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Chapter 1

Introduction

1.1 Parkinson’s disease

1.1.1 Symptoms and pathogenesis

Parkinson’s disease (PD) is the second most common neurological disorder
after Alzheimer’s [I]. Between 1 and 2 % of the population above 65 years
and about 4 % of those above 85 are affected by it [2]. It occurs in roughly the
same proportion of men and women, with a slight preponderance of affected
men. Although the average age of onset is 59 years, it may appear at any

age, even under 20 [3].

PD was first described by Dr. James Parkinson [4] in 1819. Its most
noticeable symptoms include tremor, stiffness of muscles, bradykinesia (slow
movements) and loss of balance and coordination. Although it is a general
belief, not every PD patient experiences tremor; only about 70 % of them
do. Other manifestations, which are usually less evident but which are also
reported by patients, are sleeping difficulties, swallowing problems, anxiety,
depression, mood disorders, hallucinations, memory loss, speech problems,

incontinence, constipation, falls or dizziness [5].
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CHAPTER 1. INTRODUCTION

To understand the motor symptoms, it is convenient to know about the
processes that lead to the execution of voluntary movements and the effects
of PD on them.

The brain is made up of three main parts: the cerebral hemispheres
(known as the cerebrum), the cerebelum and the brain stem. At the base
of the brain there are the basal ganglia, which contain the striatum (made
up of the caudate and the putamen) and the globus pallidus. Under the basal
ganglia, there is a very small region called the substantia nigra, divided into
the substantia nigra pars compacta and the substantia nigra pars reticulata.
The name “substantia nigra” means “dark substance” and it is due to the
fact that neuromelanin accumulates inside the neurons in this region. Figure
depicts the location of these structures.

. Cerebral hemispheres
Basal ganglia

or striatum

Caudate

Thalamus
Putamen

Globus pallidus Subthalamic nucleus
Substantia nigra

Brain stem

Figure 1.1: Relative location of the structures that are important in normal motor
control. Modified from Ref. [6].

When someone decides to make a movement, a signal is generated on the
surface of the cerebrum (the cerebral cortex) and travels along the neurons’

axons towards the basal ganglia, which modify it and send it to another

14



CHAPTER 1. INTRODUCTION

cerebral structure, the thalamus, from which it returns to the cortex, and the
process is repeated until the signal is properly modulated. At this moment,
it is sent to the muscles and this causes them to contract and the movement

to take place.

All these signal transmissions are enabled by the so called neurotransmit-
ters. These are chemicals whose production is stimulated by the signals at the
end of the axons and which travel to the next neuron through the synapses
(the small spaces between the neurons) and are recognized by specific re-
ceptors. There are a wide variety of neurotransmitters, including dopamine,
acetylcholine, norepinephrine, serotonin or glutamate, which work in coordi-
nation. The substantia nigra pars compacta is full of dopamine-producing
neurons, whose product is sent to the striatum (accordingly, this path is
termed the nigrostriatal path). Symptoms of PD appear when about 50 % of
these neurons are damaged, since the lack of dopamine disrupts the workings
of the whole system [6]. A distinctive feature of this disease is the presence of
the so called Lewy bodies, described as eosinophilic, round, intracytoplasmic
inclusions with a core, a body and a halo (see figure in the surviving cells
of the substantia nigra. These structures also appear in other neurodegen-
erative diseases such as dementia with Lewy bodies (DLB), although with a

more widespread distribution in the brain [7].

Figure 1.2: Lewy body with core (C), body (B) and halo (H). x 2625. Modified from
Ref. [7].
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CHAPTER 1. INTRODUCTION

1.1.2 Treatment

Up to date, no cure is known for PD. The main symptoms, such as tremors
and rigidity of muscles, can be eased by the practice of physical exercise
on a day-to-day basis, as demonstrated e.g. by the fact that, since 2012,
several clinical trials have shown that using the Nintendo Wii regularly
may have a positive impact on PD patients’ quality of life [8, O 10] and
that it constitutes an objective way of assessing the severity of the dis-
ease in each particular case [I1], 12]. Apart from this, the symptoms are
treated mainly by means of drugs. The most popular and effective ones are
(L)-3,4-dihydroxyphenylalanine (commonly known as levodopa) and several
dopamine agonists. These drugs and some additional ones are presented in
Table L1l

Besides medications, surgery is also used sometimes to tackle some of the
PD symptoms. Appropriate candidates for it are those patients in an ad-
vanced stage of the disease for whom drugs are no longer effective against
motor symptoms (tremor, bradykinesia, dyskinesia) but they are for non-
motor ones, and that do not suffer from major unstable psychiatric conditions
(depression, psychosis). There are two main types of PD surgery: ablative
(or lesion) surgery and Deep Brain Stimulation (DBS) [20]. The former im-
plies causing a small, precise lesion at some region of the brain, usually the
globus pallidus (pallidotomy) or the thalamus (thalamotomy). Pallidotomy
has been found to be effective in supressing the tremor and increasing the
agility of hands and arms [21, 22]. Similar effects have been demonstrated
for thalamotomy [23], 24]. Nowadays, however, DBS is preferred over ablative
surgery due to its reversibility, adjustability and higher safety [3], while hav-
ing the same benefits attributed to ablation [25]. The main target for DBS
is the subthalamic nucleus (STN), and it is even able to improve non-motor
symptoms [26]. An excellent review of the history of the DBS technique is
given in Ref. [27].
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CHAPTER 1. INTRODUCTION

Table 1.1: Main families of drugs used against Parkinson’s disease, with the main rep-

resentatives of each one and their known side effects. L. T. = Levodopa therapy; D. A. =

Dopamine agonists; M-B I. = MAO-B inhibitors; A. = Anticholinergics.

Family Examples Side effects Comments

L. T. Levodopa, Nausea, wearing-off, confu- Levodopa is a dopamine precur-
carbidopa, sion, hallucinations, orthostatic sor undergoing a decarboxylation.
benserazide, hypotension  (levodopa) [13], Carbidopa and benserazide are
entacapone, urine decoloration (entacapone), used with levodopa. Entacapone
tolcapone hepatotoxicity (tolcapone) [14] and tolcapone are cathecol-O-

methyltransferase (COMT) in-
hibitors [14]

D. A. Bromocrip- Insomnia, headache, confusion, They mimic dopamine, making
tine, constipation, vomiting, hypoten- the brain act as if there were
pramipex- sion, nausea, dizziness, dyskine- enough, and can be used in com-
ole, ropinirole, sia, hallucinations, erythema and bination with levodopa or on their
apomorphine, pruritus (rotigotine), sleep at- own, but are not as effective as it
pergolide, tacks, psychosis, hypersexuality, [14]
lisuride, rotig-  penile erection, yawning, sedation,
otine [13] subcutaneous nodules, haemolytic

anemia, heart failure (pergolide)
[14} [16, [17]

M-B L Selegiline, Hypertension, “serotonine syn- “MAO” stands for “monoamine
rasagiline, drome”, with fever, hallucina- oxidase”, an enzyme that ox-
safinamide tions, tachycardia or gastrointesti-  idatively deaminates monoamines,

nal symptoms [I8] including dopamine, and comes
in two isoforms (A and B). Sa-
finamide is on an experimental
phase. They are less efective than
dopamine agonists, but with fewer
side effects [18]

A. Tri- Dry mouth, decreased memory, They block interactions between
hexyphenidyl, confusion, blurred vision, diffi- acetylcholine and dopamine recep-
benztropine, culty with urination, constipation tors, relieving tremor. Amanta-
biperiden, Bl dine is also an NMDA (N-methyl-
amantadine D-aspartate) antagonist. NMDA

I3, 191

is a glutamate receptor, and glu-
tamate levels increase in PD due
to an excessive activity of the sub-
thalamic nucleus (STN), generat-

ing dyskinesias [19]
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CHAPTER 1. INTRODUCTION

1.1.3 Etiology

The etiology of PD (that is, the set of factors that lie at the origin of the
disease) is not fully understood yet. Most experts believe that it is caused by
a combination of both environmental and genetic factors, but they disagree

on their relative importance.

