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ABSTRACT: Monomers and oligomers of the amyloid-p peptide aggregate to form the fibrils found in the brains of Alzheimer’s
disease patients. These monomers and oligomers are largely disordered and can interact with transition metal ions, affecting the
mechanism and kinetics of amyloid-p aggregation. Due to the disordered nature of amyloid-p, its rapid aggregation, as well as solvent
and paramagnetic effects, experimental studies face challenges in the characterization of transition metal ions bound to amyloid-$
monomers and oligomers. The details of the coordination chemistry between transition metals and amyloid-p obtained from experi-
ments remain debated. Furthermore, the impact of transition metal ion binding on the monomeric or oligomeric amyloid-p structures
and dynamics are still poorly understood. Computational chemistry studies can serve as an important complement to experimental
studies, and can provide additional knowledge on the binding between amyloid-p and transition metal ions. Many research groups
conducted first principles calculations, ab initio molecular dynamics simulations, quantum mechanics/classical mechanics simula-
tions and classical molecular dynamics simulations for studying the interplay between transition metal ions and amyloid-p monomers
and oligomers. This review summarizes the current understanding of transition metal interactions with amyloid-f obtained from
computational chemistry studies. We also emphasize the current view of the coordination chemistry between transition metal ions
and amyloid-p. This information represents an important foundation for future metal ion chelator and drug design studies aiming to
combat Alzheimer’s disease.

1. INTRODUCTION

Transition metal ions and oxidative metabolism play fundamen-
tal roles in Alzheimer’s disease (AD)."* A neurological charac-
teristic of AD is the presence of oxidative stress associated with
proteinaceous deposits in specific regions of the brain. Abnor-
malities in brain transition metal metabolism have also been re-
ported for AD. The pathological pathway underlying AD ap-
pears to be linked to increased oxidative damage that results
from alterations in neuronal transition metal ion homeostatis.
Copper, zinc and iron ions are involved in oxidative mecha-
nisms of neuronal cell death and injury because free transition
metal ions promote the generation of reactive oxygen species
(ROS)."™*

Interestingly, the metal ion metabolism in the brain re-
mains poorly understood while transition metal ion metabolism

in several tissues has been studied extensively. Transition metal
ions, such as zinc (Zn), copper (Cu) and iron (Fe) exist in the
brain. Zn is highly concentrated in the neocortical and hippo-
campal areas.”” In fact, Zn concentration in the neocortex varies
between 150 and 200 pM, which is one order of magnitude
greater than that in blood. High cellular concentrations of Cu in
the body are not only detected in the liver, but also in the brain.>
¥ There it is most concentrated in the gray matter with concen-
trations of 60 to 110 uM, which is about one-half order of mag-
nitude greater than the Cu concentration in blood. Similarly, in
addition to the liver, the brain contains the highest cellular con-
centration of Fe in the human body. The greatest nonheme Fe
concentrations are detected in the substancia nigra, putamen,
caudate nucleus, dentate nucleus, globus pallidus, and intrape-
duncular nucleus and high amounts are also found in the hippo-
campus and cerebral cortex.>”*!* The Fe concentration in the
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brain is about one to two orders of magnitude larger than that in
the blood.

The concentration of Zn remains relatively constant in
the brain throughout adult life. However, various investigations
indicate that the Zn metabolism is altered in AD as significantly
elevated Zn concentrations have been found in the hippocam-
pus, amygdala, inferior parietal lobule and olfactory region in
AD brained.>” In vivo studies demonstrated Cu accumulates in
amyloid plaques and participates in the deposition of amyloid-
B (AB) in amyloid plaques.® ! <fererees herein yarioys investigations
also revealed an increased Fe concentration in neocortical gray
matter, temporal and frontal pole, inferior parietal, hippocam-
pus, amygdala and the olfactory region in AD brains.’” The con-
centration of Zn remains relatively constant in the brain
throughout adult life. However, various investigations indicate
that the Zn metabolism is altered in AD as significantly elevated
Zn concentrations have been found in the hippocampus, amyg-
dala, inferior parietal lobule and olfactory region in AD
brained.”” In vivo studies demonstrated Cu accumulates in am-
yloid plaques and participates in the deposition of amyloid-f3
(AP) in amyloid plaques.® * eferences herein \7arioys investigations
also revealed an increased Fe concentration in neocortical gray
matter, temporal and frontal pole, inferior parietal, hippocam-
pus, amygdala and the olfactory region in AD brains.’

AP is a disordered peptide that neither adopts a stable
structure in its monomeric nor in its oligomeric form in solu-
tion."""® AB consists of 36-43 amino acid residues and is in-
volved as the main component of amyloid plaques (Figure 1).
AP derives from the amyloid precursor protein (APP) following
cleavage by the -secretase and the y- secretase. Disordered Af3
peptides form highly dynamic oligomers that exist in various
forms. Certain misfolded seeds can induce Af to also take the
misfolded and toxic oligomeric state, which yields a chain re-
action akin to prion infection. Misfolded A can also induce tau
protein misfolding.'**

Zn, Cu and Fe interact with monomeric and oligo-
meric AP and thereby change the structure and conformational
free energy landscapes of Af3. These interactions are extremely
difficult to study using conventional experimental tools due to
rapid conformational changes resulting from the disordered na-
ture of monomeric and oligomeric A} in solution, the fast ag-
gregation of AP, solvent effects as well as paramagnetic effects
due to the transition metal. While X-ray crystallography has
failed in the determination of the structure of metal-Af species,
nuclear magnetic resonance (NMR), electron paramagnetic res-
onance (EPR) and X-ray absorption spectroscopy (XAS) pro-
vide limited information.”** Theoretical and computational
chemistry studies complement experiments and provide further
knowledge on the interactions of transition metals with mono-
meric and oligomeric Af in solution at the electronic, atomic
and molecular levels. Extensive density functional theory
(DFT) calculations, ab initio molecular dynamics (MD) simu-
lations, quantum mechanics/molecular mechanics (QM/MM)
simulations, and classical MD simulations—with and without
enhanced sampling-have been conducted to study transition
metal ion bound A} peptide monomers or oligomers in solution.
In this study we provide a review on the contribution of theo-

retical and computational chemistry to characterize the struc-
tural and thermodynamic properties of transition metal ion
bound AB. We also offer a future perspective in this field and
the major challenges that are required to be solved to design
chemical and biological treatments for AD targeting the influ-
ence of transition metal ions during disease development.

2. Metal Ions and A: Insights from Experiments

2.1Znand AB

Various coordination sites have been proposed for the bind-
ing of Zn(II) to AP (see Table 1). Because of the d0 elec-
tronic configuration, Zn(II) measurements using conven-
tional spectroscopic techniques, such as EPR and UV-vis, are
challenging.3s Therefore, the coordination mechanism can
be characterized using X-ray absorption spectroscopy
(XANES or EXAFS). XANES provides valuable structural in-
formation, but requires the simulation of the spectra in or-
der for more quantitative data to be obtained. The develop-
ment of simulation approaches is an active research area in
various groups, but requires an initial structural dataset
that is provided by experiments, such as X-ray crystallog-
raphy.3¢ Such structural data are not available for Af bound
to Zn(II) and therefore XANES measurements of these com-
plexes can yield inaccurate results.3> EXAFS measurements,
on the other hand, can provide information about the num-
ber, nature and ligand distances binding to Zn(II) but in this
case (regarding disordered Af peptides) the recorded stud-
ies suffer from not well-defined Zn(II) coordination sphere
and useful oscillation number is limited.35 Therefore, we can
only define the Zn(II) ion’s first coordination sphere with
AB. EXAFS measurements show that the oscillations are
more accurately produced with a 4NO coordination shell
with an average distance of 1.98 A from Zn(lI).35 The bond-
valence-sum theory results yield an oxidation state of 2.08
for Zn when it is four-coordinated but it yields an unrealistic
value of 2.60 when it is five-coordinated.3> These findings
strongly supported a tetrahedral coordination mode for
Zn(II), which is also the most common coordination geome-
try for Zn(II) in biology.

Another experimental technique for studying the
coordination ligands of Zn(II) is to measure how its coordi-
nation effects the NMR spectra of binding ligands of AB.35
The effect may be broadening of some protons or their
down- or upfield shift.35 These approximations can provide
information about the binding of Zn(II) in the close vicinity
of protons leading to Lewis acidity changes or indicate Af3
conformational changes caused by Zn(II) coordination.3®
Zn(II) first coordination sphere modes from NMR measure-
ments are not fully concurrent. Discrepancies might be be-
cause of different experimental conditions (length of the
peptide, buffer, pH and temperature etc.) and means uti-
lized for increasing A solubility (PEGylated counterparts,
N-terminal acetylation of Af, water-micelle environment
etc.).35 For example, most recently, Alies et al. used NMR
measurements for elucidating the Zn(IlI) coordination



sphere.35 Protons of the three His residues were found to be
affected by Zn(Il) binding with the three His H§ being
slightly down-shifted and one of them showed broaden-
ing.3> Both protons from Tyr10 were also down-shifted and
H& possessed a stronger shift. The most pronounced
changes for the Ha atoms induced by the metal were (i) a
strong broadening for Val12, (ii) a down-shift for Asp1 and
Glu3, and (iii) an up-shiftwith a quite intense broadening for
Glu11.35 For the HB region, the two diastereotopic Asp1 H1
and HB2 were brought closer, the Ala2 HB was weakly
down-shifted, and the Asp7 H3 up-shifted.3> Lastly, a broad-
ening of Val12 Hy1 was clearly observed as well as a slight
broadening and down-shift of the Arg5 Hy.35 From this data,
it was challenging to determine the Zn(II) coordination
sphere. NMR study alone was not capturing all details be-
cause more than four binding groups are affected by the
presence of Zn(1II). These findings are in line with what has
been observed for several possible sites in equilibrium for
Cu and Fe with AB.35

To gain more insights, Alies et al. conducted re-
cently XANES and NMR measurements of Zn(II) binding to
several modified species.3> We should mention here that
mutations affect the biochemical and biophysical charac-
teristics of AB.37” XANES measurements supported a four-co-
ordinated metal center. Thus (i) supporting the conclusions
from the EXAFS data for the same Zn:AP species and (ii) re-
vealing that a mutated residue that is no longer able to bind
to the Zn(II) ion is replaced by another residue ligand, keep-
ing the coordination number at four in the Zn(II):Af com-
plexes.®> Apart from Zn:E11Q-Af, all other complexes
yielded spectral signatures of biological systems with two
His residues bound (and a coordination number of four).3>
The spectrum of the E11Q mutant rather resembled that of
a system with three His ligated to Zn(II), indicating that the
missing Glul1l is replaced by the third His residue in this
complex.35 For identifying His with the strongly broadened
H§ signal (see above), the three His-to-Ala mutants were
studied.® It was found that while all three His residues can
bind to Zn(II), they do so to different extents. Specifically,
the strong involvement of His13 and His6 was concluded
from the disappearance of the broadening of the Val12 and
Arg5 resonances in the Zn(II):H13A-AB and Zn(II):H6A-A
complexes.3>

The interactions between Zn(II) and the carbox-
ylate groups were elucidated by comparingthe impact of
Zn(I1) on the A peptide and its mutants.?> Following results
were obtained: (i) with an amidated carboxylate group of
D1; (ii) Zn(II) had similar effects on Ap and the E11Q-mu-
tant, indicating that Glu11 does not interfer with the bind-
ing of Asp1l to Zn(II); (iii) with mutants, E3Q-AB and D7N-
AB, an intermediate state was observed. Zn(II) affects the
Aspl and Ala2 Hf but differently than the data for AB.35
These studies suggested that Zn(II) coordinates to Glu3 and
Asp7.35 [t was proposed that Asp1, Glu3, and Asp7 are reac-
tive towards for Zn(II), while Glu11 binds to Zn(II) inde-
pendent of the other carboxylate residues.35

pH dependence of modifications on the Aspl Ha
and Asp1 Hf of the AP and Ac-Ap peptides upon Zn(II) bind-
ing were investigated.3® For the Asp1 Ha, there was a down-
shift and a weak broadening at pH 7.4 even though the
broadening was more starker at pH 9.0, with an up-shift in
the presence of Zn(II).3° Side chain of Asp1 rather than the
N-terminal amine coordination to Zn(II) was detected as a
modification by Zn(II) coordination.35 The situation was dif-
ferent at a pH of 9.0 because the detected broadening was
no longer observed for the Ac-AB.35 Additionally, Zn(II) co-
ordination affected also the N-terminal region (Ala2 Hf).35
Ala2 Hp of the AB peptide broadening occurred when the
pH was increased from 7.4 to 9.0. However, this effect was
not observed for the acetylated AB.35 Zn(II) coordination to
the N-terminal amine induced a broadening of the Ala2 Hf,
which was observed at a pH of 9.0.35 Asp1 HB2 and of the
Ala2 Hf of the AB peptide at pH 9 compared to pH 7.4
demonstrated a stronger broadening with Zn(II) coordina-
tion. That was an effect not observed with the Ac-ApB, sug-
gesting that the N-terminal amine is not coordinated to
Zn(II) at a pH of 7.4.35

2.2 Cuand AB

Cu ions are associated with A} aggregation and ROS pro-
duction processes, which are two modifications encoun-
tered in AD pathology. Cu coordination region (residues 1-
16) is located next to the CHC region (residues 17-21) and
the redox properties of Cu are linked to the Cu ion coordi-
nation environment.3? In the last two decades, many inves-
tigations were conducted on this subject, yielding debated
results (Table 2). These were discussed in Ref. 38 in detail.
Here, our aim is to provide a plausible illustration for Cu(II)
binding to A using computational chemistry that was initi-
ated from the many various experimental investigations.
Discrepancies between experiements may result due to the
disordered nature of A structure.

