AD) is a devastating and fatal neurodegenerative disorder. AD is primarily

a disease among elderly people, and it has become a remarkable serious challenge to our

society. In US, AD is the sixth most leading cause of death. An estimated 5.3 million

of Americans suffered from AD in 2015 according to Alzheimer’s Association [1], and the

number may be dramatically increased by 13.8 million in 2050 [2]. Meanwhile, the direct

costs to American society of caring for those with AD will be an estimated $226 billion

in 2015 and $1.1 trillion in 2050 unless effective therapies are developed [1].

The most common AD symptoms are loss of memory, cognitive decline as well as

behavioral and physical disability, and eventually leading to death [3,4]. Currently, the

cause of AD is poorly understood, and there is no effective treatment to stop or reverse

its progression, with some exceptions that may temporarily improve the symptoms[5].

One of the proteins highly associated with brain mass loss and thus AD is the Aβ

peptide. Initially found in the cellular membrane as part of the amyloid precursor pro-

tein (APP), it is cleaved by the secretase enzymes and once released in the extracellular

environment it starts a self-assembly process. This leads to a large variety of aggregates

from monomers and small oligomers, to larger protofibrils, fibrils and plaques. Oligomers

are thought to be the main toxic species leading to neuronal death, but fibrils have been

recently shown to accelerate considerably the oligomer production. External factors, such

as the environmental pH or the presence of metal ions have been shown to influence the

aggregation process as well. High concentrations of metal ions such as Zn2+, Cu2+ and

Fe2+/Fe3+ have been found in amyloid plaques based on the analysis of postmortem brain

tissues, encouraging studies regarding the role of the metal ions in the aggregation process

[6–9].

1.2 Amyloid-β (Aβ) peptides

The Aβ peptides are sequentially cleaved from the transmembrane amyloid precursor pro-

tein (APP), located in chromosome 21, by β- and γ-secretase enzymes (Fig. 1.1A). The
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1 Introduction

Aβ peptides are typically 39–43 residues in length, and the most prevalent alloforms of

Aβ found in brain plaques are Aβ1−40 and Aβ1−42, the only difference being the presence

of two extra residues, Ile41 and Ala42, at the latter’s C-terminal. The sequence of Aβ1−42

is shown in a single-letter code in Fig. 1.1B. There are six negatively charged residues

(D1,E3, D7, E11, E22, D23) and three positively charged residues (R5, K16, K28) at

physiological conditions, resulting in a net charge of -3e. In general, Aβ peptides can be

divided into the metal binding region involving N-terminal residues (D1–K16), central hy-

drophobic core (CHC, L17–A21) region, central polar region (G22–G29), and C-terminal

hydrophobic (CTH) region (A30–V40/A42), as shown in Fig. 1.1B.

Figure 1.1: (A) shows the production of Aβ peptides which are sequentially cleaved from
the amyloid precursor protein (APP) by β- and γ-secretase. (B) shows the
sequence of Aβ1−42, which is divided into four regions: metal binding region,
central hydrophobic core (CHC) region, central polar region and C-terminal
hydrophobic (CTH) region. Residues labelled as red, blue, green and black are
negatively charged, positively charged, polar and hydrophobic, respectively.

1.2.1 Aβ monomers

It is highly challenging to identify the structural information of Aβ peptides under physio-

logical conditions because of its rapid aggregation tendency. Various experimental studies
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1 Introduction

have been carried out focusing on the two main alloforms (Aβ1−40 and Aβ1−42) in order

to determine their secondary structures and aggregation patterns. Aβ1−40 and Aβ1−42

monomers are mostly characterized by disordered conformations in solution. There are

several NMR models of Aβ peptides determined in membrane-mimicking environments.

A three dimensional model of Aβ1−40 was reported by using NMR spectroscopy at pH 5.1

in aqueous sodium dodecyl sulfate (SDS) micelles [10], consisting of an α-helix between

Gln15 and Val36 as shown in Figure 1.2A. A NMR model of Aβ1−42 was also determined

in a mixture of hexafluoroisopropanol and water (HFIP/H2O) [11], which has two helices

between residues Tyr10 and Ile32, as shown in Figure 1.2B. Moreover,a second NMR

model for Aβ1−42 was determined in apolar micro-environment [12] (Figure 1.2C), char-

acterized by two α-helices (Ser8–Gly25 and Lys28–Gly38) connected by a regular β-turn.

Generally, the Aβ peptides are typical helices in apolar solvents.

A

B

C

Figure 1.2: The NMR models of Aβ1−40 (A, PDB ID: 1BA4) and Aβ1−42 (B, PDB ID:
1Z0Q; C, PDB ID: 1IYT) monomers. The figures were generated with VMD
[13].

In water, however, β-strands and turns were found at the CHC and CTH regions by so-

lution NMR experiments [14]. Aβ1−40 and Aβ1−42 were also determined to be dominated

by random coil [15], but small contents of β-strand [16] were also suggested by ultraviolet

circular dichroism (UV CD) spectra experiments. The population of β-strand is ranging

from 12% and 25%, while α-helix is between 3%-9%. Because of the two extra hydropho-

3
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bic residues Ile41 and Ala42, Aβ1−42 is more rigid at the CTH region than Aβ1−40, on both

side-chain and backbone dynamics [17,18]. Turn structures probably are critical in the

aggregation of the Aβ peptides, because it was determined at the central polar region by

solution NMR experiments [19], also confirmed by simulations [20,21]. As expected, the

Aβ monomer does not have a clearly folded conformation in water, a defining character-

istic of intrinsically disordered proteins because of the high aggregation propensity. This

however, could play a role in its aggregation into oligomers and fibrils. The investigation

of the conformational properties of the Aβ peptides by various computational approaches

has been encouraged by the inherent limitations and challenges of current experimen-

tal techniques for studying disordered peptides. Currently, computer simulations of the

Aβ peptides with implicit and explicit solvent models are able to extend over multiple

microseconds as the development of the availability of computational resources. Raffa

and Rauk confirmed that the coil structure was the predominant conformation of Aβ1−42

with MD simulations [22]. Olubiyi and Strodel found that the formation of β-sheets is

enhanced by lowering the pH, i.e., by protonating the three His residues in Aβ1−42 in-

vestigated by MD simulations [23]. Moreover, advanced sampling techniques like replica

exchange molecular dynamics (REMD) simulation [24] are also used to improve the sam-

pling. Rosenman et al. sampled β-hairpins between Leu17–Ala21 and Ile31–Val36 regions

for Aβ1−40 and a second β-hairpin spanning Val39–Ala42 for Aβ1−42 from REMD simu-

lations on the microsecond per replica time scale with OPLS-AA/TIP3P [25]. Recently,

an excellent review on both experimental and simulation studies of the Aβ peptides were

published [26].

1.2.2 Aβ oligomers and fibrils

It is difficult to classify soluble Aβ species systematically without more information about

the structure and the assembly pathways. Generally, soluble Aβ aggregates contain

protofibrils and oligomers. Protofibrils have molecular masses between 30∼250×103 kDa,

with high β-sheet content and can seed the growth of fibrils [27]. Oligomers are smaller

species, with masses ranging from 9 kDa (dimer) to hundreds of kDa (∼50mers). It is

now widely accepted that soluble Aβ species formed at the initial self-assembly step, other

than monomers, are the toxic agents [28–31]. For example, dimers are around 3-fold more

toxic than monomers, whereas trimers and tetramers are 8- and 13-fold more toxic, re-

spectively [15]. The conformational transition of monomeric Aβ peptides to a β-sheet-rich

state resulting in its aggregation, with water-soluble oligomers as intermediates, is crucial

for the initiation of Alzheimer’s dementia [15,32,33].

A variety of oligomeric species have been identified [34], but the detailed structural

information of the Aβ oligomers is still unknown. However, there are several proposed

models that describe the intermolecular organization of Aβ oligomers based on experi-
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mental data [35–39]. The anti-parallel β-hairpins play an important role in these models.

For example, Yu et al. proposed a model in which an anti-parallel β-hairpin between

β-strands spanning residues 17-23 and residues 28-33 was determined based on solution

NMR data [36]. Three twisted β-hairpins in a triangular arrangement were observed for

a Aβ17−36 trimer based on the X-ray crystallographic technique [39]. Nevertheless, the

oligomer structure is still far from being resolved, and a consensus on the toxic oligomer

species has yet to be reached [30] in despite of the countless number of experimental and

computational studies [40].

Figure 1.3: A proposed model of the β-sheet amyloid structure based on NMR spec-
troscopy. Figure reprinted with permission from Lührs et al.. Proceed.
Natl. Acad. Sci. U.S.A, 102(48):17342–17347, 2005. Copyright 2005,
National Academy of Sciences, USA.

The amyloid fibrils contain bundles of β-sheets with the backbones orthogonal to the

fiber axis called cross-β structure as determined by X-ray diffraction [41]. In spite of

difficulties with solubility and crystallization, many groups have determined the fibril

structures of Aβ peptides using NMR spectroscopy. Fibrils are composed of parallel or

anti-parallel β-sheets being perpendicular to the fibril axis with hydrogen bonds parallel to

the fibril axis holding the β-sheets together [42] as shown in Figure 1.3. The Tycko group

have studied the fibril of Aβ peptides extensively with NMR techniques [43–49], and they

have proposed several fibrillar models, mainly for Aβ1−40. For Aβ1−42, besides the Lührs

model [42], there recently have been proposed two more models with considerable different

conformations [50,51]. Despite the advances in elucidating the oligomer or fibril structure,

the molecular mechanisms involved in the aggregation process are still poorly understood.

One important aspect of amyloid aggregation is the interaction of Aβ peptides with metal

ions that also makes the focus of this thesis.
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1 Introduction

1.3 Interactions of amyloid-β with Cu2+

There has been substantial evidence that interactions of Aβ with transition metal ions

(especially with Cu2+ and Zn2+) may be involved in the process of Aβ aggregation and

toxicity, as metal ions like Cu2+ and Zn2+ are found in amyloid plaques at high concentra-

tions (∼mM) [8]. Therefore, the role of the dysregulation of Cu2+ and Zn2+ homeostasis

as pathogenic factors in AD have been intensively studied, and metal chelation therapy

may now be considered as a promising clinical approach to AD [52]. In order to under-

stand the therapeutic potential of the metal chelation approach, we need to understand

the role of metal ions (Cu2+ and Zn2+) in amyloid aggregation, from monomers and toxic

oligomers to fibrils and amyloid plaques.

1.3.1 Stoichiometry of the Cu2+-Aβ complexes

A first question regarding the interactions between Cu2+ and Aβ peptide is related to the

local chemical interactions between the two. The coordination chemistry of the Cu2+-Aβ

complexes has been extensively studied in the past years with both truncated and full-

length of Aβ peptides. However, no real consensus has been reached, especially on the

exact coordinating ligands until recently. A reason might be the dynamics of the Cu2+-Aβ

complexes and the different experimental conditions in various studies.

There are several electron paramagnetic resonance (EPR), circular dichroism (CD)

spectroscopy, isothermal titration calorimetry (ITC) studies suggesting that the Aβ pep-

tides could bind two Cu2+ ions in a sequential and ratiometric way [53,54], with the first

Cu2+ indicating ∼100 times stronger affinity than the second one [55]. Only one binding

site was reported in some studies [56,57], probably the lower affinity of the second Cu2+

to Aβ which might prevent its detection.

There were vast majority of studies suggesting the formation of a monomeric (Aβ)1Cu1

complex prior to aggregation. A cooparative formation of a binuclear species (Aβ)2Cu2

was reported by Barnham et al. [58–60], the two Cu2+ centers being bridged via a histidine

residue. Moreover, Hane et al. [61] proposed another model of (Aβ)2Cu1 based on the

measurement of atomic force microscopy, where Cu2+ acts as a bridge between the two

monomeric Aβ, increasing the stability of the peptide-peptide complex.

1.3.2 Binding affinity of the Cu2+-Aβ complexes

In biology, the binding affinity between metal ions and protein and peptides is an impor-

tant parameter. The determination of the metal binding affinity for Aβ peptides helps

understanding the physiological significance of metal binding in the pathology of Aβ ag-

gregation. A recent review had extensively discussed the binding affinity of Zn2+ and Cu2+

6
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towards Aβ, considering different measurements with different buffers [8]. Normally, the

binding affinity is related to the dissociation constant (KD). The reported KD values for

Aβ-Zn2+ complexes vary between 1 and 20 µM, whereas for Aβ-Cu2+ complexes between

10 pM and 200 pM [62–64]. Obviously, Cu2+ binds to Aβ by a few orders of magnitude

stronger than Zn2+ as indicated by the KD coefficients.

It is reported that metal ion chelators, especially for Cu2+ and Zn2+, can inhibit or

reverse Aβ peptide aggregation in vitro [65], thus the metal chelation is proposed as a

potential therapeutic intervention in AD. Knowing the detailed information of the KD

of metal ions binding to Aβ peptides is of significance to designing selective metal ion

chelators. Taking Cu2+ for example, a chelator with a conditional KD of around 1-10 pM

for Cu2+ is sufficient to retrieve Cu2+ completely from Aβ peptides. Meanwhile, this KD

is still high enough to not compete with Cu2+ sites in enzymes [66].

1.3.3 Coordination chemistry of the Cu2+-Aβ complexes

Elucidating the coordination of Cu2+ to Aβ is crucial to understand its role in Aβ aggre-

gation and for the rational design of new chelators with potential therapeutic benefits. A

lot of progress has been made for the Cu2+ binding sites on Aβ peptides in the past years

though the exact coordination of Cu2+ is still an unresolved issue. Different coordination

modes of Cu2+ bound to Aβ have been reported depending on different experimental

conditions, such as, peptide concentration, pH, ionic strength, or temperature [8,67,68].

So far, the metal binding sites of Zn2+ and Cu2+ bound to Aβ have been extensively

studied. For both Zn2+ and Cu2+, the binding sites in Aβ peptides locate at the disordered

N-terminal region (Asp1–Lys16). The potential residues at this region which can bind

Zn2+ and Cu2+ are Asp1, Glu3, His6, Aps7, Glu11, His13, and His14. Zirah et al. [69]

have reported the NMR structural complexes of Aβ1−16/Zn2+ with a coordination mode

of His6, Glu11, His13 and His14, determined in aqueous solution at pH 6.5 and 7.4. A

tetrahedral coordination sphere of Zn2+ by Asp1 (amine), His6, Glu11 (COO−) and His13

at the N-terminal region of rat Aβ1−28 was proposed based on an NMR study in sodium

dodecyl sulfate (SDS) micelles at temperature 298 K and pH 7.5 [70]. For human Aβ1−28,

a different penta-coordination sphere of Zn2+ binding with Asp1 (amine), His6, His13,

His14, and/or Glu11 (COO−) was suggested in the same NMR study [70]. Moreover, a

coordination sphere of the Aβ/Zn2+ complex coordinated by four His residues (His13 and

His14 of two different monomers) was reported based on X-ray absorption spectroscopy

(XAS) [71], in which Zn2+ acted as a bridge between two Aβ monomers.

For Cu2+, the possible coordinating residues in Aβ determined by experiments are

almost the same as for Zn2+ (Asp1, Glu3, His6, Aps7, Glu11, His13, and His14), loacated

at the N-terminal region. The three His residues (His6, His13 and His14) involved in

the Cu2+ coordination sphere are supported by NMR experiments [55,58,72] and other
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experimental studies [71]. Moreover, His13 and His14 were confirmed to be involved in

the Cu2+ coordination sphere by electrospray ionization mass spectrometry (ESI-MS) [73].

Using homology modelling (HM) and quantum mechanics (QM) approaches, Aĺı-Torres

et al. have determined the possible plausible 3D structures of Aβ1−16/Cu2+ taking all

possible ligands into account with different coordination spheres [74,75].

Drew et al. proposed two different 3N1O (three nitrogen and one oxygen atoms) co-

ordination spheres for Cu2+-Aβ complex using continuous-wave electron paramagnetic

resonance (CW-EPR) spectra, called component I and II [76–78] (Figure 1.4). At pH 6.3

to 6.9, the Cu2+ coordination sphere involves the binding of the amine and the carbonyl

groups of Asp1, His6 and His13 (or His14) (component Ia or Ib) in a distorted square

planar geometry [78], whereas His6, His13, His14 and the carbonyl group of Ala2 are

involved in a distorted square planar coordination sphere at pH 8.0 (component II) [77].

Dorlet et al. suggested that a water molecule or a negatively charged residue (Asp or

Glu) was also involved in the coordination sphere as a fifth ligand at the axial position

[79,80].

Figure 1.4: Coordination models proposed experimentally for the Cu2+-Aβ 1−16 complexes
from CW-EPR spectroscopy. At low pH, Cu2+ is coordinated by NHD1

2 , OD1,
NH6 and NH13 (component Ia) or by NHD1

2 , OD1, NH6 and NH14 (component
Ib). An equilibrium occurs between component Ia and Ib. At high pH, Cu2+

is coordinated by OA2, NH6, NH13 and NH14.

1.3.4 The role of Cu2+ in Aβ aggregation

Metal ions such as Zn2+ and Cu2+ have significant influence in the Aβ aggregation process,

however, contradictory results about the nature and the direction of these effects were

reported. For example, inhibiting [81–86] and enhancing [87–90] fibril formation of the Aβ

peptides have been reported for Zn2+, while Cu2+ was reported to suppress [81,86,91,92]
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and promote [93–95] the aggregation of the Aβ peptides depending on experimental con-

ditions. However, complex effects were also observed [96]. Recently, it was also indicated

that small amounts of Cu2+ destabilize the Aβ oligomers and inhibit the fibrillation [97].

In the case of Zn2+, the effects on Aβ peptides are mainly dependent on the concentra-

tion of Aβ. It has been suggested that Zn2+ selectively precipitates oligomers at high Aβ

concentrations [98,99]. However, induction of lateral aggregation of Aβ fibrils [100] and

enhancement of the formation of fibrillar organization [88,96] by Zn2+ were also reported.

Figure 1.5: Four proposed models for the Aβ1−40 fibrils complexed with Cu2+. Figure
reprinted with permission from Parthasarathy et al. J. Am. Chem. Soc.,
133(10): 3390–3400, 2011. Copyright 2011 American Chemical Society.

Cu2+ can also modulate Aβ aggregation, but its presence protects Aβ against Zn2+-

induced aggregation by competing with Zn2+ for histidine residues of Aβ peptides[101,

102], which suggests that the complexes of Cu2+-Aβ are more soluble than the Zn2+

counterpart. A consensus has been reached that Cu2+ accelerate the aggregation of Aβ

peptides into amorphous deposits [82,103,104], but in some cases fibrils were also formed

by Cu2+-Aβ [105,106]. The discrepancy between amorphous and fibrillar types of Aβ

aggregates is likely to be attributed to the different concentrations of Aβ peptide and Cu2+

or to preparation procedures. Pedersen et al. [107] suggested that the ratio of Cu2+:Aβ

is a major factor in the Aβ aggregation. Together with other researchers, they proposed

three different kinetic pathways that Aβ peptides may diffuse under the influences of

Cu2+. For the first pathway with [Cu2+ ]�[Aβ ], the complexes form rapidly a critical

nucleus followed by the slow elongation of the fibril as peptide-metal complexes are added
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to the nucleus [106,107]. At equimolar concentrations, the Cu2+-Aβ oligomers slowly

bind together resulting in amorphous aggregates [103,107]. For the third pathway with

[Cu2+ ]>[Aβ ], both fibrillar and oligomeric formation of the Aβ peptides takes place,

with higher proportions of oligomers likely due to a destabilizing effect of Cu2+ on the

structure of Aβ peptides [107].

It is still unknown how much the structures of Aβ-Cu2+ amyloid fibrils differ from

the metal-free Aβ fibrils. Mithu et al. investigated the conformation of Zn2+-attached

fibrils of Aβ1−42 by solid-state NMR (ss-NMR) [108]. They found that Zn2+ caused major

structural changes in the N-terminal and the loop regions connecting the two β-sheets.

It disrupted the Asp23-Lys28 salt bridge without altering the fibrillar morphology of

aggregates distinctly [108]. Parthasarathy et al. examined the molecular details of Cu2+

binding to amyloid fibrils using ss-NMR techniques for full-length Aβ1−40. Four models

with different coordination modes (Figure 1.5) were proposed based on the experimental

data [109], in which the coordination modes agreed with the one proposed by Drew et al.

[76] partially. And preliminary MD simulations of these model confirmed the stabilities

of the models. They also found that no major structural changes upon Cu2+ binding

in the hydrophobic core regions were found based on the chemical shift analysis [109].

Moreover, there was another model for Aβ1−40 fibril in complex with Cu2+ [110], of which

the coordination mode was consistent with the one proposed for Aβ1−16 at pH 6.9 by

Drew et al. [76]

Aβ/Cu+ Aβ/Cu2+

O2

Aβ/Cu+ Aβ/Cu2+ Aβ/Cu+ Aβ/Cu2+

O2
-• H2O2 HO-HO• +

+ 2H+

Asc. Asc. Asc.

Figure 1.6: Redox chemistry of the production of ROS by (Aβ/Cu2+)/(Aβ/Cu+) in the
presence of ascorbate (Asc.) and molecular oxygen. The endogenous antioxi-
dants ascorbate is able to reduce Cu2+ to Cu+, and the oxidants O2, O•−2 and
H2O2 can oxidize Cu2+ to Cu+ with the production of HO• and HO−.

1.3.5 Neurotoxicity of Cu2+

In addition to the effects of modulating the aggregation process of Aβ, Cu2+ has also

been widely accepted to contribute to oxidative stress and inflammation of the brains of

Alzheimer’s patients [111]. Oxidative stress is known to play a role in normal aging [112].

As one of the initial signs of AD, oxidative stress precedes the presence of inflammation and
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amyloid plaques [113]. Oxidative stress includes the production of reactive oxygen species

(ROS) (Figure 1.6) [114,115]. Aβ peptides are able to induce the production of ROS in

cells [116], while copper ion can exacerbate and facilitate Aβ-mediated oxidative damage

in AD [117]. Indeed, it has been reported that complexes of Aβ/Cu2+ are able to catalyze

the production of ROS like H2O2 and HO• in the presence of a biologically relevant

reducing agent in vitro experiments [118]. Moreover, it was also indicated that oligomers

of Aβ1−42/Cu2+ produced much more H2O2 and HO• than monomeric Aβ1−42/Cu2+ [118,

119]. The OH radical is highly reactive and initiates a variety of reactions resulting in

post-translational protein modification, DNA damage and lipid peroxidation [120]. A lot

of studies have suggested that both the lipid peroxidation and copper at the neuronal

synapse promoting the Aβ aggregation contribute to the copper toxicity [121]. Although

the brain has a natural defense system for removing excess H2O2, it can be overwhelmed

with the excessive amount of H2O2 and HO• [122,123]. Thus, Cu2+ is expected to increase

the toxicity of Aβ oligomers and amyloid.

11





2 Motivation

High concentration of the redox active metal ion Cu2+ has been found in senile plaques

composed of Aβ peptides. The presence of Cu2+ is widely accepted to be involved in Aβ

aggregation and toxicity. Experiments have been extensively carried out to investigate

the coordination chemistry of Cu2+ binding Aβ, the source of toxicity related to Cu2+,

and the roles of Cu2+ in the process of Aβ aggregation. However, no consensus has been

reached on these issues. Computer simulations provide a complementary means of directly

accessing these vital information. Various computational studies of Aβ interacting with

Cu2+ have been performed to investigate these mechanism at different levels including

MM and QM approaches. Rauk and co-workers have studied the complex stabilities,

ligand preferences and reaction pathways for a series of modelled Aβ/Cu2+ and Aβ/Cu+

complexes [124–127] using density functional theory with the B3LYP functional [128,129].

QM approaches are useful to study different coordination spheres and to determine some

molecular properties such as standard reduction potentials (SRP) or constants of stability

of Aβ fragment and Cu2+ [74,75,130]. For the full-length Aβ or oligomers, molecular

dynamics (MD) simulation has been proved to be a better sampling tool. There are some

MD studies focusing on the effects of Cu2+ on the binding sites and conformational folding

of Aβ peptides [22,131–133], but further study is still necessary as knowledge about the

coordination chemistry of Cu2+ binding to Aβ is still updating [9,76–80].

Hamiltonian replica exchange molecular dynamics (H-REMD) [134,135] simulation has

been proven to be a highly efficient sampling technique [136]. H-REMD is able to be

efficiently applied to study the roles of Cu2+ in the Aβ aggregation at atomistic level,

which can not be obtained by experimental approaches currently. In Chapter 4, we

present and discuss the results of our simulations studying the effects of Cu2+ on the

conformational folding and dimerization of Aβ1−42. The motivation of these simulations

is that experimental techniques have so far not been able to interpret the mechanism of

how Cu2+ modulates Aβ aggregation resulting in an enhanced toxicity. Understanding

the mechanism will have significant influences in the field since it will facilitate the finding

of potential targets on Aβ peptides and the design of effective drugs against Alzheimer’s

disease.
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3.1 Statistical mechanics

As a branch of theoretical physics, statistical mechanics studies the average behaviour

(macrostate) of a very large number of behaviours (microstate) of a mechanical system

using probability theory. It provides a framework for relating the microscopic properties

of individual atoms and molecules to the macroscopic bulk properties of materials that can

be observed in everyday life. Thus, it explains thermodynamics as a result of the classical

and quantum mechanical descriptions of statistics and mechanics at the microscopic level.

Generally, a number of microstates gives a compatible macrostate in a system with a large

number of particles. The dynamical states of the system is a space in which all possible

states are represented, called phase space.

Classically, the microscopic state of a system is a function of the momenta and coordi-

nates of its particles. A system containing N particles has 6N degrees of freedom due to

3 coordinates (x,y,z) and 3 momenta (Px, Py, Pz) for each particle. The possible coordi-

nates and momenta of the particles in the system form the phase space. Each state of the

system is represented by a single point in the phase space. Thus, an ensemble is treated

as a collection of a huge number of single points in the phase space, satisfying the con-

ditions of a specific thermodynamic state. Some ensembles with different characteristics

are described below.

3.1.1 Microcanonical ensemble (NVE)

The microcanonical ensemble [137,138] is used to represent the possible states of a me-

chanical system which has a constant number of particles (N), a constant volume (V ) and

a fixed energy (E), thus also called NVE ensemble. It corresponds to a thermally isolated

system. In a NVE ensemble, every microstate with energy within a average centered at

E is assigned an equal probability. Then if the total number of all possible microstates of

the system is denoted as Ω, the probability pj of finding microstate j of the system is:

pj =
1

Ω
(3.1)
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3.1.2 Canonical ensemble (NVT)

A system in a canonical ensemble [137,138] is allowed to exchange energy with a heat bath

, and is also characterized by a constant number of particles (N), a constant volume (V )

and a constant temperature (T ). The probability pj of finding a particular microstate j

at energy level Ej of the system is expressed as:

pj =
e−Ej/kBT

Z
(3.2)

Z =
∑

j

e−Ej/kBT (3.3)

where Z is the partition function of the canonical ensemble. The characteristic state

function of this ensemble is the Helmholtz free energy

A(N, V,E) = −kBT lnZ (3.4)

3.1.3 Isobaric-isothermal ensemble (NPT)

The characteristics of an isobaric-isothermal ensemble [137] is maintaining a constant

number of particles (N), a constant pressure (P ) and a constant temperature (T ) in

the system, thus called NPT ensemble, while the system’s energy (E) and volume (V )

fluctuate around thermal equilibrium. In a NPT ensemble, the system is exchanging

volume (or work) with a barostat at pressure P and exchanging energy with a thermostat

at temperature T . The NPT ensemble is of significant importance in chemistry since most

of the chemical reactions are performed in constant pressure condition. The probability

pj of finding a specific microstate j of the system in a NPT ensemble is:

pj =
e−(Ej+pVj)/kBT

Z
(3.5)

Z =
∑

j

e−(Ej+pVj)/kBT (3.6)

where Z is the partition function of a NPT ensemble. And the characteristic state function

of this ensemble is the Gibbs free energy:

G(N,P, T ) = −kBT lnZ (3.7)

3.1.4 Grand canonical ensemble (µV T )

The grand canonical ensemble is used to describe the possible states of a system of parti-

cles, in which the thermodynamic equilibrium (thermal and chemical) is maintained with
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a reservoir. The system is open to exchange energy and particles with the reservoir at

chemical potential µ. Thus the thermodynamic state of a system in a µV T ensemble is

characterized by a constant chemical potential (µ), a constant volume (V ) and a constant

temperature (T ). The probability pj of determining a microstate j of the system with

particle number Nj and energy Ej is:

pj =
e−(Njµ−Ej)/kBT

Z
(3.8)

Z =
∑

j

e−(Njµ−Ej)/kBT (3.9)

where Z is the partition function of µV T ensemble.