1.1.3.1 Evidence for an enviromental origin

One of the most striking early pieces of evidence supporting the environmen-
tal hypothesis was reported in 1983 by Dr. J. William Langston [28]. Four
people developed Parkinson-like symptoms after using a designer drug, later
identified as 1-methyl-4-phenyl-1,2,3 6-tetrahydropyridine (MPTP) with trace
amounts of 1-methyl-4-phenyl-4-propionoxy-piperidine (MPPP). Their re-
sponses to typical PD medications such as levodopa resembled the ones of PD
patients, and an autopsy later determined that their dopaminergic neurons

in the substantia nigra had been damaged.

Just after this episode, researchers wanted to gain some insights into the
molecular mechanisms underlying the neurotoxicity of MPTP, assuming that
this knowledge would provide a better understanding of PD pathogenesis. As
a result, a series of papers addressing this question were published in the fol-
lowing years [29] 30, 3I]. In all of them, a metabolite of MPTP known as
1-methyl-1,4-phenylpyridinium (MPP+) was identified as the active toxic
compound. This molecule has a high affinity for dopamine transporters lo-
cated at the membrane of the dopaminergic neurons that allows it to enter
them. Once inside, they may access the mitochondria and interfere with the
cellular respiration process by blocking the so called complex I, leading to an
insufficient production of ATP, an increased generation of free radicals and,

eventually, neuronal death [32].

The discovery of this correlation between MPTP/MPP+ intake and the

development of Parkinson-like symptoms reinforced the idea that PD is
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CHAPTER 1. INTRODUCTION

mainly caused by environmental agents, since the chemical structure of MPP+
is strikingly similar to that of paraquat (1,1’-dimethyl-4,4’-bipyridinium ion),
a widely used herbicide (see figure for a comparison). This and other pes-
ticides have been shown to affect the dopaminergic systems in animals. See

Ref. [33] for a comprehensive review of the literature on environment and

PD.

XX
’ =
| X X
(3/ | (3/
| |
(a) (b)

Figure 1.3: (a): MPP+. (b): Paraquat. Note the similarity between both structures.

1.1.3.2 Evidence for a genetic origin

The fact that PD only affects about 2 % of the population in a specific age
range persuaded most experts of the existence of a genetic factor involved in
the etiology of the disease [3] that increases susceptibility to the toxicity of
the exogenous agents that cause it, whichever they are. This encouraged the
conduction of several genetic studies at the same time as the environmental
ones. Many case-control studies concluded that relatives of patients had
a higher probability of being affected themselves than relatives of controls
[34, 135, 36] and that a positive familial history of PD was stronger as a
risk factor than exposure to the environmental agents mentioned above [37].
On the other hand, a number of twin studies were carried out which did not

confirm that PD was inherited, although they did not rule out that possibility
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either [38] 39, 40]. A twin study by Tanner [4I] in 1999 indicated that no
genetic component contributes to PD when the age of onset is greater than
or equal to 50 years, but there is a genetic contribution to PD beginning

before this point.

1.2 The role of a-synuclein in Parkinson’s dis-

ease

1.2.1 Early evidence

The plausibility of the genetic hypothesis was boosted by the discovery, in
1997, of a single mutation in a gene (which had been located on the long
arm of human chromosome 4 a year before [42]) in a family known as the
Contursi kindred, who lived in a town with the same name in the province of
Salerno (Italy) and with a clinical picture typical of PD, although with a con-
siderably lower onset age (46 + 13 years) and with an autosomal dominant
pattern of inheritance. The penetrance of the gene (that is, the proportion
of family members showing the mutation that actually had the disease) was
about 85 %, and the mutation was neither found in 314 chromosomes of
unrelated individuals nor in 52 Italian patients with sporadic (non-familial)
PD, strongly suggesting a causal relationship between the mutation and in-
herited PD. This gene is now called SNCA and encodes a protein known as
a-synuclein. Sequencing techniques revealed the mutation to be a missense
one in which the guanine at position 209 was substituted by an adenine
(G209A), causing the Ala at position 53 of a-synuclein to be replaced by a
Thr (A53T). It was the first time a particular point mutation was related to
PD [43]. Shortly later, aggregates (mostly fibrils) of this protein were found

to be (via immunochemical assays) the main component of Lewy bodies [44].

From this moment, a-synuclein attracted the attention of PD researchers

and considerable efforts have been devoted to understanding its structure
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and function since then. This protein had been first described in 1988 by
Marotoux et al. [45], who had found a neuron-specific protein in Torpedo
californica and rat, located both in the neurons’ nucleus and in the synaptic
terminals (that is why it was called synuclein) and, five years later, shown to
be the precursor of the non-amyloid component (NAC) of the amyloid plaques
characteristic of Alzheimer’s disease [46, [47]. In 1995, the frequency of usage
of the name “a-synuclein” in publications suddenly started rising (see figure
[1.4). Since the 1997 key discoveries, a large number of further studies have
demonstrated a connection between a-synuclein and the pathogenesis of PD,

in both the familial and the more common sporadic form.

5.0.106 0 -
4,5:10°6 %
4.0.10°€ % -
alpha - synuclein
3.0.10°6 %
2.5.10°6 0% ~
2.0:10°6 %
151076 %
1.0:10°6 % o
5.0-1077 % o

0.0-100 %

1990 1992 1994 199 1998 2000 2002 2004 2006 2008

Figure 1.4: Evolution of the usage of the term “a-synuclein” from 1990 to 2008. Note the
sudden increase taking place in 1995, two years after the protein was identified as the pre-
cursor of the non-amyloid component of Alzheimer’s disease’s amyloid fibrils. Generated
with the Google Books Ngram Viewer. What the y-axis shows is the percentage of 3-grams
(sets of 3 consecutive words) in a sample of books written in English and published in the
United States within the period 1990-2008 matching “alpha-synuclein” (See Ref. [48] for
details). Only data up to 2008 is available.

1.2.2 a-synuclein genetic alterations related to the dis-

ease

Besides the A53T mutation, a series of additional ones have been reported

over the last two decades. Table [I.2] collects some data about each one of
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them.

Table 1.2: Parkinson’s disease-related human mutations known up to date. Nucl. subst.

= nucleotide substitution in SNCA. AA subst. = aminoacid residue substitution in o-
synuclein.
Year Nucl. AA Comments
subst subst.
1997  Guanine- Ala- The first PD-related mutation found, in the Contursi kindred [43]
adenine Thr

(G209A)  (A53T)

1998  Guanine- Ala- Found in a German family with Parkinson’s disease [49]
cytosine Pro
(G88C) (A30P)

2004  Guanine- Glu- Found in a Spanish family with Parkinson’s disease and dementia with
adenine Lys Lewy bodies [50]
(G188A) (E46K)

2013  Guanine- Gly- Found in a French family with early-onset Parkinson’s disease with im-
adenine Asp plication of the pyramidal tracts (nerve fibers involved in motor control
(G152A)  (G51D) which travel from the cerebral cortex to the brain stem and to the spinal

cord) [51]

2013  Thymine- His- Related both to familial and sporadic Parkinson’s disease with motor

guanine Gln and non-motor symptoms [52] [63]

(T150G)  (H50Q)

2014  Cytosine- Ala- Found in a Finnish female with early-onset, familial Parkinson’s disease
adenine Glu and multiple system atrophy, another a-synuclein-related neurodegen-
(C158A) (AB3E) erative disease [54]

In addition to these missense point mutations, triplications [55] and dupli-
cations [50, 57] of SNCA have been associated to early-onset and later-onset
PD, respectively. Additionally, upon comparison of duplication and triplica-
tion cases, it was observed that triplications correlate with a faster progres-
sion of the disease and with dementia and hallucinations, while duplications
do with a slower progression and the absence of psychiatric conditions. This

suggested a clear SNCA dosage effect on the severity of the disease.