As mentioned above, the Cu(Il) ion coordination
site of Af is located in the N-terminal region. Therefore, the
AB(1-16) fragment has been very often used in experi-
mental and computational studies.3? and references therein Hoyy-
ever, we should note that the chosen fragment size effects
the biochemical and biophysical properties of disordered
AB.#0 A second Cu(Il) binding site has been shown as well
when the peptide is considered as a 1-28 fragment or
longer.39 and references therein Sequent two sites were demon-
strated for Cu binding. Several studies demonstrated only
one coordination site, however, this may be due to the lower
affinity of Cu(II) for the second site, precluding its detec-
tion.39 and references therein The huffer used in experiments influ-
ences the outcome as well. For instance, it is more challeng-
ing to detect the second binding site in a buffer with a strong
affinity for Cu(Il), such as TRIS.3? Interestingly, an addi-
tional study demonstrated that two Cu(II) ions coordinate
with AB(1-28) but only one Cu(Il) ion binds to AB(1-42) in
aqueous solution.39 and references therein [ the presence of meth-
anol, the second Cu(II) site in AB(1-42) is accessible. Steric



hindrance of the 2" coordination site affected by the hydro-
phobic tail of AB(1-42) that might be associated with these
findings in comparison to A(1-28). Such interactions are
very sensitive to additives in the experiments, such as alco-
hols.3? However, not much is known about the second Cu(II)
coordination chemistry. The Cu(Il) coordination may be
2N20 or 3N10 based on EPR measurements and Cu(II) co-
ordination to the second site seems not to interfere with
Cu(II) binding to the high-affinity site of A[3.39and references therein
Regarding the binding affinity, the first high affinity binding
site of Af is at least two order of magnitude stronger than
the second binding site. When we consider that Cu ions
were observed in A plaques, the second binding site might
not be existing in vivo. Formation of Cuz2(AfB)2 complexes
was also reported but this was ruled out later.3°

An anamnesis feature between the different stud-
ies on Cu(Il) coordination to A is the coexistence of two
compounds depending on pH, usually marked as species [
that is predominant at lower pH and II that exists at higher

pH.#1 These two species possess dissimilar spectroscopic
features in CD, EPR, XAS, NMR and UV-vis measurements.3°
The transition pH value between species [ and II is close to
pH 7.8 with small deviations between investigations due to
divergent sample preparation protocols. It has also been re-
ported by potentiometry and calorimetry experiments that
species II is obtained from species I by A deprotonation.
More details can be found in Ref 39.

Predominant species at lower pH is formed by two
equivalent sets of equatorial ligands where the Asp1 N-ter-
minal -NHz, theAsp1-Ala2 CO bond, a His6, His13 and His14
N atom are comprised in the coordination sphere.3° The two
components are in 1:1 ratio and in equilibrium. These are
noted as species 1. Regarding species II that is predominant
at higher pH, there have been two hypotheses: it was pro-
posed that species Il is made of the CO group from the Ala2-
Glu3 peptide bond and the imidazole rings of the three His
residues based on HYSCORE and S-band EPR data on 13C and
15N isotropically labeled peptides.3° Regarding the apical co-
ordination, the debate continues, however, carboxylate
group involvement was demonstrated.

The Cu(II) coordination mechanism in A fibrils or
aggregates is investigated utilizing EPR measurements.
These studies showed that an unchanged Cu(II) coordina-
tion shell between soluble monomeric and insoluble oligo-
meric A species.?? The second Cu(II) binding site that is de-
tected in AB(1-28) fragment may not be retained in fibrils
due to reasons explained above. Cu(Il) affinity for soluble
monomeric and fibrillary forms are akin, indicating similar
Cu(1II) binding characteristics in both forms. However, we
should mention here that similar spectroscopic signatures
and affinity do not indicate identical Cu(II) binding modes.
Solid state NMR studies proposed the involvement of Glu
side chains, C-terminus carboxylate group and of NTatom of
His13 and His14. NMR measurements of soluble A3 pep-
tides show that all carboxylate groups were impacted by
Cu(II) paramagnetism.3® The His13 and His14 N atom (im-
idazole ring) is coordinated to Cu(II) differs from that was

demonstrated for the soluble A peptide (N™). This is still a
modification that cannot be explained in mechanism and
might be caused due to a rearrangement in His residues in
fibrils in comparison to soluble Af.

Cu(I) is coordinated through two His residues in a
linear mode as proposed by experiments comparing trun-
cated AB(6-14) and AB(10-14) fragments and synthesized
His13-His14 dyad models as well as XAS measurements.3°
From A fragment studies, His13-His14 dyad were pro-
posed as the one responsible coordination site for Cu(I)
binding. This was supported by ESI-MS measurements.
However, 'H-NMR measurements proposed that Cu(lIl)
binds to three His residues. Oz activation was demonstrated
to depend on His binding.?° Therefore, it might be crucial in
ROS production mechanism. XAS measurements showed
that Cu(I) binds to A in a tetrahedral fashion. An increased
reactivity toward O: for the oligomeric rather than mono-
meric form was detected and this behavior was linked to
differences in coordination geometry, ie., tetrahedral vs.
linear. Affinity measurements were conducted using vari-
ous methods including alanine scanning and these studies
showed that only two His residues are required for Cu(I) co-
ordination. The His6Ala mutant peptide was the one with
stronger Cu(I) affinity in comparison to the His13Ala and
His14Ala mutant peptides.3® However, our recent studies
clearly show that alanine scanning method impacts the pre-
dicted biochemical and biophysical properties of Af (see
above).?”

2.2.Fe and AB

Because of the stable Fe(Ill) hydroxide species precipita-
tion, Fe(IIl) to AP coordination is impossible.3® A ternary
complex formation including the NTA ligand was re-
ported.?® The interaction of Fe(IlI)-porphyrin with Af was
detected as well, where Af is coordinated to hemic Fe(III)
through Arg5 via a hydrogen bond network with a water
molecule and through the His13 imidazole group.3° As Fe(II)
is air-sensitive and is being oxidized to Fe(IIl) upon expo-
sure to air during experimental measurements, The for-
mation of Fe(IIl) hydroxo species inhibits the detection of
Fe(I1)-AP interactions.?® Detection of Fe(II) coordination
with A under physiological conditions was achieved by 'H,
13C and 2D NMR measurements. Asp1, Glu3, and the three
His residues are involved in Fe(Il) binding based on these
experiments.3?

2. Computational Chemistry Studies of Transition Metal-Af3
Complexes

2.1 Density Functional Theory Calculations

DFT is a method used in biology, chemistry and physics for in-
vestigating the electronic structure of many-body systems like
atoms and molecules. Using DFT, many-electron system prop-
erties can be calculated by using functionals, which depends on



spatially dependent electron density. Usually, hybrid DFT
computations have been utilized in the studies of metal and A3
interactions. These are a set of approximations to the exchange-
correlation energy functional, which capture a part of Hartree-
Fock theory’s exact exchange with the rest of the approxima-
tions belonging to studies to exchange-correlation energy from
empirical or ab initio sources. Kohn-Sham orbitals are used for
the exact exchange energy functional expression. The linear
combination of the Hartree-Fock exact exchange depends on a
hybrid exchange-correlation functional that is generally com-
puted as a Hartree-Fock exact exchange functional linear com-
bination, EHF:42
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One of the most commonly utilized versions is Becke, 3-param-
eter, Lee-Yang-Parr (B3LYP) level of theory and its exchange-
correlation functional is:

EIVP = B+ g (BE = EX%) + ay (S — EE4)
+EL{4DA+ aC(ECGGA _ Eé‘DA)

where g =0.20,a, = 0.72and a, = 0.81 are- fpccaand
ES6A are generalized gradient approximations; the BecKe 88 ex-
change functional and the Lee, Yang and Parr correlational
functional for B3LYP and ELP4is the VWN local-density ap-
proximation to the correlation functional. B3LYP is defined by
three parameters and these were adopted from Becke’s initial
fitting of B3PW91 functional to a class of atomic energies, pro-
ton affinities, ionization potentials and total atomic energies.
Such calculations have been widely conducted for elucidating
transition metal-Af} coordination chemistry details. We summa-
rize the major results for Zn, Cu, Fe and Pt interacting with A3
that were obtained using DFT calculations.

Cu and Zn Interactions with Af3:

H20: production is implicated in Af neurotoxicity and Cu-Af
complexes in the vicinity of a reducing substrate, such as dopa-
mine or ascorbate, catalyze the production of H20: in order to
identify the molecular mechanism of this reactions, Bush and
co-workers performed DFT calculations and presented a mech-
anism with a pivotal role for Tyr10, which was supported by
mutagenesis experiments.* They used the B3LYP density
functional along with the LANL2DZ basis set for modeling the
reaction mechanism utilizing small truncated models. The
ground state, transition state, and product structures of the
model phenol-OOH system were optimized using the B3LYP
functional along with the 6-31G** basis set. Stationary points
were checked by means of frequency calculations and unscaled
frequencies were used to obtain zero-point energies. Solvation
effects were included using a continuum model for water.
LACVP basis set was utilized in these studies. Based on their
findings, the catalytic reduction of Oz to H20: requires Cu-Af3
acting as a two-electron redox unit by having two distinct one-
electron acceptors, Cu(Il) and an A free radical localized on
Tyr10. They showed that the catalytic activity of Cu-Af resem-
bles that of galactose oxidase, which is a cupro enzyme that has

His and Tyr residues in its coordination sphere and oxidizes pri-
mary alcohols to aldehydes while O: is reduced to H20.. The
Cu ion has initially a +2 oxidation state in their calculations,
which is reduced to +1 via a hydrogen atom transfer from the
substrate to a coordinated Tyr residue. This mechanism causes
Tyr to dissociate from copper, leaving Cu(]) in a trigonal coor-
dination fashion that is subsequently able to coordinate and re-
duce O2. Along with their experimental measurements, Bush
and co-workers suggested that dityrosine cross-linked oligo-
mers were the toxic species. They further proposed a mecha-
nism for the formation of such Tyr cross-linkages via oxidative
modification. Overall, they provided a chemical mechanism
from B3LYP calculations using truncated Cu-Af models for
how Cu-Af interactions catalytically generate H20.. They
stated that Tyr10 redox activity is a novel biochemical target
that may possess therapeutic promise for AD. About a decade
later, Coskuner and Uversky demonstrated that the presence of
Tyr10 in the primary structure of A3 regulates the formation of
toxic -sheets in the structural ensembles of the A342 monomer
in aqueous solution obtained from replica exchange molecular
dynamics (REMD) simulations, yet without the presence of

metals.* The role of Tyr10 in the structures of A in the pres-
ence of transition metal ions still remains to be elucidated.

In a cell environment with an oxidative stress cascade
initiated in mitochondria region, where high levels of H20: exist
along with a reducing environment (gluthathione or ascorbate),
Cu(I)-Ap is expected to enhance the radical cascade by reduc-
ing hydrogen peroxide and generating toxic hydroxyl radicals.
Prosdocimi et al. evaluated the reactivity of different Cu(I)-Af3
coordination modes proposed in the literature in terms of OH

radical production using DFT calculations.*® To this end, they
used the BP86 functional along with the def2-TZVP basis set
and a continuum water model for modeling solvent effects. For
each coordination mode considered in their study, they mod-
elled the corresponding H>02 adduct and conducted potential
energy surface scans along the reaction coordinate of O-O bond
dissociation of the peroxide resulting in the production of two
OH radicals, and obtained thermodynamic reaction profiles.
They found that the experimentally postulated Cu(I)-Af coor-
dination geometry with two His residues in the coordination
sphere is not capable of performing efficient H.0: reduction.
On the other hand, they also experimentally proposed Cu(I)-Af
complex with three His residues coordinating to Cu(I) is capa-
ble to produce OH radicals. Recent studies including the one
proposed by Prosdocimo et al. (see above) indicated the in-
volvement of three histidine residues (His6, His13 and His14)
in the coordination chemistry between Af3 and metal ions. The
fourth ligand is assumed to be most likely an oxygen atom com-
ing either from Tyr10, the Aspl carboxylate group or other car-
boxylate side chains. But also the N-terminal nitrogen has been
proposed as fourth ligand. Zirah ef al. and Gaggeli et al. sug-
gested that Glull provides the carboxylate side chain in Zn-
AB16 and Zn-Af28, while the Aspl side chain forms a hydro-
gen bond to an axial water located in the first coordination shell
of Cu(I).*** From x-ray absorption fine structure measure-
ments of Cu(Il)-AB16 and Cu(I)-AB40 penta-coordinated
Cu(II) bound to three nitrogen atoms (His6, His13 and His14)



and two oxygen atoms was proposed. These oxygen atoms be-
long to Tyr10 and a water molecule or an amino acid residue
different than the already coordinated His and Tyr residues.
However, other studies concluded that Tyr10 is not the oxygen
donor. Aspartate and glutamate have been detected very often
in the coordination spheres of Zn and Cu while tyrosine coordi-
nation has been rarely observed. The different findings for the
binding modes between transition metal ions and A3 have been
explained by the differences in peptide preparation, pH, buffer
conditions, and concentration.