3.2 Molecular mechanics

Molecular mechanics (MM) is using classical mechanics methods to describe molecular

systems. It is based on a simple model in which the system is treated as a collection of balls

(corresponding to atoms) connected together by springs (corresponding to bonds). For

this approximated model, the energy of the system changes with changing geometry since

the springs resist being deviated away from the natural geometry. The principle behind

molecular mechanics is to use a function to express the energy of a system described by

energy components corresponding to the bond stretching, bond bending and other terms.

3.2.1 Potential energy functions

The basic function form for the potential energy of a molecular system in molecular

mechanics contains bonded and nonbonded terms, as illustrated in Eq. 3.10 [139,140]:

Etotal = Ebonded + Enonbonded (3.10)

The bonded interactions account for bonds, angles and dihedral angles and improper

dihedral angles. The improper dihedrals are used to define the planarity of aromatic

groups and to enforce chirality in molecules. Thus, the bonded interaction potential can

be written as:

Ebonded = Ebonds + Eangles + Edihedrals + Eimpropers (3.11)

The non-bonded interactions originate from interactions of pairs of atoms which are sep-

arated by three or more covalent bonds. The nonbonded interactions can be divided into

van der Waals and electrostatic terms:

Enonbonded = EvdW + Eelec (3.12)
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Usually, the function form used to describe the potential energy of a system is also called

force field. Most of the widely used force fields are additive ones, so any additional terms

known to affect the energy of a molecular system can be added to the above equations. The

most common form of potential energy function used in force fields to model biosystems

today is written as follows:

ETotal = E(qN) =
∑

bonds

Kij

2
(lij − l0ij)2

+
∑

angles

kijk
2

(θijk − θ0ijk)2

+
∑

dihedrals

∑

n

V n
ijkl

2
[1 + cos(nφijkl − φ0

ijkl)]

+
∑

improper

kijkl
2

(ξijkl − ξ0ijkl)2

+
N−1∑

i=1

N∑

j=i+1

fij

{
4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]

+
QiQj

4πε0rij

}

(3.13)

where E(qN) (ETotal) is the potential energy expressed as a function of the system’s

coordinates qN . The first four terms in Eq. 3.13 model the covalently bonded interactions

the system, whereas the last terms models the nonbonded interactions between atoms in

different systems or in the same system separated by at least 3 bonds. The ”fudge factor”

fij = 0.5 is used to scale down the 1,4 interactions (non-bonded interactions between

atoms separated by 3 bonds), otherwise fij = 1.0. In the following, we will describe each

term from Eq. 3.13 in detail.

Bond stretching

The bond stretching term describes the interaction between two covalently bonded atoms

i and j , such as C-C, C-H, C-O etc.. Among many functional forms used for the bond

stretching term, the Morse potential (Figure 3.1) is particularly popular, and is described

by the following relationship:

E(l) = De{1− exp[−a(lij − l0ij)]}2 (3.14)

a =
√
ke/2De (3.15)

where lij is the bond length, De is the well depth of the potential energy minimum, a

controls the width of the potential, ke is the force constant of the bond at the minimum

of the potential, and l0ij is the reference bond length between atoms i and j. As shown

in Figure 3.1, the Morse potential profile fits quite well with the real profile, and it is
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still accurate even at large deviation or dissociation. However, it is not widely used in

molecular simulations with classical force fields. One of the reasons is that it needs more

parameters (3) for each bond than other function forms such as the harmonic potential

(2), resulting in computational inefficiency. Furthermore, large bond deviations from the

equilibrium value or dissociations rarely occur in simulations.

|| ||

|

l0

|
l0|

|

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _Dissociation Energy

|De

Figure 3.1: Illustration of harmonic (red) and Morse (green) potentials together with the
potential profile of a real bond stretching (blue). The potential curves close
to the equilibrium bond distance (l0) are highlighted.

The most used functional form for bond stretching is the harmonic potential, based on

the Hooke’s law:

Eb =
∑

bonds

Kij

2
(lij − l0ij)2 (3.16)

The total bond energy Eb of the system is calculated as a summation over all covalent

bonds. Each bond is described by a harmonic potential with a unique force constant

Kij. Because of the vibrational motions, the bond length lij of atom i and j deviates

from its equilibrium value l0ij. The harmonic potential is accurate enough to model bond

stretching when the deviation from its reference value is around 0.1 Å or less as highlighted

in Figure 3.1. More accurate functional forms were also developed [141,142], but they are

more computationally expensive.
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Angle bending

The harmonic potential or Hooke’s law is also widely used for describing the angle bending

from its reference value (Eq. 3.17). With this functional form, the angle between three

atoms i, j and k (e.g. C-C-C, C-N-C, C-O-C etc.), in which atoms i and k are cova-

lently bonded to the same atom j, is constrained to the reference angle by the following

relationship:

Ea =
∑

angles

kijk
2

(θijk − θ0ijk)2 (3.17)

or expressed as:

Ea =
∑

angles

kijk
2

[cos(θijk)− cos(θ0ijk)]2 (3.18)

where kijk is the force constant, θ0ijk is the equilibrium value of the angle. In general, the

force constants kijk of angle bending are less than kij for bond stretching, because less

energy is needed to distort an angle than to compress or stretch a bond.

The accuracy of the angle bending term can be improved by adding higher-order terms.

For example, there is a quartic term together with a quadratic term in MM2 force field.

Then the angle bending form can be expressed as:

Ea =
∑

angles

kijk
2

(θijk − θ0ijk)2[1− k
′
(θijk − θ0ijk)− k

′′
(θijk − θ0ijk)2 · · · ] (3.19)

Torsional angle potential

A torsion angle is formed by four atoms sequentially bonded and induces rotation about

the axis parring through the central bond. The torsional potential is describing the energy

change associated with this rotation. The potential of proper dihedral angles is expressed

as:

Ed =
∑

dihedrals

∑

n

V n
ijkl

2

[
1 + cos(nφijkl − φ0

ijkl)
]

(3.20)

where φijkl is the torsional angle defined as the angle formed between the two planes of ijk

and jkl, and φ0
ijkl is the phase factor determining where the torsion angle passes through its

minimum energy. The torsional angle may rotate between [0◦, 360◦] or [−180◦, 180◦], with

0◦ standing for the cis configuration and 180◦ corresponding to the trans configuration.

V n
ijkl represent the energy barriers and n is the periodicity of the torsion. The energy

associated with a 360◦ rotation should remain the same as the energy for 0◦ and thus,

for periodicity n = 1. In Figure 3.2, it takes the ethane molecule as an example with

conformations corresponding to the cis and trans configurations, and the energy barrier

between them is around 2.9 kcal/mol.
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Figure 3.2: The variation of the potential energy of ethane ascribed to the dihedral angle
defined by H-C-C-H atoms. The curves can be represented as a typical cosine
function

Improper torsion

An improper dihedral angle (out-of-plane) is typically involving a central atom bonded

with each of three other atoms. The improper dihedral potential can be incorporated into

force fields to achieve specific geometries. The harmonic potential is also used for the

improper torsional potential:

Eid =
∑

impropers

kijkl
2

(ξijkl − ξ0ijkl)2 (3.21)

where kijkl is the force constant, ξijkl is the torsion angle of atoms i, j, k and k, whereas

ξ0ijkl is the reference value. A value of ξijkl = 0◦ corresponds to all the four atoms being

in the same plane.

van der Waals interactions

The van der Waals (vdW) energy (EvdW ) is defined between atoms i and j which are

separated by at least 3 bonds in the same molecule and any atoms from different molecules.

Mostly, the 12-6 Lennard-Jones (LJ) potential is used to described the van der Waals
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interactions between two atoms:

ELJ =
N−1∑

i=1

N∑

j=i+1

4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]

(3.22)

or is sometimes expressed as

ELJ =
N−1∑

i=1

N∑

j=i+1

εij

[(
rmij
rij

)12

− 2

(
rmij
rij

)6
]

(3.23)

where εij is the depth of the potential well between atoms i and j, σij is the finite

distance at which the interatomic potential of i and j is zero, rij is the distance between

the atoms i and j, rmij is the distance at which the potential between atoms i and j

reaches its minimum (Figure 3.3). The rmij is related to σij as rmij = 21/6σij. The first

term, proportional to (rij)
12, is repulsive accounting for the inter-nuclear repulsion and

Pauli exclusion, whereas the second one, proportional to −(rij)
6, is attractive due to

dipole-dipole interactions, etc.. The parameters in the LJ equation are usually derived

from fitting to experimental data or quantum mechanics calculations at high levels. The

LJ potential is extensively applied in computer simulations because of its computational

simplicity and efficiency even though more accurate potentials exist.

_

|_

σ
εrm

r(σ)
σ
ε

Figure 3.3: The Lennard-Jones potential. The deeper the well depth (ε), the stronger the
attraction between the two particles.

The Buckingham potential is another functional form that can be used to model van

der Waals interactions, however, it is more computationally expensive. Thus it is not
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widely applied in common force fields. It can be expressed as:

Ebh =
N∑

i>j

Aijexp(−Bijrij)−
Cij
r6ij

(3.24)

where Aij, Bij and Cij are constants, rij is the interatomic distance between atoms i

and j. The two terms on the rights side represent energies of repulsion and attraction,

respectively.

Electrostatic interactions

The electrostatic interaction between atoms i and j due to their partial charges (Qi and

Qj ) is often described by the Coulombic potential:

Uelec =
N∑

i>j

QiQj

4πε0rij
(3.25)

where rij is the distance between the two atoms, Qi and Qj are their partial charges,

and ε0 is the permittivity of the vacuum. Similar to the LJ potential, the Coulombic

interactions are only taken into consideration when atoms i and j are separated by at

least 3 bonds.

Since the calculation of the nonbonded interactions is very time-consuming in simula-

tions, predefined cut-offs are usually applied for interatomic distances that can speed up

the computations in simulations. The interactions beyond the cut-offs are ignored.

3.2.2 Force field parameterization

In addition to the functional forms of the potentials as mentioned above, a force field

includes a large number of parameters needed for the calculation of the potentials for

different types of atoms (vdW parameters and partial charges), chemical bonds, angles,

dihedral angles, etc.. It is not a trivial task to parameterize a force field. A large number

of different parameters have to be determined, growing rapidly with increasing number

of atom types. A set of targeted data is required to guide the development of a force

field, including experimental (e.g. vibrational spectra, density, solvation free energy and

X-ray structure · · · ) and quantum mechanics (QM) information (e.g. minimum energy

geometry, dipole movement, conformational energy barrier, electrostatic potential · · · ).
Different force fields have different targeted experimental and QM data.

Some popular force fields like CHARMM, AMBER, GROMOS, OPLS-AA have been

widely used in the simulations of biological macromolecules such as proteins and DNA

[143–149]. There are two typical force fields for small molecules, CHARMM General force
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field (CGenFF) [150,151] and General AMBER force field (GAFF) [152]. Unlike force

fields for proteins, there is no standard set of force field parameters for the metal ions in

metalloproteins, as different metal ions have different coordination spheres and even the

same metal ion could have different coordination in different metalloproteins. However,

there has been great effort towards the development of force field parameters for metal

ions using nonbonded [153,154], cationic dummy [155,156] and bonded models [157,158].

For developing nonbonded or cationic dummy models, the experimental hydration free

energy and radius distribution functions of the metal ions are the most common targeted

data. For the bonded model, the targeted data is usually the QM data calculated at

high level. The minimum requirements for the metal sphere geometry accounts for the

reference values of bonds and angles related to the coordination centers of metal ions. The

force constants of bonds and angles are derived from QM potential energy surface scan

or frequency calculations. The dihedrals involved by metal ions are generally ignored,

though there is a study that introduced the dihedral parameters [159]. The restrained

electrostatic potential (RESP) [160,161] is widely accepted and chosen for the calculation

of the partial charge for each atom of the metal center.

3.3 Molecular dynamics simulation

Molecular dynamics (MD) simulations are among the main tools used in theoretical studies

that investigate the behaviours of biological systems at high resolution. In a simulation,

the atoms of one or several molecules interact with each other for a limited period of

time (femtoseconds to microseconds) and the coordinates, determined by motion, are

periodically written into a trajectory to be taken analysed. Newton’s second law for a

particle i with mass mi is:

Fi = miai (3.26)

where Fi is the force acting on particle i and ai is the acceleration of particle i. The

acceleration is the second derivative of the coordinates q with respective to time t, or the

first derivative of the velocity v with respective to time t:

ai =
∂2qi
∂t2

=
∂vi
∂t

(3.27)

In a system with N particle, each particle experiences a force acting from all the other

particles, therefore the force is a function of the 3N coordinates of the N particles. Thus

the Newton’s law of motion could be expressed as a set of 3N coupled second order

differential equations:

Fi = mi
∂2qi
∂t2

(3.28)
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where Fi can be divided into Fxi, Fyi and Fzi and qi can be divided into qxi, qyi and qzi.

Moreover, the gradient of the potential energy E of the whole system, acting on particle

i represents the force Fi exerted on particle i:

Fi = −∇iE (3.29)

Once we combine equations 3.28 and 3.29, we get the relationship between the potential

energy and the positions of the particles:

−∂E
∂qi

= mi
∂2qi
∂t2

(3.30)

where qi can be divided into qxi, qyi and qzi.

To start a simulation, the initial coordinates and velocities need to be assigned to all the

particles in the system. One also needs to know the potential energy functions (Sec. 3.2.1)

that will be used to describe the interactions between particles. The Maxwell-Boltzmann

distribution is often used for assigning the initial velocities v. The probability of particle

i having velocities vi at temperature T is given by:

p(vi) =

(
mi

2πkBT

) 3
2

exp

(
−1

2

miv
2
i,x +miv

2
i,y +miv

2
i,z

kBT

)
(3.31)

where vi,x, vi,y, vi,z are the three components of velocity vi along x, y and z axes, respec-

tively, and kB is the Boltzmann constant.

3.3.1 Integration algorithms

Since it is impossible to solve analytically Eq. 3.30 for a large system, one has to employ

numerical integration methods. Thus, integration algorithms are needed to propagate

positions, velocities and accelerations of the particles in a very short time interval denoted

as time step. On this short time scale, it is assumed that the positions, velocities and

accelerations of particles can be approximated by a Taylor expansion [139,162] for all the

integration algorithms described below:

q(t+ δt) = q(t) + v(t)δt+
1

2
a(t)δt2 + · · · (3.32)

v(t+ δt) = v(t) + a(t)δt+
1

2
b(t)δt2 + · · · (3.33)

a(t+ δt) = a(t) + b(t)δt+
1

2
c(t)δt2 + · · · (3.34)

where q, v and a are the coordinates, velocity and acceleration, respectively. And b and

c are the third and fourth derivatives of q. Normally, the higher derivatives are ignored
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during simulations.

Verlet algorithm

The Verlet algorithm can calculate the new positions q(t + δt) at t + δt based on the

positions q(t) and accelerations a(t) at time t as well as the position q(t − δt) at the

previous time step t − δt. As the most frequently used algorithm for integration of the

equations of motion, the Verlet algorithm can be written as:

q(t+ δt) = q(t) + v(t)δt+
1

2
a(t)δt2 + ... (3.35)

q(t− δt) = q(t)− v(t)δt+
1

2
a(t)δt2 − ... (3.36)

Summing up these two Taylor expressions gives:

q(t+ δt) = 2q(t)− q(t− δt) + a(t)δt2 (3.37)

As shown in Eq. 3.37, no explicit calculated velocities appear in this algorithm. It is

straightforward to implement and has modest storage requirements, but it only has mod-

erate precision. Even though it is very difficult to obtain the velocities due to the lack of

an explicit velocity term, they can be calculated in a simple way by:

v(t) = [q(t+ δt)− q(t− δt)]/2δt (3.38)

Alternatively, the velocities can be estimated at the half-step, t+ 1
2
δt:

v(t+
1

2
δt) = [q(t+ δt)− q(t)]/δt (3.39)

Leap-Frog algorithm

In order to prevent the disadvantages of the Verlet algorithm, the Leap-Frog algorithm

was developed. The following forms are used: [139,163]:

q(t+ δt) = q(t) + v(t+
1

2
δt)δt (3.40)

v(t+
1

2
δt) = v(t− 1

2
δt) + a(t)δt (3.41)

To apply the leap-frog algorithm, the velocities v(t + 1
2
δt) are first calculated at time

t + 1
2
δt and accelerations a(t) at time t. Then the new coordinates q(t + δt) can be
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calculated with Eq. 3.40 at t+ δt. And the velocities v(t) can be derived from:

v(t) =
1

2
[v(t+

1

2
δt) + v(t− 1

2
δt)] (3.42)

In this way, the velocities ‘leap-frog’ over the positions to obtain their values at t+ 1
2
δt,

and the positions ‘leap-frog’ over the velocities to deduce the new values at t+δt as well as

the velocities at t+ 3
2
δt. The advantage of the Leap-Frog algorithm is that the velocities

are included explicitly compared to the Verlet algorithm. As the velocities and positions

are not calculated at the same time, the contribution of the potential energy as a function

of the positions and the kinetic energy as a function of the velocities to the total energy

cannot be assessed at the same time.

Velocity Verlet algorithm

For the Velocity Verlet algorithm, positions, velocities and accelerations are given at the

same time t and no precision is compromised [139,164]:

q(t+ δt) = q(t) + v(t)δt+
1

2
a(t)δt2 (3.43)

v(t+ δt) = v(t) +
1

2
[a(t) + a(t+ δt)]δt (3.44)

As can be seen from Eq. 3.44, the calculation of the new velocities v(t + δt) needs the

accelerations at both t and t + δt. So the new positions at t + δt should be computed

firstly with Eq. 3.43 using the velocities and accelerations at t.

3.3.2 Thermostats

A thermostat is a component which is used to control the temperature of a system so

that it can be maintained close to a targeted point. Controlling temperature in dynamics

simulations is of great importance during the equilibration of the system in order to avoid

drifting, which might result from integration errors or increased frictional forces due to

over-heating. Molecular dynamics simulations at constant temperature are necessary to

understand the features of a molecular system related to temperature, such as the binding

of a ligand to a protein, or the folding and unfolding of peptides. It is also important

for comparing simulations to experiments, since experiments are commonly carried out at

constant temperature. In molecular dynamics simulations, the temperature is controlled

via the system’s kinetic energy using the equipartition theorem:

1

2
kBT =

1

2
miv

2
i,x (3.45)
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A few thermostats widely used in simulations of molecular systems at constant tempera-

ture are described below.

Berendsen thermostat

The Berendsen thermostat is a coupling algorithm [165], which is used to couple the

system to an external heat bath at fixed temperature T0. The heat bath is acting as a

source of thermal energy for the system by scaling down the velocities of the particles

at each time step. The rate of exchange temperature is proportional to the difference of

temperature between the heat bath and the system as shown in Eq:3.46.

dT (t)

dt
=
T0 − T (t)

τ
(3.46)

where τ is a coupling parameter (time constant) determining the tightness of coupling

between the heat bath and the system. The deviation from the targeted temperature

decays exponentially with λ. The difference in temperature between successive time step

δt is given:

∆T =
δt

τ
[T0 − T (t)] (3.47)

Thus, the scaling factor λ for the velocities is expressed:

λ2 = 1 +
δt

τ

(
T0
T (t)

− 1

)
(3.48)

Generally, large τ results in weak coupling, on the contrary, small τ means strong coupling.

When τ is set as the same as the time step (τ = δt), the algorithm is corresponding to

the simple velocity scaling method. It has been suggested that a coupling parameter τ

value of 0.4 ps works properly with time step δt of 1 fs.

Velocity-rescaling thermostat

The advantage of Berendsen thermostat is that the system is efficiently relaxed to the

desired temperature. However, it can also generate incorrect sampling and restrict the

fluctuations of the kinetic energy of the system. Similar to the Berendsen algorithm,

Bussi et al. [166] proposed the velocity rescaling thermostat, which produces a reasonable

ensemble by adding a stochastic term so that it can generate the correct kinetic energy

distribution:

dK = (K̄ −K)
dt

τ
+ 2

√
KK̄

Nf

dW√
τ

(3.49)

where K̄ is the average kinetic energy at target temperature, K denotes the total kinetic

energy, Nf is the number of degrees of freedom and dW is the Wiener noise.
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Nosé-Hoover thermostat

Because of the extreme efficiency of the Berendsen thermostat, it is widely applied for

the initial equilibration of a simulation, while a different thermostat which can generate

reasonable kinetic energy distribution has to be chosen for the production run. The

Nosé-Hoover thermostat [139] was originally proposed by Nosé [167] and subsequently

modified by Hoover [168]. It has been widely applied for constant temperature molecular

dynamics simulations as one of the most accurate and efficient methods. It treats the

thermal reservoir as an integral part of the system and an additional degree of freedom is

assigned to the reservoir. Thus, the thermal reservoir and a friction term are introduced

to the modified equation of motion. The friction force is proportional to the velocities

of particles and the friction parameter ξ. This parameter is characterized with a fully

dynamic quantity with its own momentum pξ. Then the equation of motion comes to:

d2ri
dt2

=
Fi

mi

− pξ
Q

dri
dt

(3.50)

where Q is called the ”mass parameter” of the reservoir controlling the strength of the

coupling. And the friction parameter ξ of the equation of motion is determined by:

dpξ
dt

= (T − T0) (3.51)

where T0 is the reference temperature of the heat bath and T is the system’s temperature.

3.3.3 Barostats

Similar to thermostats, maintaining the system at a constant pressure is also desirable as

it allows the exploration of the the system’s behaviours as a function of pressure. Many

experimental measurements are done under constant temperature and constant pressure

conditions. Thus, simulations in the NPT ensemble are most relevant to experiment

comparison. The systems are coupled to barostats that control the pressure of the system.

Some of the most used barostats are explained below.

Berendsen barostat

Unlike the Berendsen thermostat’s scaling velocities, the Berendsen barostat rescales the

coordinates of the particles and the box vectors periodically to control the system’s pres-

sure [165]. The rate of pressure change is described by:

dP (t)

dt
=
P0 − P (t)

τP
(3.52)
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where τP is the coupling constant determining how tightly the coupling between the bath

and the system is, and P (t) is the pressure at time t. In order to adjust the volume of

the system, the atomic coordinates of all the particles are scaled by the factor λ:

λ =

{
1 +

∆t

τP
β[P (t)− P0]

}1/3

(3.53)

where β is the experimental isothermal compressibility.

Parrinello-Rahman barostat

The Berendsen barostat algorithm generates the correct average pressure of a simulation,

but it does not produce the exact NPT ensemble. If the fluctuations in pressure and

volume are important in some particular systems (e.g. protein with lipid bilayer), the

Berendsen barostat is not a good choice for the simulation in the NPT ensemble. The

Parrinello-Rahman barostat [169,170] can produce the real NPT ensemble in theory.

With the Parrinello-Rahman algorithm, the box vectors b are described as:

db2

dt2
=

V

Wb′
(P − P0) (3.54)

where V is the volume of the box, W is a parameter used to determine the coupling

strength and P and P0 represent the current and reference pressures, respectively. The

combination of the Parrinello-Rahman barostat and the Nosé-Hoover thermostat is widely

applied in most studies.

3.3.4 Periodic boundary conditions

Periodic boundary conditions (PBCs) are a set of boundary conditions which are widely

used to approximate a system of large (infinite) size by using a small unit cell [140]. PBCs

are frequently applied in computer simulations and mathematical models. With PBCs, the

unit cell containing the system is multiplicate in all directions to form an infinite lattice.

Figure 3.4 illustrates the concept of periodic boundary conditions in two dimensions. The

central unit cell is surrounded by 8 neighbouring cells. The coordinates of the image

particles found in the surrounding boxes are related to those in the primary box by

simple translations. During simulations, when a particle (A or B or C) leaves the central

unit cell, its periodic image (A′ or B′ or C′) enters at the opposite side with the same

velocities. For PBC in three dimensions, the central unit cell has 26 identical adjacent

image cells. Thus, whenever a particle leaves the simulation cell, it is replaced by another

one with exactly the same velocity, entering from the opposite cell face. Thus, the number

of particles in the cell is conserved. For simulations with PBCs, only cells close to the
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central cell are necessary for the short-range non-bonded interactions like the truncated

Lennard-Jones strategy. However, when interactions extend beyond the box boundary like

long-range electrostatic potentials, truncating the interactions at a certain distance (cut-

off) will result in non-physical distributions of the molecules with discontinuous forces

and energies. Therefore, some lattice sum methods such as Ewald sum [171], Particle

Mesh Ewald (PME) [172,173] and particle-particle particle-mesh (PPPM) [172,174,175]

are proposed for the calculation of electrostatic interactions under PBC. Meanwhile, an

appropriate cut-off is needed so that a particle in the primary box does not see its image

in the surrounding boxes.
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Figure 3.4: Periodic boundary conditions in two dimensions

3.3.5 Solvation

Most of the chemical and biological experiments are carried out in water or buffers. The

solvent is very important to molecular properties and its effects depend on the solvent

characteristics. It is thus very important to develop accurate models that treat the solvent

properly in MD simulations. Currently, there are two types of solvation algorithms widely

applied in molecular dynamics simulations. One is the implicit solvation (also called

continuum solvation), in which the solvent is represented as a continuous medium. A

variety of implicit solvent models have been developed during the past years, and the

generalized Born (GB)/surface area (SA) model became very popular. The other type

is known as explicit solvation, based on using hundreds or thousands of discrete solvent

molecules. There are many types of explicit water models developed and characterized
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by: (i) the number of interaction points, (ii) rigid or flexible, (iii) and polarization effects.

Moreover, different water models are suggested to work with different force fields, e.g. SPC

and SPC/E [176] for GROMOS force fields [146,149], TIP3P [177] for AMBER [147] and

CHARMM [143,145] force fields, as well as TIP4P [177] and TIP5P [178] for OPLS-AA

[179,180].
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Figure 3.5: An illustration of a REMD simulation. Different colors correspond to differ-
ent replicas, the exchange of replicas are accepted (green arrows) or rejected
(yellow arrows) based on Eq. 3.55

3.3.6 Replica exchange molecular dynamics simulation

With conventional constant-temperature MD simulations, it is often difficult to obtain

accurate canonical distributions at room temperature, because these simulations tend to

get trapped in local minimum-energy states. However, the replica exchange MD (REMD)

method is effective to overcome the multiple-minima problem by running multiple MD

simulations of the same system (replicas) simultaneously at different temperatures, as

shown in Figure 3.5. At set time intervals, attempts are made to swap temperatures

between two different replicas i and j. The exchanges are accepted (green arrows in

Figure 3.5) or rejected (yellow arrows in Figure 3.5) according to the Metropolis-Hastings

criterion with a probability p:

p = min

(
1, e

(
(Ei−Ej)

(
1

kBTi
− 1

kBTj

)))
(3.55)

and kB is the Boltzmann constant, Ti and Ei denote the temperature and potential

energy of replica i, respectively, and j is typically replica i+1 at the same time step. The

temperatures for the replicas are usually exponentially spaced between a minimum value,
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Tmin , and a maximum value, Tmax. After exchange, the MD simulations resume at the

new temperatures. This procedure allows for an improved sampling of the conformational

space at low temperatures, since crossing potential energy barriers is facilitated at higher

temperatures, and the resulting conformational changes migrate into the lower T replicas.