Besides SNCA (also called “PARK1”), four additional genes have been re-

lated to parkinsonian hereditary disorders, namely leucine-rich repeat kinase
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2 (LRRK2) (with unknown function), parkin or PARK2 (an enzyme which
tags o-synuclein for degradation), P-TEN-induced putative kinase 1 (PINK1)
(an enzyme which phosphorylates serines and threonines in response to ox-
idative stress) and DJ-1 or PARK7 (an antioxidant) [2]. The previously men-
tioned mutations are collected together and kept up to date in the Parkinson
disease Mutation Database (PDmutDB) [2] 58| 59].

1.2.3 Structural properties of o-synuclein
1.2.3.1 Primary structure

o-synuclein is a relatively small protein (it only has 140 amino acid residues
and a mass of 14 kDa), expressed in presynaptic terminals and either located
in the cytoplasm or bound to the membrane. Its physiological functions are
still not clear, but several possibilities have been proposed: synaptic vesicle
recycling, synaptic plasticity or neurotransmitter synthesis and release [60].

On the basis of its primary structure, it is divided in three different domains:

e The N-terminal domain (residues 1-60): an amphipathic domain char-
acterized by the presence of four 11-residue imperfect repeats contain-
ing a highly conserved 6-residue sequence: Lys, Thr, Lys, Glu, Gly
(or Gln) and Val [KTKEG(Q)V]. This sequence is reminiscent of the
o-helical domains of apolipoproteins (lipid-binding proteins) because of

its characteristic periodicity of 11 [61].

e The non-amyloid component (NAC) (residues 61-95): with abundance
of hydrophobic residues, two additional KTKEG(Q)V repeats and a
12-residue sequence (Val, Thr, Gly, Val, Thr, Ala, Val, Ala, Glu, Lys,
Thr, Val, residues 71-82) that has been shown to be essential in the pro-
tein’s aggregation [62]. Its name is due to the fact that it is, precisely,
the aforementioned non-amyloid component of the amyloid plaques of

Alzheimer’s disease [47].
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e The C-terminal region (residues 96-140): with a high concentration of

negative charges (at physiological pH) and Pro, Asp and Glu residues.

1.2.3.2 Secondary structure

Concerning its secondary structure, spectroscopic and hydrodynamic stud-
ies [47] and replica exchange molecular dynamics (REMD) simulations [63]
have shown that the protein must exist as an equilibrium mixture of several
conformers with little or no organization (commonly called “random coil”).
Depending on the surrounding medium, it may stay unfolded (in aqueous
solution in physiological conditions) or adopt a partially folded conformation
(when bounded to other molecules, or at low pH or high temperature), with
o-helices or B-sheets, monomeric or oligomeric, or self-assemble into fibrils.
Figure depicts the primary and secondary structures of micelle-bound
human o-synuclein (PDB code 1XQ8 [64]), and figure shows a three-
dimensional plot of its secondary structure. Because of its high conforma-
tional variability, it has been termed a “protein-chameleon” and character-
ized as a member of a protein family with similar structural properties. This
family has been given different names in literature, taken from the Cartesian
product of “natively, naturally, intrinsically” and “unfolded, unstructured,
denatured” (see figure [65].

In connection with this, many other proteins have been classified in this
family and associated to diseases (e.g. tau protein, the main component of
neurofibrillary tangles in Alzheimer’s [67]) or found to be involved in essen-
tial regulatory biological functions, such as e.g. cell cycle control (which is
the case of p21, a cycline-dependent kinase inhibitor) [68]. In these studies,
it was observed that these proteins can interact with many different targets
(precisely because of their unstructured nature) and that, upon these in-
teractions, they adopt a (partially) ordered shape, just as a-synuclein does.
The development of a number of protein disorder predictors [69, [70, [7T] and

their application to protein databases showed that lack of order is a conse-
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Micelle-bound human alpha-synuclein (1XQ8)
AAAAAAAAAAAAAAAI\I\_ﬂ_\II\I\Ann!\!\!
VVVVVVVVVVVVVVVVV VY VVvivivivv
MDVFMKGLS KAKEGVVAAAEKTKQGVAEAAGKTKEGVLYVGSKTKEGVVHGVATVAEKTK
1 10 20 30 a0 50 60

AAAAVAATAATAVATAVAVAVAVAV S

EQVTNVGGAVVTGVTAVAQKTVEGAGS IAAATGFVKKDQLGKNEEGAPQEG I LEDMPVDP

61 70 50 90 100 110 120
n
DNEAYEMPSEEGYQDYEPEA
121 130 140
Legend
Sy, T:tumn
empty. no secondary structure assigned
B: beta bridge
S: bend

I\I\ H: alpha helix

Figure 1.5: Primary and secondary structure of micelle-bound human a-synuclein
(1XQ8). Note the o-helices at the N-terminal and the NAC regions, connected by a

short turn, and the lack of secondary structure at the C-terminal domain. Modified from

Ref. [66].

quence of a high net charge and an overall low hydrophobicity. Moreover,
this kind of proteins turned out to be more abundant than thought, and a
recent study proved that natural amino acid sequences are more disordered
than randomly generated ones [72]. These facts have challenged the estab-
lished view that a well-defined 3D structure is a necessary condition for a

protein to be biologically functional.

Interestingly, despite this common belief that a-synuclein exists natively
as an intrinsically disordered protein, it has been proposed that, actually, it
shows a helically folded, stable tetrameric structure, on the basis of clear na-
tive polyacrylamide gel electrophoresis (CN-PAGE), scanning transmission
electron microscopy (STEM), sedimentation equilibrium analytical ultracen-
trifugation (SE-AUC) and circular dichroism (CD) studies on a-synuclein
extracted from human red blood cells [73]. This putative tetramer was sub-
sequently found to be destabilized by the PD-related mutations A30P, E46K
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N-terminal
domain

N

NAC
domain

¥ .
¢ C-terminal
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4

Figure 1.6: 3D representation of the secondary structure of micelle-bound human o-
synuclein (1XQ8). Note again the o-helices at the N-terminal and the NAC regions,

connected by a short turn, and the lack of secondary structure at the C-terminal domain.

and A53T [74] and conditioned to o-synuclein’s N-terminal acetylation, a
mild protein purification protocol and a high protein concentration [75]. De-
spite these findings, however, the unfolded monomer still seems to be the

accepted a-synuclein native state [76].

1.2.3.3 Tertiary structure

Fibrils

Structure As mentioned earlier, o-synuclein fibrils are the major com-
ponents of Lewy bodies, the intraneuronal hallmarks of PD. Much has been

investigated with the aim of finding their molecular structure and a general
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natively naturally intrinsically

unfolded unstructured denatured

Figure 1.7: Representation of the different name combinations given to the a-synuclein
protein family. Modified from Ref. [65].

mechanism by which certain proteins arrange into fibrils. In 2006, three gen-
eral models were proposed: the “refolding” model, the “natively disordered”

model and the “gain of interaction” model [77].

As for a-synuclein, the structure of its fibrils has been studied by means
of CD measurements, X-ray and electron diffraction experiments [7§], ob-
serving that they had a CD spectrum typical of 3-sheet rich structures and
cross-f3 diffraction patterns characteristic of amyloid fibrils. Immunoelectron
microscopy was also applied in this study, revealing that the C-terminal re-
gion was exposed on the fibrils’ surface and, therefore, the N-terminal one

was buried.