First principles calculations have been conducted ex-
tensively to resolve this debate. For instance, Streltsov et al.
used DFT computations with the B3LYP functional and the
LANL2DZ basis set for optimizing the structures of Cu(Il)
bound AP via modeling the system by a Cu(II) ion coordinated

to Asp, Glu or Tyr and the imidazole rings.49 For the geometry
optimizations, the modified geometry optimization by direct in-
version in the iterative subspace (GDIIS) algorithm and tight
convergence criteria were utilized. The true energy minima
were computed using stationary points for frequency calcula-
tions. They found a Jahn-Teller type distorted octahedral coor-
dination about Cu(II) and reported the bond lengths and bond
angles for these geometries. The optimized structures were then
utilized in the extended X-ray absorption fine structure (EX-
AFS) spectra data refinements, based on which a distorted hexa-
coordinated structure around Cu(II) with three His, a Glu and/or
Asp residue and an axial water molecule as ligands was re-
ported.*' It was further concluded that this coordination geome-
try yields a better fit of the EXAFS data than the octahedral
Cu(II):Glu/3His/water geometry. They found three His nitrogen
atoms and one of the Glu carboxylate oxygen atoms to coordi-
nate Cu(Il) in a distorted square planar equatorial arrangement
while the other carboxylate oxygen atom and the oxygen atom
of the water molecule are in an axial a position. These studies
were followed by Marino et al.,” who performed DFT calcula-
tions using the B3LYP functional and the 6-31G(d) basis set for
C, O, N and H atoms, the Stuttgart energy-averaged effective
core pseudopotentials (ECP) for the core electrons of Zn and
Cu, and a consistent basis set introduced by Dolg et al. for the
valence electrons of the metal ions. They investigated the pos-
sible coordination of three His residues along with Aspl, Tyr10
or Glul1 to Zn(II) and Cu(II) ions. The chosen models involved
4-methylimidazole for His, phenol for Tyr, and acetate for Glu
or Asp. Their calculations revealed that Zn(II) forms four- to
five-coordinated species while Cu(Il) has a preference for five-
coordinated geometries. Probable oxygen donor ligands were
reported to be Asp or Glu, and water exhibited a higher affinity
than Tyr for binding to the metal ions.*

Recently, Coskuner-Weber presented the structures
and thermodynamic  properties of  Cu(Il):HissAsp,
Cu(II):HissTyr, Cu(Il):HissGlu and Cu(II):His3(H20) as possi-
ble coordination configurations using the B3LYP functional
along with the 6-31G*, 6-31G**, cc-pVDZ, ahlrichs-vdz, ahl-
richs-vtz, def2-svpd, def2-tzvp and lanl2dz-ecp basis sets to un-
derstand the impacts of the chosen basis sets on the predicted
structures and thermodynamic properties in an extensive set of
calculations (Figure 2). The resulting order of binding energies
from the largest negative to the smallest negative value is Asp

> Glu > Tyr > H20 based, which agrees with experimental find-
ings by Mantri ef al. who observed the same trend for Asp, Glu
and Tyr.”!

Mirats et al. conducted DFT calculations for several
AB-Cu-02 models using the M06-2X exchange correlation
functional along with the 6-31+G(d) basis set for C, N, O ahd
H atoms and the LANL2DZ basis set for Cu.52 Solvent effects
were treated utilizing an implicit model for water. The pep-
tide was represented by DGGGGHD-NHCH3 and CH3CO-HH-
NHCH3, which in turn represented the AB(1-7) and AB(13-
14) sequences. Charge transfer to superoxide is associated
with spin densities. Formation of superoxide is more favora-
ble in His involved distorted Cu coordination fashions or
with the coordination of a ligand, such as Asp1. They did not
investigate the superoxide dismutase activity of the Cu: A3
species because the approach of Oz" to Cu(Il): Af was not
studied. This still remains to be studied.

Sodupe and co-workers conducted DFT calculations
along with homology modeling. The initial geometry was taken
from Zn(I1):AB (PDBID: 1ZE9). The Zn(II) ion was replaced
by Cu(Il). Overstabilization of Cu(Il):ligand structures with
lower coordination were reported in QM calculations using
GGA or hybrid functionals. Hybrid B3LYP or BLYP function-
als yield a four-coordinate structure rather than five-coor-
dinated structure. MPWB1K and BHLYP functionals that
have higher percentage of exact exchange are in accord with
CCSD(T) results and yield quasi-degenerate structures. For
these reasons, Sodupe and co-workers conducted the calcu-
lations using a meta-hybrid MO06-2X functional. The
LANL2DZ pseudopotential was used for Cu and the 6-
31G(d) basis set was used for the rest of the atoms. Single
point calculations on optimized structures were conducted
using single-point energy calculations with the larger
LANL2TZ basis set for Cu supplemented with a f function
and the 6-311++G(d,p) basis set for the nonmetallic atoms.
Solvent effects were considered using a continuum model
for water. The rigid rotor approximation along with un-
scaled harmonic vibration frequency analysis were con-
ducted for estimating thermodynamic corrections. They
used the AB(1-16) fragment in these calculations. They also
used different coordination modes shown experimentally at
different pH values. With these modes, they calculated the
standard reduction potential and computed the structures
and their redox behavior. Their data showed that Cu reduc-
tion yields CObackbone decoordination that for distorted square
planar structures in the oxidized state leads to tri-coordinated
species. For the initially penta-coordinated species with Glul1
at the apical position, leading to a distorted tetrahedral structure.
More details can be found in Ref. 53.

Fe Interactions with Af:

As for Cu and Zn is the coordination of Fe to A3 controversely
discussed due to contradicting experimental results. Miura et al.
studied Fe(III)-AB complexes using Raman spectroscopy and
proposed that Fe coordinates to Af3 through the Tyr10 phenolic
oxygen atom, the His residues do not bind like to Fe(III).** De-
spite, Nakamura et al. suggested that His6, His13 and His14



are associated with the redox activity of Fe in the senile plaques
following experimental studies on the redox behavior of Cu(II)
and Fe(Ill) in the vicinity of AB.” To resolve this debate,
Sodupe, Rauk and co-workers performed structural optimiza-
tion of truncated models of the Fe(II)-A complex using DFT
calculations with the B3LYP functional and the 6-31+G(d) ba-
sis set.” For obtaining more accurate energies, they increased
the basis set size to 6-311+G(2df,2p) and conducted single point
energy calculations on structures that were optimized with the
smaller basis set. Additionally, they conducted MP2 calcula-
tions for evaluating the relative energies and used a continuum
model for water for computing the free energy of solvation for
different coordination modes. Their results showed that the
most preferred complexes containing His13 and His14 and the
phenolate group of Tyr10 are the penta-coordinated [Fe(IT)(O-
HisHis)(PhO)(H20)]" and [Fe(II)(N-HisHis)(PhO")(H20)]"
models. In addition, they concluded that coordination of Tyr10,
His13 and His14 to Fe(IT)/(I1) is thermodynamically stable in
solution at physiological pH. Their DFT calculations supported
the experimental results presented by Miura et al.

Pt Interactions with Af3:

While most studies focused on transition metals with biological
importance, i.e. Zn, Cu and Fe, recent studies also investigated
the interaction of A with organometallic compounds involving
metals that are not of pathological importance but represent pro-
totypes for potential therapeutics. Barnham et al. illustrated that
Pt(II):phenanthroline species repress A aggregation in vitro.”’
In general, Pt(II) complexes are kinetically stable and redox in-
ert, indicating that a coordinated Pt(II) would be difficult to be
replaced by other metal ions. Thus, Pt complexes could take
over the Zn, Cu or Fe binding sites of A} and prevent toxic A3
oligomerization and aggregation. Streltsov er al. performed
mass spectrometry (MS), XAS and dynamic light scattering
(DLS) experiments along with DFT calculations to propose
structural geometries for Pt and A interactions.” For complex
formation between AB16 and cis-diamminedichloridoplati-
num(II) (cisPt), the best match between theory and experiment
was obtained for a mixture of the models where the Cl and NHs
ligands in cisPt were gradually replaced by histidines and pos-
sibly the N-terminus (Aspl), C-terminus (Lys16), and Asp7: Pt—
(NH3)2C12,  AB16(His)-Pt—(NH3)2Cl,  AB16(His)2—Pt—
(NH3)2 and AB16(His)3(N/O)-Pt. In the case of the cisPt—
AB42 complex, the best fit was obtained with a mixture of two
species: AP42(His)3S(Met35)-Pt and AP42(His)2S(Met35)—
Pt—(NH3).

One should note that the above mentioned and further
DFT studies were conducted in the gas phase or using a contin-
uum (but not explicit) model for water, and often used a trun-
cated, small-size model for metal-Af} complexes instead of
modeling the full-length Af peptide. Moreover, the dynamics
of the disordered Af peptide and its interactions with metal ions
were also not simulated in these studies as such large size met-
allopeptides still represent a significant challenge for current
first principles methods, such as DFT.

2.2. First Principles Molecular Dynamics Simulations

A simplified version of the many-electron Schrédinger equation
can be provided when electrons are divided in two classes: inner
core and valence electrons. Inner shell electrons are firmly
bound to the nucleus and thus are assumed to not to play a crit-
ical role in the chemical binding of atoms; these electrons
screen the nucleus partially, therefore, forming a virtually inert
core with the nucleus. Transition metal ion binding properties
depend on valence electrons. Separation of electrons proposes
that inner core electrons can be ignored; reducing the perspec-
tive of an atom to an ionic core that interacts with the valence
electrons. The utilization of a pseudopotential, effective inter-
action, approximates the potential felt by the valence electrons.
This approximation was first proposed by Fermi in 1934 and
Hellmann in 1935.%% The Car-Parrinello molecular dynamics
(CPMD) method, which was introduced by Roberto Car and
Michele Parrinello in 1985, makes use of this perspective.*
CPMD is associated with the more common Born—Oppenhei-
mer molecular dynamics (BOMD) method in that the QM elec-
tron effect is included in the calculation of energy and forces for
the nuclei’s classical motion.”” However, BOMD acts on the
electronic structure problem within the time-independent
Schrédinger equation, CPMD explicitly captures the electrons
as active degrees of freedom For this purpose, fictitious dynam-
ical variables are used. Core electrons are described by a pseu-
dopotential and valence electrons are described by plane wave
basis sets in CPMD simulations. For fixed nuclei, the ground
state electronic density is computed self-consistently, utilizing
the DFT method. Next, utilizing the electronic density, forces
on the nuclei can be approximated for trajectory update.”

In BOMD, the wave function of the electrons has to
be minimized using the matrix diagonalization at every step. In
CPMD, however, the fictitious dynamics relies on the usage of
a fictitious electron mass to ensure adiabaticity. The lagrangian
is given as:

nuclei orbitals
1 . .
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where E[{y;}{R;}] represents the Kohn-Sham energy density
functional that calculates energ¥ values. The orthogonality con-
straint is given as:

Jdr Yi(r, y;(r,0) =6

8 is the Kronecker delta. The equations of motions are pro-
vided by the stationary point of the Lagrangian under variations
of ¥, and Ry with the orthogonality constraint (see above):

MR, = ~VE[[{HR]
SE
m[)l(r, t) = — m + Z AUIIJ](T, t)
J

Complying the orthogonality constraint to A;; that is a Lagran-
gian multiplier matrix. CPMD simulations have been conducted
to treat larger size transition metal-Af3 complexes with dynam-
ics at the electronic level.



Zn Interactions with Af3:

Furlan and La Penna successfully linked CPMD sim-
ulations of Zn(I1):AB16 to NMR measurements and presented
the results of several initial Zn(I):AB16 species.”* The NMR
results for Zn(I1):AB16 where His6, Glull, His13 and His14
side chains coordinate to the Zn(II) ion were strongly supported
by their studies. Asp1 to Zn(II) coordination drove the complex
towards displacement of one of the coordinated His residues.
Coordination of Tyr10 to Zn(II) was possible only when Tyr10
was deprotonated. The NMR derived structure with Hiso6,
Glull, His13 and His14 of AB16 bonded to Zn is available in
the PDB Databank (PDB ID 1ZE9). As structural models with
the Aspl, Arg5, Ser8 and Tyrl0 side chains coordinated to
Zn(Il) instead of Glull were lacking, the possibility of such
models were probed by Furlan and La Penna. To this end, they
performed random temperature hybrid Monte Carlo (MC) sim-
ulations using the empirical Amber parm94 force field for
building the structures with different coordination geometries
since the usage of a hybrid MC scheme avoids the occurrence
of unstable trajectories as it often happens in high-temperature
CPMD simulations based on their and our experiences. Resi-
dues 1-16 of AP with capped termini were considered in their
investigations. They conducted MD simulations and obtained
the initial models that had Aspl, Arg5, Ser8, Tyr10 or Glull
close to the Zn(II) ion along with the His residues. These mod-
els were solvated using the TIP3P model for water. MD simu-
lations at 300 K were conducted for 1 to 2 ns for obtaining the
structures for CPMD simulations. For the subsequent CPMD
simulations, they removed some of the atoms far away from the
Zn(I1) and conducted them in the gas phase for 1 to 2 ps at 300
K.