The replica exchange method is thus a high efficiency sampling technique, which was first

combined with MD by Sugita and Okamoto [24] and has since then been widely used for

studying protein folding and aggregation.

3.4 Analysis

The following analysis methods are particularly useful for MD simulations of protein

systems.

3.4.1 Root mean square deviation

The root mean square deviation (RMSD) is frequently used to measure the differences

between two protein conformations. Usually, the backbone atoms of two superimposed

structures are chosen for the calculations. The formula for the RMSD calculation is:

RMSD =

√√√√ 1

N

N∑

i=1

((xAi − xBi )2 + (yAi − yBi )2 + (zAi − zBi )2) (3.56)

where xi, yi and zi are the coordinates of atom i. A and B refer to two different confor-

mations. N is the number of particles or pairs of equivalent atoms. The common unit for

RMSD is in Angstrom (Å).

3.4.2 Root mean square fluctuation

The root mean square fluctuation (RMSF) is frequently used to measure the deviation

between the position of one particle and some reference position. In MD simulations, Cα

atoms are usually chosen for the calculation in order to determine the flexibility of the

corresponding residues. It can be calculated with:

RMSF =

√√√√ 1

T

T∑

tj=1

((xi(tj)− xi0)2 + (yi(tj)− yi0)2 + (zi(tj)− zi0)2) (3.57)

where T is the time of the simulation corresponding to the number of conformations, xi,

yi and zi are the coordinates of atom i at time tj, while xi0 , yi0 and zi0 are the reference

coordinates of atom i. Typically the reference position is the time-averaged position of

the same atom.
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3.4.3 Cluster analysis

Cluster analysis is widely used to group a set of objects. The rule is that objects in the

same group (also called cluster) are closer (in some property) to each other than those

from other groups. In MD simulations, cluster analysis is performed to identify similar

conformations based on the mutual RMSD values between all the conformations. A RMSD

cut-off is needed for the computing. There are various clustering methods available, and

one of the most used clustering algorithms applied to MD trajectories is developed by

Daura et al. [181].

3.4.4 Free energy surfaces

Biomolecular processes, such as peptide’s folding or aggregation, can be described in terms

of the system’s free energy:

∆G(R) = −kBT [ln P (R)− ln Pmax] (3.58)

where kB is the Boltzmann constant, and P is the probability distribution of the molecular

system along some reaction coordinate R, Pmax is the maximum value, which is a substrate

to ensure ∆G = 0 for the lowest free energy minimum.

3.4.5 Principal component analysis

Principal component analysis (PCA), also called covariance analysis or essential dynam-

ics, is a statistical procedure that converts a number of possibly correlated variables

into a smaller number of uncorrelated variables called principal components based on an

orthogonal transformation. Generally, a vector space transform is used to reduce the

dimensionality of large data sets in PCA.

The PCA method uses the covariance matrix Σ of the atomic coordinates:

σij = 〈(qi − 〈qi〉)(qj − 〈qj〉)〉 (1 ≤ i, j ≤ 3N) (3.59)

where qi and qj are the mass-weighted Cartesian coordinates, N is the number of particles

in the system and 〈...〉 denotes the average over all sampled conformations during the

simulations. By diagonalizing the 3N×3N matrix Σ with an orthonormal transformation

matrix V in Eq. 3.60, one obtains 3N eigenvectors (columns of V) vk and eigenvalues λk

(1 ≤ k ≤ 3N) with λ1 ≥ λ2 ≥ λ3 ≥ · · · ≥ λ3N :

VTΣV = diag(λ1, λ2, λ3 · · ·λ3N) (3.60)

where VT is the transpose of V. The initial 3N coordinates of the system can be projected
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onto the 3N eigenvectors to give the 3N principal components Ci(t), 1 ≤ i ≤ 3N :

C = VT[q(t)− 〈q〉] (3.61)

where t is the simulation time. The eigenvalues are the mean-square fluctuations in the

direction of the corresponding eigenvectors. The first few PCs are typically accounting

for collective and global motions within the system.
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4 Results

The main aim of this thesis work is to study the interactions between Cu2+ and Aβ1−42,

to investigate the influence of Cu2+ and pH values on Aβ1−42 folding and dimerization.

Thus, we performed MD simulations, which can be divided into three parts.

(1) Conformational transitions of the amyloid-β peptide upon copper(II) bind-

ing and pH changes

In this study we performed H-REMD simulations with 2 microseconds of total simulation

time per simulation to study the influences of Cu2+ and pH on Aβ1−42 folding. Firstly, we

developed OPLS-AA/L force field parameters for describing the interactions between Cu2+

and Aβ1−42 with a bonded Cu2+ model. After validation, these parameters were used for

the simulation of the Aβ1−42/Cu2+ complex in water. In addition, we simulated Aβ1−42 at

different pH (5.3, 6.0, 7.4) in water. We found that in all four systems the most abundant

secondary structures are turns, bends and random coils. The initial helical structure of

Aβ1−42 is mostly disrupted in the four systems. We also observed a β-hairpin structure

appearing at the C-terminal hydrophobic region upon Cu2+ binding. Moreover, less helical

and more β-sheet structures were sampled for Aβ1−42 at acidic pH. We also obtained that

the conformational flexibility of Aβ1−42 is greatly enhanced by Cu2+ binding and lowering

the pH value. Furthermore, principal component analysis and transition networks clearly

show the differences in the conformational kinetics induced by Cu2+ binding In summary,

we concluded that both Cu2+ binding and mild acidic conditions shift the conformational

equilibrium of the monomeric Aβ towards conformers, which may have a higher tendency

to aggregate.

Manuscript to be submitted to PLOS Computational Biology (impact factor (IF) 4.620).

Contribution of QL: Development of the force field parameters, complete execution of the

simulations and analyses, finishing 85% of the manuscript writing.
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(2) Development and application of a nonbonded Cu2+ model that includes the

Jahn–Teller effect

We developed a nonbonded model of Cu2+ (CuDum) in this work. It captures both the

Jahn-Teller effect and the experimental hydration free energy, and maintains the coordina-

tion geometries stably during MD simulations. Moreover, we transferred the parameters

of a Zn2+ dummy model (ZnDum) previously developed with Q [182] by Duarte et al.

[183] to GROMACS. We found that our models can reproduce the square planar geome-

tries of Cu2+ in Aβ1−16 and Cu-Zn superoxide dismutase (CuZnSOD), respectively. We

also observed that the interactions between Aβ1−16 and ZnDum is lower than those be-

tween Aβ1−16 and CuDum, which is in agreement with experimental data. Our study also

revealed that CuDum and ZnDum can be applied together in CuZnSOD without artificial

repulsion between the two metal centers, which is usually a problem when the metal ions

are modelled as simple van der Waals spheres with the full charge assigned to this sphere.

This work was published on The Journal of Physical Chemistry Letters, 6(13): 2657–2662

(IF 7.458). Contribution of QL: Development of the CuDum model, Complete execution

of all simulations, analyses of all the simulations, finishing 90% of the manuscript writing.

(3) The role of Cu2+ in the dimerization of Aβ1−42 studied by Hamiltonian

replica exchange molecular dynamics simulations

Here, we focused on the role of the copper ion in the dimerization of Aβ1−42 using both

a bonded model and a nonbonded model for Cu2+. We found that the bonded Cu2+

greatly decreases the flexibility of Aβ1−42 in the dimer complex 2Aβ1−42/Cu2+ while the

nonbonded CuDum only slightly stabilizes Aβ1−42 compared to the 2Aβ1−42 system with-

out Cu2+. For all three systems, a propensity of around 10-15% for β-sheets and <10%

for helices was observed. Cu2+ promotes the formation of β-hairpins at the CHC and

C-terminal regions of Aβ1−42, which agrees with the observations from our previous study

on monomeric Aβ1−42 with Cu2+. CuDum was not stable at the coordination center, and

ligand exchange was observed in the simulations. Generally, Cu2+ binding to Aβ1−42 is

able to reduce the propensities to form salt bridges in the dimer system. In summary, our

simulations reveal that Cu2+ promotes β-hairpins at the CHC and C-terminal regions in

the Aβ1−42 dimer, which probably accounts for the different aggregation behaviours and

in turn, toxicity of Aβ1−42 in the presence of Cu2+.
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4 Results

Manuscript in preparation. Contribution of QL: Development of the force field parame-

ters, Complete execution of all simulations, analyses of all simulations, finishing 90% of

the manuscript writing.

In the following sections, the results of these three studies are presented as manuscripts,

which are either published, submitted or in preparation. References referred to the indi-

vidual manuscripts are given in the following sections (and not the references given at the

end of this thesis).
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4 Results

4.1 Conformational transitions of the amyloid-β peptide

upon copper(II) binding and pH changes
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Abstract

Amyloid-β (Aβ) is a natively unfolded peptide found in all Alzheimer’s disease patients
as the major component of fibrillar plaques, which are recognized as an important
pathological hallmark in Alzheimer’s disease. The binding of copper to Aβ increases its
neurotoxicity, as Cu2+ causes Aβ to become redox active and decreases the lag time
associated with Aβ aggregation. In addition, the pH is also a major factor that
influences both the Aβ aggregation rates and Cu2+ binding. Hamiltonian replica
exchange molecular dynamics (H-REMD) simulations enable atomistic insights into the
effects of pH and Cu2+ complexation on the structure and dynamics of Aβ. To study
the Aβ1−42/Cu2+ complex, we have developed new force field parameters for the
divalent copper ion ligated by the two histidine residues, His6 and His13, as well as the
amine and carbonyl groups of Asp1 in a distorted square planar geometry. Our
comparative simulations reveal that both Cu2+ binding and a low pH mimicking
acidosis, linked to inflammatory processes in vivo, accelerate the formation of β-sheet in
Aβ1−42 and lead to the stabilization of salt bridges, previously shown to promote Aβ
aggregation. The results suggest that Cu2+ binding and mild acidic conditions can shift
the conformational equilibrium towards aggregation-prone conformers for the
monomeric Aβ.

Author Summary

The misfolding and aggregation of amyloid-β (Aβ) is an important event in the etiology
of Alzheimer’s disease. Cu2+ can bind to Aβ and modulate its folding and aggregation,
but the molecular details of how Cu2+ induces Aβ to be aggregation-prone are still
elusive. The pH is also an important factor influencing both Aβ aggregation and Cu2+

coordination in Aβ. In this study we developed a set of force field parameters to model
the interactions between Cu2+ and Aβ1−42 (Cu2+ coordinated by the amine and
carbonyl groups of Asp1, His6 and His13), and subsequently performed H-REMD
simulations to investigate the influence of pH and Cu2+ on the conformational dynamics
of Aβ1−42. We found that both Cu2+ binding and moderate acidic pH increase both the
flexibility and the β-sheet content of Aβ1−42, which results in a shift of the
conformational equilibrium towards aggregation-prone.
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Figure 1. The sequence of Aβ1−42, which can be divided into four regions: the metal
binding region, the central hydrophobic core region, the central polar region and the
C-terminal hydrophobic region. Residues labelled as red, blue, green and black are
negatively charged, positively charged, polar and hydrophobic, respectively.

Introduction 1

Protein misfolding is an important event in the etiology of neurodegenerative diseases. 2

Some examples of these misfolded proteins are α-synuclein in Parkinson’s disease [1], 3

prion protein in Creutzfeldt-Jakob disease [2] and amyloid-β (Aβ) in Alzheimer’s 4

disease (AD) [3–5]. AD is characterized by structural changes of Aβ in the brain 5

resulting in neuronal dysfunction, and the extracellular deposition of Aβ peptides in the 6

form of senile plaques is one of its hallmarks. The Aβ peptides are cleaved from the 7

amyloid precursor protein (APP) by β- and γ-secretase and are typically 39–43 residues 8

in length. In vivo, the most prevalent alloforms of Aβ found in brain plaques are 9

Aβ1−40 and Aβ1−42, the only difference is the presence of two extra residues, Ile41 and 10

Ala42, at the latter’s C-terminal. The two extra hydrophobic residues render Aβ1−42 11

more prone to aggregation, and hence more neurotoxic than Aβ1−40. The 12

conformational transition of Aβ peptides to a β-sheet-rich state, with intermediates 13

such as water-soluble oligomers, is crucial for the initiation of AD [3,6, 7]. In general, 14

the sequence of Aβ peptides can be divided into several regions: the metal binding 15

region involving N-terminal residues (Asp1–Lys16), the central hydrophobic core (CHC) 16

region (Leu17–Ala21), the central polar region (Glu22–Gly29), and the C-terminal 17

hydrophobic region (Ala30–Val40/Ala42), as shown in Fig 1. Different regions play 18

different roles in Aβ aggregation. For example, numerous studies have indicated that 19

the CHC is of great importance during the aggregation and fibril formation of Aβ, 20

therefore considered as a target for aggregation inhibitors [8]. Reverse turns and 21

anti-parallel strands have been reported to appear in the C-terminal hydrophobic region 22

of Aβ1−42 [9–11], which could promote fibril formation. Furthermore, the C-termini 23

seem to be of particular importance during the initial oligomer formation [12–14]. 24

High concentrations of metal ions such as Zn2+ and Cu2+ have been found in senile 25

plaques based on the analysis of postmortem brain tissues, and it has been suggested 26

that the interactions between these ions and Aβ are involved in the Aβ aggregation and 27

toxicity [15, 16]. Indeed, in vitro studies revealed that these ions bind to the metal 28

binding region of Aβ and modulate Aβ aggregation [16]. The presence of Cu2+ 29

significantly promotes and stabilizes the formation of soluble oligomers [6, 17, 18]. Both 30

disordered amorphous [19–22] and ordered β-sheet-rich amyloid aggregates [6, 23] have 31

been reported for different Cu2+ concentrations [16] and other external conditions. 32

Furthermore, the binding of copper to Aβ has been suggested to induce β-sheet 33

formation [24], π-helical destruction [25], increase β-sheet and α-helix contents [26], but 34

also β-sheet structure disruption and increase in random coil [27, 28]. In summary, the 35

reported results for Cu2+ binding on the structure and aggregation of Aβ are 36

conflicting. Thus, it is of great importance to further investigate the effects of Cu2+ 37

binding on the structure and dynamics of Aβ1−42. Elucidating the coordination of Cu2+ 38

to Aβ is crucial to understanding its role in Aβ aggregation and for the rational design 39
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of new chelators with potential therapeutic benefits. To date, little progress has been 40

made in the investigation of interaction and coordination between Cu2+ and Aβ. The 41

most accepted coordination mode is 3N1O, involving three nitrogen atoms (3N) from 42

His6, His13 and His14, and one oxygen atom (1O). For possible oxygen-donating 43

ligands, Asp1 [29], Ala2 [30], Glu3 [31], Glu7 [32], Tyr10 [33,34], Glu11 [35] and 44

Val40 [36,37] have been reported. However, Tyr10 is ruled out based on the results of 45

other studies [38–41]. In addition, the pH has a great influence on the coordination of 46

Cu2+ binding with Aβ [15]. At pH 6.3–6.9, two competing coordination components in 47

3N1O have been suggested for Aβ/Cu2+ complexes [29, 30], while at higher pH (pH 8.0) 48

a different 3N1O coordination involving the carbonyl oxygen of Ala2 (Ala2CO) and the 49

three His was determined [30]. Currently, these suggested coordination modes of Cu2+
50

binding Aβ are the most accepted ones [42]. 51

The pH alone is also one of the major factors to affect Aβ aggregation rates as well 52

as the morphologies and toxicity of the aggregates [43, 44]. Aβ precipitates more readily 53

at pH values close to the isoelectric point (pI) of around 5.3 [45,46], while aggregation is 54

inhibited at pH values that are much higher or lower than the pI [16]. These phenomena 55

may arise from the structural changes resulting from a redistribution of electrostatic 56

charges caused by the altered the pH values [11]. The pH particularly affects the 57

protonation states of the three histidine residues (His6, His13 and His14), which also 58

influences the coordination modes formed with metal ions. Because of the slightly acidic 59

nature of the inflammatory response in AD, acidic pH-facilitated aggregation has been 60

suggested to play an important role in AD pathology [47]. In line with this hypothesis, 61

brain tissue from patients who died from AD were found to be more acidic than those 62

from non-AD patients who died suddenly without AD pathology [48]. 63

To date, there is no experimental structure of a complex of Aβ with Cu2+. 64

Molecular simulations under physiological conditions provide a complementary means of 65

directly accessing this vital information. There are some theoretical studies that 66

characterize the influence of pH and Cu2+ on the structure of Aβ [11, 49–54]. Olubiyi 67

and Strodel concluded from their molecular dynamics (MD) simulations that the 68

formation of β-sheets is enhanced by lowering the pH, i.e., by protonating the three His 69

residues in Aβ1−42 [11]. Raffa and Rauk performed MD sampling on a Aβ1−42/Cu2+
70

monomer coordination system [49]. They found that the coil structure was the 71

predominant conformation, resulting from the disruption of β-sheet by the binding of 72

Cu2+ to Aβ. However, the coordination modes they studied were different from those 73

determined afterwards [29,30,32,36,41], which are currently accepted. Aĺı-Torres et 74

al. [54] studied the 3D structures and redox potentials of various Aβ1−16/Cu2+
75

complexes with different protonation states for the three His residues at different pH 76

values using homology modelling (HM) and quantum mechanics/molecular mechanics 77

(QM/MM) approach, based on the experimental results of Drew et al. [29, 30,42] and 78

Dorlet et al. [55]. Obtaining detailed information of the Cu2+-Aβ complex structure is 79

critical to understand the AD pathology. MD simulations can boost the investigation of 80

the dynamical properties, which may result in a better understanding of the effects of 81

Cu2+ on Aβ peptides. 82

Here we choose a typical Cu2+ coordination mode 3N1O involving His6 and His13 as 83

well as the amine and carbonyl groups of Asp1 at physiological pH to investigate the 84

effects of Cu2+ on the conformation of Aβ1−42 monomer. To this end, we develop a set 85

of new OPLS-AA/L force field parameters to model the interactions between Cu2+ and 86

Aβ1−42, and apply them to Hamiltonian replica exchange molecular dynamics 87

(H-REMD) simulations of the Aβ1−42/Cu2+ complex. We also perform H-REMD 88

simulations for Aβ1−42 at different pH values by considering different protonation states 89

for His6, His13 and His14. This enables us to compare the influence of Cu2+ binding 90

and pH on the structure and dynamics of Aβ1−42 in an aqueous medium. The key 91

PLOS 3/29

4 Results

40



Figure 2. The initial structure of Aβ1−42/Cu2+ is shown in new cartoon, and the
Cu2+ binding residues are shown in Corey-Pauling-Koltun (CPK) and coloured by
chemical elements: cyan for carbon (C), blue for nitrogen (N), red for oxygen (O), white
for hydrogen (H) and orange for Cu2+ atoms. The peptide color is based on secondary
structure: blue for α-helix, orange for 310-helix, yellow for turn and white for coil
structures. The N- and C-termini are represented by blue and red beads, respectively.

findings of our study are that (i) both Cu2+ binding and mild acidic conditions 92

mimicking inflammatory processes in vivo increase the flexibility of Aβ1−42, and (ii) 93

both Cu2+ binding and acidic pH increase the propensity of β-sheet and salt-bridge 94

formation in monomeric Aβ1−42. 95

Materials and Methods 96

Structural models 97

The initial structure of the Aβ1−42/Cu2+ complex, shown in Fig 2, was constructed by 98

combining the Aβ1−16/Cu2+ model from Aĺı-Torres et al. [54] and the Aβ17−42 99

fragment taken from the solution NMR model of Aβ1−42 determined in a 100

hexafluoroisopropyl alcohol/water mixture (PDB entry 1Z0Q ) [56]. The coordination 101

mode of the Aβ1−42/Cu2+ complex is 3N1O, where Cu2+ interacts with NHD1
2 , OD1

C , 102

NH6
δ and NH13

δ in a distorted square planar geometry, as suggested by Drew et 103

al. [29, 42]. This coordination mode was chosen because it was determined at pH 6.9, 104

which is close to the physiological environment and is the most stable model based on 105

the QM/MM study of Aĺı-Torres et al. [54]. With Cu2+ binding, the net charge of the 106

Aβ1−42/Cu2+ complex is −2 at pH 6.9, and thus the complex is designated as Aβ6.9,Cu
1−42 . 107

The coordinates for the Aβ1−42 monomer were obtained from this complex by removing 108

the copper ion. At the Aβ isoelectric point, the three histidine residues are protonated, 109

Aβ1−42 is neutral, and the system is designated as Aβ5.3,0
1−42. At pH 7.4, the three histine 110

residues are neutral and Aβ1−42 has a net charge of −3, leading to Aβ7.4,3−
1−42 . Finally, at 111

pH 6.0, His6 and His14 are positively charged based on the prediction with the pKa 112

predictor, H++ [57,58], yielding a net charge of −1 for this system labelled Aβ6.0,1−
1−42 . 113

We performed H-REMD simulations for each of the four systems described above. 114

Parameterization of Cu2+-Aβ interactions 115

Different approaches exist to incorporate metal ions into force fields. The bonded model, 116

also used here, defines bonds, angles, torsions between the metal ion and its ligands, 117

and van der Waals and electrostatic interactions between the metal ion and ligands are 118

added to the force field. More than twenty years ago, Hancock already used this 119

approach to study systems including copper and nickel [59,60]. The bonded plus 120
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electrostatics model [61] defines bonds and angles between the metal ion and its ligand 121

as well as electrostatic potential charges. This method attempts to define the correct 122

electrostatic representation of the metal active site because simply assigning a plus two 123

formal charge to a divalent metal ion would not describe the reality of the electronic 124

structure of a metal ion/ligand complex [62]. QM calculations were employed to derive 125

OPLS-AA/L [63,64] force field parameters for the bonded plus electrostatics model for 126

the Aβ1−42/Cu2+ complex. It has been shown that OPLS-AA/L produces results for 127

Aβ in terms of helical and β-strand contents, calculated NMR J-coupling constants and 128

chemical shifts, and radii of gyration that agree well with experimental data [65,66]. 129

Other force fields (e.g., AMBER03, CHARMM22/CMAP) produce Aβ structures in 130

conflict with experimental findings [65,67]. The functional form of OPLS/AA-L is given 131

by [64]: 132

EMM =
∑

bonds

Kr(r − req)2 +
∑

angles

KΘ(Θ−Θeq)2+

∑

dihedrals

3∑

n=1

Vn
2

[1 + cos(nφ)] +

∑

i<j

fij

[
qiqje

2

rij
+ 4εij

(
σ12
ij

r12
ij

−
σ6
ij

r6
ij

)]
(1)

, Where Kr and KΘ are the stretching and bending force constants, while req and Θeq 133

are the equilibrium bond lengths and angles, respectively. Vn is the torsional 134

(out-of-plane) constant, φ is the dihedral angle, qi and qj are the partial charges of the 135

interacting atoms i and j with rij being the distance between them. εij and σij are the 136

geometric mean values (εij =
√
εiiεjj and σij =

√
σiiσjj) of the van der Waals 137

parameters of atoms i and j. Intramolecular nonbonded interactions are counted only 138

for atoms that are separated by three or more bonds (fij = 1.0); 1,4 interactions are 139

considered but scaled down by the factor fij = 0.5. The Cu2+ binding site was 140

characterized by Aĺı-Torres et al. [54], which contains Cu2+ bound to two His residues 141

(His6 and His13) and the amine and carbonyl groups of Asp1. For the QM calculations, 142

the two imidazole rings of the two His residues and residue Asp1 with a capping group 143

at the C side were kept to conserve the electronic environment of Cu2+ whilst bound to 144

these residues (Fig 3, henceforth designated as copper coordination model). This system 145

was optimized at the B3LYP/def2-TZVP level [68–71] with D3 dispersion correction [72] 146

using the Turbomole V6.3 program [73]. The force constants for bonds (Kr) and angles 147

(KΘ) related to Cu2+ were derived from QM potential energy surface (PES) scans 148

based on the fully optimized copper coordination model. To this end, we performed 149

PES scans for the related bonds (Cu2+–X, X is one of the coordinated atoms) and 150

angles (Xi–Cu–Xj and Cu–X–Y, Xi and Xj are two different atoms belonging to X, Y 151

are atoms bound to X.). The equilibrium values correspond to the minima of the PES 152

curves are identical to the corresponding values from the fully optimized geometry. The 153

torsional parameters Vn were neglected as commonly done in the bonded plus 154

electrostatics model [62, 74, 75], as the coordination site with bonded Cu2+ is quite rigid 155

and usually devoid of significant torsional freedom. The widely used restrainted 156

electrostatic potential (RESP) [76] was used to derive the atomic partial charges [74,77]. 157

Based on the fully optimized copper coordination model (Fig 3), the electrostatic 158

potential was calculated at B3LYP/6-31G* level with Gaussian 09 [78], and the fitting 159

was done by antechamber [79] of AmberTools 14. 160

Finally, we performed molecular mechanics (MM) scanning implemented in 161

GROMACS [81–83] using the derived parameters to reproduce the QM curves, as a 162

validation method [84,85]. 163
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Figure 3. The fully optimized structure of the copper coordination model with the
labelled RESP charges, blue and red are for positive and negative charges, respectively.
The atoms involved in the bonds and angles with Cu2+ are also labelled. The figure was
generated with vmd-1.9.1 [80]

Hamiltonian Replica Exchange Molecular Dynamics Simulations 164

To improve the conformational sampling of Aβ1−42, an enhancing algorithm called 165

Hamiltonian replica exchange molecular dynamics (H-REMD) [86,87] was applied. Such 166

a sampling enhancing algorithm is based on executing simultaneous simulations 167

(replicas) with different Hamiltonians (energies) of the same system and allowing 168

exchanges at a given frequency between replica i and j at neighbouring scales m and n, 169

respectively, with a probability of 170

P (qi ↔ qj) = min

[
1, exp

(−Hm(qj) +Hm(qi)

kBT

+
−Hn(qi) +Hn(qj)

kBT

)] (2)

where H is the Hamiltonian, q are the coordinates, T is the temperature and 171

Hm(q) = λmHpp + (λm)1/2Hps +Hss(q) (3)

where Hm is the Hamiltonian at scale m, and Hpp, Hps, Hss are the protein-protein, 172

protein-solvent, solvent-solvent energies, respectively. λm is the scaling factor at scale m 173

(λm ≤ 1.0). Previous tests on Trp-Cage and a β-hairpin by H-REMD indicated a 174

significantly lower computational cost and better sampling than the temperature replica 175

exchange algorithm [88]. 176

All the H-REMD simulations [86] were performed using the Gromacs 4.6.7 177

simulation package [81–83] in combination with the PLUMED plugin (version 2.1) [89]. 178

The peptides were modeled with the OPLS-AA/L force field [63,64]. One peptide was 179

centered in a dodecahedron box with a dimension of 6.5 nm, and periodic boundary 180

conditions were employed for the boundary treatment. The box was solvated with 181

TIP4P explicit water molecules [90]. A sufficient number of sodium and chloride ions 182

were added to achieve system charge neutrality and a NaCl concentration of 0.150 M 183

PLOS 6/29

4 Results

43



simultaneously, which is part of the physiological milieu. Energy minimization was 184

performed on the entire system using both the steepest descent and the conjugate 185

gradient methods. After minimization, 500 ps of each NVT and NPT 186

position-restrained dynamics were performed with a restraining force of 1000 187

kJ/mol·nm2 on the non-hydrogen atoms of the peptide, which allowed the water 188

molecules to equilibrate around the restrained peptide, thereby removing bad contacts 189

and bringing the system close to equilibrium. 190

Then, the final coordinates of the NPT equilibration were used as the initial 191

coordinates for samplings without any position restraints. 16 scaling factors generated 192

by a geometric distribution, 1.000, 0.948 0.899 0.852, 0.808, 0.766, 0.727, 0.689, 0.653, 193

0.619, 0.587, 0.557, 0.528, 0.501, 0.475 and 0.450, were used in the H-REMD simulation 194

of each system. Each replica was subjected to 130-ns sampling for each of the systems 195