Other techniques, like quenched hydrogen/deuterium exchange nuclear
magnetic resonance (NMR) spectroscopy, have been applied to the deter-
mination of the precise location of these B-sheets in the protein’s sequence
[79], leading to the identification of five putative -strands comprising (ap-
proximately) residues 35-41, 49-56, 60-67, 69-82 and 86-94 (mainly in the
NAC domain), while residues 1-27 and 104-140 were found not to be in-
cluded in the secondary structured regions. The location of these five (-
strands was confirmed in the same study by means of solid-state NMR exper-

iments, which additionally showed that they were spatially arranged in a five-
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layered “B-sandwich”. Furthermore, high-resolution cryoelectron microscopy
allowed the observation of both straight and twisted a-synuclein fibrils (see
figure [1.8b)). Remarkably, a recent computational study in which a simpli-
fied coarse-grained (CG) model was used to represent a-synuclein monomers,
yielded these same conclusions about the localization of the residues involved
in the fibrillation process [80].

3 nm

Beta-sandwich

Straight fibrils

>1.4 nm

11 nm

5.5 nm

(b)

Figure 1.8: (a): Morphology of a-synuclein fibrils, as revealed by electron microscopy.
Scale bar, 100 nm. Modified from Ref. [78] (b): Representation of the spatial arrangement

of straight and twisted a-synuclein fibrils, with the underlying five-layered B-sandwich.
Modified from Ref. [79]

Kinetics of formation o-synuclein’s aggregation mechanism has been

shown to produce a sigmoidal profile (implying it is nucleation-driven) and to
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proceed through a-helical oligomeric intermediates [81],[82]. In 2008, Bharathi
and coworkers proposed, for the first time, an empirical mathematical model
to describe the aggregation kinetics of a-synuclein [83] showing that it com-
prises a lag, a growth and a stationary phase (see figure and highlighting

the importance of the role played by the oligomeric species.
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Figure 1.9: Sigmoidal curve describing a nucleation-driven fibrillation kinetics, character-

istic of o-synuclein. The lag, growth and stationary phases (LP, GP and SP, respectively)
are indicated. Adapted from Ref. [83].

Alterations in a-synuclein primary structure have been determined to have
an effect on its aggregation rates. As an example, a recent CG MD study
suggested that A30P and A53T a-synuclein inhibited the formation of a
transient B-hairpin (putatively a key event in the protein’s self-assembly)
in the 38-53 region, in comparison with the wild-type (unaltered) protein,

thereby delaying its aggregation [84].

Oligomers: the precursors of fibrils The fact that fully formed o-
synuclein fibrils are the major components of Lewy bodies led to the idea
that they were the PD-associated cytotoxic species. Nevertheless, there is
substantial evidence suggesting not only a link between prefibrillar aggregates
(oligomers) and PD pathogenesis, but also the nonexistence of a critical role
of mature fibrils in it. In particular, there is no correlation between the pres-

ence of fibrils (Lewy bodies) in PD brains and signs of neuronal death [85],
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some animal models show PD-like phenotypes before fibrils can be detected
[86], in wvitro formation of these oligomeric species (unlike the monomeric
and fibrillar ones) disrupts vesicle membranes [87] and in vivo studies have
directly confirmed that o-synuclein oligomers cause dopaminergic loss and

disrupt cell membranes more than fibrils do [8§].

Some artificial a-synuclein mutants have shown a tendency not to form
fibrils, but oligomers. These include E35K and E57K. However, all known fa-
milial PD-related mutants end up forming fibrils (although at different rates,
as explained above). The toxicity of these a-synuclein oligomeric forms has
been associated to their different shapes, which have been studied through
a variety of experimental techniques, including Raman spectroscopy, atomic
force microscopy (AFM) [89], CD, Fourier transform infrared spectroscopy
(FTIR), size-exclusion chromatography (SEC), high-performance liquid chro-
matography (HPLC) or small-angle X-ray scattering (SAXS) [90]. The early-
stage oligomers have globule-like spheroidal shapes, while the late-stage ones

consist of chained spheroids (commonly referred to as protofibrils).

A third structurally distinct class of oligomers, characterized by a ring
shape, has also been described [91]. MD studies suggested that the formation
of these oligomers is favored by the previous formation of propagating dimers
that bind to the cell membranes and facilitate the incorporation of more
monomers [92], and they have been proposed to mediate neurotoxicity by a
pore-like mechanism [93]. However, this view has been challenged [94], so

the pathological significance of these species is not entirely clear.

1.2.4 Factors altering the structure of a-synuclein
1.2.4.1 Interactions with other (bio)molecules

Besides interacting with itself, a-synuclein shows affinity for several hundred

other biomolecules. More precisely, an extensive proteomics study [95] found
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324 proteins interacting with it, including tubulin (the main constituent of
cytoskeleton) or calmodulin (a multifunctional calcium-binding protein). o-
synuclein is also known to bind DNA [96], 8 and y-synucleins [97], and chap-
erons (proteins that refold other proteins) like torsin A [98], heat-shock pro-
tein 104 [99] or af-crystallin [100]. More recent studies have detected addi-
tional molecules, such as the flavonoids quercetin [101] and clioquinol [102],
rotenone [103] or the peptidyl prolyl isomerase FKBP12 [104]. Moreover,
a computer-aided drug design (CADD) study employing MD simulations as
well as docking-scoring techniques found out that the steroid stimovul might
bind to Ser 87 and Val 95 [105]. Some of these molecules were seen to enhance
a-synuclein aggregation (rotenone, FKBP12) and some others, to attenuate
it (B and y-synucleins, chaperons, flavonoids). These effects were all related

to the induction of conformational changes in o-synuclein.

The properties of a-synuclein related to its aggregation (spatial conforma-
tion, charge, hydrophobicity) are affected not only by the presence of point
mutations, its overexpression due to gene multiplications or its combinations
with other molecules, but also by side chain alterations, such as the so called
“posttranslational modifications” (PTMs), by environmental factors, such as
its interactions with (heavy) metals, or by an interplay of all of them. In the

next two subsections, these factors are explained in more detail.

1.2.4.2 Posttranslational modifications

More than 300 PTMs have been described for proteins [106]. o-synuclein is
susceptible to a subset which includes, but is not limited to, phosphorylation,

nitration, oxidation, glycation and N-terminal acetylation.

Phosphorylation Phosphorylation was the first a-synuclein PTM to be
discovered, and the most extensively studied one. A major phosphorylation
site, Ser 129, has been described for a-synuclein [107]. Two secondary sites,
Ser 87 [108] and Tyr 125 [109], have also been established. Phosphorylation
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at Ser 129 was found to promote aggregation in vivo, and its substitution
by an Ala residue was found to inhibit this process [I110]. Furthermore, it
has been determined that about 90 % of a-synuclein present in Lewy bodies
from PD patients is phosphorylated at site 129, while this is only the case in
around 4 % (at most) of it in controls [I11], providing strong evidence for its
implication in the etiology of the disease. However, phosphorylation at the
other two sites were seen to block a-synuclein’s conversion into toxic species
[112], suggesting that an imbalance between phosphorylation at Ser 129 and
at the other positions may lie at the origin of PD.