Giannozzi et al. studied Zn affected structural aggre-
gation characteristics of A3 by XAS measurements and CPMD
simulations.® The latter was coupled to various simulation tech-
niques. They constructed four Zn:Af3 models to fit the experi-
mental XAS data. Initial structures were formed by a Zn(II) ion
and two AB16 peptides. The two AB16 peptides with charged
N- and C-termini were constructed with backbone dihedral an-
gles set to 180°, and the chains were assembled in an antiparal-
lel fashion with the nitrogen atom of His14 of each chain being
coordinated to the Zn(Il) ion. The empirical Amber parm94
force field was used for relaxing the structures via MD simu-
lations, by a Monte Carlo simulation where the dihedral angles
were randomly varied apart from those belonging to the two
His14 side chains that were kept fixed to keep the N(His14)-Zn-
N(His14) motif intact. From the obtainedstructures, one partic-
ular configuration was picked in which the Zn(II) ion is also
close to the N atoms of both His13 residues, as NMR measure-
ments and CPMD simulations had indicated that the N(His13)-
N(His14)-Zn-N(His13)-N(His14) coordination is the most sta-
ble one. A second model was built in which Zn is coordinated
to only three His imidazole rings in a 3N10O fashion. This sec-
ond model was considered to validate whether a three-imidaz-
ole Zn(II) coordination could be an alternative to the four-imid-
azole Zn(I1) coordination proposed in the literature for explain-
ing the XAS data of Zn(II):AB. The two Zn(Il) ion bridged
AB16 dimers (models 1 and 2) were truncated to models that
were affordable for semiempirical and first principles methods.

In fact, residues 1-10 of the peptides were detached and the
yielding N-terminus at Glul1 was capped with an acetyl group.
The models were placed in an MD cell that was solvated with
376 water molecules (using the TIP3P model for water). The
final solvated configurations that were obtained from classical
MD simulations were then subjected to tight-binding (TB) sem-
iempirical calculations to relax the systems of interest. After en-
ergy minimization using the TB technique, BOMD simulations
were performed to bring the systems to room temperature. As
from XAS measurements it was suggested that Zn(II) is likely
penta-coordinated, the water molecule oxygen atom was closer
to Zn(II) at a binding distance as a fifth ligand in both structures.
CPMD simulations were then conducted at 300 K using the
Vanderbilt ultra-soft pseudopotentials and the Perdew-Burke-
Ernzerhof (PBE) exchange correlation function. A third model
was designed via slightly modifying the first model by substi-
tuting the H atom of one His14 with a second Zn ion. A fourth
model was constructed by the addition of aan additional pep-
tide. They found that most stable Zn(II): A3 complex is the one
in which two peptides are bridged by a Zn(II) ion in a four-his-
tidine coordination mode. This model is also compatible with
experiments. Another realistic model (model 4) was obtained
by the addition of a third peptide to model 3 in a fashion so that
Glull, Hisl4 and a water coordinate to Zn(I). The fourth
model not only yielded a very good fit to the XAS data, but also
provided the geometric and chemical properties that resulted in
both Zn(I) sites as structurally stable.

Cu Interactions with A:

Minicozzi et al. conducted CPMD simulations using various
models to mimic the interactions between Cu(II) and model A3
species (see below) in aqueous medium utilizing an explicit wa-
ter model.®® They studied the following model systems:

1) Of the amino acid residues 1 to 6, only Aspl, Glu3
and His6 were retained. From the remaining amino
acid residues, only His13 and His14 were included in
the CPMD simulations. The system was solvated us-
ing 125 water molecules. The number of electrons in
the system was 1369. Initial metallopeptide configu-
ration was taken from the PDB (code 1ZE9) where
Zn(IT) was replaced by Cu(Il).

2) The backbone of the entire peptide was maintained to-
gether with Aspl, His6, Tyrl10, Glull, Hisl3 and
Hisl4. The C-terminus was capped again by an
NHCH: group while the N-terminus ended with a NHa
group. The metallopeptide was solvated using 225 wa-
ter molecules, yielding 2311 electrons in total. The in-
itial configuration for CPMD was generated from a
classical MD simulation of the Cu(II):AB16 metallo-
peptide in water with Cu(Il) coordinated to His6,
Tyr10, His13 and His14.

3) A similar system as in system 2, but with the Cu(II)
coordinating to N-terminus, His6, His13 and His14
was built.



The system involved 223 water molecules and 2295 electrons.
The starting configuration for CPMD was generated using clas-
sical MD simulation of the Cu(II):Af316 peptide in water. In the
first model, the nitrogen atom of the N-terminus moved far
away from the Cu(Il) ion, while the three His residues remained
coordinated to the transition metal ion during their simulation
time. Therefore, CPMD of the first system yielded results in
contrast to NMR measurements that reported the N-terminal ni-
trogen atom as a coordinating ligand to Cu(Il). Next, they in-
vestigated whether the N-terminus (second system) or the oxy-
gen atom of Tyr10 (third system) can coordinate to Cu(II). Their
simulations were too short for offering a clear perspective on
this question. Longer CPMD simulations are needed for study-
ing these systems in detail.

Furlan et al. studied several Cu(I):Af3 models and con-
ducted short CPMD simulations (1 ps) and short empirical sim-
ulations (3 ns) for gaining insights into the coordination chem-
istry details of Cu(I) with AB.”” Even though NMR measure-
ments on Cu(I):AB16 and Cu(Il): AB16 gave evidence of for a
strong dynamical process, the involvement of all three His res-
idues in the coordination was demonstrated. In order to gain in-
sights into Cu(I) coordination with A, Furlan ef al. conducted
CPMD simulations for various models of Cu(I) coordinated to
two or three His residues. Each model was initially built based
on hybrid Monte Carlo simulations (see above). The CPMD
simulations were performed using 47 to 963 atoms, correspond-
ing to Cu(I) coordination in the smallest truncated model and
the full Cu(I):AB16 model. Their short-timescale simulations
showed that the initial model with three coordinating His resi-
dues is not stable as one of the His detaches from Cu(l), leaving
only two His residues in the first coordination shell. This result
is in accord with XAS experiments but does not agree with
NMR experiments. While in the truncated models, an exchange
of Hisl4 with His6 occurred, the CPMD simulations of
Cu(I):AB16 showed that His6 is less likely to be involved in
Cu(I) bonding. The dynamic junction between regions 1 to 10
and 11 to 16 of Cu(I):AB16 results in the more likely coordina-
tion of His13 and His14 rather than the coordination of His6
and His13 to Cu(I). Since Aspl competes with the His side
chains in the solvated model of Cu(Il): A, electrostatic forces
push Aspl toward the 1-10/11-16 interface, allowing Aspl to
get close to Cu(Il) and eventually stabilizing the oxidized state
by coordinating to Cu(Il) and thereby replacing His13. A gen-
eral difference between Cu(I) or Cu(Il) coordination with A3
was reported to be the Cu(Il)-induced stretch of the 1-10 region
along with a stretch in the 11-16 region of A due to the more
preferred binding of His6 and Aspl when Cu is oxidized, Which
is not the case for Cu(]).

La Penna et al. studied Cu:Af species by CPMD sim-
ulations with the goal to gain insights into chemical and physi-
cal properties of Cu:Af species in the catalysis of the Fenton
reaction linked to oxidative stress.®® The redox behavior of var-
ying coordination geometries was probed considering 8 differ-
ent models for both monomeric dimeric Cu(I):A with Aspl,
His6, His13 and His14 being in the proximity of Cu. An empir-
ical model for monomeric (8 configurations) and dimeric (8
configurations) AB16 was utilized for the structure search that

satisfied the experimental conditions regarding possible coordi-
nation topologies. MC-random walks were performed, followed
by candidate configuration selection according to the presence
of Aspl, His6, His13 and His14 in the first coordination sphere.
The peptide had the DAEFRHDSGYEVHHQK sequence with
a charged C-terminus and a neutral N-terminus (NH2). The
overall charge was -3. Selected configurations of the mono-
meric and dimeric peptides were built by adding a Cu(Il) ion as
a dummy atom into the coordination sphere center. The A16
peptide was truncated, broken up into two fragments and mod-
ified: H-N-DGGGG-HD-NHMe (with a charge of -2) and Ac-
HH-NHMe (with a neutral charge). Asp7 was kept in the model
due to the imidazole ring interactions observed earlier (see
above). The truncated models were solvated and the systems
were neutralized using counterions. MD simulations were per-
formed using an empirical potential. The final geometry was
then studied using the CPMD approach. The closest water mol-
ecule to the metal was replaced with HOz™ and copper was re-
duced to Cu(I). An external force to induce the peroxide re-
sistance against hydroxyl radical production via O-O distance
was applied after energy minimization. In all trajectories, they
started with His, Aspl and water molecules in the coordination
sphere of Cu(II) since these ligands were shown by experiments
to be the most likely ones and are proposed to be active in the
redox process. The systems were simulated at 300 K. The re-
sulting trajectories could be divided into three categories. The
Fenton-type active trajectories are classified in one class based
on 1) Cu being available to water molecules, 2) Cu(I) being co-
ordinated to His and Aspl in a bent geometry, and 3) a concen-
trated water rearrangement in the remaining two coordination
positions. Class A involved structures with diagonal, non-bent
Cu(I) coordination geometry, which stabilized Cu(I) in a fash-
ion so that H20: did not bind to Cu(I). Class B structures were
reported to be potentially redox active and might represent spe-
cies observed in electrochemistry experiments. Though class B
species react slowly with H202 due to restricted access to Cu(I).
Cu:(AB16): fell to a large extent into class C in comparison to
monomeric Cu:Af16 that preferred the non-reactive class A.
Based on these results, La Penna et al. presented a novel mech-
anism, which could provide insights into the experimentally ob-
served higher reactive oxygen species formed by Cu:Af oligo-
mers in comparison to monomers.

In summary, studies on metal-Af} complexes using
first principles simulations usually employed the CPMD tech-
nique, which was often linked to empirical molecular simula-
tion techniques. Even though the systems are larger than those
studied with the first principles calculations presented in section
2.1 and also intermolecular interactions between solute and sol-
vent as well as the dynamics of the complex are captured, first
principles molecular dynamics simulations still cannot treat the
full-length disordered metallopeptide in solution. Furthermore,
the simulation time scales in most of the studies of metal-Af3
fragments using the CPMD technique is a few picosecond,
which is too short for the conformational sampling of Af3, espe-
cially when one considers the dynamic nature of this disordered
ABpeptide.

2.3. Quantum Mechanics/Molecular Mechanics Simulations



Hybrid QM/MM approaches have become a widely used tool
for investigating chemical reactions. The system region where
the chemical process occurs is treated using quantum chemistry
theory (see above), while the rest of the system is treated by
molecular mechanics (see below). Most of the schemes can be
expressed generally as:

E = EQM + EQM/MM + Epol + Ebaunda'ry

The Egu/mu term is the interaction energy between these two
regions via ssuming that both regions remain fixed. The Epol
term represents the impact of either region changing as a result
of the presence of the other region, such as solvent reorganiza-
tion. The Eyoynaary Tepresents the effect of the rest of the sur-
roundings, such as bulk water. Chemical reactivity can be stud-
ied in large systems, such as disordered metal-Af systems. The
binding of transition metal ions by Af can cause polarization,
charge transfer effects and coordination geometries, which are
not accurately explained using force fields.

Zn Interactions with Af:

Furlan and La Penna used NMR measurements and QM/MM
simulations and reported ab initio simulation results of several
Zn:AB16 models.”” NMR results supported their findings where
His6, His13, His14 and Glul 1 side chains bind to the Zn(II) ion.
Binding of Aspl to Zn resulted in a complex that showed dis-
connection of one of the bonded His. Coordination between
Zn(I1) and Tyr10 occurred when Tyr10 was deprotonated.

Marakov and co-workers studied a small-size model
Zn(IT) binding site of A using isothermal titration calorimetry
experiments and QM/MM simulations.” They provided ther-
modynamic evidence for the region 6-14 as the minimal Zn(II)
binding site wherein the metal ion is coordinated to His6,
Glull, His13 and Hisl4. The molecular mechanics approach
was applied using the Amber parameters parm99 with cor-
rections provided by Duan et al”' The QM system was de-
scribed with DFT in the generalized gradient approximation
(GGA) using the PW91 functional. Ultrasoft VDB pseudopo-
tential was used to determine the interactions between valence
electrons and ionic cores. Side chain atoms of His6, Glull,
His13, Hisl4 were included in the QM system. The total
size of the QM system was 38 atoms. In the case of the AB(11-
14) fragment, which they also studied, seven water molecules
close to zinc were included in QM system as well. Van
der Waals interactions were poorly described by default DFT
calculations and these were corrected using the Grimme analyt-
ical potential.Simulation systems were solvated with water mol-
ecules using the TIP4P model for water, and the total charge
was neutralized with sodium and chloride ions. The prepared
systems were subjected to QM/MM simulations. Temper-
ature coupling was applied using the Noose-Hover scheme, al-
lowing for observing the systems at body temperature. Because
ultrasoft pseudopotentials were employed, the valence elec-
trons basis set consisted of plane waves. Overall, they used
isothermal titration calorimetry experiments and QM/MM sim-
ulations and both tools showed that three of four residues from
the 11-14 region contribute to Zn(Il) binding and that this bind-
ing is associated with dimerization as well.
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Kozin et al. studied the dimerization mechanism of
two AB(11-14) fragments with a Zn(IT) ion using QM/MM sim-
ulations that were supported by surface plasmon resonance bi-
osensing and electrospray mass spectrometry experiments.”
For this purpose, they investigated two models: i) the Zn(II) ion
being coordinated to residues Glul1 and His14 of fragments, ii)
Zn(I1) being coordinated to His13 and His14 of both fragments.
The formation energy for the dimer calculated utilizing the
QM/MM approach for the second model was smaller. They thus
concluded that the Zn(II) ion is likely chelated by Glull and
His14 residues and this finding was supported by isothermal ti-
tration calorimetry experiments. The same group (Makarov and
co-workers) investigated whether phosphorylation of Ser8 pro-
motes the dimerization of Zn(II) bound A using QM/MM sim-
ulations augmented with isothermal titration calorimetry, elec-
trospray ionization mass spectrometry and NMR spectroscopy
measurements.” For this study, they simulated two model sys-
tems: i) the phosphate group provides two oxygen atoms for
Zn(IT) coordination, the 3 ligand is the N atom of the His6 side
chain, and the 4™ ligand coordinating to Zn(Il) is the carbonyl
oxygen of Asp7, ii) the first three ligands are the same as in the
first model and the 4™ ligand is the carbonyl oxygen of His6.
The QM/MM simulations showed that the energies for these
two model systems were almost identical, the second model is
energetically only slightly preferred. The conclusion was that,
in accord with their NMR experiments, both models can exist
in solution.