Aβ5.3,0
1−42, Aβ6.0,1−

1−42 , Aβ6.9,Cu
1−42 and Aβ7.4,3−

1−42 in an NPT ensemble. A canonical thermostat 196

with stochastic velocity reassignment [91] and a coupling constant of 0.5 ps was used to 197

keep the system at 300 K during both NVT and NPT simulations. For the NPT 198

simulations a Parrinello-Rahman barostat [92] with 1.0 bar pressure and 1.0 ps coupling 199

constant was employed. Both van der Waals and Coulombic interactions were truncated 200

at 1.2 nm, and the long-range electrostatic interactions were calculated using the 201

Particle Mesh Ewald method [93]. The neighbour-list was updated every 10 steps with a 202

cut-off of 1.2 nm. The LINCS algorithm [94] was used to constrain all bond lengths 203

during the MD simulations. The use of virtual sites for hydrogen atoms allowed the use 204

of a 4-fs time-step. An exchange between neighbouring replicas was attempted every 1 205

ps, which resulted in an exchange ratio of 20-35%. 206

Analysis 207

The analysis was done on the last 100-ns trajectory at λ=1.0 for each system (100,000 208

frames) unless mentioned otherwise. Cluster analysis provides a convenient tool to 209

separate the conformational ensemble into clusters with similar geometry. The 210

trajectory of each system was analyzed every two frames (50,000 frames in total) using 211

the cluster analysis method of Daura et al. [95]. A root mean square deviation (RMSD) 212

cut-off of 2.0 Å between backbone atoms was used for the clustering. In order to 213

determine the essential dynamics, principal component analysis (PCA) was 214

performed for each system. The trajectories were projected on the first two eigenvectors 215

(also called the first two principal components). The PCA method was employed to 216

investigate the free energy landscapes of Aβ1−42 under different conditions. The free 217

energy values (kcal/mol) were obtained using the equation ∆G = −kBT (lnPi− lnPmax), 218

where Pi is the probability distribution along eigenvectors 1 and 2 calculated from the 219

histogram of each trajectory. Pmax is the maximum probability for the trajectory in 220

question and lnPi − lnPmax was used to ensure ∆G = 0 for the free energy minimum. 221

The formation of secondary structures such as α-helix and β-sheet is crucial in the 222

studies of intrinsically disordered fibrillogenic protein involved in neurodegenerative 223

diseases. A widely used program, the dictionary of protein secondary structure 224

(DSSP) [96] , was applied to determine the secondary structure for each system. The 225

VMD software [80] was used to visualize the peptide structures. Transition networks 226

have been shown to successfully describe the kinetics of aggregation for short 227

peptides [13,97,98]. Here, we apply a similar analysis to describe the Aβ1−42 folding 228

process. For each system, the last 100-ns trajectory at λ=1.0 was used to construct the 229

transition networks. To derive the transition networks, the folding states were defined 230

as a combination of two numbers, N1|N2, where each number stands for a structural 231

feature. N1 and N2 are the number of residues sampled in helix (α-, 310- and π-helix) 232

and sheet (β-sheet and β-bridge) contents, respectively. Then, all the folding states and 233

pairwise transitions between folding states were identified along the trajectories using a 234
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lag time of 5 ps. An N ×N matrix was built based on these states and transitions, 235

where N is the number of identified folding states. Each element of the matrix 236

corresponds to the population of a specific transition event between two states. Based 237

on the matrix, a new matrix which preserved the maximum flow (max-flow) was derived 238

using the minimum cut (min-cut) algorithm [99–102]. The maximum flow transition 239

matrix was converted into a transition network using the package Gephi 0.8.1 [103] and 240

the minimum stress algorithm together with the link routing procedure. 241

Results 242

OPLS-AA/L force field parameters for Aβ1−42/Cu2+
243

Since MM force fields in general do not model metal–peptide interactions, the first step 244

of this study was to derive force field parameters for Cu2+ complexed with Aβ1−42 used 245

in the bonded plus electrostatics model. The harmonic potential, already used for 246

metalloproteins [84, 85], is applied to bonds and angles that involve Cu2+, and the force 247

constants are derived by calculating the potential energy profiles with QM methods. 248

The harmonic oscillator approximation is widely applied in the standard force fields of 249

proteins and other biomolecules, but it can only be adopted for bonds and angles close 250

to their equilibrium positions. Therefore, we only computed the potential energy 251

profiles around the corresponding equilibrium positions of bonds and angles involving 252

Cu2+. The force field parameters for bonds and angles fitted to the PES from QM 253

calculations using the least-squares method are summarized in Table 1, while the 254

derived atomic partial charges of the coordinated copper model are shown in Fig 3. 255

After geometry optimization at the B3LYP/def2-TZVP level with D3 dispersion 256

correction, a distorted square planar geometry for Cu2+ coordination sphere was 257

observed (Fig 3), and are in good agreement with experimental [29,42] and QM/MM 258

studies [54]. The equilibrium values of Cu2+–N and Cu2+–O bonds obtained from the 259

QM optimized structure are around 2.0 Å, which are very similar to previous 260

experimental and theoretical results [36,51,54]. 261

Table 1. OPLS-AA/L parameters for bonds and angles of the coordinated copper modela.

Bonds req (Å) Kr (kcal/mol·Å2) Bonds req (Å) Kr (kcal/mol·Å2)

Cu2+–N 2.067 98.5 Cu2+–O 1.973 109.4
Cu2+–NE1 2.023 98.3 Cu2+–NE2 2.011 87.1

Angles Θeq (◦) KΘ (kcal/mol·rad2) Angles Θeq (◦) KΘ (kcal/mol·rad2)

Cu2+–O–C 116.98 80.0 O–Cu2+–N 80.53 80.0
Cu2+–N–CA 111.01 80.0 O–Cu2+–ND1 165.12 14.3

Cu2+–ND1–CG1 127.69 14.7 O–Cu2+–ND2 91.11 58.4
Cu2+–ND1–CE1 125.44 14.7 N–Cu2+–ND1 95.17 23.7
Cu2+–ND2–CG2 129.28 34.6 N–Cu2+–ND2 164.31 18.4
Cu2+–ND2–CE1 123.71 34.6 ND1–Cu2+–ND2 96.10 58.4

a : For atom names, see Fig 3

As validation method we reproduced the QM potential energy curves by using the 262

MM method with the newly developed parameters for bonds and angles. As shown in 263

Fig 4, all QM curves are reproduced within around 0.02 Å or 2◦ by the MM curves close 264

to equilibrium values of bonds or angles, respectively. The deviations between relative 265

MM and QM energies become larger in some cases, when the bonds and angles are far 266

from their equilibrium values. The reasons for this could be due to the harmonic 267

approximation used. For further validation, we performed a 10-ns MD simulation of the 268

coordinated copper complex with the newly derived parameters. The geometry of the 269

complex was well preserved during the 10-ns simulation: the bond lengths and angles 270
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involving Cu2+ remained near their corresponding equilibrium values and the potential 271

energy was conserved (S1 Fig). We concluded that these parameters can be used to 272

model interactions between Cu2+ and Aβ1−42 in large-scale MD simulations. 273

A B C

Figure 4. QM and MM potential energy curves for bond stretching (A) and angle
bending (B,C). QM curves are shown as dashed lines with circles, whereas MM curves
as solid lines. Different colors correspond to different bonds or angles involving Cu2+.

Convergence of the H-REMD simulations 274

One of the advantages of the H-REMD simulations is that they achieve good 275

conformational sampling in reasonable simulation time compared to conventional MD, 276

and are computationally cheaper and more efficient than stardard temperature REMD. 277

For our simulations, the exchange probabilities are around 30% for all the four systems, 278

which guarantees high sampling quality. In order to further confirm the convergence of 279

the simulations, the secondary structure contents for three time windows [teq, t1], [teq, 280

t2] and [teq, tfull] were calculated. The equilibration time (teq) is 30 ns while the full 281

simulation time (tfull) is 130 ns for all the four systems, whereas t1 and t2 are set at 282

70 ns and 100 ns, respectively. As shown in Fig 5, the helix and sheet contents obtained 283

for the three windows have no significant differences for the four systems at λ = 1.0, 284

especially between the two longer time windows (green and blue lines). Similar results 285

were also obtained for bend and turn contents (S2 Fig and S3 Fig), confirming the 286

convergence of the simulations. Thus, the trajectory interval [30-130 ns] at λ=1.0 was 287

used for all the analysis in this study, unless stated otherwise. 288

Aβ5.3,01−42

Aβ6.0,1−1−42

Aβ7.4,3−1−42

Aβ6.9,Cu1−42

Aβ5.3,01−42

Aβ6.0,1−1−42

Aβ6.9,Cu1−42

Aβ7.4,3−1−42

A                                                          B

Figure 5. Helix (A) and sheet (B) contents obtained for time windows [30-70 ns],

[30-100 ns] and [30-130 ns] for systems Aβ5.3,0
1−42, Aβ6.0,1−

1−42 , Aβ6.9,Cu
1−42 and Aβ7.4,3−

1−42 , are
shown for the individual residues of the peptide. The helix content includes α-helix,
310-helix and π-helix, while the sheet content includes β-sheet and β-bridge.
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Effects of pH and Cu2+ binding on the flexibility of Aβ1−42 289

In order to assess the conformational flexibility of the Aβ1−42 peptide, we performed 290

cluster analysis, computed the root mean square fluctuations (RMSF) of individual 291

residues and derived free energy surfaces via principal component analysis (PCA). 292

Cluster Analysis The conformations sampled at λ = 1.0 for each of the four 293

systems are initially clustered considering only the metal binding region (Aβ1−16) of 294

Aβ1−42. The populations of the top ten clusters are shown in Fig 6A. The populations 295

of the largest cluster for the four systems range from 25% to 50%. The most populated 296

Aβ6.9,Cu
1−42 (48.3%) and Aβ7.4,3−

1−42 (48.3%) clusters had almost twice of the population of 297

the Aβ5.3,0
1−42 (25.9%) top cluster, while the system at pH=6.0 fell in between with 38.5% 298

for the top cluster population. A similar situation occurred for the second largest 299

cluster, as shown in Fig 6A. In other words, the metal binding region of Aβ1−42 with or 300

without copper at physiological pH is greatly stabilized but more conformationally 301

dynamic at lower pH values. These results are consistent with a recent REMD study of 302

Aβ1−16 and Aβ1−16/Cu2+ by Xu et al. [52]. 303

A B

Figure 6. The populations of the top ten clusters for each system, which were
calculated based on the backbone atoms of (A) Aβ1−16 and (B) Aβ1−42. Different colors

correspond to Aβ5.3,0
1−42 (red), Aβ6.0,1−

1−42 (green), Aβ6.9,Cu
1−42 (blue) and Aβ7.4,3−

1−42 (cyan).

We also clustered the conformations considering the entire Aβ1−42 peptide, i.e., 304

including the backbone atoms of all 42 residues. The populations of the top ten clusters 305

are shown in Fig 6B. There are more clusters for Aβ5.3,0
1−42 (301) than for the other three 306

systems (260, 266 and 189 for Aβ6.0,1−
1−42 , Aβ6.9,Cu

1−42 and Aβ7.4,3−
1−42 , respectively). The 307

populations of the largest cluster (Cluster One) for Aβ6.9,Cu
1−42 (39.0%) and Aβ7.4,3−

1−42 308

(40.7%) are greater than for Aβ5.3,0
1−42 (16.9%) and Aβ6.0,1−

1−42 (21.8%), while the 309

populations of the second largest cluster (Cluster Two) of each system are around 9.0%. 310

Consistent with the clustering results based on the metal binding region, these results 311

indicate more conformational flexibility for the systems at low pH. 312

The central conformations of the two largest clusters for each system are illustrated 313

in Fig 7. For Aβ5.3,0
1−42, two β-hairpins (Arg5–His6 and Gly9–Tyr10, Leu34–Met35 and 314

Val39–Val40) and one pair of anti-parallel β-sheet (Gln15–Lys16 and Val24–Gly25) are 315

observed between the metal binding region and the C-terminal hydrophobic region in 316

the central conformation of Cluster One. In Cluster Two, there are two pairs of 317

anti-parallel β-sheet (Phe4–Asp7 and Gly29–Ile32, His14–Lys16 and Leu34–Val36). The 318

central conformation of Cluster One of Aβ6.0,1−
1−42 is dominated by turn and coil 319

structures, while the central conformation of Cluster Two has one anti-parallel β-sheet 320

pair (Ala2–Glu3 and Gly33–Leu34) and two 310 helices. In the system with Cu2+
321

(Aβ6.9,Cu
1−42 ), there is a β-hairpin motif (Gly33–Met35 and Val39–Ile41) at the C-terminal 322

region as well as a 310 helical structure (Asp23–Gly25) at the central polar region in 323
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Cluster One. β-sheet and 310 are also present in Cluster Two. For Aβ1−42 at pH 7.4, an 324

anti-parallel β-sheet structure is formed between the central polar region and 325

C-terminal hydrophobic region (Glu22–Val24 and Leu34–Val36) in Cluster One, and an 326

anti-parallel β-sheet (Leu17–Val18 and Leu34–Met35) is observed in Cluter Two with a 327

small shift towards the metal binding region. 328

Figure 7. Central structures of the two most populated clusters (Cluster One and
Cluster Two) obtained from the trajectories of the four Aβ1−42 systems. The percent of
the total population of each cluster is given below each structure. The peptide color is
based on the secondary structure: red for β-sheet, blue for α-helix, orange for 310-helix,
yellow for turn, black for β-bridge and white for coil structures. The N and C termini
are represented by blue and red beads, respectively.

Structural fluctuations As can be seen from the RMSF plots in Fig 8, the 329

N-terminal (Asp1–Ala2) and the central regions (Leu17–Val24) as well as residue Ala30 330

of Aβ1−42 at physiological pH (Aβ7.4,3−
1−42 ) are much more flexible than the rest of the 331

peptide. The C-termini is however more rigid. Cu2+ stabilizes the metal binding region 332

including the N-termini, but it greatly increases the flexibility of both the central polar 333

and C-terminal hydrophobic regions compared to Aβ7.4,3−
1−42 . At pH 6.0, the two 334

histidines His6 and His14 in Aβ6.0,1−
1−42 are positively charged, which means that the net 335

charge of Aβ1−42 is shifted to −1 from −3 at physiological pH. For this system, the 336

flexibility of the metal binding and the CHC regions of Aβ1−42 is increased compared to 337

Aβ6.9,Cu
1−42 . At the C-terminal regions, residues (Glu22–Gly37) are less flexible while 338

residues (Gly38–Ala42) are more flexible than those in Aβ6.9,Cu
1−42 . For Aβ1−42 at pH 5.3, 339

the three histidines His6, His13 and His14 are positively charged which lead to a total 340

net charge of 0. Unlike Aβ6.0,1−
1−42 , reducing the net charge increases the flexibility of 341

residues Glu3–Val18 moderately, but remarkably increases the flexibility of residues 342

Asp1–Ala2. Moreover, a much less flexible CHC was observed when compared to 343

Aβ6.0,1−
1−42 , and it was even less flexible than the CHC in Aβ7.4,3−

1−42 . The C-terminal 344

regions (Glu22–Gly37) show more flexibility than Aβ6.0,1−
1−42 , which is similar to the 345

fluctuation pattern in Aβ6.9,Cu
1−42 . Residues Ile41 and Ala42 are, however, more flexible, 346

similar to what was found in Aβ6.9,Cu
1−42 and Aβ6.0,1−

1−42 . 347

Free energy surfaces To characterize the free energy landscapes and major 348

conformational motions in each system, we used the PCA method. The projections of 349

the free energy surface on the first two principal components are shown in Fig 9. As can 350

be seen, the different environments influence the free energy profiles of Aβ1−42 351
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Figure 8. Average RMSF of the Cα atoms for Aβ5.3,0
1−42 (red), Aβ6.0,1−

1−42 (green),

Aβ6.9,Cu
1−42 (blue) and Aβ7.4,3−

1−42 (cyan).

differently. With Cu2+ binding at physiological pH, the global minimum (I) along with 352

multiple local minima (II, III · · · ) are present. The free energy differences between the 353

global minimum and the local minima II and III are 1.490 kcal/mol and 1.659 kcal/mol, 354

respectively (Fig 9C). At pH 5.3 and 6.0, most of the structures belong to the global 355

minimum (I), which is separated from the other local minima (II, III) by smaller energy 356

differences ( 0.147 kcal/mol and 0.682 kcal/mol for Aβ5.3,0
1−42 as well as 0.178 kcal/mol 357

and 0.395 kcal/mol for Aβ6.0,1−
1−42 , respectively) (Fig 9A and 9B). At physiological pH, 358

there is one dominant energy basin (I) with multiple local minima (II, III · · · ) (Fig 9D). 359

The energy differences are 0.470 kcal/mol and 0.705 kcal/mol between the global 360

minimum and minima II and III, respectively. The small energy differences between the 361

minima in the systems at low pH reveals more conformational flexibility, in agreement 362

with the clustering and the fluctuation results. The flexibility analysis reveals that the 363

dynamics of an unfolded peptide is largely affected by simply changing the protonation 364

state of a single residue, or by the presence of a Cu2+ ion. The aggregation behaviour 365

might also be different due to the modified peptide dynamics. However, the correlation 366

between Aβ1−42 dynamics and aggregation needs to be quantitatively assessed in a 367

future aggregation study. 368

Effects of pH and Cu2+ binding on the structure of Aβ1−42 369

Secondary structure The secondary structure transitions, especially the formation 370

of β-sheets play a remarkable role in the aggregation processes and toxicity of Aβ 371

peptides [3, 6, 7]. The propensities for secondary structure elements for the four Aβ1−42 372

systems were calculated and are shown in Table 2 and Fig 10. In general, the most 373

abundant residual secondary structure elements for all the systems are the turn, bend 374

and coil structures, especially at the N- and C-termini. More sheet content is sampled 375

for Aβ5.3,0
1−42 (17%) and Aβ6.9,Cu

1−42 (16%) while more coil structure is sampled for Aβ6.0,1−
1−42 376

(48%) and Aβ7.4,3−
1−42 (48%). Aβ7.4,3−

1−42 is characterized by a small amount of helix and 377

β-sheet (∼10%) at the central region of His14-Phe20, while β-sheet appeared with high 378

probability at the central polar and C-terminal hydrophobic regions [Glu22–Asp23 379

(∼60%) and Met35–Val36 (∼75%)]. For Aβ6.9,Cu
1−42 , the propensity for helical structure 380

(mostly 310 helix) is increased at the CHC and central polar regions compared to 381

Aβ7.4,3−
1−42 , and more β-sheet is sampled at the C-terminal hydrophobic region 382

(Gly33–Leu34 and Val40–Ile41, β-hairpin) compared to the other three systems. The 383
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Figure 9. Conformational free energy surfaces (in kcal/mol) for Aβ1−42 and
Aβ1−42/Cu2+ systems, projected onto the first two principal components (PC1 and

PC2), A) Aβ5.3,0
1−42, B) Aβ6.0,1−

1−42 , C) Aβ6.9,Cu
1−42 and D) Aβ7.4,3−

1−42 .

β-hairpin structure sampled at the C-terminal hydrophobic region was also observed in 384

the Aβ5.3,0
1−42 and Aβ6.0,1−

1−42 (∼50%) systems. Aβ5.3,0
1−42 and Aβ6.0,1−

1−42 have more β-sheet at 385

the metal binding region (∼25%) and less at the central polar region relative to 386

Aβ7.4,3−
1−42 . Small amounts of helical structures were also determined at the metal binding 387

and CHC regions in Aβ5.3,0
1−42 and Aβ6.0,1−

1−42 systems. Finally, Aβ5.3,0
1−42, Aβ6.0,1−

1−42 and 388

Aβ6.9,Cu
1−42 have in general more turn structure throughout the sequence than Aβ7.4,3−

1−42 , 389

while more bend structure is sampled by Aβ7.4,3−
1−42 , as shown in Table 2. These results 390

suggest that Cu2+ binding promotes both the helix at the central region and the 391

β-sheet at the C-terminal region. As the net charge of Aβ1−42 decreases with pH, 392

intramolecular interactions become more likely, promoting the formation of (temporary) 393

secondary structures. Thus, decreasing the pH stabilizes both helical structures and 394

β-sheets in Aβ5.3,0
1−42, especially in the metal binding region. 395

Table 2. Average helix, sheet, bend, turn and coil propensities
within the Aβ5.3,0

1−42, Aβ
6.0,1−
1−42 , Aβ6.9,Cu

1−42 and Aβ7.4,3−
1−42 systems.

Systems Helix (%) Sheet (%) Bend (%) Turn (%) Coil (%)

Aβ5.3,0
1−42 1.2±3.0 16.4±9.5 23.9±10.0 13.7±5.8 44.8±7.2

Aβ6.0,1−
1−42 3.8±5.0 8.4±6.9 26.8±7.0 12.9±6.3 48.1±8.1

Aβ6.9,Cu
1−42 4.6±4.3 16.3±5.8 29.0±6.9 13.6±6.2 36.5±6.3

Aβ7.4,3−
1−42 1.0±2.6 11.8±4.6 34.2±5.6 4.6±6.5 48.4±7.5
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| | |
Figure 10. Averaged secondary structure content per residue for Aβ5.3,0

1−42 (red),

Aβ6.0,1−
1−42 (green), Aβ6.9,Cu

1−42 (blue) and Aβ7.4,3−
1−42 (cyan). The helix content contains α-,

310- and π-helix, while the sheet content includes β-sheet and β-bridge. The coil
structure is not shown.

Salt bridges The presence of salt bridges has been suggested to be of great 396

importance in stabilizing the structure of Aβ1−42. Arg5 can form stable salt bridges 397

with residues Asp1, Glu11, Glu22, Asp23 and the C-termini [104–106]. Each of these 398

salt bridges was observed in our simulations. The salt bridge between Arg5 and Glu3 is 399

particularly stable in Aβ7.4,3−
1−42 (99.0%)(Fig 11), yet less prevalent in Aβ5.3,0

1−42 (72.2%) 400

and Aβ6.0,1−
1−42 (64.7%) as the metal binding region is more flexible for Aβ5.3,0

1−42 and 401

Aβ6.0,1−
1−42 (Fig 8). This salt bridge is disrupted upon Cu2+ binding occurring with a 402

much lower probability (8.3%) in Aβ6.9,Cu
1−42 . Coskuner et al. also observed a high 403

stability for the Glu3-Arg5 salt bridge, which was present throughout their simulations 404

of Aβ1−40 and Aβ1−42 [106]. In the same system, two additional salt bridges, namely 405

Glu11-Lys16 (34.1%) and Asp23-Lys28 (44.7%), were sampled with moderate 406

propensities, but were not stable in the other three systems. The salt bridge between 407

Asp23 and Lys28 is very important, as it was previously postulated to nucleate Aβ 408

monomer folding [107] and to play an important role in early Aβ 409

oligomerization [108,109]. Aβ1−40 with Asp23 and Lys28 linked by a lactam bridge has 410

been shown to aggregate very rapidly [110]. Furthermore, the fibrillar structures of both 411

Aβ1−40 and Aβ1−42 are stabilized by the intermolecular Asp23-Lys28 salt bridge [111]. 412

Thus the prevalence of salt bridge Asp23–Lys28 might add to the higher aggregation 413

propensity of Aβ1−42 with Cu2+ binding. Moderately stable salt bridges Glu22-Lys16 414

(22.3%) and C-T–Lys16 (19.8%) can be observed in Aβ5.3,0
1−42 as well as C-T–Lys16 415

(59.2%) and C-T–Lys28 (26.4%) in Aβ7.4,3−
1−42 . For Aβ6.0,1−

1−42 , a salt bridge C-T–Lys28 416

(25.5%) occurred, being a little less stable than the one in Aβ7.4,3−
1−42 . 417

Contact maps Distance maps for the Cα atoms were generated for the four 418

systems, and are presented in Fig 12. The distance maps reveal the contacts and thus 419
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A B

C D

-|
Figure 11. Salt bridge maps formed between all of the cationic and anionic residues
for Aβ5.3,0

1−42 (A), Aβ6.0,1−
1−42 (B), Aβ6.9,Cu

1−42 (C) and Aβ7.4,3−
1−42 (D). N-T and C-T represent

the amine and carboxylate groups of N- and C-termini, respectively.

interactions between different regions within Aβ1−42, providing relevant information for 420

Aβ1−42 folding. For Aβ1−42 at physiological pH (Fig 12D), many interactions occur 421

between the residues of the metal binding region as well as between the central polar 422

and the C-terminal hydrophobic regions, which are responsible for the formation of 423

β-sheet as shown in Fig 10. Weaker interactions exist between the metal binding and 424

C-terminal hydrophobic regions. Upon Cu2+ binding at physiological pH, the

|-| | | | |-

-

-

-

-

A

B

C

D

Figure 12. Contact maps for (A) Aβ5.3,0
1−42, (B) Aβ6.0,1−

1−42 , (C) Aβ6.9,Cu
1−42 and (D)

Aβ7.4,3−
1−42 . The horizontal and vertical gray lines separate the metal binding, central

hydrophobic core, central polar and C-terminal hydrophobic regions from each other.

425

interactions between CHC and C-terminal hydrophobic regions as well as the metal 426

binding and C-terminal hydrophobic regions are decreased compared to Aβ7.4,3−
1−42 . The 427

reduction of intrapeptide interactions is likely to expose Aβ6.9,Cu
1−42 to more possible 428

interpeptide interactions, which may be critical for facilitating oligomerization and 429

could account for the faster aggregation of Aβ1−42 upon Cu2+ binding [6, 17,18]. The 430

PLOS 15/29

4 Results

52



Cu2+ binding also showed an increase in the interactions within the metal binding 431

region. The contact maps changed when the pH was lowered, which caused a change to 432

the charge distribution. In Aβ5.3,0
1−42, the metal binding region (Asp1–Asp7) interacted 433

with the central polar and the C-terminal hydrophobic regions (Val24–Gly33), which 434

also occurred in Aβ6.0,1−
1−42 but was absent in Aβ6.9,Cu

1−42 and Aβ7.4,3−
1−42 . Furthermore, 435

Aβ6.0,1−
1−42 exhibited more interactions between the metal binding and the C-terminal 436

regions and less contacts between the CHC and the C-terminal hydrophobic regions 437

than Aβ5.3,0
1−42 did. 438

Transition Networks 439

The transition network has been widely applied to study the conformational dynamics 440

of peptides or proteins folding [101,112–114] and recently to peptide aggregation [13,97] 441

in our group. The transition network for Aβ5.3,0
1−42, Aβ6.0,1−

1−42 , Aβ6.9,Cu
1−42 and Aβ7.4,3−

1−42 , 442

based on the definition of folding states (helix|sheet), are shown in S4 Fig. The 443

transition network provided detailed information of the folding process of Aβ1−42 under 444

different conditions. For Aβ1−42 at physiological pH, there are less nodes (54) and edges 445

(327) than for the other three systems (59 nodes and 468 edges for Aβ5.3,0
1−42, 84 nodes 446

and 948 edges for Aβ6.0,1−
1−42 , 91 nodes and 924 edges for Aβ6.9,Cu

1−42 ). This is consistent 447

with the RMSF results that indicate Aβ1−42 as less flexible at physiological pH but 448

more flexible at lower pH values or with copper binding. As the large number of 449

transitions and nodes makes it difficult to see the main pathways in the folding process, 450

the minimum cut method was applied to identify the maximum flow in the transition 451

networks of the four systems, which are illustrated in Fig 13. For all the four systems, 452

the topologies of the MTNs are similar: one central node connected radially to the other 453

states. However, the states and populations of the central nodes are different. All the 454

representative conformations of the central node, except the one for Aβ5.3,0
1−42, fall into 455

the biggest clusters with similar secondary structure distributions. For Aβ7.4,3−
1−42 , the 456

central node has the highest population (57.3%) with state 0|4, while the second highest 457

population node with state 0|6 is much smaller (9.0%). The largest number of 458

transitions occurs between states 0|4 and 3|4, in which a 310-helix conversion occurs. 459

The state 3|4 is also connected to other 4 states involving both helix and sheet 460

transitions. Other important transitions occur between state 0|4 and states 0|6, 0|8, 461

0|10 etc. with increasing sheet content. Compared to Aβ7.4,3−
1−42 , the central node of 462

Aβ6.9,Cu
1−42 has much smaller population (17.5%) and a state (3|8) dominated by 310-helix 463

and sheet structures. Most of the transitions occur between states 3|8 and states 0|8, 464

3|6, 0|6 as well as 3|10, with the representative conformations similar to the central 465

conformation of Cluter One as shown in Fig 7. For Aβ1−42 at acidic pH values (Aβ5.3,0
1−42 466

and Aβ6.0,1−
1−42 ), the states of the central nodes are different, 0|4 (21.6%) for Aβ5.3,0

1−42 and 467

0|2 (20.4%) for Aβ6.0,1−
1−42 with equivalent populations. Specifically, the transitions in 468

Aβ5.3,0
1−42 are mainly between state 0|4 and states 0|8, 0|6 and 0|12, while transitions 469

between state 0|2 and states 0|0, 0|4 and 3|2 were dominant in Aβ6.0,1−
1−42 . 470

Discussion 471

MD simulations on a microsecond time-scale of Aβ1−40 and Aβ1−42 at physiological pH 472

revealed that Aβ1−40 and Aβ1−42 monomers have crudely similar structural 473

characteristics [115]. Thus, in the following our results are compared to previous studies 474

of both Aβ1−40 and Aβ1−42. Lin et al. [115] concluded that Aβ1−40 and Aβ1−42 475

monomers are generally not well structured, and have a tendency to form short α- and 476

310-helix segments, especially in the region of residues Tyr10–Phe20, which was 477
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Table 3. The 10 Transistion States with Highest Populations for Aβ5.3,0
1−42, Aβ

6.0,1−
1−42 , Aβ6.9,Cu

1−42

and Aβ7.4,3−
1−42 .