Nitration Nitrative and oxidative stresses are generally believed to be im-
plicated in neurodegeneration. Nitrated forms of a-synuclein were detected
on PD, DLB, the Lewy body variant of Alzheimer’s disease and MSA brain
tissue samples by means of immunohistochemical analyses, which also allowed
to determine that the targets of nitration were the four Tyr residues (at posi-
tions 39, 125, 133 and 136) [113]. Previously, the formation of 3-nitrotyrosine
(3-NT) in both human disease and in vitro and in vivo models and the im-
plication of nitric oxide-derived and reactive oxygen species (ROS) in it had
been reported [114]. The exposure of recombinant human a-synuclein to po-
tential in vivo nitrating agents was shown to nitrate the four Tyr residues of
a-synuclein, and also to yield very stable dimers and higher order oligomers
[I15]. This was interpreted as the generation of o-synuclein o,0’-dityrosine
crosslinks. Figure depicts the free-radical pathways leading to the for-
mation of both 3-NT and crosslinked dityrosine.
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Figure 1.10: Free-radical pathways leading from nitric oxide and superoxide to 3-NT
and o0,0’-dityrosine crosslinks. Note the involvement of highly reactive species such as

peroxynitrite or nitrogen dioxide. Adapted from Ref. [116].
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Oxidation Oxidative a-synuclein modifications can affect Met residues (lo-
cated at positions 1, 5, 116 and 127), turning them into sulfoxides. FTIR and
CD studies of HyO-oxidized o-synuclein suggested that, at neutral pH (but
not at acidic one), it had a smaller content of B-structure and a higher de-
gree of disorder with respect to the native (non-modified) protein, which was
attributed to its higher polarity. Also, it had a lower tendency to form fib-
rils and inhibited the fibrillation of the native protein by stabilizing non-toxic
oligomers, with the extent of this inhibition being directly proportional to the
number of oxidized Met residues [I17]. It was proposed that a-synuclein’s
Met residues’ oxidation (and subsequent reduction mediated by methion-
ine sulfoxide reductase) may protect other cellular components from ROS
[118]. However, a recent study [I19] provided evidence for the prominent
role of methionine 5 UV-induced oxidation in the formation of o-synuclein
toxic oligomers. In light of these studies, methionine oxidations influence
a-synuclein’s structure and fibrillation properties, promoting the formation

of mostly non-toxic oligomers, perhaps with the exception of methionine 5.

Glycation The fact that o-synuclein has 15 Lys residues in its primary
sequence makes it an ideal target for glycation. This reaction, also known
as the Maillard reaction, implies the non-enzymatic binding of an amino (or
thiol) group to a carbonyl group of a reducing sugar or a sugar or lipid-
derived aldehyde, resulting in a Schiff’s base, which subsequently under-
goes a rearrangement (known as the “Amadori rearrangement” ), leading to
a ketoamine called the “Amadori product”. This intermediate compound
evolves, through a variety of reactions (including oxidations, dehydrations,
condensations, fragmentations or cyclizations), towards a heterogenous set
of products known as advanced glycation end products (AGEs), generating
ROS as byproducts (see figure [1.11)) [120]. Proteins can undergo this PTM
by reacting through the amino group of their Lys or Arg residues or through
the thiol group of their Cys residues [I12I]. In particular, all a-synuclein’s

Lys residues are candidates for glycation and ulterior AGEs formation [122].
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Abnormally high amounts of two common AGEs, namely pentosidine and
pyrroline, were found in Lewy bodies from the substantia nigra of PD brains
[123]. AGEs were also detected in healthy brains, although in much lower
levels, and AGE receptors (RAGEs), which bind AGEs initiating a cascade
of deleterious events, were also present in both the substantia nigra and the
cerebral cortex in patients with early parkinsonism, in much higher amounts
than in controls [124]. Moreover, two of the most common in vivo glycating
agents, namely the dicarbonyl compounds glyoxal and methylglyoxal, were
found to inhibit a-synuclein fibrillation in wvitro, stabilizing potentially toxic
oligomers [125]. Taken together, these results seem to point to a relation
between AGEs and oxidative stress which might be relevant to neurodegen-

eration.
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Figure 1.11: Molecular pathways leading to AGEs formation. Note that sugars or
aldehydes may be directly oxidized into highly reactive dicarbonyl compounds, in addition

to forming the Amadori product and evolving from there. Adapted from Ref. [126].
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N-terminal acetylation Protein N-terminal acetylation is a ubiquitous
PTM in eukaryotes (but not in bacteria), and it is catalyzed by the N-
acetyltransferase (Nat) family of enzymes: NatA, NatB and NatC [127]. Each
one of these three proteins binds selectively to specific N-terminal sequences,
with NatB acting on methionine-aspartate and methionine-glutamate ter-
mini [12§], the former corresponding to the a-synuclein one. In this protein,
N-terminal acetylation has been proposed to be essential for its binding to
the membrane, since e.g. inhibition of NatB activity (but not of NatA or
NatC) in yeast cells caused the protein cell distribution to shift towards the
cytoplasm [129], and it has been widely detected in both diseased an healthy
individuals [ITI]. N-terminal acetylation of both recombinant and semisyn-
thetic a-synuclein did not seem to affect its large-scale conformation or its
monomeric state, on the basis of CD and NMR studies [130], but there was
a considerable gain of a-helical structure at the N-terminus which extended
up to residue 12 [I31I]. Moreover, the aggregation and fibrillation rates of
N-terminal acetylated a-synuclein were slower than those of the unmodified
protein [132]. These results indicate that this PTM does not play a signifi-
cant role in a-synuclein toxicity but that it may be physiologically relevant

by inducing its binding to membranes.

1.2.4.3 Interactions with (heavy) metals

Generalities The positive correlation between long-term exposure to heavy
metals and PD has long been known, and has been demonstrated in a large
number of epidemiological studies [133] [134] I35], postmortem analyses of
PD brains [136], 137] and in vivo studies [I38], with copper, iron, manganese,
aluminum, lead and zinc being the main metals identified. The effect of
metal cations on a-synuclein structure and fibril formation has also been es-
tablished in vitro as well as in vivo. In a study conducted by Uversky and
others in 2001 [139], a systematic analysis of the influence of a set of metal

cations on a-synuclein aggregation rates and structure was performed, show-
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ing a correlation between the metal charge densities (charges per unit ionic
volume) and their ability to enhance these properties. Accordingly, trivalent
and divalent cations (such as AI**, Fe3*, Co*" or Cu?*, but not Mg?* or
Ca?") increased aggregation rates and induced secondary structure, whereas
monovalent cations did not have any significant effects. It was proposed that
active metals neutralized the negative charges, reducing intramolecular elec-
trostatic repulsion and stabilizing a partially folded conformation, thereby
enhancing aggregation. In this study, AI3* was recognized as the most ef-
fective ion to induce intramolecular structural changes in o-synuclein and to

accelerate its aggregation.

Copper Cu?* is the most studied metal cation in relation to o-synuclein.
This protein, both recombinant and overexpressed in cells, has been identified
as a Cu?T-dependent ferrireductase. Fe?" is known to be necessary for ty-
rosine hydroxylase, an enzyme involved in the synthesis of dopamine, whose
levels can therefore be depleted when Fe?" is not abundant. What is more,
Fe** can induce the formation of ROS, resulting in cell death [140]. This
was the first direct observation of a dopamine-related physiological function

in a-synuclein.

The Cu?*-a-synuclein binding sites have been the object of many studies.
As an example, Sung and coworkers [I41] used NMR to map a number of
them at the C-terminal region (centered at Asp 121) and a few ones at
the N-terminus, particularly the amino group of Met 1 and the imidazole
ring of Hie 50. N-terminal binding sites were identified as high-affinity ones
(in the sense that they required relatively low concentrations of Cu?** to
achieve a complete broadening of the NMR signal), while C-terminal ones
were determined to be low-affinity sites. In this study, Met 1 and Hie 50
were found to be independent binding sites, since the substitution of the
latter with an alanine did not inhibit the binding to the former. In contrast
with this, other studies [142], 143] have found that, in fact, there is a single site
involving both residues. A recent study by De Ricco [144] reported, however,
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that the residues involved in Cu?* complexation depended on the pH and
the relative concentrations of Cu?* and protein: at low pH, His 50 did not
participate, at high pH and low relative Cu?* concentration, Hie 50 did, and
at high pH and high relative Cu?* concentration, a second coordination site
around Hie 50 coexisted with the one around Met 1. Interestingly, Cu* did
not bind Hie 50, but the side chains of Met residues [145].

Overall, Cu?* may play a role in a-synuclein function and shows a high

number of putative coordination sites.

Iron The connection between iron and a-synuclein has also been addressed.
Fe?* has been seen to contribute to disease both by promoting its aggregation
and by the generation of ROS (hydrogen peroxide and hydroxyl radical)
by Fenton’s reaction [146], although a decrease in its concentration (and a
concomitant increase in Fe3*) has been reported in PD brains [136]. This fact
may be related to the already mentioned ferrireductase activity attributed
to a-synuclein. A single low-affinity binding site located at the Asp 121-Asn
122-Glu 123 region has been assigned to Fe? [147] and this complex was
shown to be oxidized in the presence of oxygen, with generation of hydrogen
peroxide [14§].