Cu Interactions with A:

Peroxynitrite causes AD and a mechanism was pro-
vided by Giacovazzi et al.”* Ascorbate, dioxygen and nitric ox-
ide presence close to Cu: A yields peroxynitire catalytic pro-
duction in competition to the production of H.0:. To this end,
an ONIOM approach was utilized to simulate Cu-Ap. QM layer
which included ascorbate, molecular oxygen and nitric oxide,
was described at DFT level utilizing the PBEO functional the
lanl2dz basis set. The Universal Force Field was employed for
the MM layer. Structures were optimized including frequency
calculations to address their nature as minima or transition
states, followed by single-point energy calculations capturing
water via a polarizable continuum model (C-PCM). For the gen-
eration of a low-energy Cu-Af structure to be used in QM/MM
calculations, classical MD annealing simulations were con-
ducted using the Amber force field ( though it is not clear which
set of Amber parameters were chosen for this study). The entire
reaction mechanism was analyzed. The underlying hypothesis
for this approach is that the catalytic site reactivity is faster than
conformational changes of the disordered peptide. This study
provided the facts for peroxynitrite catalyzation close to Cu:
AB.

Fe Interactions with Af:

Redox activity and oxygen transport is associated with Heme
that is a prosthetic group. Heme is linked with A3 and possesses
peroxidase activity. Two binding sites of A are reactive to-
wards heme; residues 1-16, and residues 17—40/42. Spectro-
scopic measurements propose that ferriheme and Cu(II) bind to



A simultaneously. These findings contradict what is proposed
about the nature of copper in AP coordination mechanism.
Little was known about the binding of heme to A until 2012.
Azimi and Rauk successfully presented the binding of Fe(II)-
heme and Fe(Il)-heme to A3 by QM/MM simulations in 2012
and 2013, respectively.”””® The computations on AB—heme
were conducted at the MM level with the Amber force field
(second generation Amber force field parameters that were re-
ported in 1995) or using the ONIOM approach. B3LYP/6-
31G(d) calculations were conducted to validation the statistical
mechanics Amber part 4-methylimidazole (Melm) complex
with Fe(Il)~heme. Next, Melm, Fe(Il)-heme geometries in
their triplet electronic state, and their adduct were calculated at
the B3LYP/6-31G(d) level of theory as well. Same theory was
used to compute the harmonic frequency analysis for obtaining
zero-point vibrational energies and the thermodynamic proper-
ties close to the room temperature. Grimme and co-workers'
studies were used to estimate the missing dispersion energy via
utilizing the DFT-D3 approach. With such a large system, it was
not realistic to perform harmonic frequency analysis for all sys-
tems. Therefore, energetics were calculated for selected species.
Water was modeled using a polarizable continuum model (IE-
FPCM). Heme coordination to His was calculated. Results in-
dicated a favorability for His13 followed by His6 and His14
(Figure 3). Making it likely that ferroheme is equally distributed
among His in the lack of Cu(I). Direct bonding of iron to His is
improved by secondary salt bridge formation between the heme
carboxylate group and Lys16 and the N-terminus of A3 or by a
combination of H-bonding and hydrophobic interactions (with
Asp7 or Phe20 for His6-heme). Such coordination may influ-
ence a non-amyloidogenic conformation and reduce the for-
mation of oligomers and fibrils. Their study could not resolve
the debates in the literature. The nature of binding of ferriheme
(Fe(IlT)-heme) to A in the presence of Cu(Il) is debated. These
studies affirm that ferriheme and Cu(II) may bind simultane-
ously to AB. Despite, these studies indicate that Cu(II) coordi-
nates to at least two or three His residues, leaving no room for
the heme to coordinate. Using the same methodology, they also
studied Fe(Ill)~heme—Ap(1-42)-H20. Coordination of His
was investigated. Their results indicated a similar favorability
for His13 and His6 coordination. In both cases, bonding of Fe
to His is starker by secondary salt bridges between the heme
carboxylate groups and AB. As before, Azimi and Rauk con-
cluded that the binding may reduce the formation of neurotoxic
oligomers and fibrils by stabilizing an A3 conformation that
cannot oligomerize. Based on their calculated reduction poten-
tial, the heme-A[ complex can act as a peroxidase in its Fe(Il)
and Fe(III) forms, which is in agreement with experiments.

Due to the higher computational cost relative to pure
MM simulations, hybrid QM/MM simulations require a careful
consideration of balancing computational cost and accuracy.
For both types of simulations it is well appreciated that the key
challenge is to strike the proper balance between potential en-
ergy accuracy and the degree of conformational sampling.
Transition metal ion bound AB complexes in solution do not
adopt stable structures but a large ensemble of structures due to
the disordered nature of AB. Moreover, the correctness of the
simulations can be affected by the location and treatment of the
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QM and MM region boundaries, the time scale difference be-
tween these two regions, and the limitations due to conforma-
tional sampling without special sampling techniques.

2.4. Classical Molecular Dynamics Simulations

Modeling of metal-protein interactions: In classical MD simu-
lations, atom and molecule geometries are determined by solv-
ing Newton's equations of motion for a system of interacting
particles. Forces between the atoms and their potential energies
are calculated using interatomic potentials that depend on mo-
lecular mechanics force fields. The potential energy of the sys-
tem is estimated from the molecular structure via a potential
function, also known as a force field. These interactions are di-
vided into bonded and non-bonded interactions. Chemical
bonds and angles between these bonds are typically modeled
using a simple spring model. The rotation about the chemical
bond, otherwise termed the dihedral or torsion, is modeled us-
ing a sinusoidal wave function to account for the energy differ-
ences between staggered and eclipsed conformations. Finally,
the van der Waals and electrostatic interactions are typically
modeled via a 6-12 Leonard-Jones potential and Coulomb’s
law, respectively. Thus, the potential function for MD simula-
tions generally has the following form:

U= Z Kr(r—req)z

bonds
+ Z Ko(6 = 6,,)"

angles

V
+ Z —[1 4 cos(n® —y)]
dihedrals

atoms atoms qlq
* Z [Rlz B ] Z

While the form of the potential function is often similar, the
method used to develop the force field parameters varies and
additional terms may be added to improve the accuracy of the
resulting force field. As a result, several different force fields
for MD simulations are available. The most commonly used
force fields for proteins are different versions of the Amber,
CHARMM, GROMOS and OPLS-AA force fields.”*" For A
and other intrinsically disordered proteins it has been shown by
various research groups, including by Coskuner and Uversky,
Strodel and co-workers, and Derreumaux and co-workers, that
the chosen force field parameters largely impact the MD simu-
lation results. CHARMM22*, CHARMM36m and also the
most recent Amber force field, Amber99SB-disp have been
identified as the force fields producing structural A} ensembles
that are best in agreement with various experimental observa-
bles, mainly obtained from NMR experiments.*® However,
none of these force fields has been applied yet for elucidating
the effects of transition metal ions on A3, which should be ad-
dressed by future simulation studies.

Another shortcoming of classical force fields is their
inability to correctly model the coordination of ligands to tran-
sition metal ions including ligand to metal ion charge transfer



from. To overcome this limitation, varying approaches have
been developed. The nonbonded pathway uses electrostatic and
vdW parameters to model the interactions between transition
metal and the coordinating ligands.”®® While this methodology
is the easiest one to be included into existing potential functions,
the coordination site geometry may not be stable, allowing the
metal ion to bind to additional ligands or even exit the coordi-
nation site. Furthermore, as we illustrated, simulated metallo-
protein structures may be affected based on the choice of the
formal or the partial charge model for simulating electrostatic
interactions, which in turn are one of the interactions that gov-
ern the calculated minimum energy and the related structure. In
several studies, geometric constraint parameters were intro-
duced between metal and the protein binding sites to guarantee
that the metal endures in the coordination sphere. However, the
binding geometry may continue to fluctuate improbably de-
pending on simulation conditions.*

An alternative to the bonded models is provided by the
nonbonded dummy model that considers the central metal atom
as surrounded by dummy atoms whereby each possesses a par-
tial charge.”**'The dummy model intends to resolve the
known issues of nonbonded models and also those of bonded
models (see below), which do not allow for the interconversion
between different coordination geometries and exchange of co-
ordinating ligands, by providing a nonbonded description cap-
turing electrostatics and structural parameters. While such mod-
els were present for other metal ions, none was available for
Cu(Il) because of the challenges associated with reproducing
the Jahn—Teller distortion until Strodel and co-workers pre-
sented a nonbonded model.”®” They applied the Cu(Il) dummy
model in MD simulations of enzymes and AR (Figure 4).”"
While no problems were encountered when Cu(Il) is stably
bound in the active site of an enzyme or at ns time-scale, in
longer simulations on the microsecond time scale or when en-
hanced sampling was used, the coordination geometry could not
be retained as Cu(II) left the binding site of Af3 and was not able
to bind again in a fashion involving one or more His residues
(unpublished results).

These issues in classical mechanics can be resolved by
using a bonded model, which captures the binding transition
metal ion and ligated protein amino acid residues with covalent
bonds. This bonded model enables for a more correct coordina-
tion sphere geometry representation as well as metal ion con-
finement in the center. Metal and coordinated amino acid resi-
dues are defined by potential functions that depend on force
field parameters. MM simulation result accuracy depends on
the chosen force field parameters’quality. Force field parame-
ters can be generated using different methods. Bond, angle or
dihedral values are varied while we determine the energetics.
1911* The Hessian matrix using internal coordinates from fre-
quency calculations can be utilized to compute the force con-
stant values."'*"** Nonetheless, these two methods yield force
field parameters depending on the choice of internal coordi-
nates. Thus, different simulation results can be obtained using
different choices in internal coordinates. For getting rid of the
internal coordinate dependency, Seminario et al. proposed a
strategy to generate force field constant parameters from the
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Hessian matrix based on Cartesian coordinates rather than in-
ternal coordinates. '

The force constants for the bonded terms of the poten-
tial functional are calculated as follows utilizing the Seminario
method. In general, force fluctuations acting on atom (A) due to
displacement of another atom (B) is given by:

[6F ;] = —[kap] X [6x] (1.1)
where [kag] is the 3 x 3 hessian matrix in Cartesian coordinates,
which describes atom A and B interactions. Specifically,

0%E 0%E 0%E
0x,0xg 0x,0yy 0x,0zg
0%E 0%E 0%E
[kas] = (1.2)
0y40xp  0y,0yp 0y40zp
0%E 0%E 0’E
0z,0xp 02,0y 02,0zg

The bond force constants can be calculated by equation 1.3:

3
kas = ) APt (13)
i=1

where A*® and vi*® are the eigenvalues and eigenvectors of the
8] matrix and u*” is the unit vector between the two atoms.
ka t d u*” is the unit vector bet the two at

The angle bending force constant value between three atoms (A,
B, and C in which B is the central atom) can be calculated from
the Hessian matrix as a function of the [kas] and [kcs] interac-
tion matrices. The angle bending force constant is calculated by
equation 1.4:

1 1 1
—= . + -
kq 2 2 ymB| PA,\ ,AB 2 2 e8| PC\,CB
dis@ 172U e i@ e u™ x|
i=1 i=1
(1.4)
CB - | AB
Where, uF’A - uN - UAB, uPC - UCB - UN , uN - u u
‘ucsquB‘

d is the distance between two particles. Using this strategy, tor-
sional angle force constant values can be derived and provide
torsion energy’s harmonic behavior. The potential energy due
to torsional angle would be calculated via equation 1.5:

é %(f— feq)2 (1.5)
torsions

Electrostatic potential methods, such as the CHarges from
ELectrostatic Potentials (CHELP), CHarges from ELectrostatic
Potentials using a Grid based method (CHELPG), electrostatic
potential (ESP) and restrained electrostatic potential (RESP)
methods, derive the atomic charges from a least-squares fit of a
significant number of points around the molecule of interest to
the electrostatic potential of that molecule.'”'** These methods
vary greatly in the choice of points for the potential fit, the den-
sity of points for the potential fit, the point exclusion criteria
and the atomic van der Waal radii. Furthermore, the RESP
method introduces a hyperbolic penalty function in order to pre-
vent charges of buried atoms being less well-determined.