Aβ5.3,0
1−42 Aβ6.0,1−

1−42 Aβ6.9,Cu
1−42 Aβ7.4,3−

1−42

States Population (%) States Population (%) States Population (%) States Population (%)

0|4 21.6 0|2 20.4 3|8 17.5 0|4 57.3
0|8 16.1 0|0 10.0 0|8 12.6 0|6 9.0
0|6 9.8 0|4 8.7 3|6 11.4 3|4 6.0
0|12 9.8 3|2 6.4 0|6 9.0 0|8 5.5
0|10 7.9 0|6 5.3 3|10 5.1 0|2 3.7
0|2 7.0 0|8 5.0 0|5 5.0 0|5 3.0
3|4 3.5 3|0 4.3 0|10 3.2 0|10 2.9
3|2 2.8 3|3 4.3 0|4 2.8 0|7 2.7
0|14 2.7 3|4 4.0 0|3 2.7 3|8 2.0
0|0 1.9 3|6 2.9 0|7 2.5 3|6 1.8

consistent with an NMR study of Aβ1−40 [116]. In this partially folded NMR structure 478

of Aβ1−40, a 310-helix from His13 to Asp23 has been reported, while we observed an 479

averaged helix propensity (α- and 310-helices) of ≤10% in the region of residues 480

His14–Phe20 in our simulations of Aβ7.4,3−
1−42 . In general, the Aβ1−42 NMR conformation 481

appears to be dominated by unstructured bend, turn, and loop/irregular 482

structures [115]. We also observed a high population of these structural elements in 483

Aβ7.4,3−
1−42 . The NMR study has further indicated β-hairpin formation near the 484

C-terminus of Aβ1−42 [117]. From previous simulations it was concluded that Aβ1−42 485

preferentially forms β-hairpins with the turns at the positions of the Gly residues, i.e., 486

residues 25, 29, 30, 33, 37 and 38 [11,65,115,118,119]. In agreement with previous MD 487

simulations from Olubiyi et al. [11] using the GROMOS force fields ffG43a2 [120] and 488

Côté et al. [121] using a coarse-grained force field, we observe a β-propensity for 489

Aβ7.4,3−
1−42 of 11.8% similar to 11.5% in Olubiyi et al. [11] and 10.8% in Côté et al. [121], 490

however lower (∼ 3% [115]), higher (∼ 30% [122]) or equivalent (∼ 6 % [123] and ∼ 15 491

% [124]) β-propensities were also reported. These differences results from different force 492

fields used as (i) a previous MD study testing force fields for Aβ1−40 also produced a 493

considerably higher β-propensity for ffG53a6 (> 30%) compared to all other force 494

fields [67], and (ii) a REMD comparing five force fields for Aβ1−42 also produced 495

different α- and β-propensities [125]. However, the different force fields results agree by 496

demonstrating that the helical propensity is the highest between residues 10 and 20 497

while β-structures are preferentially adopted by C-terminal residues. 498

In this study, more β-sheet is sampled upon decreasing the pH and with Cu2+
499

binding. The increased β-propensity at the isoelectric point is in agreement with the 500

findings of our earlier simulation study [11]. For the structures at mild acidic conditions 501

we also observed helix formation, while for Aβ6.9,Cu
1−42 the helix content was higher at the 502

CHC and central polar regions. These observations are supported by previous 503

experimental studies reporting β-sheet formation [24,26] and helix reduction [25] upon 504

Cu2+ binding to Aβ. In a previous MD simulation of the Aβ1−42/Cu2+ complex, it was 505

found that coil structures are the predominant conformation, which is due to the 506

disruption of β-sheet upon Cu2+ binding [49]. While we could not reproduce the low 507

β-propensity, our results agree in terms of an increased disorder in Aβ6.9,Cu
1−42 . 508

Experimental studies show that Aβ peptides aggregate more readily at acidic 509

pH [43,45,46], and especially at isoelectric point. The formation of a β-hairpin 510

structure sampled in Aβ5.3,0
1−42 with a high propensity at the C-terminal hydrophobic 511

region is thought to be an important factor that promotes the aggregation of Aβ1−42 512

peptides [65,108–110]. In Aβ7.4,3−
1−42 , both the β-hairpin structure at the C-terminal 513

hydrophobic region and the Asp23-Lys28 salt bridge were sampled with low populations. 514
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Figure 13. Min-cut transition networks for Aβ5.3,0
1−42 (A), Aβ6.0,1−

1−42 (B), Aβ6.9,Cu
1−42 (C) and Aβ7.4,3−

1−42 (D).
The nodes represent the folding states. The size of each node is proportional to the population of each
node, and the colouring of the nodes and edges indicates the number of residues of sheet structure (N2).
The number of transitions between two folding states is defined by the thickness of the network edge.
Representative conformations of nodes with high populations or sheet contents are included. For
colouring of secondary structures, see Figure 7.

Salt bridges between C-termini and Lys16 as well as Lys28 were more populated, 515

consistent with the low flexibility of the C-terminal hydrophobic region. These 516

observation might explain the fact that Aβ peptides aggregate faster under acidic 517

condition, rather than under physiological pH conditions [45,46]. The Glu3–Arg5 salt 518

bridge was formed in the three systems without Cu2+ and is especially stable in 519

Aβ7.4,3−
1−42 . In rat Aβ, which has a much lower aggregation tendency than human 520

Aβ [126,127] and does not show amyloid deposition [128], the Glu3-Arg5 contact cannot 521

be formed as Arg5 is substituted by Gly. Moreover, the key mutation between the 522

human and rat Aβ peptides with regard to Cu2+ binding is the Arg5Gly mutation, as it 523

results in deprotonation of the Gly5–His6 bond and coordination of the deprotonated 524

amidyl nitrogen atom [129]. Thus, the Glu3-Arg5 interaction in human Aβ might be of 525

relevance to the aggregation kinetics of this peptide. The interaction of the Cu2+ with 526

the N-terminus is also reflected in the transition network analysis that shows a central 527

state for this system that is dominated by the strand-loop-strand motif in the 528

C-terminal region and displays some helical elements. Interestingly, the main transitions 529

occur with states that preserve the above mentioned motif, suggesting its important role 530
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in the structure and kinetics of the Aβ6.9,Cu
1−42 monomer [65,108–110]. 531

Summary and Conclusions 532

In this study, we investigated the effects of Cu2+ binding and different pH values (5.3, 533

6.0, 7.4) on Aβ1−42 folding using Hamiltonian replica exchange molecular dynamics 534

(H-REMD) simulations with explicit solvent. First, we developed a set of new 535

OPLS-AA/L force field parameters for modeling the interactions between Cu2+ and 536

Aβ1−42. We used one of the most widely accepted Cu2+ coordination modes of 3N1O 537

involving the amine and carbonyl groups of Asp1, His6 and His13 as ligands [29,42, 54]. 538

After validation, these newly developed parameters were then applied in H-REMD 539

simulations of Aβ1−42/Cu2+. The effects of Cu2+ binding on Aβ1−42 monomeric 540

conformation were compared to the effects of acidic pH values of 6.0 and 5.3 (the 541

isoelectric point of Aβ1−42) on Aβ1−42. 542

For each of the four systems under study, i.e., Aβ7.4,3−
1−42 , Aβ6.9,Cu

1−42 , Aβ5.3,0
1−42 and 543

Aβ6.0,1−
1−42 , the most abundant secondary structures are turns, bends and coils, especially 544

at the N- and C-termini. At physiological pH 7.4, the initial helical structure of Aβ1−42 545

is mostly disrupted, and anti-parallel β-sheets form mainly between the central polar 546

and C-terminal hydrophobic regions. With Cu2+ binding at physiological pH, the 547

helical content (mainly 310-helix) is increased at the central polar regions, while a 548

β-hairpin structure is observed at the C-terminal hydrophobic region though a small 549

amount of β-sheet also appeared at the other regions (Val18 and Ser26). Moreover, the 550

conformational flexibility of Aβ is greatly enhanced in Aβ6.9,Cu
1−42 even though the metal 551

binding region is rigidified upon Cu2+ binding. The increased peptide dynamics is 552

accompanied by reduced intrapeptide interactions, which is likely to expose Aβ6.9,Cu
1−42 to 553

more interpeptide interactions that could facilitate aggregation. At acidic pH, less helix 554

and more sheet structures were sampled for Aβ5.3,0
1−42 than Aβ6.0,1−

1−42 . Similar to Cu2+
555

binding, decreasing pH values increases the conformational flexibility of Aβ1−42, which 556

is best demonstrated by the cluster analysis and the free energy surfaces of Aβ5.3,0
1−42 and 557

Aβ6.0,1−
1−42 . Finally, transition networks clearly show the differences in the conformational 558

kinetics induced by Cu2+ binding. 559

In summary, charge reduction of Aβ1−42 brought by Cu2+ binding or mild acidic 560

conditions leads to conformational changes compared to uncomplexed Aβ1−42 at 561

physiological pH. While complexation with Cu2+ increases the conformational flexibility, 562

a pH of 7.4 reduces it. Nonetheless, both Cu2+ binding and a mildly acidic pH 563

accelerate the formation of β-sheet in Aβ1−42 and also lead to stable salt bridges, which 564

may promote the aggregation. While the current study provides insights into the subtle 565

interplay of pH and Cu2+ binding during the Aβ1−42 folding, a future study will 566

elucidate the role of these environmental conditions on Aβ aggregation. 567
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derived parameters for the Cu2+ coordination. 572

(PDF) 573
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6.0,1−
1−42 , Aβ6.9,Cu

1−42 and Aβ7.4,3−
1−42 systems, are shown for 576

the individual residues in the peptide, respectively. 577

(PDF) 578

S3 Fig. 579

Turn content obtained for time windows [30-70 ns], [30-100 ns] and [30-130 580

ns] for the Aβ5.3,0
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1−42 , Aβ6.9,Cu

1−42 and Aβ7.4,3−
1−42 systems, are shown for 581
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S4 Fig. 584

Transition networks for Aβ5.3,0
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1−42 (C) and Aβ7.4,3−

1−42 585

(D). The nodes represent the folding states as defined by N1 and N2. The 586
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number of transitions between the folding states. 590
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83. Pronk S, Páll S, Schulz R, Larsson P, Bjelkmar P, et al. (2013) GROMACS 4.5:
a high-throughput and highly parallel open source molecular simulation toolkit.
Bioinformatics 29: 845–854.

84. Comba P, Remenyi R (2002) A new molecular mechanics force field for the
oxidized form of blue copper proteins. J Comput Chem 23: 697–705.

85. Zhu Y, Su Y, Li X, Wang Y, Chen G (2008) Evaluation of amber force field
parameters for copper(II) with pyridylmethyl-amine and
benzimidazolylmethyl-amine ligands: A quantum chemical study. Chem Phys
Lett 455: 354–360.

86. Bussi G (2014) Hamiltonian replica exchange in GROMACS: a flexible
implementation. Mol Phys 112: 379–384.
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A                                           B

Figure S1: The fluctuations of bonds (A) and angles (B) involving Cu2+ during a 10-ns MD
simulations of the copper coordination model with the newly derived parameters for the Cu2+

coordination.
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Aβ5.3,01−42

Aβ6.0,1−1−42

Aβ6.9,Cu1−42

Aβ7.4,3−1−42

Figure S2: Bend content obtained for time windows [30-70 ns], [30-100 ns] and [30-130 ns] for
the Aβ5.3,01−42, Aβ6.0,1−1−42 , Aβ6.9,Cu

1−42 and Aβ7.4,3−1−42 systems, are shown for the individual residues in the
peptide, respectively.

Aβ5.3,01−42

Aβ6.0,1−1−42

Aβ6.9,Cu1−42

Aβ7.4,3−1−42

Figure S3: Turn content obtained for time windows [30-70 ns], [30-100 ns] and [30-130 ns] for
the Aβ5.3,01−42, Aβ6.0,1−1−42 , Aβ6.9,Cu

1−42 and Aβ7.4,3−1−42 systems, are shown for the individual residues in the
peptide, respectively.
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Figure S4: Transition networks for Aβ5.3,01−42 (A), Aβ6.0,1−1−42 (B), Aβ6.9,Cu
1−42 (C) and Aβ7.4,3−1−42 (D). The

nodes represent the folding states as defined by N1 and N2. The size of each node is proportional to
the population of the node, and the coloring of the nodes and edges indicates the number of residues
with β-sheet structure (N2). The thickness of the edges is defined by the number of transitions
between the folding states.
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ABSTRACT: Metal ions are both ubiquitous to and crucial in biology. In classical
simulations, they are typically described as simple van der Waals spheres, making it difficult
to provide reliable force field descriptions for them. An alternative is given by nonbonded
dummy models, in which the central metal atom is surrounded by dummy particles that
each carry a partial charge. While such dummy models already exist for other metal ions,
none is available yet for Cu2+ because of the challenge to reproduce the Jahn−Teller
distortion. This challenge is addressed in the current study, where, for the first time, a
dummy model including a Jahn−Teller effect is developed for Cu2+. We successfully
validate its usefulness by studying metal binding in two biological systems: the amyloid-β
peptide and the mixed-metal enzyme superoxide dismutase. We believe that our parameters
will be of significant value for the computational study of Cu2+-dependent biological
systems using classical models.

Most proteins function with metal ions such as copper,
zinc, iron, calcium and magnesium ions being involved.

They form complexes with surrounding residues of proteins
and play significant roles including structural, electron transfer,
and catalytic functions. For example, Cu−Zn superoxide
dismutases (CuZnSODs) in complex with both Cu2+ and
Zn2+ protect cells from oxygen toxicity by catalyzing the
dismutaion of superoxide (O2

−) into molecular oxygen and
hydrogen peroxide.1−3 On the other hand, dysregulation of
metal ion homeostasis results in different kinds of diseases.
Among these, Alzheimer’s disease (AD) is one of the most
frequent age-related neurodegenerative pathologies with
disorders in Zn2+ and Cu2+ homeostasis playing a pivotal role
in the mechanisms of pathogenesis. The extracellular deposition
of fibrils of the amyloid-β peptide (Aβ) is considered as a
hallmark of AD, and it has been shown that the presence of
substoichiometric levels of Cu2+ doubles the rate of production
of amyloid fibers and promotes cell death.4−6 The N-terminal
residues Aβ1−16 encompass the metal binding region of Aβ.
Molecular dynamics (MD) simulations are commonly

applied to investigate the dynamics and structural information
of protein systems including metalloproteins. However, most of
the widely used force fields do not have appropriate parameters
for metal ions, presenting a practical obstacle to MD studies of
metalloproteins. Various approaches have been developed to
describe the interactions between metal ions and coordinated
residues in classical MD simulations. They include representa-
tions of metal ions as simple van der Waals spheres,7,8

nonbonded models with dummy atoms (called “dummy
models” henceforth),9−13 and bonded models where artificial

bonds between metal ions and ligands are introduced.14−17

Each of these methods has its own merits and limitations.16,18

Modeling metal ions as simple spheres with electrostatic and
van der Waals interactions is often successful for the description
of alkali and alkaline-earth ions, but appears to be inadequate
when it comes to more complex situations such as systems
containing multinuclear metal centers with closely located
metal ions, or for the correct treatment of transition metals.
Bonded models, on the other hand, suffer from the fact that
they include predefined covalent bonds between the metal and
ligands, thus not allowing for ligand exchange and/or
interconversion between different coordination geometries.
For a more thorough discussion of the pros and cons of
these approaches, the reader is referred to ref 13 and the
references therein. The dummy model approach aims at
resolving the aforementioned problems by providing a
nonbonded description that captures both structural and
electrostatic effects via the introduction of dummy atoms
surrounding the metal ion. There have been several studies
reporting dummy models for Zn2+, Ca2+, Mg2+, Fe2+, Ni2+,
Co2+, and Mn2+ in tetrahedral, octahedral, or pentagonal
bipyramid geometries.9−13 For the octahedral model shown in
Figure 1, originally proposed by Åqvist and Warshel,12 six
dummy atoms with negligible van der Waals parameters and
positive charge δ+ are placed around a central metal ion (n+)
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with a charge of n − 6δ. Such a charge distribution is
particularly advantageous in systems with multiple metal
centers,10 since the redistribution of charges reduces the
excessive repulsion between metal sites. The dummy atoms are
bonded and angled to the central atom, but there are no bonds
to the ligands. No dummy model has yet been developed for
Cu2+, most likely because of the Jahn−Teller distortion of Cu2+

(electron configuration d9) in water. In the present work, a
Cu2+ dummy model (CuDum) that includes the Jahn−Teller
effect is developed to facilitate computational studies of copper

proteins.19 The major strength of this model is that it allows us
to simultaneously reproduce the correct coordination proper-
ties of the metal, without the need for higher level quantum
chemical calculations, while sampling the conformational
properties of the peptide.20 It should be noted that recently a
polarizable force field for transition-metal ions was developed
based on AMOEBA and the angular overlap model (AOM).21

This classical approach, which is similar in idea to previous
AOM implementations for Cu2+,22,23 can also handle the Jahn−
Teller distortion yet is computationally more costly than the
dummy model approach. Our CuDum model is implemented
into the MD program Gromacs,24 together with the previous
Zn2+ dummy model (ZnDum),13 which was originally
developed for Q.25

Full details about the MD simulations performed in this work
and the adaptation of ZnDum for its use in Gromacs are given
in the Supporting Information (SI). In short, the van der Waals
distance σZnO was systematically optimized (Table S1) in oder
to reproduce both the experimental ion-oxygen distance (Zn−
O) and the hydration free energy (ΔGhyd) for Zn2+ in water.
The calculation of ΔGhyd is divided in two steps, decomposing
it into the contributions from van der Waals (ΔGLJ) and
electrostatic (ΔGelec) interactions

7,26,27 (Figure S1). For σZnO =
2.034 Å, we found a compromise in terms of reproducing both
ΔGhyd and Zn−O with good accuracy (Figure S2).

Figure 1. Schematic illustration of the dummy model.12 Instead of a
simple sphere, the point charge of the metal ion is distributed to six
dummy atoms with partial charge δ+.

Figure 2. Final snapshots of dummy models in protein systems taken from 100 ns MD simulations of (a) Aβ1−16
E11 /ZnDum, (b) Aβ1−16

E11 /CuDum, (c)
Aβ1−16

A2 /CuDum, and (d) CuZnSOD/ZnDum/CuDum. The proteins are shown in cartoon presentation and colored red for β-sheet, purple for 310
helix, yellow for turn, and white for coil. The N- and C-terminus of Aβ1−16 is indicated by a blue and red bead, respectively. The metal binding sites
are shown in Corey−Pauling−Koltun (CPK) presentation using turquoise for C, blue for N, red for O, and white for H atoms, while Zn2+ is shown
in gray and Cu2+ in orange.
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Furthermore, in subsequent 100 ns MD simulations for Aβ1−16
in complex with ZnDum the metal binding site was maintained
in a distorted square pyrimidal geometry (Figure 2a), in
accordance with the NMR structure (PDB ID: 1ZE9).28

The results for ZnDum were then taken for the development
of CuDum. As Zn−O calculated with σZnO = 2.088 Å is quite
close to the weighted mean distance between Cu2+ and oxygen
(Cu−O, 2.07 Å), this σ together with the other ZnDum
parameters were used as a starting point and systematically
optimized for CuDum. In order to capture both the Jahn−
Teller effect (i.e., different Cu−O distances for equatorial and
axial ligands) and ΔGhyd, we tested different charge and
distance distributions for the dummy atoms (Figures S3 and
S4). We found that reducing the charges for the axial and
increasing them for the equatorial dummy atoms (based on q =
0.5e for the dummy atoms in ZnDum) is important for
reproducing the Jahn−Teller effect (Figure S4). This reflects
the fact that equatorial interactions are preferred over axial
coordination for Cu2+ (d9) in aqueous solution. In combination
with this charge disparity, a compressed octahedron performs
better than elongated and regular octahedra. Despite the
shorter distances between Cu2+ and the axial dummy atoms,
due to the larger charges of the equatorial dummy atoms, the
resulting Cu−O distances are shorter for the equatorial and not
the axial ligands, in agreement with the Jahn−Teller distortion
in water. The compressed octahedron combined with axial
charges qax = 0.05e and equatorial charges qeq = 0.725e (Table
1) was identified as being able to reproduce both the Jahn−

Teller effect and ΔGhyd. The calculated Cu−O distances (dCu−O
eq

= 1.94 Å and dCu−O
ax = 2.26 Å) agree almost perfectly with the

corresponding experimental values of 1.96 and 2.28 Å,29 and
also the calculated ΔGhyd = −496.1 kcal/mol deviates by less
than 0.1 kcal/mol from the experimental finding (−496.16
kcal/mol)30 (Figure 3). It should be noted, though, that the
metal solvation free energies can largely deviate in different
experimental studies. Following our earlier work,13 we use the
data presented by Noyes,30 which includes thermodynamic
parameters for a wide range of metal centers, thus capturing the
relative effect of the different metals (for further discussion of
this choice, see ref 13). This Cu2+ dummy model was further
validated using MD simulations of metalloproteins, which are
discussed below. The usage of six dummy atoms generally
favors hexacoordinated complexes. However, since the current
model is a nonbonded model, it has the flexibility to adopt
other geometries, such as five- or four-coordinated geometries

where relevant. In the latter case, square-planar geometries are
favored due to the higher charges on the equatorial dummy
atoms, which make them more attractive toward ligands than
the axial dummy atoms. An alternative Cu2+ dummy model
with larger charges on the axial dummy atoms is presented in
the SI. As can be seen from the results (Figures S5 and S6) and
the associated discussion, this model is also able to produce
good results in the MD simulations. Yet, CuDum better
reproduces the Jahn−Teller effect and ΔGhyd for Cu

2+ in water
and is therefore our preferred model.
We performed MD simulations of both CuDum and ZnDum

coordinated to Aβ1−16 and tested the interplay of both metal
ions in CuZnSOD. We studied Aβ1−16 with two different
coordination modes for CuDum (denoted Aβ1−16

A2 and Aβ1−16
E11 )

and only Aβ1−16
E11 for ZnDum. In Aβ1−16

E11 residues, H6, E11, H13,
H14 act as ligands,4,28,31 while in Aβ1−16

A2 the ligands are A2, H6,
H13, H14.32,33 In CuZnSOD, there are one copper and one
zinc ion in the active site.1−3 The copper and zinc ions are
bridged by the imidazole ring of H63. Copper is coordinated by
another three His residues and a water molecule in a distorted
square pyramidal geometry, while zinc is coordinated by two
further His residues and an aspartic acid in a distorted
tetrahedral geometry.3 More information about the choice of
our starting structure can be found in the SI. For each test case,
we performed two independent 100 ns MD simulations.
CuDum produces stable Cu2+ binding sites during the MD

simulations of the Aβ1−16/Cu
2+ complex. The root-mean-square

deviation (RMSD) of the metal binding site fluctuates around
∼0.42 Å for Aβ1−16

E11 /CuDum and it is only ∼0.15 Å greater for
Aβ1−16

A2 /CuDum (Table 2). The whole Aβ1−16 peptide
experiences larger flexibility with RMSD values of up to ∼2.6
Å, which is in agreement with Aβ being an intrinsically
disordered peptide. For binding mode Aβ1−16

E11 the stabilization
for the interaction between Aβ1−16 and CuDum is by more than
30 kcal/mol larger than for the Aβ1−16

E11 /ZnDum complex (Table
S3). Here the direct interactions between metal ion and Aβ1−16
but also the interactions between the ion and solvent are
considered. In either case, the main contribution is the
Coulomb interaction between the metal center and Aβ1−16,
which is substantially stronger for CuDum than for ZnDum.
This agrees with the fact that Cu2+ has a higher affinity for Aβ
than Zn2+.34,35 CuDum is able to maintain the coordination
center of the Aβ1−16

E11 /Cu2+ complex in a distorted square
pyramidal geometry (Figure 2b) with shorter distances between
Cu2+ and the equatorial ligands (H6, atom OE1 of E11, H13,
14) and a longer distance for the single axial ligand (atom OE2
of E11) (Table S2). A water molecule is coordinated at the
opposite axial position, that adds to the stability of the
coordination center. In the simulations of Aβ1−16

A2 with CuDum,
the four ligands prefer to interact with the equatorial dummy
atoms producing a square planar coordination geometry
(Figure 2c and Table S4), which agrees with findings from
experiments32,33,36 and other quantum-mechanics based
calculations.37,38 Furthermore, we successfully tested that this
coordination geometry can also be obtained when the
simulation is not initiated from a “perfect” starting
conformation but from a distorted geometry (see Figure S7
and associated discussion). As for Aβ1−16

E11 , water coordinates to
Cu2+. Yet for Aβ1−16

A2 , there are two water molecules interacting
with the two unoccupied axial dummy atoms. Again, the
electrostatic interactions between Aβ1−16 and ligands is the
dominating contribution to the complex stability (Table S5). In

Table 1. Force Field Parameters for the Dummy Model of
Cu2+ (CuDum)

bond type b0 (Å) Kb (kcal/mol Å2)

Cu−Deq 1.000 800.0
Cu−Dax 0.800 800.0

angle type θ0 (degree) Kθ (kcal/mol rad2)

Di−Cu−Di 180.0 250.0
Di−Cu−Dj 90.0 250.0

atom type mass (au) charge (e) σCuO (Å) ϵCuO (kcal/mol)

Cu 45.546 −1.00 2.043 4.1854
Deq 3.000 0.725 σD =0 ϵD = 0
Dax 3.000 0.050 σD =0 ϵD = 0

Dummy atoms are denoted by D with Di being either Deq or Dax. The
bond potential is Ub = Kb(b − b0)

2; the angle potential is Uθ = Kθ(θ −
θ0)