Zinc It has been determined that Zn?* binds to a-synuclein as well. Despite
the abundant studies showing the stimulatory effect of this metal cation
on a-synuclein’s fibrillation, it was not until 2012 when its binding sites
and the structure of its complexes were addressed [149]. By using NMR
spectroscopy, it was concluded that Zn?T had a strong preference for Asp
121 and a weaker one for Hie 50 and some undetermined secondary sites at
the C-terminal region, all of them being independent sites. Interestingly, the
binding affinities were found to be in the millimolar range, whereas the usual
Zn" concentrations in vivo are in the nanomolar range, thus challenging the

physiological relevance of a-synuclein-Zn?* complexes.
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Aluminum AP was determined to induce a considerable modification of
a-synuclein secondary structure, since it caused drastic changes to its CD and
UV absorbance spectra and increased its intrinsic fluorescence more than
other metal cations did [139]. These effects were attributed to the Al3*-
induced alteration of the environment of the fluorescent Tyr residues and
to the binding of AI** to fluorescence-quenching undetermined carboxylate

groups lying close to them.

1.3 Graphical summary

Figure schematically represents the four categories in which factors af-
fecting a-synuclein’s aggregation could be classified. As it can be inferred
from the ideas exposed, the interplay between all of them lies at the origin
of neurodegeneration, but the precise way in which they interact is by no
means completely understood. That is why in-depth studies in this area are

still necessary.

o-synuclein aggregation }—)-i Neurodegeneration

Cme DD

Figure 1.12: Factors influencing o-synuclein structure and accelerating (or inhibiting)
its aggregation and fibrillation. They can be both genetic and environmental, although a

combination of both is prevalent. Adapted from Ref. [96].
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Chapter 2

Methodology

2.1 Aim

The aim of this work was to carry out a computational study on the for-
mation of coordination complexes between o-synuclein and (heavy) metals
(some of them experimentally found and some others proposed here) in or-
der to characterize the equilibrium geometries of the (putative) binding sites,
to estimate their relative thermodynamic stabilities and to study the bond

formation between the metals and a-synuclein dipeptide model systems.

For this, a series of chelates involving a dipeptide consisting of two con-
secutive residues in o-synuclein’s primary sequence, a central metal cation
and possibly a water molecule, and having the form depicted in figure
have been built and their geometries optimized. Subsequently, a vibrational
analysis has been performed for each complex, in order to characterize them
as true minima, and to compute an estimation of their Gibbs free energies
at 298.15 K and 1 atm. The effect of the solvent (water) has been taken
into account by using an implicit solvent model. This whole procedure has
been repeated for the ligands (the dipeptides) alone, for the metal cations

coordinated to six explicit water molecules and for the water molecule alone,
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so that the following equation:

Metal(H20)¢ + Ligand(s) — Complex + n H,O, n € {5,6}

could be used as a working reaction to compute free energy differences.
After this, an analysis of the topology of the electron density by apply-
ing Bader’s theory of atoms in molecules (AIM) [I50], as well as a natural
bonding orbital (NBO) population analysis [I51], have been used to try to

understand the nature of the bonds between the cations and the dipeptides.

As stated in the Introduction chapter, Cu is the most widely studied o-
synuclein-binding transition metal, and in particular Cu?* is the cation for
which the largest number of possible coordination sites have been proposed.
Also, Zn?*T has been found to associate with a-synuclein at a number of
sites (although some of them undetermined or with especially low affinity)
and to substantially increase its fibrillation rates, while AI** was the cation
inducing the most drastic intramolecular changes due to its highest charge
density [139]. Regarding the complexes’ geometries, Cu®** has been proposed
to form square planar (or distorted tetragonal) chelates [I52], but no data
could be found for Zn?* or AI’*. In order to compare and contrast these
experimental findings with a theoretical prediction, these three cations have

been selected for this study.

Table shows the list of the studied complexes, which include the ex-
perimentally proposed high-affinity sites for Cu?* involving Met 1, Asp 2
and Hie 50 and the low-affinity one at the Asp 121-Asn 122 region (so as
to compare results and validate the methodology used here), and some anal-
ogous ones involving either an Asp, a Ser or a Thr as the anchoring site,
two deprotonated backbone amide functions and a water molecule to com-
plete the coordination sphere. Each complex was optimized first with Cu?*.
Then, the cation was removed and the ligand reoptimized (to obtain the

isolated ligands) or the cation was substituted with Zn?* or AI*™ and the
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complex reoptimized (to obtain the complexes with these two cations). Asp,
Ser and Thr were chosen as the anchoring sites since they have a charged
or nucleophilic group that could potentially bind the cation (see figure
for their chemical structures) and their side chains are 2 or 3 atoms long,
thereby allowing a near square planar geometry for the complexes. As for
the backbone amides, it has been suggested that, although they usually have
a considerably high pKa value, their deprotonation is favored when a metal
cation binds to a neighbor side chain in chelating position with the amide

nitrogen [153].

H

,.n\\\\CONHZ

H' Lo

Figure 2.1: Common structure for all the complexes studied. M is Cu?*, Zn?+ or AI3T.
L; is the charged or polar group in the side chain of an aspartate, a serine or a threonine.
R, are the side chains of the residues appearing one position before the ones containing
L; in o-synuclein’s primary structure. Lo is always a water molecule except for complexes
3, 4, 5 and 6, in which it is the € or 8 nitrogen of the imidazole ring of an Hid or Hie. X
is always an acetyl group, except for complex number 1, in which it is a hydrogen. H’ is

only present in complex 1 and it also represents a hydrogen.

® IC) ® [©) ® ©)
\cooe \OH W \OH
Aspartate Serine Threonine

Figure 2.2: Chemical structures of Asp, Ser and Thr, the selected anchoring sites.
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Table 2.1: List of complexes studied, each one with Cu?*, Zn?* and AI3*. The horizontal
lines mark the limits of the three a-synuclein domains. Experimentally found sites are
written in blue, while sites proposed in this work are shown in orange. No. = site number.
a-syn seq. = position in a-synuclein sequence. R; res. = residue bearing R;. L res. =

residue bearing L.

No. o-synseq. Rjres. Ljres. Ls

1 1-2 Met Asp H>O
2 1-2 NacMet Asp H-O
3 1-2-50 Met Asp Hid
4 1-2-50 NacMet Asp Hid
5 1-2-50 Met Asp Hie
6 1-2-50 NacMet Asp Hie
7 8-9 Leu Ser H>O
8 41-42 Gly Ser H>O
9 43-44 Lys Thr H->0O
10 49-50 Val Hie H2O
11 53-54 Ala Thr H>O
12 74-75 Val Thr H>O
13 97-98 Lys Asp H>O
14 114-115 Glu Asp H>O
15 118-119 Val Asp H>O
16 121-122 Asp Asn H>O
17 134-135 Gln Asp H->O

44



CHAPTER 2. METHODOLOGY

2.2 Computational details

Kohn-Sham Density Functional Theory (KS-DFT) has been the selected the-
oretical method for this study. Specifically, the M06 functional, developed by
Zhao and Truhlar [I54] combined with the 6-311+G(d,p) basis set and the
Solvation Model Density (SMD) implicit solvation model [I55], has been used
throughout. Furthermore, in order to assess the magnitude of the dispersion
effects on the complexes’ geometries and energies, the M06 results have been
compared with those obtained with the dispersion-corrected wB97X-D func-
tional, developed by Chai and Head-Gordon [156], while using the same basis
functions and implicit solvation model. Since Cu?* complexes are open-shell
systems, the unrestricted formalism has been applied in all the calculations
(even in the ones involving Zn?** complexes, and in the isolated ligands or the
water molecules, although these are closed-shell systems). All optimizations
and NBO calculations have been performed with the Gaussian 09, Revision
B.01 computational chemistry software [I57] (which includes the NBO pro-
gram in its 3.1 version [I58]), and the Multiwfn 3.3.7 software [I59] has been
used for the AIM analysis.