Classical MD studies of metal-Af interactions. Sev-
eral groups have performed standard and enhanced MD simu-
lations to study the effects of metal-ion binding on the structure
and dynamics of monomeric and oligomeric Af3. The most often
used simulation method for enhancing the sampling of Af3 con-
figurations is the replica exchange molecular dynamics
(REMD) method, where several MD simulations, the so-called

replicas, are run in parallel but at different temperatures or using

different potential functions (aka. Hamiltonians).127'129’131 In

the replicas at higher temperatures or with reduced inter-atomic
interactions the system can cross energy barriers more easily so
that a larger conformational space is sampled. Due to the ex-
change of conformations between the replicas with a certain
probability according to the Metropolis criterion, the target rep-
lica, i.e. the replica at the temperature of interest or with the
unmodified potential function also explores a larger conforma-
tional space. As the REMD method is an enhanced sampling
method that does not require a predefined reaction coordinate,
it has become very popular for the study of AB, whose disor-
dered nature makes it (almost) impossible to define a reaction
coordinate.

Zn or Cu Interactions with Af3:

Li et al. conducted replica exchange molecular dy-
namics (REMD) simulations utilizing the Amber ff03 force
field for the protein and the generalized Born (GB) model for
the solvent.”*® They simulated the apo and holo A peptide for
studying the impacts of Zn(II) binding on the structural distri-
butions of the AB(1-40) peptide. The active site of the human
carbonic anhydrase II was simulated using the nonbonded pa-
rameters of Zn(II) using the molecular orbital method by Hoops
and co-workers. Bond constraints were added between Zn(II)
and its coordinating atoms according to experimental data, i.e.,
the His N atoms in His6, His13 and His14 and the Glull car-
boxylate group oxygen atom. The REMD simulation involved
28 replicas. The configurations from these simulations were
used to extract the conformational distributions. They reported
that the conformational distribution of the A monomer could
change with zinc binding. In comparison to the metal free A,
the holo-peptide sampled more B-strand structure for CHC and
increased probabilities of the Asp23-Lys28 salt bridge and the
turn comprising residues 23-28. Since these local structures are
essential for A aggregation, the observed effects of zinc bind-
ing indicate that the metal causes conformational changes of the
monomer that is associated with one of the available mecha-
nisms for the metal ion affected aggregation of Af.

Miller et al. studied the coordination of Zn(II) to an
AB42 complex comprising eight peptides and considered fol-
lowing stoichiometries: 8 Zn(II)-8 AB42 and 4 Zn(II)-8
APB42."' The initial structures were taken from the AB17-42
Lithrs model (PDB ID: 2BEG). They used the CHARMM27
parameters for the peptide and the TIP3P model for the solvent.
For obtaining the relative structural stabilities and populations
of the Zn(IT)-AB1-42 oligomers, the conformations from the
last 5 ns were taken and the solvation energies of these systems
were calculated using the implicit solvation method General-
ized Born using Molecular Volume (GBMYV). The total time of
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their MD simulation remains unknown. They also performed
REMD simulations on these systems - after MD simulations for
evaluating free energy surfaces based on potential of mean force
calculations. The starting structures for the REMD simulations
were from prior standard MD simulations, i.e. simulations with-
out special sampling methods. They effect of Zn(Il) on A
structures was studied. They linked covalently the structures
from experiments. They noticed that, for the Zn(IT)-AB42 oli-
gomer, Zn(II) can bind intra- and inter-molecularly, forming a
dimer. The solvation energy of Zn(II)-AB42 oligomers de-
creases and therefore enhances aggregation propensity. The 3-
sheet association around the C-terminal hydrophobic region is
not affected significantly upon Zn(II) binding. Antiparallel and
other ordered structures are pronounced but parallel B-sheet
structure formation is still most abundant. Their REMD simu-
lations further supported an experimental observation and led to
the conclusion that increasing Zn(II) concentration could re-
duce the aggregation kinetics, however, the aggregation kinet-
ics are much faster than in metal-free solution.

Wise-Scira et al. used REMD simulations to investi-
gate the structures and thermodynamic properties of
Zn(II):AB40 and Zn(IT): AB42 monomers in an aqueous solution
environment (Figure 5)."** Seminario’s strategy was utilized for
calculating the model Zn:HissGlu moiety force constant values.
For calculating the electrostatic interaction parameters, the
same group conducted partial charge calculations using the
B3LYP/6-31G*//B3LYP/6-31G* method. The starting
Zn:AB40 and Zn:AB42 structures were prepared by connecting
the NMR-derived Zn:AB16 structure (PDB ID: 1ZE9) with the
Leul7-Val40 and Leul7-Ala42 fragments, respectively. Sim-
ulations were performed using the Amber ff99SB parameters
and the Onufriev—Bashford—Case generalized Born implicit sol-
vent model. The impact of inter-molecular interactions between
the solute and solvent molecules were not captured in this study.
Their results showed distinct characteristics for the two metal-
lopeptide alloforms. For example, prominent 3-sheet formation
in the N-terminal region of Zn:AB40 was significantly de-
creased or lacking in Zn:AB42 (Figure 6). Their findings indi-
cate that blocking multiple residues important for forming
abundant 3-sheet structure, which are located in the central hy-
drophobic core and C-terminal regions of AB42, via antibodies
or small organic molecules might help to reduce the aggregation
of Zn(II)-bound A{342.

Zn(II) is not stably bound to AP and exhibits a fast
ligand exchange kinetics. Experiments suggest that Zn(II) pro-
motes aggregation through inter-molecular bridges forming
Zn:(AP): species. Pan and Patterson conducted MD simulations
on Zn:AB and Zn:(AB): with varying combinations of coordi-
nating ligands including His6, His13, His14 and Glul1 as sug-
gested by previous QM calculations and NMR measure-
ments.'” In the study by Pan and Patterson, the force field pa-
rameters for the metal-ligand bonds were predicted from DFT
calculations. Hessian matrix was used along with the vibra-
tional frequency data to obtain force constant values for the Zn-
ligand species and were included in CHARMM22 force field
parameters. The residues His6, His13, His14 and Glull were
covalently bound to the metal as reported by NMR measure-
ments via utilizing the force constant values obtained from QM



calculations. For the metal-dimer species, DFT calculation re-
sults showed that the 2 Glu and 2 His residues and 4 His resi-
dues are relatively stable dimeric cross linkages at neutral pH.
There were different possible dimeric structures considering
symmetric coordination of the two A peptides. They used all-
atom simulations with explicit water solvent (TIP3P) and the
CHARMM22/CMAP force field augmented with their Zn(IT)
parameters. Simulations showed that zinc causes conforma-
tional changes in Af3. Moreover, zinc reduces the helix content
and increases the disorder degree of the peptide. B-sheet for-
mation was observed prominently at the C-terminus in Zn:Af3
and Zn:(Af): complexes. This study suggested that Zn-binding
to AP accelerates A3 aggregation.

Recent developments of bifunctional molecules,
which interact with Af3 and metal ions supply promising thera-
peutics to AD. Traditional metal chelating agents, such as eth-
ylenediaminetetraacetic acid (EDTA), clioquinol (CQ), an ana-
log of clioquinol (PBT2), and cyclen, have already been utilized
as therapeutic agents to disrupt metal-A interactions. Some
molecules like CQ and PBT2 have been shown to improve the
cognition behavior by reducing the amount of plaque deposits
in phase II clinical trials. However, the adverse side effects limit
their long-term use. The molecular mechanism of how A in-
teracts with small molecules in the presence or absence of metal
ions is still elusive. Due to the dynamic nature and polymorphic
states of A, it is rather difficult to capture the binding sites of
small compounds through in vitro experiments. Theoretical
studies also face great challenges because the time scale re-
quired for conformational changes induced by small molecules
is still far beyond the accessible computation time in terms of
the ““induced fit’’ hypothesis of protein—ligand interactions . An
alternative hypothesis termed conformational selection has
emerged based on experimental results, which assumes that the
ligand first selects the most favored preexisting conformations
of a protein, and then the binding interactions lead to redistri-
bution of the relative conformations in solution (population
shift). Xu et al. combined conformational sampling and selec-
tion to identify the binding mode of zinc-bound Af3 with three
different small-size bifunctional molecules using a conforma-
tional selection model, REMD simulations and docking calcu-
lations."”* The bifunctional molecules exhibit their dual func-
tions by first preferentially interfering with hydrophobic resi-
dues 17-21 and/or 30-35 of Zn(II)-bound AP. Interactions
caused by Zn(II) surrounding residues may disrupt metal and
AR interactions. Their binding free energy calculations further
demonstrate that AB and bifunctional molecule interactions
were governed by enthalpy rather than entropy. It should be
noted that entropy calculations for monomers and oligomers of
intrinsically disordered proteins in solution still provide a chal-
lenge to the theoretical and computational chemistry society.'”

Han et al. modeled Zn and Cu binding to Alzheimer’s
AP peptide considering Tyr10, His6, His13 and His14 as coor-
dinating ligands involved and using the AB(10-21) fragment.**
As force field Amber parm96 was used together with the TIP3P
model for water. The MD protocol included an equilibration
part lasting for 5 ps and a production part of 0.5 ps at a temper-
ature of 298K. Each 0.1 ps a configuration was saved, leading
to five configurations, which were further energy-minimized
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prior analysis. Based on their results, the N atom of the imidaz-
ole ring of His14, the O atom of a backbone carbonyl groups
and two O atoms from water occupy the four ligand positions
of the monomeric complex, while in the aggregated form of
ABa His13(N)-metal-His14(N) bridge was formed. However,
their simulations are too short for predicting the structures ac-
curately.

Parthasarathy et al. conducted solid-state NMR meas-
urements along with MD simulations for investigating Cu(II)-
binding to AB40 fibrils."” Amber ff99sb force field with gener-
alized Born (GB) implicit solvation were utilized. However,
Jahn-Teller effects were ignored in this study and accurate force
field parameters for Cu(IT):Af were not developed using QM
calculations. Their experiments demonstrated small changes
upon Cu(Il) coordination and demonstrated that Met35 might
not be oxidized through Cu in fibrils. The MD simulations con-
firmed the binding sites suggested by the NMR results and the
stability of such Cu(Il) binding. Furthermore, the coexistence
of a variety of Cu(Il)-binding modes unique to A fibrils was
indicated from the simulations that are realized by both intra-
and inter-molecular contacts and highly concentrated coordina-
tion sites due to the in-register parallel 3-sheet arrangements.

Jiao and Yang studied Cu(II):AB using MD simula-
tions and the AP(10-21) fragment instead of the full-size
AB40/AB42 peptide.”*® The ESFF force field parameters along
with the SPC model for water was used. For each MD simula-
tion, equilibration time was 1 ns, followed by 1 ns of data col-
lection for analysis. Based on their short simulations without
special sampling techniques, they reported that a tri-ring 4N co-
ordination mode of the Cu(Il):Af complexes occurred where
the Ns atom of histidine acts as anchor site and its adjacent
backbone N atoms as essential coordination sites forming the
equatorial plane. They concluded that Cu(Il):Af3 coordination
is against the formation of stable fibrils, i.e. that Cu(II) inhibits
the aggregation of Af into fibrils. However, the coordination
geometry must be predefined in their simulations.

Mantri et al. studied whether Cu(IT) binds to AB40 and
APB42 in the same fashion.'” They first conducted B3LYP/6-
31G** calculations where Cu(IT) was modeled by the LACVP
basis set on model Cu(Il):ligand systems for obtaining bonded
force field parameters, which were used for a subsequent long
scale MD simulations. The resulting trajectories were analyzed
for clustering using the Jarvis—Patrick algorithm, and evaluation
of the energy-minimized representative provided the copper—
peptide complex stability. They evaluated the relative energies
of different isomeric structures and found that AB40 and A342
possess varying binding modes, suggesting that shorter A3
fragments truncated at the C-terminus may not be realistic mod-
els.

Boopathi and Kolandaivel conducted MD simulations
of Zn(II)- and Cu(II)-bound Af40 and AB42 monomers in wa-
ter.'"*” However, the choice of transition metal-AB force field
parameters for simulating Zn(I):Af and Cu(II):AB were not
mentioned in their study, which suggests that they used a simple
nonbonded model. OPLS-AA parameters were used for the pro-
tein and the TIP3P model for water was chosen in their MD
simulations. As they did not conduct enhanced sampling MD



simulations, the conformational sampling of A is limited.
They reported that Zn(IT):AB40 adopts a B-hairpin structure,
which was promoted by the turn region in the mid domain re-
gion and increases the hydrophobic contact between the CHC
and the C-terminal regions. The turn region was stabilized by
alternative salt-bridges. The same B-hairpin structure was re-
ported to be not stable in Zn(IT):AB42 due to the absence of
these salt-bridges.