2.
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summary, CuDum and ZnDum work well for modeling metal
binding to Aβ1−16.
In the two 100 ns MD simulations of CuZnSOD, ZnDum

and CuDum are both stable in the metal binding site (Figure
2d). Both overall structure and coordination geometry are
conserved with the average RMSDs of the whole backbone and
of the metal binding site being below 2.0 and 1.0 Å, respectively
(Table 2). Throughout the simulation, the coordination
geometry remains distorted square pyramidal for CuDum
with the four His ligands interacting firmly with CuDum
through the equatorial dummy atoms at distances of ∼2.0 Å.
The distances to H46, H48, H120 are quite close to those in
the crystal structure (PDB ID: 1HL53) while the H63−CuDum
distance is only 1.98 Å (Table S6), which is 0.48 Å shorter than
the one in the crystal structure 1HL5. This discrepancy may be
explained by the oxidation state of the copper ion in
CuZnSOD. A distance increase for copper−H63 from ∼2.0 Å
to ∼3.0 Å was observed when Cu2+ was reduced to Cu+.3 The
state of the metal binding site in the crystal structure 1HL5 is
considered to represent a mixture of the oxidized (Cu2+) and
reduced (Cu+) states of CuZnSOD. Moreover, the distance
between Zn2+ and Cu2+ calculated from our simulations (5.84
Å) is closer to the one in the oxidized (∼6.0 Å) than in the
reduced state (∼6.8 Å). Interestingly, the carbonyl group of
H46 is found to be close to CuDum and adds to the overall
stability of the Cu2+ coordination center. Figure 2d shows that
this carbonyl group and H48 compete for coordination to Cu2+.
A water molecule binds to CuDum via an axial dummy atom as
a fifth ligand. The distance Cu2+−Owater is 2.35 Å, which is
slightly shorter than the one in the crystal structure 1HL5 (2.62
Å) but still falls in a reasonable range based on other crystal
structures of CuZnSOD (i.e., PDB ID: 1CB41). The
coordination of water to CuDum is in good agreement with
the experimental finding that the involvement of a water
molecule is necessary for reactions to occur at the metal

binding site. For the Zn2+ binding site, the distances Zn2+−His
are 0.1−0.2 Å larger than the corresponding distances in the
crystal structure 1HL5 (Table S6). Our findings are nonethe-
less satisfactory, as these distances vary upon chemical
reactions.1−3 It should be noted, though, that the tetrahedral
Zn2+ coordination geometry cannot be maintained in
CuZnSOD, as the carbonyl group from G82 coordinates to
Zn2+ and D83 becomes bidentately coordinated, causing a 6-
coordinated distorted octahedral geometry. This observation is
not too surprising, as ZnDum was developed for octahedral
geometries.13 This issue could be resolved by developing a
tetrahedral Zn2+ dummy model,9 which, however, would have
been beyond the scope of the current aim to develop and
validate a Cu2+ dummy model with Jahn−Teller effect.
Furthermore, it is a known fact that zinc coordination is
flexible and can adopt multiple binding modes, including
tetrahedral, as well as penta- or hexacoordinated geometries.39

Especially for the zinc coordination to the carboxylate group, it
could be either bidentate or monodentate,40 which is exactly
what happens to D83 during the MD simulation of CuZnSOD.
In conclusion, a nonbonded model of Cu2+ (CuDum) was

developed in this study. This classical Cu2+ model captures
both the Jahn−Teller effect and the experimental hydration free
energy, and maintains stable coordination geometries during
MD simulations of metalloproteins without the need for
artificial bonds between metal center and ligands. Furthermore,
parameters for a Zn2+ dummy model (ZnDum) were derived
based on a previously reported dummy model.13 Our
parameters can reproduce square planar Cu2+ geometries for
our two test cases, the metal binding region of the amyloid-β
peptide, Aβ1−16, and the Cu−Zn superoxide dismutase
(CuZnSOD). The comparison between Aβ1−16/CuDum and
Aβ1−16/ZnDum reveals a lower binding affinity for ZnDum.
This metal selectivity is in agreement with experimental
findings.34,35 The study of the bimetallo enzyme CuZnSOD
further confirms that the two dummy models can be applied
together without artificial repulsion between the two metal
centers. We therefore believe that the dummy model of Cu2+

presented in this work is of great importance for future studies
of the dynamics of copper proteins. A clear advantage of such
nonbonded over bonded models is that they are able to model
ligand exchange on the metal without the need for higher level
quantum chemical calculations, while still performing con-
formational sampling on the peptide. For a peptide such as Aβ,
this is of importance as the aggregation of Aβ is believed to be

Figure 3. Jahn−Teller effect and ΔGhyd for CuDum in water. (a) Radial distribution function (red, left y axis) and coordination number (blue, right y
axis) for water around CuDum. The free energy contributions dGLJ/dλ (b) and dGelec/dλ (c) as a function of the coupling parameter λ. ΔGLJ and
ΔGelec are calculated by summing over the 21 intermediate states ranging from λ = 0 to λ = 1 applying eq S7. The standard deviation for each state is
shown by a blue bar (for some cases, it is <0.001 kcal/mol and thus not visible) while the interpolation between the states is shown in red. The
experimental values are dCu−O

eq = 1.96 Å, dCu−O
ax = 2.28 Å, and ΔGhyd = −496.16 kcal/mol.

Table 2. Time Averages of the RMSDs of the Protein
Backbone Atoms and of the Metal Binding Sites of Aβ1−16
and CuZnSOD

system backbone (Å) metal site (Å)

Aβ1−16
E11 /ZnDum 1.34 ± 0.39 0.52 ± 0.08

Aβ1−16
E11 /CuDum 1.26 ± 0.43 0.42 ± 0.11

Aβ1−16
A2 /CuDum 2.64 ± 0.49 0.67 ± 0.11

CuZnSOD/ZnDum/CuDum 1.54 ± 0.16 0.71 ± 0.03
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sped up by the formation of interpeptide coordination modes,
which compete with the intrapeptide Cu2+ coordination
discussed here.41
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L.; Sodupe, M. Modeling Cu2+−Aβ Complexes from Computational
Approaches. AIP Advances 2015, 5, 092402.
(21) Xiang, J. X.; Ponder, J. W. An Angular Overlap Model for Cu(II)
Ion in the AMOEBA Polarizable Force Field. J. Chem. Theory Comput.
2014, 10, 298−311.
(22) Piquemal, J.-P.; Williams-Hubbard, B.; Fey, N.; Deeth, R. J.;
Gresh, N.; Giessner-Prettre, C. Inclusion of the Ligand Field
Contribution in a Polarizable Molecular Mechanics: SIBFA-LF. J.
Comput. Chem. 2003, 24, 1963−1970.
(23) Deeth, R. J.; Anastasi, A.; Diedrich, C.; Randell, K. Molecular
Modelling for Transition Metal Complexes: Dealing With d-Electron
Effects. Coord. Chem. Rev. 2009, 253, 795−816.
(24) Hess, B.; Kutzner, C.; van der Spoel, D.; Lindahl, E. GROMACS
4: Algorithms for Highly Efficient, Load-Balanced, and Scalable
Molecular Simulation. J. Chem. Theory Comput. 2008, 4, 435−447.
(25) Marelius, J.; Kolmodin, K.; Feierberg, I.; Åqvist, J. Q. A
Molecular Dynamics Program for Free Energy Calculations and
Empirical Valence Bond Simulations in Biomolecular Systems. J. Mol.
Graph. Model. 1998, 16, 213−225.
(26) Li, X.; Tu, Y.; Tian, H.; Ågren, H. Computer Simulations of
Aqua Metal Ions for Accurate Reproduction of Hydration Free
Energies and Structures. J. Chem. Phys. 2010, 132, 104505.
(27) Li, P.; Merz, K. M. Taking into Account the Ion-Induced Dipole
Interaction in the Nonbonded Model of Ions. J. Chem. Theory Comput.
2014, 10, 289−297.
(28) Zirah, S.; Kozin, S. A.; Mazur, A. K.; Blond, A.; Cheminant, M.;
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This supplementary material contains the details of the computational meth-

ods and starting structures, results for the parameterization of the Zn2+ dummy

model (ZnDum) and an alternative Cu2+ dummy model, 8 tables, and 7 figures.

Computational methods

The form of the non-bonded potential function applied for the OPLS-AA/L force field1,2 in

GROMACS3 is

Uij =
∑

i<j

fij

[
4ǫij

(
σ12

ij

r12
ij

− σ6
ij

r6
ij

)
+ qiqje

2

4πǫ0rij

]
, (S1)

where the first term is the standard 12-6 Lennard-Jones (LJ) potential and the second term

is the classical Coulomb potential with ǫ0 being the permittivity of free space. The distance

between interacting atoms i and j with partial charges qi and qj is given by rij. For the

van der Waals parameters the combining rule is applied: ǫij = √
ǫiiǫjj and σij = √

σiiσjj.

Intramolecular non-bonded interactions are counted only for atoms three or more bonds

apart (fij = 1.0); 1,4 interactions are considered but scaled down by the factor fij = 0.5.

To determine the hydration free energy, the thermodynamic cycle shown in Figure S1 is

employed,

∆Ghyd = ∆GLJ + ∆Gelec . (S2)

For the calculation of the free energy difference between the end states A and B, we assume

multiple intermediate states. The Hamiltonians for these states are defined by combining

the Hamiltonians of the end states, HA and HB, and employ a linear mixing

H(λ) = (1 − λ)HA + λHB (S3)

where λ=0 and λ=1 correspond to a Hamiltonian for state A and B, respectively. For the

calculation of the free energy difference between states i and j corresponding to λi and λj
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in Eq. S3 Bennett’s acceptance ratio (BAR) method is employed:4,5

∆GBAR
ji = kBT

(
ln 〈f(Hi − Hj + C)〉j

〈f(Hj − Hi − C)〉i

)
+ C (S4)

where f is the Fermi function

f(x) = 1
1 + exp

(
x

kBT

) (S5)

with kB being the Boltzmann constant and T the temperature. The value for C is determined

iteratively to fulfill 〈f(Hi − Hj + C)〉j = 〈f(Hj − Hi − C)〉i. The free energy difference is

then given as

∆GBAR
ji = −kBT ln Nj

Ni

+ C (S6)

and

∆GBAR
BA =

n−1∑

i=1
∆GBAR

i+1,i (S7)

where n is the number of intermediate states considered and Ni and Nj are the number of

coordinate frames at state λi and λj, respectively. Sufficient overlap between the forward

and backward energy differences is necessary for the convergence of this iterative process.5

The calculation of the hydration free energy is divided into two steps (Figure S1). First,

an uncharged particle in water is created yielding ∆GLJ, followed by the charging process

for the calculation of ∆Gelec. For the calculation of both energies according to Eq. S7,

the BAR method as implemented in GROMACS5 is employed considering 21 equidistant

intermediate states with λ varying from 0 to 1 and ∆λ = 0.05. Following earlier work,6,7 a

soft-core potential is used during the calculation of ∆GLJ in order to avoid singularities that

might occur near the end states when atoms are being removed or added. As suggested by

Shirts,8 the soft-core parameter α was set to 0.5 while the soft-core power was chosen as 1.

For the MD simulations at each λ value, the Cu2+ or Zn2+ dummy model was immersed in a

TIP4P9 cubic water box with a minimum distance of 1.8 nm from the edge of the box to any

dummy atom. Two Cl− counterions were added to keep the system neutral. The systems

were first subjected to energy minimization using 1,000 steps of steepest descent followed
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by 1,000 conjugate gradient steps, and then equilibrated during 25-ps NVT and 25-ps NPT

MD runs (without position restraints). For the calculation of ∆GLJ and ∆Gelec 100-ps MD

simulations in the NPT ensemble were performed and the potential energy was saved every

0.01 ps. Another 1-ns MD simulation under NPT conditions was finally performed for the

dummy model in water in order to determine the radial distribution function (RDF) and

coordination number (CN) of water. For the MD simulations mentioned thus far a time step

of 1 fs was used. All other MD parameters are given below.

For the testing of the dummy models in protein systems, Aβ1−16 and human Cu-Zn

superoxide dismutase (CuZnSOD) were chosen. All MD simulations involving Aβ1−16 and

CuZnSOD followed the same procedure. The protein-metal complex under study was sol-

vated with TIP4P water9 in the center of a cubic box with a minimum distance between

protein and any box edge of 1.2 nm. Na+ and Cl− ions were added at a concentration of

0.150 M while, at the same time, they neutralize the system. The preparatory steps involved

1,000 steps of steepest descent and 1,000 steps of conjugate gradient energy minimizations,

followed by 500-ps MD equilibration runs first under NVT and then under NPT conditions

with position restraints of 1,000 kJ mol−1 nm−2 on non-hydrogen protein atoms. Production

runs were performed for 100 ns in the NPT ensemble without position restraints. For the

MD simulations of the protein systems a time step of 2 fs was applied and coordinates were

saved every 5 ps.

All MD simulations in this study were carried out using GROMACS 4.5.53 with the

OPLS-AA/L force field.1,2 Periodic boundary conditions in conjunction with the particle

mesh Ewald method10,11 was used for the treatment of electrostatic interactions using a

cutoff of 1.2 nm for short-range electrostatic interactions. The cutoff for LJ interactions was

also 1.2 nm with a switching function being applied between 1.0 and 1.2 nm, and dispersion

correction was employed for long-range LJ contributions. The temperature was kept at 300

K using a Langevin thermostat with a coupling constant of 1.0 ps−1 while the pressure was

kept at 1 bar (only in NPT simulations) via a Parrinello-Rahman barostat12 with a coupling

constant of 0.5 ps. All bonds were constrained via the LINCS method.13,14
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Choice of the starting structures

Since there is no crystal or NMR structure of Aβ in complex with Cu2+, a model for the

Aβ1−16/Cu2+ complex was taken from a quantum mechanics/molecular mechanics (QM/MM)

study.15 In this model, which was identified as the most stable coordination mode,15 residues

A2, H6, H13 and H14 coordinate Cu2+ in a square planar geometry. Moreover, this co-

ordination mode was also suggested by continuous-wave electron paramagnetic resonance

(CW-EPR) spectroscopy for the Aβ/Cu2+ complex at pH 8.7.16,17 Other studies using x-

ray absorption spectroscopy and density functional theory indicated that also residue E11

together with the three His residues are possible ligands for both Zn2+ and Cu2+ binding

to Aβ at pH values between 6.3 and 7.4,18–20 while the coordination mode A2, H6, H13,

H14 has never been suggested for the Aβ/Zn2+ complex. Thus we studied Aβ1−16 with two

different coordination modes for CuDum (denoted as AβA2
1−16 and AβE11

1−16 in the main text)

and only AβE11
1−16 for ZnDum. The NMR structure of the Aβ1−16/Zn2+ complex in aqueous

solution at pH 6.5 (PDB ID: 1ZE9)19 was used for the initial coordinates of the MD simu-

lations of AβE11
1−16/ZnDum and AβE11

1−16/CuDum, while the AβA2
1−16/CuDum simulations were

initiated from the QM/MM structure.15 In either starting structure, the original metal ion

was replaced by CuDum or ZnDum, and the ligating residues were allowed to choose their

preferred dummy atom to interact with. In all simulations of Aβ1−16, H6, H13 and H14 were

modeled as neutral residues, considering that the pH values in the experiments were above

the pKa value of ∼6.0 for the imidazole side chain in histidine. Furthermore, only with at

least one of the nitrogens being deprotonated, histidine can coordinate to Cu2+ or Zn2+. In

the PDB structure 1ZE9, Nδ of H6, Nǫ of H13, and Nδ of H14 are coordinated to Zn2+,

which we adapted for our MD simulations of AβE11
1−16/ZnDum and did not change during the

simulations. To warrant comparibility, the assignment was the same for the Aβ1−16/Cu2+

complexes.

CuZnSODs have been extensively studied by using crystallographic and spectroscopic

techniques.21–23 The enzymes are functional dimers with one copper and one zinc ion per
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subunit. The metal sites play significant roles in the catalytic reaction. For the simulation

of CuZnSOD the crystal structure from PDB entry 1HL521 with a resolution of 1.80 Å was

used. This database entry includes nine dimer models (i.e., 18 subunits) and only subunit

A of the first model was selected for our MD simulations. In CuZnSOD Cu2+ and Zn2+ are

bridged by the imidazole ring of H63, which is doubly deprotonated (i.e., negatively charged)

and acts as a ligand to both ions. Copper is coordinated by another three His residues

(H46, H48 and H120) and a water molecule in a distorted square pyramidal geometry, while

zinc is coordinated by two further His residues (H71 and H89) and an aspartic acid (D83)

in a distorted tetrahedral geometry.21 The coordinating His residues (apart from H63) are

neutral with the protonation states of Nǫ and Nδ of the imidazole rings taken from the crystal

structure.21 This coordination geometry provides an excellent model to test if two different

dummy ion models with two different coordination geometries can be applied together, what,

to our knowledge, has not been attempted before.

For each test case (AβA2
1−16/CuDum, AβE11

1−16/CuDum, AβE11
1−16/ZnDum, and CuZnSOD/

ZnDum/CuDum) we performed two independent 100-ns MD simulations to investigate the

stability of the coordination geometry. In addition, we repeated all simulations using

CuDum2 (for more details see below) instead of CuDum.

Results for the Zn2+ dummy model

Given the different functional forms of the LJ potential and combining rules in Q and GRO-

MACS, the parameters of the orginal ZnDum model24 that was used together with the SPC

or TIP3P water models were first transformed: σZnZn = (AZn/BZn) 1
3 and ǫZnZn = B4

Zn/4A2
Zn.

These transformations were used as initial parameters for ZnDum with TIP4P water, to

be further optimized for their usage within GROMACS. First, bonds and angles originally

defined between dummy atoms were removed so that a larger time step of up to 2 fs can be

applied in MD simulations. Then the parameters were systematically optimized in oder to

reproduce both the experimental ion-oxygen distance (Zn–O) and the hydration free energy
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(∆Ghyd) for Zn2+ in water. Previous studies24–26 were able to simultaneously reproduce both

quantities with good accuracy, while others reported that the simultaneous high-accuracy

reproduction of both quantities is not obtainable.27 Here, one has to consider the different

simulation techniques applied in Q28 and GROMACS.3 In reference 24, spherical boundary

conditions were used and a correction of infinite electrostatic interactions using the Born

equation applied for the calculation of ∆Ghyd.29 In the current study, periodic boundary

conditions with dispersion correction as implemented in GROMACS are used. Furthermore,

∆Ghyd is calculated in two steps, decomposing it into the contributions from van der Waals

(∆GLJ) and electrostatic (∆Gelec) interactions27,30,31 (Figure S1). Finally, Zn–O is deter-

mined independently from ∆Ghyd in a separate MD simulation.

We tested three different values for σZnO (denoted as σlow
ZnO, σmiddle

ZnO and σhigh
ZnO) while keep-

ing the other parameters identical (Table S1). With a decrease of σZnO, ∆Gelec increases

significantly while ∆GLJ decreases only marginally. For σhigh
ZnO, Zn–O agrees exactly with

the experimental distance (2.08 Å), but ∆Ghyd is ∼40 kcal/mol (8.3%) less than the ex-

perimental value (−483.3 kcal/mol).32,33 For σlow
ZnO, the calculated ∆Ghyd was quite close to

the experimental value, but Zn–O is underestimated by 0.12 Å (5.8% ) in this case. This

behavior of ZnDum agrees to the findings of Merz and co-workers for divalent metal ions.27

Nonetheless, with σmiddle
ZnO we found a compromise as with this parameter setting Zn–O is

only 0.06 Å smaller than the experimental distance and ∆Ghyd is underestimated by only

5.2% (∼ 25 kcal/mol) (Figure S2). Two 100-ns MD simulations were performed for Aβ1−16

in complex with ZnDum using σmiddle
ZnO to test its validity in a protein system. In this MD

simulation the system is stable with root mean square deviations (RMSDs) of 1.34 Å and

0.52 Å for all backbone atoms and only the Zn2+-ligating residues, respectively. Further-

more, the distances between Zn2+ and coordinated atoms agree well with the NMR results19

(Table S2). Only the Zn–O distances for both carboxylate atoms of ligand residue E11 are

underestimated by ∼0.17 Å due to the stronger electrostatic interactions between the posi-

tively charged dummy atoms and the negatively charged carboxylate group. ZnDum is able

to maintain the metal binding site in a distorted square pyrimidal geometry (Figure 3a) in
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accordance with the NMR structure (PDB ID: 1ZE9). A water molecule helps stabilize the

coordination center and the non-bonded interactions between ZnDum and its environment

are conserved (Table S3).

Results for the alternative Cu2+ dummy model

Despite the fact that all test runs were successful for CuDum, we considered another Cu2+

dummy model with larger charges for the axial dummy atoms. This allows for stronger

electrostatic interactions between axial ligands and dummy atoms, which may become nec-

essary in future studies of square pyramidal Cu2+ coordination geometries. To this end,

a CuDum model with qax = 0.2e and qeq = 0.65e (and keeping all other parameters as in

Table 1) was included in our study. With this model, which is denoted CuDum2, we ob-

tained satisfactory results for Cu2+ in water with deq
Cu−O = 1.96 Å and dax

Cu−O = 2.18 Å and

∆Ghyd = −484.3 kcal/mol (Figure S5). CuDum2 thus represents a compromise between

sufficiently reproducing the Jahn-Teller effect while not underestimating the hydration free

energy too much.

We repeated all MD simulations presented in the manuscript but using CuDum2 instead

of CuDum. Like CuDum, CuDum2 produces stable Cu2+ binding sites during the MD simu-

lations of the Aβ1−16/Cu2+ complex. The RMSD of the metal binding site fluctuates around

0.46 Å for AβE11
1−16/CuDum2 and is only ∼0.13 Å larger for AβA2

1−16/CuDum2. The compari-

son between CuDum and CuDum2 can be seen in the Table S8. The whole Aβ1−16 peptide is

quite flexible though to a lesser extent compared to Aβ1−16 in complex with CuDum, which

results from the larger charges on the axial dummy atoms. This leads to stronger interac-

tions with the axial ligand (atom OE2 of E11) and decreased interactions with the equatorial

ligands (H6, atom OE1 of E11, H13, 14), which is mirrored in the shortened axial distance

and lengthened equatorial distances between metal center and ligands (Table S2). The Cu–O

distance for the water molecule, that like with CuDum is coordinated at the opposite axial

position, is also shorter for CuDum2. Nonetheless, the charge distribution for the dummy
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atoms of CuDum2 allows the coordination center of AβE11
1−16/CuDum2 to be maintained in

a distorted square pyramidal geometry (Figure S6a). Also the stabilization for the inter-

action between Aβ1−16 and metal center is considerably larger in AβE11
1−16/CuDum2 than in

AβE11
1−16/ZnDum (Table S3), i.e., also CuDum2 is able to reproduce the higher affinity of Aβ

for Cu2+ than for Zn2+. In the simulations of AβA2
1−16/CuDum2, like with CuDum the four

ligands prefer to interact with the equatorial dummy atoms (Figure S6b). CuDum2 is also

able to maintain the square planar coordination geometry for binding mode AβA2
1−16, while

water molecules coordinate to the two unoccupied axial dummy atoms. Again, CuDum2

produces slightly longer distances for the equatorial ligands A2, H6, H13, 14 and somewhat

shorter Cu–water distances compared to CuDum (Table S4). According to the interaction

energies (Table S5) the AβA2
1−16/CuDum2 complex is slightly less stable (by 5.5 kcal/mol)

than AβA2
1−16/CuDum as a result of reduced electrostatic interactions between Aβ1−16 and the

ligands. For both CuDum and CuDum2 the electrostatic interactions between Aβ1−16 and

ligands is the dominating contribution to the complex stability. In summary, also CuDum2

works well for modeling metal binding to Aβ1−16. Moreover, from 100-ns MD simulations of

CuZnSOD where CuDum2 replaced CuDum, we obtained similar results as before (Tables S7

and S8, Figure S6c). The similarity of the results for CuDum and CuDum2 emphasizes the

robustness of our approach for the Cu2+ dummy model. Nonetheless, CuDum is our preferred

model as it better reproduces the Jahn-Teller effect and ∆Ghyd for Cu2+ in water.
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Supplementary tables

Table S1: Force field parameters for the dummy model of Zn2+ (ZnDum) used
in this work.

bond type b0 (Å) Kb (kcal/mol Å2)
Zn–D 0.900 800.0

angle type θ0 (degree) Kθ (kcal/mol rad2)
Di–Zn–Di 180.0 250.0
Di–Zn–Dj 90.0 250.0
atom type mass charge (e) σZnO (Å) ǫZnO (kcal/mol)

Zn 47.370 −1.00 2.088 (high) 4.2386
Zn 47.370 −1.00 2.034 (middle) 4.2386
Zn 47.370 −1.00 1.957 (low) 4.2386
D 3.000 0.50 σD = 0 ǫD = 0

Dummy atoms are denoted by D with Di being either Deq or Dax.
The bond potential is Ub = Kb(b − b0)2, the angle potential Uθ = Kθ(θ − θ0)2.

Table S2: Interatomic distances between metal ions (M) and ligands of Aβ1−16
(H6, E11, H13 and H14) obtained from MD simulations.

Distance Aβ1−16/ZnDum (Å) Aβ1−16/CuDum (Å) Aβ1−16/CuDum2 (Å)calculated experimental
M–ND1H6 2.15±0.05 2.11 2.05±0.04 2.07±0.04
M–OE1E11 1.94±0.03 2.11 1.84±0.02 1.86±0.03
M–OE2E11 1.94±0.03 2.11 2.18±0.07 2.11±0.06
M–NE2H13 2.19±0.07 2.15 2.08±0.04 2.10±0.05
M–NE2H14 2.11±0.05 2.29 2.03±0.04 2.05±0.04
M–Owat 2.16±0.04 – 2.28±0.09 2.20±0.07

Table S3: Nonbonded interaction energies in the AβE11
1−16/M systems (M =

CuDum(2) or ZnDum) obtained from MD simulations.

Interaction Aβ1−16/ZnDum Aβ1−16/CuDum Aβ1−16/CuDum2
Coulomb: M–Aβ1−16 −329.2±8.3 −408.1±9.6 −385.1±9.2

LJ: M–Aβ1−16 −17.9±4.1 −0.6±5.8 −6.3±5.2
Coulomb: M–water −64.1±5.1 −30.8±5.2 −37.1±5.2

LJ: M–water −0.9±2.1 −5.4±0.4 −5.0±0.7
Total: −412.1 −444.9 −433.5
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Table S4: Interatomic distances between Cu2+ and ligands of Aβ1−16 (A2, H6,
H13 and H14) obtained from MD simulations.

Distance CuDum (Å) CuDum2 (Å) QM
Cu2+–OA2 1.94±0.03 1.95±0.03 2.00
Cu2+–NE2H6 2.03±0.04 2.05±0.04 1.98
Cu2+–ND1H13 2.03±0.04 2.05±0.04 2.03
Cu2+–NE2H14 2.03±0.04 2.05±0.04 1.97
Cu2+–Owat1 2.28±0.08 2.20±0.07 –
Cu2+–Owat2 2.25±0.08 2.18±0.06 –

Table S5: Nonbonded interaction energies in the AβA2
1−16/CuDum(2) systems

obtained from MD simulations.

Interaction CuDum (kcal/mol) CuDum2 (kcal/mol)
Coulomb: Cu–Aβ1−16 −296.1±7.7 −272.9±7.4

LJ: Cu–Aβ1−16 −3.5±4.8 −8.2±4.3
Coulomb: Cu–water −66.9±4.3 −80.2±4.4

LJ: Cu–water −9.2±0.6 −8.3±1.0
Total: −375.1 −369.6

Table S6: Interatomic distances in CuZnSOD obtained from MD simulations
with CuDum.

Distance Distance (Å) Distance Distance (Å)
calculated experimental calculated experimental

Zn2+–ND1H63 2.14±0.05 2.02 Cu2+–OH46 2.33±0.13 –
Zn2+–ND1H71 2.21±0.07 1.99 Cu2+–ND1H46 2.03±0.03 2.14
Zn2+–ND1H80 2.10±0.05 2.00 Cu2+–NE2H48 2.03±0.04 2.13
Zn2+–OG82 2.13±0.15 – Cu2+–NE2H63 1.98±0.03 2.46
Zn2+–OD1D83 1.95±0.03 1.90 Cu2+–NE2H120 2.05±0.04 2.12
Zn2+–OD2D83 1.94±0.03 2.83 Cu2+–Owat 2.35±0.11 2.65
Zn2+–Cu2+ 5.84±0.10 6.36 – – –

Table S7: Interatomic distances in CuZnSOD calculated from MD simulations
with CuDum2.