2.2.1 Density functionals
2.2.1.1 MO06

MOG6 is a hybrid meta-generalized gradient approximation (MGGA) exchange-
correlation functional containing a 27 % of Hartree-Fock (HF) exchange. It
showed the best performance in predicting reaction energies of transition
metal-containing systems when tested against other 13 functionals not in-
cluding a 100 % of HF exchange (the ones which do, such as M06-HF or
HFLYP, are known not to be suitable for transition-metal chemistry), so it
was recommended by its designers for this kind of problems [I54]. Further-

more, a number of DFT studies on the thermodynamics of transition metal
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complexes have employed this functional in the recent years [160], 161 [162].

2.2.1.2 oB97X-D

®wB97X-D is one of the so called DFT-D functionals, which are the sum of a
KS-DFT contribution and an empirical atom-atom correction for long-range
van der Waals interactions, thereby including this effect without any extra

computational cost:

Eprr—p = Exs—prr + Faisp

In the case of ®B97X-D, the KS part Fxs_ppr is the ®B97X functional
(which is one of the so called long-range corrected (LC) hybrid functionals,
with a 15.8 % of short-range HF exchange and full long-range HF exchange)
[163] and the empirical part is given by:

Nat—1 Nat 7,]

Edisp Z Z fdamp )

21]z+1

with the damping function fg,m, given by:

1
1+ G(Rij/Rr)_n

fdamp(Rij) =

where N, is the number of atoms, R;; is the distance between atoms ¢ and
7, R, is the sum of van der Waals radii of atoms 7 and j and a is a parameter

determining the strength of dispersion corrections [156].

This approach follows the Grimme’s method for computing dispersion
corrections [164] except for a different damping function, which in Grimme’s

work is:

1
Faam(Bi3) = {771
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and the fact that the dispersion energy is not scaled. The wB97X-D
functional was proven to be generally better than other DFT-D functionals
like B97-D, B3LYP-D or BLYP-D [156].

2.2.2 SMD implicit solvation model

Implicit solvation models treat the solvent as a continuum medium and the
solute as a charge distribution inside a cavity that separates it from the
solvent. They add a term to the energy of the solute that represents its sol-
vation free energy, which is generally expressed as the sum of an electrostatic
and a non-electrostatic (cavitation, dispersion and solvent structural effects)
contribution. In the SMD model, the electrostatic part is computed from
the reaction field (the electrostatic potential due to the interaction between
the solute and the solvent), which is itself obtained by self-consistently solv-
ing the nonhomogeneous Poisson equation (which depends parametrically on
the solvent’s dielectric constant and the solute’s charge density) with the
Integral Equation Formalism Polarizable Continuum Model (IEF-PCM) al-
gorithm [I65], whereas the non-electrostatic term depends on the solute’s
solvent-exposed surface area and on solvent descriptors such as the refractive
index or acidity and basicity parameters. SMD does not approximate the so-
lute’s charge density with distributed point charges or multipoles (it uses the
continuous charge density instead), so its accuracy does not rely on the abil-
ity of a given level of theory to compute suitable partial atomic charges. In
its original paper, SMD was seen to outperform the default Gaussian 03 IEF-
PCM model and the default algorithm for computation of non-electrostatic
terms [I155], and it is also recommended by the Gaussian 09 User’s Reference
[166].
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2.2.3 Thermochemistry

In Gaussian, thermochemical data (internal thermal energies, enthalpies, en-
tropies and Gibbs free energies) are computed as the sum of the contributions
from translational, rotational, vibrational and electronic partition functions,
using the standard equations from statistical mechanics [167]. The thermal
energy (and the enthalpy and Gibbs free energy calculated from it) includes
the zero point vibrational energy. Gibbs free energies of formation of the
complexes (AGy) in this work have been obtained as the difference between
the Gibbs free energies of products and reactants in the working reaction
presented in section [2.1]

2.2.4 Atoms in molecules (AIM) theory

The Bader’s theory of atoms in molecules [I50] is based on the study of the
topology of the electron density p(x,y, z) (its gradient, its critical points and
the eigenvalues of its Hessian matrix at them) to define atoms, bonds, rings

and cages in a molecule.

Critical points of p are those at which its gradient vanishes. The rank w
of a critical point ry is the number of non-negative eigenvalues of the Hessian
matrix of p at rg, and its signature s is the algebraic sum of the signs of its
eigenvalues. A critical point is identified with the pair (w,s). Critical points
of rank 3 are indicative of a stable structure. According to their signature,

critical points are classified as:

e (3,-3): with three negative eigenvalues, they are local maxima of p and

are found at the nuclei positions.

e (3-1): with two negative eigenvalues, they are maxima of p on the
plane determined by the two corresponding eigenvectors and minima
along the direction perpendicular to it. They are called bond critical

points.
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e (3,+1): with two positive eigenvalues, they are minima of p on the
plane determined by the two corresponding eigenvectors and maxima

along the perpendicular direction. They are called ring critical points

e (3,43): with three positive eigenvalues, they are local minima of p, and

are called cage critical points.

In this theory, the definition of atoms is based on the gradient vector field
of p. A gradient path is a line obtained by following the gradient of p, in small
steps, starting at any point. Surfaces in three-dimensional space that are
not traversed by any gradient path (zero-flux surfaces) are called interatomic
surfaces, and the regions they determine are called atomic basins. Inside each
atomic basin, all gradient paths terminate at the same point (a nucleus), and

an atom is defined as the union of the nucleus and its basin.

Neighboring basins may be connected by a line such that, at each of its
points, p is maximum along directions perpendicular to the line. This line is
called a bond path. The molecular graph for a given molecule has the nuclei
as vertices and the bond paths as edges. This molecular graph generally
coincides with the molecular connectivity obtained on the basis of chemical

considerations, and it works for covalent as well as non-covalent interactions.

While the value of p at a bond critical point gives an idea of the bond
strength, the sign of the Laplacian of the electron density, VZp , at that point
is related to the nature of the bond. A negative value of V?p indicates that
the electron density is higher at the point than in a neighborhood of it (so
electron density is locally concentrated, an indication of a covalent bond).
A positive value of V?p indicates that the electron density is lower at the
point than in a neighborhood of it (so electron density is locally depleted,
an indication of a non-covalent bond). Therefore, the AIM theory is useful
to confirm the presence of non-covalent interactions in a molecule, as well as

other molecular structure elements such as rings or cages.
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2.2.5 Natural bond orbitals

Natural bond orbital (NBO) analysis [I51] provides an intuitive picture of
chemical bonding by expressing the electron density computed from DFT
or wave function methods in terms of localized electrons and lone pairs, as
in a Lewis structure. To do so, it relies on a set of orbitals different from
the canonical one, called natural atomic orbitals (NAOs). By definition,
canonical orbitals are the eigenfunctions of the Fock matrix, while NAOs
are orthonormalized eigenfunctions of certain submatrices of the density ma-
trix, each one of which consists of the rows and columns of the full matrix
corresponding to the basis functions centered on a particular atom in the
molecule. The associated eigenvalues are called the occupancies. The best
approximation (in a least-square sense) of the electron density as a linear
combination of orthonormal functions is obtained by choosing the NAOs as

the functions and the corresponding occupancies as the coefficients.