Coskuner compared the structures of Zn(II)-bound
AB40 and AB42 to those of Cu(Il)-bound AB40 and AB42 in
aqueous solution utilizing REMD simulations."' To simulate
the Cu:AP40 and Cu(I1):AB42 alloforms using a bonded model
for the Cu: A3 moiety, they developed the force field parameters
for the Cu(II):(His)3Glu species utilizing full-length models and
extensive first principles calculations. Different sets of REMD
simulations were conducted using the Amber ff99SB parame-
ters for the rest of AB. The Onufriev—Bashford—Case general-
ized Born implicit solvent model was utilized. 16 replicas were
utilized. Conformational Gibbs free energies were calculated
using the MM/PBSA method (Table 1). Their results demon-
strated that copper binding to both A alloforms is thermody-
namically less preferred than zinc binding, which is in agree-
ment with experiments.'*' Moreover, Cu(Il) binding impacts the
thermodynamic properties, secondary and tertiary structural
properties of AB40 and AB42 different than Zn(II) binding.
Coskuner-Weber also investigated the impact of different coor-
dination chemistries on the structures and thermodynamic prop-
erties of Cu(II):AB40 and Cu(Il):AB42 in an aqueous solution
environment. To this end, the force field parameters of
Cu(II):(His)sAsp, Cu(Il):(His)3Glu and Cu(Il):(His)sTyr were
developed using the Seminario method as described above.
Amber ff99SB parameters and the Onufriev-Bashford-Case
generalized Born implicit solvent model were used in REMD
simulations. The correlation between simulation and experi-
ment was judged based on Cq and Ha chemical shift values for
the AB42 peptide in aqueous solution. Experimental data
(NMR) was obtained from Prof. Michael Zagorski (Figure 7).'*
The thermodynamic properties of apo- and Cu(Il)-bound A340
and AB42 revealed that the Cu(II)-bound structures are less pre-
ferred than apo-Af40 and apo-Af42 in aqueous solution. Ad-
ditionally, both A alloforms favored different structures based
on the coordination chemistry. Specifically, the thermodynamic
preference for the coordination sites is in the order
Cu:(His);Glull < Cu:(His)sTyr10 < Cu: (His)sAspl for both
AP alloforms. The free energy surfaces of the free and Cu(Il)-
bound AP peptides also revealed that the conformational en-
semble of the A peptides is altered by Cu(II) coordination and
that the change in the conformational ensemble differs based on
the chosen binding site. In general, the helical content of the
Cu(II)-bound alloforms decreases upon Cu(Il) binding in the N-
terminal and CHC regions for all three coordination chemistries
(Figure 8). The B-sheet content is decreased for the Cu(1I):A340
peptide except within residues Leu34-Val40. Conversely, the
AB42 peptide shows a boost in (3-sheet content in the CHC and
C-terminal regions for all three binding sites and also in the N-
terminal region for the Cu:(His)sGlull binding site. Further-
more, the increased structuring in the C-terminal region of the
free AB42 in comparison to the free AB40 is still observed when
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Cu(II) binds to the peptide. Additionally, increased structuring
in the CHC region due to B-sheet formation for the Cu(Il)-
bound AB42 peptides as to the Cu(Il)-bound AB40 peptides is
also observed. These -sheet content variations indicate that the
Cu(II)-coordinated A peptides have an increased aggregation
tendency in comparison to the free AP peptides and that the
Cu(Il)-bound Af42 peptides will aggregate more rapidly than
the Cu(II)-bound AB40 peptides. Intrinsic aggregation propen-
sity calculation revealed that the CHC and C-terminal regions
are most likely to be involved in the aggregation of the free and
Cu(Il)-bound AB40 and AB42 peptides in aqueous solution,
which is further enhanced by Cu(Il) binding for the CHC region
of AB40 and for both the CHC and C-terminal regions of Af42.

Li and co-workers studied the impacts of Cu(II) bind-
ing on the structures of monomeric and dimeric A using MD
simulations in 2016."* They used the CPMD-derived structures
for Cu(Il):ligands complexes that were obtained by La Penna
and co-workers (see above) and used the Seminario method for
calculating the force field parameters of the Cu(II):ligands com-
plex for conducting classical MD simulations. They used the
AMBER force field 99SB for the rest of the protein and the
TIP3P model for water in their simulations. They obtained the
force field parameters for Cu(Il) bound to His6, His13 (or
His14) and Aspl with distorted planar geometry. They demon-
strated that upon Cu(Il) binding, the B-sheet content of Af is
reduced. This was in accord with experiments. In addition, one
possible mechanism for amorphous assembly is that the Asp23-
Lys28 salt bridge, which plays a crucial role in B-sheet for-
mation, becomes more dynamic upon Cu(Il) ion binding to the
AP peptide’s N-terminus. Based on their findings, Cu(II) coor-
dination delays A3 dimerization process as observed by exper-
iments. The reported mechanism is associated with slow for-
mation of inter-chain salt bridges in dimer as well as with de-
creased hydrophobicity of monomer upon Cu(Il) binding.

Strodel and co-workers studied the impact of Cu(II)
binding on Af342 monomers and dimers using Hamiltonian rep-
lica exchange molecular dynamics (H-REMD) simulations
(Figure 9)."*"** The initial structure of the Cu(Il): AB42 com-
plex was built by combining the Cu(Il): AB16 model proposed
by Ali-Torres et al.*® (see above) and the structure of AB(17-42)
as determined by NMR spectroscopy for full-length AR42 in a
hexafluoroisopropyl alcohol/water mixture (PDB ID 1Z0Q).'*
For modeling the Cu(I1): A 42 binding site, they first developed
force-field parameters for usage with OPLS-AA for Cu(Il) li-
gated by His6 and His13 and the amine and carbonyl groups of
Aspl in a distorted square-planar geometry. To this end, they
conducted DFT calculations at the B3LYP/def2-TZVP level
with D3 dispersion correction on a truncated model including
Cu(Il) and the coordinating residues. OPLS-AA and TIP4P pa-
rameters were used. In addition to the Cu(Il): AB42 system they
also investigated the effect of varying pH values (5.3, 6.0, and
7.4) on AB42 structures and thermodynamics elucidated by the
transition network approach, which Strodel and co-workers de-
veloped for capturing the structural dynamics and aggregation
of AB. It was found that a charge reduction of AB42 either pro-
voked by Cu(Il) binding or by mild acidic conditions leads to
an increased -sheet formation, which might promote aggrega-



tion. However, Cu(II) complexation also increased the struc-
tural flexibility of AB42 despite more -sheets being present in
AB42."* Similar observations were made in their study of the
Cu(II)-bridged A2 dimer where the Cu(II) ion was coordinated
by a pair of His13 and His14 residues from the two AB42 pep-
tides."* Based on MP2 and DFT calculations a set of OPLS-AA
force field parameters was developed to describe the interac-
tions between Cu(Il) and the AB42 dimer, which were used in
H-REMD simulations with 24 replicas, OPLS-AA as force pro-
tein force field, and TIP4P as water model. The Hamiltonian
scaling factors applied to Cu(Il):(AfB42)2 were exponentially
distributed between 1.0 and 0.4. Each replica was simulated for
500 ns and the last 400 ns of the replica with the unmodified
potential were used for analysis. In addition to Cu(II) binding,
Strodel and co-workers studied the effects of different external
conditions on the conformations of the A342 dimer: at pH 7.4
representing physiological conditions, at pH 5.3 representing
acidic conditions linked to brain inflammation, and an oxidized
AB42 dimer containing two Cq-centered Gly25 radicals as a re-
sult of oxidative stress. As for the monomer,'® transition net-
works were calculated from the H-REMD simulations, which
revealed that the decreased pH considerably and Cu(II) binding
slightly increased the 3-sheet content. Moreover, Cu(II) binding
increased the exposed hydrophobic surface area, which together
with an increased [-sheet formation can contribute to an in-
creased oligomerization propensity and toxicity. Interestingly
the increase in -sheet content as induced by either a mild acidic
pH or Cu(Il) binding is accompanied by an increase in peptide
flexibility, especially in the C-terminal half of the peptides. This
was an unexpected finding as the general assumption is that
structure formation and conformational flexibility reduction go
hand in hand, suggesting that intrapeptide diffusion also plays
arole during amyloid formation. The effects of oxidized Gly25
was rather limited on the AB42 dimer, indicating that oxidative
stress, while being important in the pathology of AD, has no
direct influence on the structural and aggregation properties of
AB.

La Penna and Li used metadynamics MD simulations
on a system composed of two AB(1-42) peptides and a Cu(II)
ion in aqueous solution.’** They used the Amber 99SB pa-
rameters and the TIP3P model for water. For the Cu(II):lig-
and complex, the Seminario method was used (see above).
They used different models; Cu is coordinated to Asp1l (N
and 0), His6, His13 (same peptide); Cu is bound to Asp1 and
His6 (one peptide) and His13 (second peptide). Their study
illustrated that the superoxide production is related to low-
energy intermediates after a high-energy Cu(I): A complex
formation. Despite the bias for high-energy reduced reac-
tant species, the reduction of Cu(Il): Ap product by super-
oxide can also occur as demonstrated in Ref. 134.

It was shown that curcumin (CUA), a polyphenolic
phytochemical, inhibits the aggregation of AB. The joint inter-
actions of Af3 with metal ions and CUA were not clear until
Kozmon and Tvaroska conducted MD simulations including
APB42, Cu(Il) and CUA at the same time."** For this purpose, the
CUA structure was generated and optimized at the B3LYP/6-
31+G(d) level, which was then used to generate force field pa-
rameters by the antechamber tool, where RESP charges and gaff
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parameters were employed. The Cu(Il) ion was treated using
the non-bonded approach, which only considers to the metal
ion as van der Waals sphere with electrostatics. Different inter-
action modes between A3, CUA and Cu(Il) were investigated.
Their results showed that CUA or a higher concentration of
Cu(Il) ions impact the conformations of AB42. Furthermore,
calculations of the AB42 complex with CUA and Cu(II) ions
showed that CUA can chelate the Cu(II) ion and directly inter-
acts with Ap.

One of the early clinical trials for treating AD was
done with clioquinol (CQ), an old drug that was used to treat
fungal and protozoal infections and also acts as a zinc and cop-
per chelator. It can dissolve amyloid aggregates by forming sta-
ble chelation with metal ions. A drawback of CQ is its poor
aqueous solubility, making it hard to reach the fibrils and thus
enter the protein interior. Benzothiazole is known to possess a
strong binding affinity for A plaques and has been used as im-
aging agent for AP plaques. Geng et al. synthesized three com-
pounds, (E)-2-((benzo[d]-thiazol-2-ylimino)methyl)phenol
(CQ1), (E)-2-((benzo[d]thiazol-2-ylimino)methyl)-4-chloro-
phenol (CQ2),and (E)-2-((benzo[d]-thiazol-2-ylimino)methyl)-
4-nitrophenol (CQ?3), as the new inhibitors of Cu(Il)-Af aggre-
gation, where CQi (i=1,2,and 3) is the collective term for
them."® Experiments revealed that the three CQi compounds
possess a high efficiency for both Cu(Il) elimination and A3
assembly inhibition at pH=6.6. The mechanisms of both aggre-
gation inhibition for these compounds was obscure, especially
its pH dependence. To answer this question, Dong ef al. simu-
lated the interactions between the CQi drugs and Cu(Il)-Af40
monomers at two pH values."”” The Amber parm94 force field
parameters were used for the rest of the protein along with the
TIP3P model for water for simulating the solvent. They re-
ported the binding free energies for CQi with monomeric
Cu(I):AB40 in water. Regarding binding strength, CQ2 was
shown to be the best compound. As the special role of D23 in
both AP aggregation and stabilizing the A fibril, the genera-
tion of H-bond between CQ3 and D23 of AB40 peptide is be-
lieved to be responsible to CQ3 the strongest disaggregation ca-
pacity.

Fe Interactions with Af:

Boopathi and Kolandaivel studied Zn(IT):AB, Cu(Il):AB and
Fe(ID):AB using MD simulations and provided a comparison of
these metallopeptide structures.**'* For these simulations, op-
timized truncated Zn(II):(His)s, Cu(II):(His)s and Fe(II):(His)s
structures, i.e., without a fourth ligand binding to the metal
ions, were generated at the MO06-2X/ 6-
311++G(2df,2pd)+LANL2DZ level of theory and used to de-
rive OPLS-AA parameters for these coordination sites. They
were then used to set up the full Zn(II):Af, Cu(Il):AB and
Fe(I):AB systems, which were solvated in TIP3P water and
their dynamics studied using 200 ns MD simulations. They re-
ported that Fe(II) binding reduces the helical structures and in-
creases the B-sheet content, indicating that Fe(I) binding pro-
motes the aggregation of the disordered peptide into amyloid
structures.



Manganese Interactions with Af3:

Mn(I) is the oxidation state that is most stable for manganese,
and it has paramagnetic properties. For low pH values it was
found that Mn(II) does not contribute to AP aggregation. Addi-
tionally, Bush ef al. found in a Zn(II) competitive assay with
APP that Mn(IT) competed off Zn(II) to approximately the same
extent as Cd(II), Pb(IT), Al(1IT), Hg(II) and Cu(Il) did in its tox-
icity."* In a study using Mn(II) ions as paramagnetic probes in
AB/micelle conglomerates evidence was found for an Mn(II)
binding specificity for the N-terminus of AB."*"'*> Wallin et al.
conducted MD simulations along with NMR, CD, and fluores-
cence spectroscopies as well as AFM measurements to study
the binding of Mn(II) to AB.'** As starting point for their MD
simulations the NMR structure (PDB ID 1ZEQ) of A16 bound
to a Zn(II) ion with His6, His13, His14 and Glull as ligands
was used. The Zn(II) atom in the original structure was replaced
with an octahedral Mn(II) dummy model, which was developed
as part of this study. OPLS-AA parameters were used for Af,
which was solvated utilizing the TIP4P model for water. These
joint simulations and experiments proposed that Mn(II) binds
only weakly to A3, which likely does not have a large effect on
the disordered nature of the peptide and its aggregation into am-
yloid fibrils.