Distance Distance (Å) Distance Distance (Å)
calculated experimental calculated experimental

Zn2+–ND1H63 2.13 ± 0.05 2.02 Cu2+–OH46 2.29 ± 0.13 –
Zn2+–ND1H71 2.23 ± 0.08 1.99 Cu2+–ND1H46 2.05 ± 0.04 2.14
Zn2+–ND1H80 2.09 ± 0.05 2.00 Cu2+–NE2H48 2.05 ± 0.04 2.13
Zn2+–OG82 2.13 ± 0.09 – Cu2+–NE2H63 2.00 ± 0.03 2.46
Zn2+–OD1D83 1.94 ± 0.03 1.90 Cu2+–NE2H120 2.08 ± 0.04 2.12
Zn2+–OD2D83 1.94 ± 0.03 2.83 Cu2+–Owat 2.25 ± 0.08 2.65
Zn2+–Cu2+ 5.87 ± 0.10 6.36 – – –
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Table S8: Time averages of the RMSDs of the protein backbone atoms and of
the metal binding sites of Aβ1−16 and CuZnSOD

System backbone (Å) metal site (Å)
AβE11

1−16/ZnDum 1.34±0.39 0.52±0.08
AβE11

1−16/CuDum 1.26±0.43 0.42±0.11
AβE11

1−16/CuDum2 1.09±0.45 0.46±0.12
AβA2

1−16/CuDum 2.64±0.49 0.67±0.11
AβA2

1−16/CuDum2 1.73±0.83 0.53±0.11
CuZnSOD/ZnDum/CuDum 1.54±0.16 0.71±0.03
CuZnSOD/ZnDum/CuDum2 1.56±0.12 0.81±0.04

Supplementary figures

M0+ (gas) M0+ (water)

Mn+ (gas) Mn+ (water)

>
_ _

>

>_

>_∆GLJ

∆Gelec

∆Ghyd

∆G=0

Figure S1: Thermodynamic cycle for the calculation of the hydration free energy, ∆Ghyd,
which is the sum of ∆GLJ and ∆Gelec.
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∆Gelec=-459.9±0.2 kcal/mol 

∆GLJ=-22.8±0.1 kcal/mol ∆Gelec=-434.6±0.2 kcal/mol 

∆GLJ=-24.4±0.1 kcal/mol ∆Gelec=-417.8±0.2 kcal/mol 

∆GLJ=-20.6±0.1 kcal/mol 

∆Ghyd= -442.2 kcal/mol 

∆Ghyd= -457.4 kcal/mol 

∆Ghyd= -480.5 kcal/mol 

d    = 2.08 ÅZn-O

d    = 2.02 ÅZn-O

d    = 1.96 ÅZn-O

Figure S2: Radial distribution function (RDF, red), coordination number (CN, blue) and
∆Ghyd = ∆GLJ + ∆Gelec for Zn2+ dummy models in water. ∆GLJ and ∆Gelec are calculated
by summing over the 21 intermediate states ranging from λ=0 and λ=1 applying Eq. S7.
Results are shown for σhigh

ZnO (top), σmiddle
ZnO (middle) and σlow

ZnO (bottom). σmiddle
ZnO produces

the best results and was thus chosen for the ZnDum model considered in this study. The
experimental values are: dZn−O = 2.08 Å and ∆Ghyd = −483.3 kcal/mol.
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elongated octahedron               standard octahedron                 compressed octahedron

Figure S3: Three different octahedral geometries which were tested in the process of param-
eterization of CuDum.
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Figure S4: Radial distribution function (RDF, red), coordination number (CN, blue) and
∆Ghyd = ∆GLJ + ∆Gelec for Cu2+ dummy models in water. ∆GLJ and ∆Gelec are calculated
by summing over the 21 intermediate states ranging from λ=0 and λ=1 applying Eq. S7.
Results are shown for different octahedral geometries. The charge distribution was kept
constant with axial charges qax = 0.05e and equatorial charges qeq = 0.725e. Two elongated
(a) and (b), the regular (c), and two compressed (d) and (e) octahedra were tested. The
compressed octahedron with 1.0 Å for Cu–Deq and 0.8 Å for Cu–Dax produces the best results
and was thus chosen for the CuDum model considered in this study. The experimental values
are: d eq

Cu−O = 1.96 Å, d ax
Cu−O = 2.28 Å and ∆Ghyd = −496.16 kcal/mol.

S15

4 Results

92



a b c

∆GLJ=-22.7±0.1 kcal/mol ∆Gelec=-461.6±0.3 kcal/mol 

∆Ghyd= -484.3 kcal/mol 

d    = 1.96 Å
eq

Cu-O

d    = 2.18 Å
ax

Cu-O

Figure S5: The Jahn-Teller effect and ∆Ghyd for CuDum2 in water. (a) Radial distribution
function (red, left y axis) and coordination number (blue, right y axis) for water around
CuDum2. The free energy contributions dGLJ/dλ (b) and dGelec/λ (c) as a function of the
coupling parameter λ. ∆GLJ and ∆Gelec are calculated by summing over the 21 intermediate
states ranging from λ=0 and λ=1 applying Eq. S7. The experimental values are: d eq

Cu−O =
1.96 Å, d ax

Cu−O = 2.28 Å and ∆Ghyd = −496.16 kcal/mol.
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H71
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Figure S6: The final snapshots of CuDum2 in protein systems taken from 100-ns MD simu-
lations of (a) AβE11

1−16/CuDum2, (b) AβA2
1−16/CuDum2, and (c) CuZnSOD/ZnDum/CuDum2.

The proteins are shown in cartoon presentation and colored red for β-sheet, purple for 310
helix, yellow for turn, and white for coil. The N- and C-terminus of Aβ1−16 is indicated by a
blue and red bead, respectively. The metal binding sites are shown in Corey-Pauling-Koltun
(CPK) presentation using turque for C, blue for N, red for O and white for H atoms while
Zn2+ is shown in grey and Cu2+ in orange.
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Figure S7: Recovery of the square planar Cu2+ geometry for AβA2
1−16/CuDum after distorting

the metal binding site. (a) In the distorted structure the His residues have been moved away
and also rotated. (b) Energy minimization recovers the square planar binding site with the
Cu2+–ligand distances (in Å) being close to the average equilibrium distances (Table S4).
For coloring explanation see Figure S6.
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1 Introduction
Alzheimer’s disease (AD) is the most common form of dementia and a progressive irreversible
neurodegenerative disorder, which results in neuronal dysfunction, cognitive disability and
finally death [1–3]. It is characterized by the abnormal deposition of extracellular senile
plaques, of which the primary component is amyloid-β (Aβ) peptides ranging from 39 to 43
residues. The Aβ peptides are cleaved from the amyloid precursor protein (APP) by β- and
γ-secretase, and the 40-residue (Aβ1−40) and 42-residue (Aβ1−42) peptides are the most two
prevalent alloforms found in plaques [3]. With two additional residues Ile41-Ala42, Aβ1−42

is reported to be more toxic than Aβ1−40 in vitro [4] and in vivo [5]. The Aβ monomers are
mostly determined to be random coil in physiological buffer, but readily aggregate to form
fibrils with a cross-β-sheet pattern. There is strong evidence suggesting that the small-size
oligomers rather than mature fibrils are the most neurotoxic species [6, 7].

Thus, it is essential to characterize the Aβ dimer and small-size oligomers for understand-
ing the first stage of Aβ aggregation. Because of the high aggregation propensity of Aβ, only
low-resolution experimental data on the dimers and oligomers is available [8]. Using a com-
bination of different experimental techniques (CD spectroscopy, Thioflavin T fluorescence,
atomic force microscopy (AFM) etc.), Teplow et al. [9] reported that the Aβ oligomers exhibit
an order-dependent increase in β-strand content, and thus suggested that dimerization and
subsequent monomer addition were processes in which significant and asymmetric monomer
conformational changes occur. Walsh et al. [10] have confirmed the potential synaptotoxicity
of the Aβ dimer in vivo. Recently, Aβ dimers isolated directly from Alzheimer’s brains have
been suggested to be the smallest synaptotoxic species that damage the synaptic plasticity
and memory [11]. A collision cross section (CCS) of 1256 Å2 for Aβ1−42 dimers was reported
by Bernstein et al. [12] using ion-mobility mass spectrometry. However, it is still extremely
difficult to determine high resolution structures for the Aβ oligomers because of the fast rate
of aggregation in aqueous solution.

Molecular dynamics (MD) simulations have been extensively applied to study the con-
formational dynamics of Aβ1−40 and Aβ1−42 monomers at atomistic level in explicit sol-
vents [13–16], more details were reviewed by Nasica-Labouze et al. [17]. Several MD sim-
ulations have been performed on Aβ1−40 and Aβ1−42 dimers using various coarse-grained
(CG) models [18–20] and all-atom force fields with explicit solvents [20–25]. Moreover, the
Aβ1−42 dimer was also studied by all-atom Monte Carlo simulations with an implicit solvent
model [26, 27]. It has been suggested that the interface of Aβ1−42 dimer primarily consists
of the central hydrophobic core (CHC, Leu17-Ala21) and the C-terminal hydrophobic re-
gion (CHT, Gly29-Ala42) with predominant inter-chain contacts of CHC-CHC, CHT-CHT
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and CHC-CHT, though the contact probabilities vary depending on the force fields and the
sampling approaches applied [19,20,22,24,27]. Similar binding interfaces were also reported
by other simulations of larger Aβ oligomers [28–30]. Furthermore, the β-strand content was
mainly sampled at the CHC and CHT regions [20,22–24], though much higher probabilities
of β-strand was also found at the N-terminal region in the study of Mousseau et al. [19].

Metal ions such as Cu2+ and Zn2+ have been indicated to be involved in the Aβ aggre-
gation and toxicity [31,32] as high concentrations of these ions were found in senile plaques
composed of the Aβ peptides. A lot of studies with experimental [33–39] and theoreti-
cal [13, 40–42] techniques have been performed to investigate the coordination chemistry
of Cu2+ with Aβ monomers. Currently, the coordination modes for Cu2+ binding the Aβ
monomers as suggested by Drew et al. [38, 39] and Faller et al. [43–45] are mostly accepted
though contradicting results exist [31, 32, 46, 47]. Fewer studies have focused on the coor-
dination chemistry of Cu2+ and Aβ oligomers and its roles involved in the aggregation of
Aβ. Three aggregation pathways have been proposed for the Cu2+-induced Aβ aggrega-
tion based on different Cu2+:Aβ ratios [48, 49]. An Aβ dimer with Cu2+ acting as a bridge
like Aβ–Cu2+–Aβ was thought to be significantly involved in the Cu-induced Aβ aggrega-
tion [50]. Similarly, an Aβ1−42 dimer bridged by a Cu2+ was also determined by Hane et
al. [51] using single molecule atomic force spectroscopy (AFS) in combination with atomic
force microscopy (AFM). It was suggested that Cu2+ affects the Aβ1−42 aggregation by in-
creasing the binding force between the peptides. However, such Aβ–Cu2+–Aβ dimers were
reported to be unlikely by other studies [52]. Cu2+ may promote the formation of a four-
coordinate Aβ dimer with a pair of His13 and His14 from two jacent Aβ monomers, which
may act as a "seed" in the process of Aβ aggregation [53]. A molecular modelling study
also suggested such a coordination mode for Cu2+ [54], and it was also reported for Zn2+

based on in vitro experiments [55]. There are some experimental structures of Aβ1−40/Cu2+

oligomers, which exhibit well-ordered β-sheet motifs [56, 57]. However, the mechanism by
which Cu2+ modulates the aggregation of Aβ is still missing, nor is the initialization of Aβ
dimer formation involving Cu2+ known.

In order to investigate the roles of Cu2+ in Aβ1−42 dimerization, we performed ex-
tensive Hamiltonian replica exchange molecular dynamics (H-REMD) simulations of the
Aβ1−42 dimer in explicit solvent with and without the presence of Cu2+. In the complex
of 2Aβ1−42/Cu2+, Cu2+ is coordinated by a pair of His13 and His14 from the two Aβ1−42

monomers, as suggested by Yeung and Axelsen [53]. Both a bonded model and a nonbonded,
so-called dummy model [58], were applied to describe the interactions between Cu2+ and
Aβ1−42. Our H-REMD simulations suggest that Cu2+ greatly promotes the formation of
β-sheet at the C-terminal regions of Aβ1−42.
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2 Methods

2.1 Structural Model

The initial structure of the Aβ1−42 dimer in complex with Cu2+ (2Aβ1−42/Cu2+) was con-
structed by homology modeling with distance restraints at the Cu2+ coordination center,
one Cu2+ coordinated by four His residues [53]. The template was created by putting two
Aβ1−42 monomers (PDB ID: 1Z0Q [59]) parallel at a distance of 5.5 Å. The distance re-
straints were based on the optimized model of Cu2+ coordinated with 4 imidazole rings at
the B3LYP/def2-TZVP level [60–63] with D3 dispersion correction [64], as highlighted in
Figure 1. Modeller v9.11 [65] was used to do the homology modelling, 100 models were gen-
erated, and the best one (Figure 1) was chosen based on the assessment by DOPE [66] and
GA341 [67, 68] scores. Removing Cu2+ in the complex 2Aβ1−42/Cu2+ leads to the Aβ1−42

dimer without Cu2+, (2Aβ1−42), which was simulated for comparison.

Figure 1: The initial structure of the Aβ1−42 dimer in complex with Cu2+ is shown in new
cartoon, and the Cu2+ binding residues are shown in Corey-Pauling-Koltun (CPK) and
coloured by chemical elements: cyan for carbon (C), blue for nitrogen (N), red for oxygen
(O), white for hydrogen (H) and orange for Cu2+ atoms. The peptide color is based on
secondary structure: blue for α-helix, yellow for turn and white for coil structures. The N-
and C-termini are represented by blue and red beads, respectively.
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2.2 Parameterization of Cu2+-Aβ interactions

In this study, both a bonded and a dummy [58] models were used for Cu2+ binding to Aβ1−42.
The bonded model defines bonds, angles and torsions between the metal ion and its ligands,
and van der Waals and electrostatic interactions between metal ion and ligands are added to
the force field. This model has been widely used to study the interactions between metal ions
and proteins [69–71]. This method attempts to define both the correct binding geometry and
the correct electrostatic representation of the metal active site because simply assigning a
plus two formal charge to a divalent metal ion would not describe the reality of the electronic
structure of a metal ion/ligand complex [72]. The OPLS-AA/L [73,74] force field parameters
for the bonded plus electrostatics model for the (Aβ1−42)2/Cu2+ complex were derived based
on the calculations using QM methods. It has been shown that OPLS-AA/L produces results
for Aβ in terms of helical and β-strand contents, calculated NMR J-coupling constants and
chemical shifts, and radii of gyration that agree well with experimental data [75,76]. Other
force fields (e.g., AMBER03, CHARMM22/CMAP) produce Aβ structures in conflict with
experimental findings [75,76]. The functional form of OPLS/AA-L is given by [74]:

EMM =
∑

bonds

Kr(r − req)2 +
∑

angles

KΘ(Θ−Θeq)2+

∑

dihedrals

3∑

n=1

Vn

2 [1 + cos(nφ)] +

∑

i<j

fij

[
qiqje

2

rij

+ 4εij

(
σ12

ij

r12
ij

− σ6
ij

r6
ij

)]
(1)

Kr and KΘ are the stretching and bending force constants, while req and Θeq are the equilib-
rium bond lengths and angles, respectively. Vn is the torsional (out-of-plane) energy barrier
for changing the dihedral angle, φ, with periodicity n. qi and qj are the partial charges of the
interacting atoms with rij being the distance between them. εij and σij are the geometric
mean values (εij =

√
εiiεjj and σij =

√
σiiσjj) of the van der Waals parameters of atoms i and

j. Intramolecular nonbonded interactions are counted only for atoms three or more bonds
apart (fij = 1.0); 1,4 interactions are considered but scaled down by the factor fij = 0.5.

The Cu2+ binding site was suggested by Yeung and Axelsen [53], in which Cu2+ is co-
ordinated by four His residues (His13 and His14) from the two Aβ1−42 monomers. The
system of the four imidazole rings of the four His residues in complex with Cu2+ was used
for the QM calculations. This system was optimized at the B3LYP/def2-TZVP level [60–63]
with D3 dispersion correction [64] using the Turbomole V6.3 program [78]. The force con-
stants for bonds (Kr) and angles (KΘ) related to Cu2+ were derived from QM potential
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Figure 2: The fully optimized structure of the copper binding sites with the RESP charges
derived at B3LYP/6-31G* level, blue and red are for positive and negative charges, respec-
tively. The atoms involved in the bonds and angles with Cu2+ are also labelled. The figure
was generated with VMD [77].

energy surface (PES) scans based on the fully optimized copper coordination model, while
the equilibrium values of those bonds (req) and angles (Θeq) were taken from the fully opti-
mized geometry directly. As the geometry of the Cu2+ binding sites is symmetric as shown
in Figure 2, we defined only one bond type for the four bonds involving Cu2+ (Cu2+–X,
X is one of the coordinating N atoms) and three angle types for the 14 angles related to
Cu2+ (Xi–Cu–Xj and Cu–X–Y, Xi and Xj are two different atoms belonging to X, Y are
atoms bound to X.). Then we performed PES scans for one bond (Cu2+–NE4) and three
angles (NE1–Cu2+–NE2, NE1–Cu2+–NE3 and Cu2+–NE1–CD2) describing the bond and
angle types, respectively (Figure 2). The torsional parameters Vn were neglected as com-
monly done in the bonded plus electrostatics model [72,79,80] as the coordination site with
bonded Cu2+ is quite rigid and usually devoid of significant torsional freedom. The most
widely used restrainted electrostatic potential (RESP) [81] was utilized to derive the atomic
partial charges [79,82]. Based on the fully optimized copper coordination model (Figure 2),
the electrostatic potential was calculated at B3LYP/6-31G* level with Gaussian 09 [83], and
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the fitting was done by antechamber [84] of AmberTools 14. Finally, we performed molecular
mechanics (MM) scanning as implemented in Gromacs [85–87] using the derived parameters
to reproduce the QM curves, as a validation method [88,89].

Table 1: OPLS-AA/L parameters for bonds and angles of the Cu2+ binding sitesa.

Bonds req (Å) Kr (kcal/mol·Å2) Bonds req (Å) Kr (kcal/mol·Å2)
Cu2+–NE1 2.019 95.6 Cu2+–NE2 2.016 95.6
Cu2+–NE3 2.019 95.6 Cu2+–NE4 2.021 95.6
Angles Θeq (◦) KΘ (kcal/mol·rad2) Angles Θeq (◦) KΘ (kcal/mol·rad2)

NE1–Cu2+–NE2 89.8 19.4 NE2–Cu2+–NE3 89.9 19.4
NE3–Cu2+–NE4 90.2 19.4 NE1–Cu2+–NE4 90.1 19.4
NE1–Cu2+–NE3 177.6 11.6 NE2–Cu2+–NE4 178.7 11.6
Cu2+–NE1–CD2 126.6 14.1 Cu2+–NE2–CD2 126.3 14.1
Cu2+–NE1–CE1 126.4 14.1 Cu2+–NE2–CE1 126.8 14.1
Cu2+–NE3–CD2 125.6 14.1 Cu2+–NE4–CD2 126.5 14.1
Cu2+–NE3–CE1 127.5 14.1 Cu2+–NE4–CE1 126.7 14.1
a : For atom names, see Figure 2

In the nonbonded Cu2+ model one places a number of dummy atoms (4 or 6) around the
metal ion, which are covalently connected to the metal ion in a tetrahedral or octahedral
geometry, and each of the dummy atoms possesses the same partial charge [90–93]. Com-
paring to the bonded model, it is possible to model ligand exchange and/or interconversion
between different coordination geometries with the dummy model [93]. Recently, we devel-
oped a Cu2+ dummy model which includes the Jahn-Teller effect [58]. It was proposed that
ligand exchange existed in the folding and aggregation of Aβ1−42 involving Cu2+, but it is
not possible to distinguish between high affinity Cu2+ coordination and a transient small
fraction of the Cu2+ coordinating to a single ligand [94]. Thus, the Cu2+ dummy model was
applied for the same initial structure of the dimer shown in Figure 1 in this study.

2.3 Hamiltonian replica exchange molecular dynamics simulations

Hamiltonian replica exchange molecular dynamics (H-REMD) simulations [95,96] were per-
formed to improve the conformational sampling of the Aβ1−42 dimer. As an enhancing
algorithm, it is based on executing simultaneous simulations (replicas) with different Hamil-
tonians (energies) of the same system and allowing exchanges at a given frequency between
replicas i and j respectively at neighbouring scales m and n with a probability of [95]
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P (Xi ↔ Xj) = min
[
1, exp

(
−Hm(Xj) +Hm(Xi)

kBT

+ −Hn(Xi) +Hn(Xj)
kBT

)] (2)

where H is the Hamiltonian, X are the coordinates, T is the temperature and

Hm(X) = λmHpp + (λm)1/2Hps +Hss(X) (3)

where Hm is the Hamiltonian at scale m, and Hpp, Hps, Hss are the protein-protein, protein-
solvent, solvent-solvent energies, respectively. λm is the scaling factor at scale m (λm ≤ 1.0).
Previous H-REMD tests of trpcage and a β-hairpin indicated a significantly lower computa-
tional cost and better sampling than with the temperature replica exchange algorithm [95].

Gromacs 4.6.7 simulation package [85–87] in combination with the PLUMED plugin
(version 2.1) [97] were used to perform the H-REMD simulations [96] of the 2Aβ1−42 and
2Aβ1−42/Cu2+ systems. The dimer was modelled with the OPLS-AA/L force field [73, 74],
and it was centered in a cuboid with a dimension of 8.0×6.0×6.0 nm3, and periodic boundary
conditions were employed for the boundary treatment. The box was solvated with TIP4P
explicit water molecules [98]. A sufficient number of sodium and chloride ions were added to
achieve system charge neutrality while at the same time achieving a NaCl concentration of
0.150 M, which is part of the physiological milieu. Energy minimization was performed on
the entire system using both the steepest descent and the conjugate gradient methods. After
minimization, 500 ps of each NVT and NPT position-restrained dynamics were performed
with a restraining force of 1000 kJ/mol·nm2 on the non-hydrogen atoms of the peptide, which
allowed the water molecules to equilibrate around the restrained peptide, thereby removing
bad contacts and bringing the system close to equilibrium.

The final coordinates of the NPT equilibration were used as the initial coordinates for
sampling without any position restraints. 24 scaling factors ranging from λm = 1.0 to 0.4 were
generated by a geometric distribution, which were used in the H-REMD simulation of each
dimer system. For the simulations of 2Aβ1−42 and 2Aβ1−42/Cu2+, each replica was subjected
to 200-ns sampling in an NPT ensemble. A canonical thermostat with stochastic velocity
reassignment [99] and a coupling constant of 0.5 ps was used to keep the system at a 300 K
during all simulations. For the NPT simulations a Parrinello-Rahman barostat [100] with 1.0
bar pressure and 1.0 ps coupling constant was employed. Both van der Waals and Coulombic
interactions were truncated at 1.2 nm, and the long-range electrostatic interactions were
calculated using the Particle Mesh Ewald method [101]. The neighbour-list was updated

8

4 Results

107



every 10 steps with a cut-off of 1.2 nm. The LINCS algorithm [102] was used to constrain all
bond lengths during the MD simulations. The use of virtual sites for hydrogen atoms allowed
the use of a 4-fs time-step. An exchange between neighbouring replicas was attempted every
2 ps, which resulted in an exchange ratio of 20-35%. The coordinates were saved every 1 ps,
and the last 100-ns of the replica at λm=1.0 from each H-REMD simulation was utilized for
further analysis.

In order to test whether ligand exchange plays a role for the Cu2+ coordinated dimer,
we also performed an H-REMD simulation for the Aβ1−42 dimer in complex with the Cu2+

dummy model (2Aβ1−42/CuDum) [58]. The initial structure for this simulation was taken
from the H-REMD simulation of 2Aβ1−42/Cu2+ at 100 ns and λ = 1.0. The protocol for
the simulation of 2Aβ1−42/CuDum is the same as that for the 2Aβ1−42 and 2Aβ1−42/Cu
systems, except that a 2-fs time-step was used and each of the 24 replicas was subjected
to only 100-ns sampling as this simulation was started from the equilibrated 2Aβ1−42/Cu2+

state. The exchange ratio between replicas was also around 20-35%.

2.4 Analysis

The last 100-ns sampling at λ = 1.0 of each system (100,000 frames in total) was used for all
the analyses. Cluster analysis is a convenient tool to separate the conformational ensemble
into clusters with similar geometry. The trajectory of each system was clustered every other
frame (50,000 frames in total) using the cluster analysis method of Daura et al. [103]. A
root mean square deviation (RMSD) cut-off of 2.0 Å between backbone atoms was used for
the clustering. Root mean square fluctuation of Cα atom of each residue was calculated
to describe the flexibility of the peptide. The formation of secondary structure such as α-
helix and β-sheet are crucial in the studies of intrinsically disordered, fibrillogenic proteins
of neurodegenerative diseases. A widely used program, DSSP [104] (dictionary of protein
secondary structure), was applied to determine the secondary structure for each system. The
VMD software [77] was used to visualize the peptide structures.

3 Results and Discussions

3.1 Parameterization

Firstly, we derived the force field parameters for describing the interactions between Cu2+ and
the Aβ1−42 dimer as there is no standard force field for modelling metal–protein interactions.
The harmonic potential, already used for metalloproteins [88, 89], is applied to bonds and
angles that involve Cu2+, and the force constants are derived by calculating the potential
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A B

Figure 3: QM and MM potential energy curves for bond stretching (A) and angle bending
(B). QM curves are shown as solid lines with circles, whereas MM curves as solid lines with
squares. Different colors correspond to different bonds or angles involving Cu2+.

energy profiles with QM methods. Though the harmonic oscillator approximation is widely
applied in the standard force fields of proteins and other biomolecules, it can only be adopted
for bonds and angles close to their equilibrium positions. Therefore, we only computed the
potential energy profiles around the corresponding equilibrium positions of bonds and angles
involving Cu2+. The force field parameters for bonds and angles fitted to the PES from QM
calculations using the least-squares method are summarized in Table 1, while the derived
atomic partial charges of the Cu2+ binding sites using RESP method are shown in Figure 2.
After geometry optimization at the B3LYP/def2-TZVP level with D3 dispersion correction,
a square planar geometry for Cu2+ coordination sphere was observed, and the equilibrium
values of Cu2+–N bonds obtained from the QM optimized structure are around 2.0 Å, which
are very close to previous experimental and theoretical results [40, 42,56].

For validation, we reproduced the QM potential energy curves by using the MM method
with the newly developed parameters for bonds and angles. As shown in Figure 3, the QM
curves of the bond are reproduced by the MM curves within reasonable deviations close
to the equilibrium value. The equilibrium value of the MM curve is increased by around
0.02 Å, and the deviations between relative MM and QM energies become larger when the
bond is far from its equilibrium values. The reasons for this deviation is likely due to the
harmonic approximation used. However, the MM curves of angle scanning reproduce the
corresponding QM curves well. For further validation, we performed a 10-ns MD simulation
of the coordinated copper complex with the newly derived parameters. The geometry of the
complex was well preserved during the 10-ns simulation: the bond lengths and angles in-
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volving Cu2+ remained near their corresponding equilibrium values and the potential energy
was conserved (data not shown). We concluded that these parameters can be used to model
interactions between Cu2+ and the Aβ1−42 dimer in large-scale MD simulations.