3. CONCLUSIONS

We have summarized recent studies that used different compu-
tational chemistry approaches for studying the binding between
transition metal ions and AP and the resulting impacts on the
structures, thermodynamic properties and aggregation propen-
sities of monomeric and oligomeric A in aqueous solution. Ex-
periments face challenges in elucidating time- and atom-re-
solved details of the binding and effects of transition metal ions
on AP, but so do computational chemistry studies for different
reasons. Extensive efforts went into computational chemistry
studies of transition metals with monomeric or oligomeric A,
from which various coordination geometries for the metal-Af
binding were proposed. While these different coordination
mechanisms might all occur due to the disordered and dynamic
nature of A, it seems that the binding of Glul1, Aspl or Tyr10
along with three His residues are the most preferred.

The studies of transition metals binding to A3 requires
both quantum and classical mechanics or their hybrid version.
Quantum level studies do not allow studying the full-size met-
allopeptide in solution and can also not capture the highly dy-
namic nature of the transition metal binding to A and the dy-
namics of this peptide in solution. Even though useful insights
have been gained from quantum level studies with or without
short-time (i.e., picosecond time scale) dynamics, these also led
to a debate regarding the coordination modes of transition metal
ions with A as different studies produced different coordina-
tion geometries. An additional shortcoming of the hybrid
QM/MM simulations is that their accuracy depends on the lo-
cation and treatment of the boundary between the QM and MM
regions, the time scale difference between these two regions,
and the limitations due to limited conformational sampling.
Classical MD simulations provided insights into the full-size
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structures and thermodynamic properties of transition metal ion
bound AP in solution, especially when long-time simulations
(on the microsecond time scale) or special sampling techniques
were used. However, these simulations depend on force field
parameters. A particular problem of classical MD simulations
of metallopeptides is the description of the coordination be-
tween the transition metal ions and the binding residues. Even
though nonbonded, dummy and bonded models have been de-
veloped to overcome this issue, the resulting force field param-
eters for the metal ion: AP complex do not capture the impacts
of polarization nor do they accurately represent the partially
filled d orbitals that would allow the study of different coordi-
nation geometries. Furthermore, the description of the different
bonding types (particularly  bonding) between biomolecules
and metal ions is difficult within classical molecular simula-
tions.

Moreover, it is well known that the chosen force field
parameters impact the predicted structures and thermodynamic
properties of Af3. While most protein force fields nowadays pro-
vide balanced and reliable descriptions for folded proteins, this
is less the case for intrinsically disordered proteins, such as Af.
Therefore, we also expect a force field dependence of the results
for transition metal ion bound Af3; however, this remains to be
investigated. Due to the difficulties of experiments in elucidat-
ing thermodynamic and kinetic details for monomeric and oli-
gomeric AP due to its highly dynamic and aggregation-prone
nature, the force field developments are affected as well since
there is only limited experimental data to which the outcome
from computational chemistry studies of Af3 can be compared
to. The lack of reliable simulation results in turn impacts the
development of new experimental approaches in this area.
Therefore, the goal remains that the physics, chemistry and bi-
ology of transition-metal bound, disordered AP complexes
needs to be fully elucidated.

Nevertheless, transition metals may coordinate in a heterogene-
ous manner to various ligands due to the highly dynamic and
disordered nature of A and the in vivo environment may also
affect these coordination chemistries. For each possible coordi-
nation scenario, computational chemistry studies provided in-
sights into the mechanism, structural and thermodynamic prop-
erties. Given these information, metal ion chelators or small
chemical/biological drugs can be synthesized for finding a cure
for AD, whose pathology is affected by transition metal ions.
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Table 1: Different models for Zn(l11):AB proposed from experiments. Taken from Ref. 35.

Fragment/Peptide Experimental conditions Proposed binding sites | Refs.
AB(1-16) I mM in phosphate buffer 50 | His6, His13, His14, ? 1
mM. pH 7.1 (H20/D:0, 9/1),
293 K.
AB(1-16), AP(1-28) ~0.1mMinD20,pH7.8,293 | NH2 (Aspl), His6, |2
K His13, His14
APB(1-40) 50 uM in phosphate buffer | NH>  (Aspl), His6, |3
50 mM, pH 6.5 (H20/D20, | His13, His14
9/1)
Ac-AB(1-16) 2 mM in phosphate buffer 50 | His6, Glull, Hisl3, |4
mM, pH 6.5 (H.0/D:0, 9/1), | His14
AB(1-28) 0.4 mM, 100 mM SDS, pH | NH: (Aspl), His6, |5
7.5, D20, 298 K. Glull, Hisl3, His14
APB(1-16) PEG 2 mM pH 7.0, D20, 300 K NH:2 (Aspl), His6, |6
His13, His14
AB(1-16) 300 uM in TRIS buffer, pH | His6, Hisl3, or Hisl4, | 7
7.4,D20, 318 K. Glull, COO
Table 2. Different models for Cu:Ap from experiments.
Fragment/Peptide Experimental conditions Proposed binding sites Refs.
APB(1-16) 50 mM NaPi, 75 mM NaCl, 20 K, | Aspl, His6, His13, His14 8
pH 7.2
2




APB(1-40) HFIP, 100 mM TRIS, 150 mM | N?, N?, N?, O? 9
NaCl, pH 7.4, 50% glycerol, 310
K

AB(1-16), AP(1-28), AP(5-23), | 20 mM Tris-HCI, pH 7.4, 310 K | His6, Tyr10, His13, Hisl4, | 10

AB(17-40), AB(1-40) H.0

AB(1-28) 50 mM N-ethylmorpholine, pH | N-terminus, His6, His13, | 11
7.4,298 K His14

AB(1-16), AB(1-28) pH4.5-8,298 K N-terminus, Asp?/Glu? | 12

His13, His14

Table 3. Calculated conformational enthalpy, solvation Gibbs free energy, entropy and conformational Gibbs free energy for
Cu(11):Ap(1-40) and Cu(ll):Ap(1-42) along with the corresponding values for Zn(I1):AB(1-40), Zn(11):Ap(1—42), apo AB(1-
40) and apo AB(1-42).

Metallopeptide

<G> (kJ mol™)

<H > (kJ mol~)

-T<S> (kJ mol?)

<G> (kJ mol™)

Cu(I1):AB(1-40)

-2174.9 (+ 30.8)

-1998.8 (+ 46.1)

-2109.0 (+ 12.8)

-4107.7 (£ 33.8)

Zn(I1):AB(1-40)

—2.235.9 (£ 24.9)

-2979.8 (+16.3)

—2.096.2 (£ 28.5)

-5076.0 (% 20.6)

Apo AB(1-40) —2007.7 (£ 125.9) | -2788.2 (% 55.6) —2114.4 (£ 9.9) ~4902.5 (* 45.9)
Cu(I1):AB(1-42) -1911.6 (+ 14.4) -2072.7 (% 19.4) 21776 (£ 3.2) -4250.3 (% 16.6)
Zn(I):AB(1-42) -2183.2 (* 28.8) -2908.3 (% 12.1) -2189.1 (¥29.3) -5097.4 (+21.0)
Apo AB(1-42) —2404.5 (* 27.3) -2579.9 (% 24.2) —2206.6 (* 4.1) -4786.5 (% 20.3)




Figures:

Figure 1. The sequence of AR42, 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 labeled as red, blue, green, and black
are negatively charged, positively charged, polar, and hydrophobic, respectively. Reproduced with permission from John Wiley
and Sons: Liao et al.'*
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Figure 2. Optimized structures of a) Cu:(His)sAsp, b) Cu:(His)sGlu and ¢) Cu:(His)sTyr coordination complexes at the
B3LYP/6-31G* level of theory in the gas phase. The atom names are according to the AMBER force field. Reproduced with
permission from John Wiley and Sons: Wise and Coskuner.'4®




Figure 3. ONIOM-optimized structures of Fe(Il)~heme—AB(H13)a and Fe(I)~heme—AB(H13)b (inset) showing details of the bond-
ing environment of the heme. The heme group and the side chain of Hisl13 constitute the QM part. AG(aq) is relative to
Fe(Il)—heme—AB(H13)a in kJ/mol. Reprinted with permission from S. Azimi and A. Rauk, The Binding of Fe(Il)-Heme to the Am-
yloid Beta Peptide of Alzheimer’s Disease: QM/MM Investigations, J. Chem. Theory Comp. 2012, 8(12):5150-5158, Copyright
(2018) American Chemical Society.




Figure 4. (A) Schematic illustration of the Cu(Il) dummy model. Instead of a simple sphere, the point charge of the Cu(Il) ion is
distributed to six dummy atoms (in grey) with partial charges (shown in blue), leading to a formal charge of —1 (shown in red) at the
central atom (in orange). Different charges for the equatorial and axial dummy atoms along with different bond lengths between these
and the central atom allow to reproduce the Jahn-Teller effect in classical MD simulations of the Cu(II) ion. (B) Snapshot from a 100
ns MD simulation of the Cu(II) dummy model coordinated to AB16 via the carbonyl O atom of Ala2, N6 of His6, Ne of His13, and
N& of His14. The ligating residues were allowed to choose their preferred dummy atom to interact with. Two water molecules inter-
acted with the remaining two dummy atoms during the MD simulation. Af16 is shown in cartoon with the N- and C-terminus being
indicated by a blue and red sphere, respectively. The ligating residues and water are shown in Corey—Pauling—Koltun (CPK) presen-
tation using turquoise for C, blue for N, red for O, and white for H atoms. Reprinted with permission from, Q. Liao, S. C. L. Kamerlin,
B. Strodel, Development and Application of a Nonbonded Cu2+ Model That Includes the Jahn—Teller Effect, Phys. Chem. Lett. 2015,
6(13):2657-2662, Copyright (2018) American Chemical Society.
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Figure 5. Potential of mean force (APMF) of (a) Zn(I1):AB40 and (b) Zn(II):AB42 structures along the coordinates representing the
radius of gyration (Re) and end-to-end distance (Re-e). Reprinted with permission from O. Wise-Scira, L. Xu, G. Perry, O. Coskuner,
Structures and free energy landscapes of aqueous zinc(IT)-bound amyloid-B(1-40) and zinc(IT)-bound amyloid-f(1-42) with dynam-
ics, J. Biol. Inorg. Chem. 2012, 17(6):927-938, Copyright (2018) Springer Nature.
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Figure 6. Probabilities of the different secondary structures are shown per residue of Zn:A340 (black) and Zn:AB42 (red) in aqueous
solution. The m-helix and coil structures are not displayed. Reprinted with permission from O. Wise-Scira, L. Xu, G. Perry, O.



Coskuner, Structures and free energy landscapes of aqueous zinc(II)-bound amyloid-B(1-40) and zinc(IT)-bound amyloid-B(1-42)
with dynam-ics, J. Biol. Inorg. Chem. 2012, 17(6):927-938, Copyright (2018) Springer Nature.
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Figure 7. Correlation between the (A) C and (B) Hq chemical shift values for metal free AB42 at 280 K using the structures from the
simulations of Coskuner (8sim.) and experimental (Sexp.) chemical shift values provided by Prof. Michael Zagorski.'* The Pearson
correlation coefficients are 0.980 and 0.930 for the C« and Hu chemical shifts, respectively. Reprinted with permission from O. Wise-
Scira, L. Xu, G. Perry, O. Coskuner, Amyloid-f3 peptide structure in aqueous solution varies with fragment size, J. Chem. Phys. 2011,
135(20):205101, Copyright (2018) American Institute of Physics.
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Figure 8 Secondary structure probabilities per residue of (A) AB40 and (B) AB42 in aqueous solution. Results are shown for the apo
state of both peptides (black) and Cu(Il)-bound with the Cu(I):(His);Aspl (red), Cu(Il):(His)sGlul1 (blue), and Cu(Il):(His);Tyr10
coordination modes. The m-helix and coil structures are not displayed. Reprinted on written permission of JOTCSA editorship
(2018).*
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Figure 8B. Residual Secondary Structure Abundances of the apo and Cu(II)-bound A42 Peptides. Secondary structure abundances
per residue of the AB42 (black), Cu(Il):His3Asp1-AfB42 (red), Cu(Il):His3Glul1-AB42 (blue), and Cu(II):His3Tyr10-AB42 (green)
structures in an aqueous solution. The m-helix and coil structures are not displayed. Reprinted on written permission of JOTCSA
editorship (2018).*
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Figure 9. Transition networks for (A) the AB42 dimer and (B) the Cu(Il)-bridged AB42 dimer, where the Cu(I) ion was coordinated
by a pair of His13 and His14 residues from the two Af342 peptides. The nodes of the transition networks correspond to different dimer
states, which are characterized by the numbers of residues in a-helix and [3-sheet conformation given as «|f. The area of a node is
proportional to the population of the underlying state and the color indicates the structural preference as indicated in the color bar.
The thickness of the edges correlates with the transition probability between the two nodes connected by the edge in question. It can
be seem that Cu(Il) binding induces the formation of 3-sheets (more and larger nodes shown in blue), which can be also seen from
the representative structure of the highest populated node for (C) the AB42 dimer and (D) Cu(I1):(AB42)2. The peptides are rendered
as a cartoon with one peptide of the dimer shown in red and the other one in blue. The N-terminus of each peptide is indicated by a
sphere and B-bridges are marked by violet spheres. In the Cu(II):(AB42)2 system, Cu(Il) is shown as yellow sphere and the His13
and His14 residues bound to it as sticks. For both conformations the number of residues in the o|f conformation is given.
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