3.2 Convergence of the H-REMD simulations

One of the advantages of the H-REMD method is that good conformational sampling can
be obtained in reasonable wall-clock time compared to conventional MD simulations, and
it is computationally cheaper and more efficient than standard temperature REMD. For
our simulations, the exchange probabilities are around 25–30% for all three systems, which
guarantees good sampling. In order to further confirm the convergence of the simulations,
the secondary structure contents as a function of the scaling factor λ were calculated for three
different time windows: 100–130, 100–160 and 100–200 ns for 2Aβ1−42 and 2Aβ1−42/Cu2+,
and for time intervals: 0–30, 0–60, 0–100 ns for 2Aβ1−42/CuDum. As shown in Figure 4, the
superposition of the curves for the three different time intervals suggests that the propensities
of coil content have converged in the three systems. The helix propensity as a function of
the amino acids in different time intervals for the three systems is shown in Figure 5. Little
change is observed for the percentage of helix content for each residue as the simulation
progresses. Similar results were also obtained for the other secondary structure elements.
Taken together, the results confirm the convergence of the simulations. Thus, the analysis
was based on the ensemble trajectory at λ = 1.0 from 100 to 200 ns for 2Aβ1−42 and
2Aβ1−42/Cu2+, and from 0 to 100 ns for 2Aβ1−42/CuDum.

A: B: C:2Aβ1−42 2Aβ1−42/Cu2+ 2Aβ1−42/CuDum

Figure 4: The propensity of coil as a function of scaling factor λ for the different time
intervals 100-130, 100-160, 100-200 ns for 2Aβ1−42 (A), 2Aβ1−42/Cu2+ (B), and 0-30, 0-60,
0-100 ns for 2Aβ1−42/CuDum (C).
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2Aβ1−42A:

2Aβ1−42/Cu2+B:

2Aβ1−42/CuDumC:

Figure 5: The helix propensity of each residue at λ=1.0 for the different time intervals and
the three systems: 2Aβ1−42 (A), 2Aβ1−42/Cu2+ (B) and 2Aβ1−42/CuDum (C).

3.3 Effects of Cu2+ binding on the flexibility of Aβ1−42 dimer

In order to assess the conformational flexibility of the Aβ1−42 dimers, we performed cluster
analysis and computed the root mean square fluctuations (RMSF) of individual residues for
the three systems.

3.3.1 Clustering

The conformations sampled at λ = 1.0 for each of the three systems are clustered by consider-
ing only the backbone atoms. The populations of the top ten clusters are shown in Figure 6.
There are less clusters (80) for 2Aβ1−42/Cu2+ than for the other two systems (483 for 2Aβ1−42

and 488 for 2Aβ1−42/CuDum). The most populated 2Aβ1−42/Cu2+ cluster (55.9%) has more
than four times and twice as much of the population of the 2Aβ1−42 (12.3%) and population
of 2Aβ1−42/CuDum (21.3%) clusters, respectively. Similar populations are found for all the
other clusters, as shown in Figure 6. These results indicate that the bridged Cu2+ geometry
greatly decreases the conformational flexibility of the Aβ1−42 dimer while the Cu2+ dummy
model does allow for conformational flexibility.

The central conformations of the first two largest clusters of each system are shown in
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Figure 6: The populations of the top ten clusters for 2Aβ1−42, 2Aβ1−42/Cu2+ and
2Aβ1−42/CuDum, respectively.

Figure 7. Generally, the most abundant residual secondary structure elements for all of
the dimer conformations are turn, bend and coil structures. For the Aβ1−42 dimer without
Cu2+ (2Aβ1−42), two β-hairpins are observed in both chains of the most prominent cluster
(Figure 7A). In chain A, the β-hairpin locates at the CHC (Phe19–Ala21) and the C-terminal
polar (Asn27–Gly29) regions while it is at the CTH region (Lys28–Ile31 and Met35–Val39)
of chain B. Meanwhile, there are also α- (Glu11–Phe19) and 310 (Phe20–Glu22) helices
sampled in chain B but none in chain A. The central conformation of the second largest
cluster (Figure 7B) is quite similar to the one of the largest cluster, with an RMSD of only
3.15 Å for the backbone atoms between them. The β-hairpin in chain A is preserved while
the one in chain B is gone. The helices in chain B are mostly preserved only that the 310-
helix (Ala2–Phe4) appears at the N-terminal region. For the Aβ1−42 dimer with a bridged
Cu2+ (2Aβ1−42/Cu2+), two β-hairpins are observed at the CHC (Phe19–Glu22) and central
hydrophilic (Asn27–Gly29) regions as well as at the CTH region (Leu34–Val36 and Val39–
Ile41) of chain B for the most dominant cluster (Figure 7C), while there is a short β-sheet
(Arg5–His6) sampled at the N-terminal region of chain A, which is in contact with one of the
β-hairpins in chain B. A 310-helix was sampled for both chain A (Val18–Phe20) and chain
B (Val12–His14) at different positions. Two β-hairpins of 2Aβ1−42/Cu2+ are present in the
second largest cluster (Figure 7D), one is at the N-terminal region (Arg5–His6 and Gly9–
Tyr10) of chain A, the other is at the CTH region (Ala30–Ile31 and Val36–Gly37) of chain
B. Moreover, there are interchain β-sheets, two β-strands (Phe19–Glu22 and Ala30–Ile31)
from chain B form a sheet with another strand (Leu17–Phe20) from chain A.

In the 2Aβ1−42/CuDum system, the nonbonded CuDum is not stable at the coordination
center but prefers to interact with negatively charged residues. CuDum is coordinated with
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residues Asp1, Glu3 and Asp23 of chain A in the central structure of the largest cluster
of 2Aβ1−42/CuDum (Figure 7E) while it is coordinated with residue Glu11 in chain A of
the second cluster (Figure 7F). Two β-hairpins appear in the most dominant cluster of
2Aβ1−42/CuDum (Figure 7E), one is at the C-terminal region (Gly25–Asn27 and Met35–
Gly37) of chain A while the other one is at the CHC (Phe20–Ala21) and C-terminal polar
(Asn27–Lys28) regions of chain B. Furthermore, interchain β-sheets are observed at the C-
terminal regions of both chain A (Val39–Val40) and chain B (Gly37–Gly38). The secondary
structures of chain B formed in the second cluster of 2Aβ1−42/CuDum are quite similar to
chain B of the first cluster of 2Aβ1−42/Cu2+. The β-hairpin sampled in chain A of the first
cluster of 2Aβ1−42/CuDum is preserved in the second cluster, which is gone in chain A of
the first cluster of 2Aβ1−42/Cu2+. In addition, a α-helix is sampled at the N-terminal region
(Val12–Lys16) of chain A in the second cluster.

Figure 7: Central structures of the two most populated clusters for each of the three systems
2Aβ1−42, 2Aβ1−42/Cu2+ and 2Aβ1−42/CuDum, respectively. The population is given below
each structure, and chain A and chain B are labelled. The peptide color is based on the
secondary structure: red for β-sheet, blue for α-helix, orange for 310-helix, yellow for turn,
black for β-bridge and white for coil structures. The N- and C-termini are represented by
blue and red beads, respectively.
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3.3.2 Root mean square fluctuations

As can be seen from the root mean square fluctuation (RMSF) plots in Figure 8, the bridged
Cu2+ greatly stabilizes Aβ1−42 in the 2Aβ1−42/Cu2+ dimer, while CuDum only slightly de-
creases the flexibility of Aβ1−42 compared to the 2Aβ1−42 system without Cu2+. For 2Aβ1−42,
the flexibility of the residues in chain A increases gradually from N-terminal (RMSF, ∼1.5
nm) to C-terminal (RMSF, ∼2.0 nm) regions, while the N-terminal and the CHC regions of
chain B possess equivalent higher flexibility. Residues Asn27–Lys28 are least flexible in chain
B. For the Aβ1−42 dimer with CuDum, the flexibility of chain A is similar to that in 2Aβ1−42,
increasing from the N- to the C-terminus only with bigger "RMSF valleys", compared to the
rest of the peptide. There is one big "RMSF valley" spanning from Gly9 to Val36 of chain
B, i.e. chain B in 2Aβ1−42/CuDum is generally less flexible. The RMSF plots for chain A
and chain B in 2Aβ1−42/Cu2+ are similar to each other. The CHT region is rigid for both
chains, and so is the region of His13–His14 as they are bonded to the Cu2+ ion. Relatively
higher flexibility was observed at the N-terminal and central polar regions for both chains.

Figure 8: Average RMSF of the Cα atoms for the 2Aβ1−42, 2Aβ1−42/Cu2+ and
2Aβ1−42/CuDum systems, respectively.
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Figure 9: Averaged secondary structure content per residue for the 2Aβ1−42, 2Aβ1−42/Cu2+

and 2Aβ1−42/CuDum systems, respectively. The helix content contains α-, 310- and π-
helix structures, while the sheet content includes β-sheet and β-bridge structures. The coil
structure is not shown.

3.4 Effects of Cu2+ binding on the structure of Aβ1−42 dimer

3.4.1 Secondary structure

The secondary structure transitions, especially the formation of β-sheets play a remarkable
role in the aggregation processes and toxicity of Aβ peptides [1,9,105]. The propensities for
secondary structure elements for the three Aβ1−42 dimer systems were calculated and are
shown in Table 2 and Figure 9. In general, the most abundant residual secondary structure
elements for all three systems are turn, bend and coil structures, especially at the N- and C-
termini. More sheet contents were sampled for 2Aβ1−42/Cu2+ (15.5%) and 2Aβ1−42/CuDum
(14.9%) than for 2Aβ1−42 (11.4%). And less helix structures were observed for 2Aβ1−42/Cu2+

(6.3%) than for 2Aβ1−42 (8.1%) and 2Aβ1−42/CuDum (8.2%).
As shown in Figure 9, 2Aβ1−42 is characterized by helical structures at the N-terminal re-

gion (Val12–His14) of chain A and at the N-terminal (Ala2–Phe4) and central (Glu11–Val18,
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Phe20–Glu22) regions with probabilities around 25%. With bonded Cu2+, a very localized
propensity for helix structures with probabilities around 50% were determined for both chain
A (Val18–Phe20) and chain B (Val12–Val18). For 2Aβ1−42/CuDum, helical structures mainly
appear at the N-terminal region of both chain A and chain B with rather high propensity
(∼70%) and at the CHC region of chain A with lower propensity (∼25%). Furthermore,
the sheet structures sampled in chain A of all the three dimer systems are more populated
than in chain B with moderately high propensities. More sheet structures are observed in
the CTH region of chain A of 2Aβ1−42 compared to 2Aβ1−42/Cu2+ and 2Aβ1−42/CuDum.
However, sheet structures in chain B of both 2Aβ1−42/Cu2+ and 2Aβ1−42/CuDum are more
often present than in chain B of 2Aβ1−42, and there are rarely sheet structures sampled at
the N-terminal and the central regions of chain A in 2Aβ1−42.

Table 2: Secondary structure propensities of in the three Aβ1−42 dimer systems.
Systems Helix (%) Sheet (%) Bend (%) Turn (%)
2Aβ1−42 8.1±6.2 11.4±7.5 26.7±4.3 12.3±4.8

2Aβ1−42/Cu2+ 6.3±3.3 15.5±6.3 26.6±4.5 8.9±3.3
2Aβ1−42/CuDum 8.2±3.7 14.9±3.6 25.1±5.2 11.0±3.9

3.4.2 Salt bridges

The presence of salt bridges has been suggested to be of great importance in stabilizing
the structure of the Aβ1−42 dimer [20, 23]. At physiological pH, Aβ1−42 has three positively
charged residues: Arg5, Lys16 and Lys28, which can form salt bridges with each of the six
negatively charged residues: Asp1, Glu3, Asp7, Glu11, Glu22 and Asp23. We calculated
all propensities for all possible salt bridges in 2Aβ1−42, 2Aβ1−42/Cu2+ and 1Aβ1−42/CuDum
systems. The populations of the intramolecular salt bridges with high probabilities >30%
in at least one of the chains in the three systems are listed in Table 3. No significant inter-
molecular salt bridges were found in all three system, which agree with Barz and Urbanc’s
finding [20]. The Glu3-Arg5 salt bridge is more stable in chain A than in chain B of 2Aβ1−42.
With Cu2+ bridging the dimer (2Aβ1−42/Cu2+), the salt bridge is very stable in both chains.
However, the stability of this salt bridge decreases in both chains when the bonded Cu2+

was replaced with CuDum. A turn structure centered at residue Gly25–Ser26 enables the
formation of the salt bridges Glu22-Lys28 and Asp23-Lys28. The Glu22-Lys28 salt bridge is
moderately stable in chain A but less stable in chain B of 2Aβ1−42. It is the other way round
in both 2Aβ1−42/Cu2+ and 2Aβ1−42/CuDum systems, where this salt bridge is more stable
in chain B than in chain A. Meanwhile, the salt bridge Asp23-Lys28 was only sampled with
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high propensity in chain B of 2Aβ1−42, whereas it was hardly found when bonded Cu2+ or
CuDum is present. Instead, residue Lys28 formed a moderately stable salt bridge with Glu11
in chain B of both 2Aβ1−42/Cu2+ and 2Aβ1−42/CuDum. Additionally, a moderately stable
salt bridge of Asp1-Lys16 was found in chain A of 2Aβ1−42/Cu2+ and 2Aβ1−42/CuDum but
it was missing in 2Aβ1−42. However, Lys16 formed a salt bridge with Glu11 with moderate
propensity in chain A of 2Aβ1−42, but this salt bridge was hardly found in 2Aβ1−42/Cu2+

and 2Aβ1−42/CuDum.
In general, the propensity to form intramolecular salt bridges is reduced when a copper ion

is bound to Aβ1−42 (2Aβ1−42/Cu2+ or 2Aβ1−42/CuDum). In particular, in 2Aβ1−42/CuDum
where CuDum prefers to interact with chain A, the formation of salt bridges is least pro-
nounced (especially in chain A).

Table 3: Population (%) of intramolecular salt bridges formed in the three Aβ1−42
dimer systems.

Salt bridge 2Aβ1−42 2Aβ1−42/Cu2+ 2Aβ1−42/CuDum
chain A chain B chain A chain B chain A chain B

Arg5-Glu3 91.1 54.7 93.0 82.7 66.3 78.2
Lys16-Asp1 0.0 0.0 40.1 0.0 26.7 0.0
Lys16-Glu11 34.2 1.0 0.7 0.0 1.2 0.0
Lys28-Glu11 0.0 0.1 0.0 56.9 0.1 32.8
Lys28-Glu22 38.8 6.3 0.9 72.4 8.9 87.4
Lys28-Asp23 6.2 52.0 10.4 7.1 1.6 0.0

4 Conclusions
In this work, we have studied the role of the copper ion in the dimerization of Aβ1−42

using both a bonded model and a nonbonded model for Cu2+. We first developed OPLS-
AA/L force field parameters for describing the interactions within the Cu2+ coordination
center: one copper ion coordinated by four His residues (His13 and His14) from each of
the two Aβ1−42 peptides composing the dimer [53]. After validation, these newly developed
parameters were used in the H-REMD simulation of 2Aβ1−42/Cu2+. The nonbonded model
for Cu2+ we developed [58] was also applied in this study.

We found that the bonded Cu2+ greatly decreases the flexibility of Aβ1−42 in the 2Aβ1−42/Cu2+

dimer while the nonbonded CuDum only slightly stabilizes Aβ1−42 compared to the 2Aβ1−42

system without Cu2+. The differences in the flexibility of the three systems are also reflected
by the populations of the most important conformational clusters. In our simulations, a
propensity of around 10-15% for β-sheets and of <10% for helices were found for either
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the three systems, which is close to the findings from previous experiments [9] and simula-
tions [20, 24]. We further observed that the bridged Cu2+ enhances the sampling of β-sheet
and disrupts the α-helix structures, which is of significant importance to the initialization
of Aβ1−42 aggregation. Specifically, Cu2+ stabilizes β-hairpins at the CHC and C-terminal
regions of Aβ1−42, which is consistent with our conclusions from the previous study on
monomeric Aβ1−42 with Cu2+. C-terminal β-hairpins have been shown to play significant
roles in the initialization of Aβ aggregation [106], and may therefore be a good therapeutic
target for the treatment of Alzheimer’s disease [107,108]. When using the nonbonded Cu2+

model during the H-REMD simulation, CuDum was not stable at the coordination center
and ligand exchange was observed. Both simulations involving copper (II) revealed that
Cu2+ binding to Aβ1−42 reduces the propensity of Aβ1−42 to form salt bridges.

In summary, our simulations reveal that Cu2+ promotes β-hairpins at the CHC and
C-terminal regions in the Aβ1−42 dimer, which may account for the enhanced toxicity of
Aβ/Cu2+ complexes. Future simulations of larger oligomers (trimers, tetramers etc.) are
needed to further understand the roles of Cu2+ in the process of Aβ aggregation.
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5 Conclusions

In this thesis, we investigated by means of computer simulations, the effect of Cu2+ ions

and environmental pH on the conformation and dimerization of the Aβ peptide. The

role of these two external factors in the aggregation of Aβ peptide has already been

demonstrated experimentally. However, the details of the molecular process is far from

being understood. The elucidation of the Cu2+ coordination to Aβ peptides is essential to

understand its role in the aggregation of the Aβ peptide. Some models have been proposed

for the Aβ1−16/Cu2+ complexes, based on experimental [76,77,79] and computational [74,

75,133] studies, but the mechanism of how Cu2+ modulates Aβ aggregation is still not

clear. We used the enhanced sampling, made possible by H-REMD simulations [134,

136], to provide information about conformational transitions of Aβ peptide folding and

aggregation upon Cu2+ binding and pH changes.

In our first study, we developed a set of OPLS-AA/L force field parameters to model

the interactions between Aβ1−42 and Cu2+ as rigid bonds, coordinated by the amine

and carbonyl groups of Asp1, His6 and His13 as suggested by Drew et al. [76]. After

validation, the new parameters were applied to the H-REMD simulations of Aβ1−42/Cu2+.

We also carried out H-REMD simulations for Aβ1−42 without Cu2+ at different pH values

(5.3, 6.0, 7.4), to compare the effects of Cu2+ binding and acidic pH values on Aβ1−42

folding. The most abundant secondary structures sampled for all the four systems (Aβ5.3,0
1−42,

Aβ6.0,1−
1−42 , Aβ6.9,Cu

1−42 and Aβ7.4,3−
1−42 ) are bends, turns and random coils. Although the metal

binding region of Aβ1−42 is rigidified upon Cu2+ binding, the conformational flexibility

of the other regions of Aβ1−42 is increased, while decreasing pH values also enhance the

conformational flexibility of Aβ1−42. Moreover, more β-sheet structures were sampled for

Aβ1−42/Cu2+ binding and at low pH. Thus, we conclude that both Cu2+ binding and a

mildly acidic pH accelerate the formation of β-sheets in Aβ1−42, which may promote Aβ

peptide aggregation.

For a more realistic modelling of the Cu2+ ion used in MD simulations, in the second

study we developed a dummy model for Cu2+ (CuDum). A dummy model is able to allow

for ligand exchange and interconversion between different metal coordination spheres, but

bonded model is not. CuDum was able to reproduce both the Jahn-Teller effect and the

experimental hydration free energy of Cu2+. Our model was also able to maintain the sta-

ble coordination geometries of metalloproteins during MD simulations without assigning
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artificial bonds between metal center and ligands. Furthermore, a dummy model for Zn2+,

based on a previous proposed model [183], was also derived (ZnDum). Our models were

able to reproduce both the square planar Cu2+ and tetrahedral Zn2+ geometries in the

metal binding region of the amyloid-β peptide, Aβ1−16, and the Cu-Zn superoxide dismu-

tase (CuZnSOD). The comparison between Aβ1−16/CuDum and Aβ1−16/ZnDum revealed

a lower binding affinity for ZnDum, which is in agreement with experimental findings

[4,184]. Two independent 100-ns MD simulations of CuZnSOD further confirmed that it

is possible to apply two dummy models together without artificial repulsion between the

two metal centers. Thus, the novel dummy models of Cu2+ and Zn2+ developed in this

work will be of great importance for future studies investigating the interaction between

proteins and metal ions.

Furthermore, the role of copper ion in the dimerization of Aβ1−42 was investigated in

our third study, wherein both a bonded and a nonbonded model for Cu2+ were used.

We developed OPLS-AA/L force field parameters for the bonded model to describe the

interactions within the Cu2+ coordination center: one copper ion coordinated by four His

residues (His13 and His14) from each of the two Aβ1−42 peptides composing the dimer

[185]. These newly developed parameters were then used in the H-REMD simulation of

2Aβ1−42/Cu2+. The nonbonded model for Cu2+ we developed [186] was also applied in

this study. We found that the bonded Cu2+ greatly decreases the flexibility of Aβ1−42

in the 2Aβ1−42/Cu2+ dimer, while the nonbonded CuDum only slightly stabilizes Aβ1−42

compared to the Aβ1−42 dimer system without Cu2+. Moreover, a propensity of around

10-15% of β-sheets and <10% of helices were observed for either of the three systems,

close to which were shown in previous experiments [15] and simulations [187,188]. Cu2+

promotes the formation of β-hairpins at the CHC and C-terminal regions of Aβ1−42, being

consistent with our previous study on monomeric Aβ1−42 with Cu2+. When using the

nonbonded Cu2+ model during the H-REMD simulation, CuDum was not stable at the

coordination center and ligand exchange was observed. Both simulations involving copper

(II) revealed that Cu2+ binding to Aβ1−42 is able to reduce the propensity of Aβ1−42 to

form salt bridges in the dimer system. In short, our simulations reveal that Cu2+ promotes

β-hairpins formation in the CHC and C-terminal regions in the dimerization of Aβ1−42,

partially accounting for the enhanced toxicity of Aβ/Cu2+ complexes. Future simulations

of bigger oligomers (trimers, tetramers etc.) are needed to further understand the roles

of Cu2+ during Aβ aggregation.

Our results on the effects of Cu2+ binding and pH value on the Aβ1−42 folding, and

the roles of Cu2+ in the dimerization of Aβ1−42 reveals crucial information regarding the

protein-ion interaction at atomistic resolution and the role of Cu2+ in the early aggrega-

tion of Aβ1−42 peptide of extreme relevance to its toxicity. Future computational studies

in combination with experiments focused on elucidating the conformations of Aβ1−42
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oligomers in complex with Cu2+ will provide invaluable information regarding the molec-

ular details leading to their toxicity. Moreover, our novel dummy model for Cu2+ was

shown to successfully model ligand exchange, and can be used in future studies of the

aggregation of Aβ peptide involving Cu2+ and also other folded copper proteins, without

the rigid constraints used in the models used by others thus far.
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Bohrmann, Heinz Döbeli, David Schubert, and Roland Riek. 3D structure of

Alzheimer’s amyloid-β(1-42) fibrils. Proceed. Natl. Acad. Sci. U.S.A, 102(48):17342–

17347, 2005.

[43] Oleg N. Antzutkin, John J. Balbach, Richard D. Leapman, Nancy W. Rizzo, Jen-

nifer Reed, and Robert Tycko. Multiple quantum solid-state NMR indicates a

parallel, not antiparallel, organization of β-sheets in Alzheimer’s β-amyloid fibrils.

Proceed. Natl. Acad. Sci. U.S.A., 97(24):13045–13050, 2000.

[44] Aneta T. Petkova, Yoshitaka Ishii, John J. Balbach, Oleg N. Antzutkin, Richard D.

Leapman, Frank Delaglio, and Robert Tycko. A structural model for Alzheimer’s

β-amyloid fibrils based on experimental constraints from solid state NMR. Proceed.

Natl. Acad. Sci. U.S.A., 99(26):16742–16747, 2002.

[45] Robert Tycko. Insights into the amyloid folding problem from solid-state NMR.

Biochemistry, 42(11):3151–3159, 2003.

[46] Aneta T. Petkova, Wai-Ming Yau, , and Robert Tycko. Experimental constraints on

quaternary structure in Alzheimer’s β-amyloid fibrils. Biochemistry, 45(2):498–512,

2006.

[47] Anant K. Paravastu, Richard D. Leapman, Wai-Ming Yau, and Robert Tycko.

Molecular structural basis for polymorphism in Alzheimer’s β-amyloid fibrils. Pro-

ceed. Natl. Acad. Sci. U.S.A, 105(47):18349–18354, 2008.

[48] Wei Qiang, Wai-Ming Yau, Yongquan Luo, Mark P. Mattson, and Robert Tycko.

Antiparallel β-sheet architecture in Iowa-mutant β-amyloid fibrils. Proceed. Natl.

Acad. Sci. U.S.A., 109(12):4443–4448, 2012.

[49] Jun-Xia Lu, Wei Qiang, Wai-Ming Yau, Charles D. Schwieters, Stephen C. Mered-

ith, and Robert Tycko. Molecular structure of β-amyloid fibrils in Alzheimer’s

disease brain tissue. Cell, 154(6):1257–1268, 2013.

138



Bibliography

[50] Yiling Xiao, Buyong Ma, Dan McElheny, Sudhakar Parthasarathy, Fei Long, Minako

Hoshi, Ruth Nussinov, and Yoshitaka Ishii. Aβ(1-42) fibril structure illuminates

self-recognition and replication of amyloid in Alzheimer’s disease. Nat. Struct. Mol.

Biol., 22:499–505, 2015.

[51] Matthias Schmidt, Alexis Rohou, Keren Lasker, Jay K. Yadav, Cordelia Schiene-
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Winterhalter, and Peter Faller. Structural and thermodynamical properties of

CuII amyloid-β16/28 complexes associated with Alzheimer’s disease. J.Biol. In-

org. Chem., 11:1024–1038, 2006.

[56] William Garzon-Rodriguez, Anatoly K. Yatsimirsky, and Charles G. Glabe. Binding

of Zn(II), Cu(II), and Fe(II) ions to Alzheimer’s Aβ peptide studied by fluorescence.

Bioorg. Med. Chem. Lett., 9(15):2243–2248, 1999.

[57] Dianlu Jiang, Lijie Men, Jianxiu Wang, Yi Zhang, Sara Chickenyen, Yinsheng

Wang, , and Feimeng Zhou. Redox reactions of copper complexes formed with

different β-amyloid peptides and their neuropathalogical relevance. Biochemistry,

46(32):9270–9282, 2007.

[58] Cyril C. Curtain, Feda Ali, Irene Volitakis, Robert A. Cherny, Raymond S. Nor-

ton, Konrad Beyreuther, Colin J. Barrow, Colin L. Masters, Ashley I. Bush, and

Kevin J. Barnham. Alzheimer’s disease amyloid-β binds copper and zinc to gener-

ate an allosterically ordered membrane-penetrating structure containing superoxide

dismutase-like subunits. J. Biol. Chem., 276:20466–20473, 2001.

139



Bibliography

[59] Anna K. Tickler, Danielle G. Smith, Giuseppe D. Ciccotosto, Deborah J. Tew,

Cyril C. Curtain, Darryl Carrington, Colin L. Masters, Ashley I. Bush, Robert A.

Cherny, Roberto Cappai, John D. Wade, and Kevin J. Barnham. Methylation

of the imidazole side chains of the Alzheimer disease amyloid-β peptide results in

abolition of superoxide dismutase-like structures and inhibition of neurotoxicity. J.

Biol. Chem., 280:13355–13363, 2005.

[60] David P. Smith, Danielle G. Smith, Cyril C. Curtain, John F. Boas, John R. Pilbrow,

Giuseppe D. Ciccotosto, Tong-Lay Lau, Deborah J. Tew, Keyla Perez, John D.

Wade, Ashley I. Bush, Simon C. Drew, Frances Separovic, Colin L. Masters, Roberto

Cappai, and Kevin J. Barnham. Copper-mediated amyloid-β toxicity is associated

with an intermolecular histidine bridge. J. Biol. Chem., 281:15145–15154, 2006.

[61] Francis Hane, Gary Tran, Simon J. Attwood, and Zoya Leonenko. Cu2+ affects

amyloid-β (1-42) aggregation by increasing peptide-peptide binding forces. PLoS

ONE, 8:e59005, 03 2013.

[62] Teresa Kowalik-Jankowska, Monika Ruta, Kornelia Wísniewska, and Leszek
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[69] Séverine Zirah, Sergey A. Kozin, Alexey K. Mazur, Alain Blond, Michel Cheminant,
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[74] Jorge Aĺı-Torres, Jean-Didier Maréchal, Luis Rodŕıguez-Santiago, and Mariona
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