In Gaussian 09, once the NAOs are computed, those with an occupancy
greater than 1.99 are termed core orbitals, and those with an occupancy
larger than 1.90 are called lone pairs. Then, a search is carried out over
two-atom submatrices of the density matrix, looking for eigenvectors with
occupancies greater than 1.90. These eigenvectors are the natural bonding
orbitals (NBOs), which can be expressed as linear combinations of natural
hybrid orbitals (NHOs), which are, in turn, linear combinations of NAOs on
the corresponding atoms. The 1.90 threshold is lowered if the sum of the
occupancies of the identified orbitals differs by more than one unit from the
total number of electrons. The search for lone pairs and NBOs is repeated
looking for eigenvectors with occupancies less than 0.10; these are empty lone
pairs and empty antibonding orbitals. The set of found core orbitals, lone

pairs and NBOs is the natural Lewis structure of the molecule.

To estimate the deviation from this Lewis model (that is, the delocaliza-
tion effects), a second-order perturbative analysis of the Fock matrix is done:

this matrix is built in the NBO basis and, for each term, the quantity:
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is calculated, where ¢ and ¢* are an occupied and an empty NBO, re-
spectively, and €, and €, are their corresponding eigenvalues (with respect
to the Fock matrix). This quantity is interpreted as the stabilization of the

molecule achieved by delocalizing the electrons in ¢ into o*.

The NBO analysis provides information that can complement that ob-
tained with the AIM theory, such as the degree of delocalization of the elec-
tron density or the nature of the bonds (whether they are short-range, strong

covalent bonds or long range, weak non-covalent ones).
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Chapter 3
Results and Discussion

The general purposes of this work were to establish a systematic way of study-
ing metal-a-synuclein interaction sites, to validate it by comparing the results
it provides with experimental results for Cu?* reported in the literature and
to apply it to study other sites and other metal cations. This systematic
way involves building coordination complexes between a metal cation and a
dipeptide cut from o-synuclein’s amino acid sequence, optimizing their ge-
ometries and computing a Gibbs free energy for them in the way described
in the previous chapter. Each one of these built coordination complexes is

intended to represent a binding site.

Table lists the binding sites addressed in the present study, which
are divided into two groups: the experimentally characterized sites for Cu?*
(shown in blue) and the ones that are proposed in this work since their struc-
tures could, in principle, be similar (shown in orange). The Name column
contains the names used to refer to each site in the rest of the tables in this
chapter. In the text, the sites are referred to by their numbers in this table.
Figure displays the location of each studied site in a-synuclein’s primary
structure, together with the full chemical formulas of some of them. Figure
shows the location of those sites in the secondary structure. In these fig-

ures, the experimental and additional proposed complexes are also shown in
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Table 3.1: List of complexes studied, each one with Cu?T, Zn?* and AlI3*. The horizontal
lines mark the limits of the three o-synuclein domains. The experimentally characterized
Cu?* binding sites mentioned in the literature are presented in blue, while the additional
ones proposed in this work are presented in orange. No. = site number. o-syn seq. =
position in o-synuclein sequence. R; res. = residue bearing R;. L res. = residue bearing
L;. The Name column, as can be seen, just consists of the four previous ones separated

by dots, and will be used in the rest of the tables to refer to each site.

No. o-synseq. Rjres. Ljres. Lo Name

1 1-2 Met Asp H>O 1-2.Met.Asp.H2 O

2 1-2 NacMet Asp HoO  1-2.NacMet.Asp.HsO
3 1-2-50 Met Asp Hid 1-2-50.Met.Asp.Hid
4 1-2-50 NacMet Asp Hid  1-2-50.NacMet.Asp.Hid
5 1-2-50 Met Asp Hie 1-2-50.Met.Asp.Hie
6 1-2-50 NacMet Asp Hie  1-2-50.NacMet.Asp.Hie
7 8-9 Leu Ser H>O 8-9.Leu.Ser.Hy,O

8 41-42 Gly Ser H,O 41-42.Gly.Ser.H2O

9 43-44 Lys Thr H>0O 43-44.Lys. Thr.H,O
10 49-50 Val Hie H>O 49-50.Val.Hie.HoO
11 53-54 Ala Thr H>O 53-54.Ala. Thr.H,O
12 74-75 Val Thr H>O 74-75.Val. Thr.H,O
13 97-98 Lys Asp H>O 97-98.Lys.Asp.H,O
14 114-115 Glu Asp HoO  114-115.Glu.Asp.H2 O
15 118-119 Val Asp H>O 118-119.Val.Asp.H,O
16 121-122 Asp Asn HoO  121-122.Asp.Asn.H2O
17 134-135 Gln Asp HoO  134-135.GIn.Asp.H2O

0] H

M\\\\\CONHZ
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CHAPTER 3. RESULTS AND DISCUSSION

blue and orange, respectively. This color code is subsequently used through
this chapter. Each one of these binding sites was studied with Cu?*, Zn?**
and AI¥*, with both the M06 and the »B97X-D functionals.

The purpose of including the experimentally found Cu?* complexes in
this computational study was to validate the methodology used here by com-
paring the theoretical geometries with the experimentally determined ones
and also by checking whether the lowest predicted Gibbs free energies corre-

sponded to the experimentally found complexes.

The purposes of studying additional sites and addressing also Zn** and
AIP* complexes were to determine if any site not found experimentally is also
thermodynamically feasible, and to find whether Zn?T and AI** complexes

follow trends analogous to Cu?* ones, both structurally and energetically.

The DFT geometry optimizations (with both the M06 and the wB97X-
D functionals) of all three series of metal complexes with dipeptide models

converged to true minima.

Visualization of the optimized structure of complex 1, which corresponds
to the highest-affinity Cu?* binding site according to experiment, revealed,
for both the M06 and the ®B97X-D functionals, a nearly square planar (Dyy,)
disposition of the coordinating atoms (see figure [3.3), in agreement with
the predictions made by electron paramagnetic resonance (EPR), electronic
spectroscopy studies and QM /MM molecular dynamics simulations [152].
The three complexes involving Hid/Hie 50 and proposed by De Ricco [144]
to exist at high pH and high Cu?* concentrations (3, 5 and 10, with both
functionals) were also minimized to a distorted square planar geometry (see
figure . Complexes 3 and 5 only differed by the nitrogen atom in the
imidazole ring of histidine binding Cu?* (the € nitrogen in 3 and the & one
in 5), while 10 involved the backbone amide nitrogen atoms of Val 49 and

Hie 50, the 6 nitrogen of Hie 50 and a water molecule.

Regarding the main low affinity Cu?* site at the C-terminus identified
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1-2.Met.Asp.H50

121-122.Asp.Asn.H,0

SoNH,

Figure 3.1: Graphical representation of a-synuclein’s primary structure, showing the
location of both the experimentally proposed Cu?* sites (in blue) and the additional ones

proposed in this study (in orange), as well as diagrams of some selected sites.
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1-2.Met.Asp.H20

97-98.Lys.Asp.H,0
(o}

H  CONH,

134-135.GIn.Asp.H2

21-122.Asp-Asn. H20

Figure 3.2: Graphical representation of a-synuclein’s secondary structure, showing the
location of both the experimentally proposed Cu?* sites (in blue) and the additional ones

proposed in this study (in orange), as well as diagrams of some selected sites.
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Met 1
Asp 2

«
¢

H,0

Figure 3.3: Optimized structure (UM06/6-3114+G(d,p)/SMD) of 1, the model represent-
ing the first experimentally determined high-affinity copper binding site in a-synuclein.
The structure obtained with wB97X-D is similar. Hydrogen atoms have been omitted for

clarity.

(b)

Figure 3.4: Two (3, a, and 10, b) of the three (3, 5 and 10) optimized structures
(UMO06/6-311+G(d,p)/SMD) representing the experimentally determined high-affinity
copper binding site involving Hid/Hie 50. The complex with Hie (5) is similar to the
one with Hid (3). The corresponding ones obtained with ®B97X-D are similar. Hydrogen

atoms and part of the Hid residue have been omitted for clarity.
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Asn 122

Figure 3.5: Optimized structure (UM06/6-311+G(d,p)/SMD) of 16, which represents
the experimentally determined low-affinity copper binding site in a-synuclein. The struc-
ture obtained with wB97X-D is similar. Hydrogen atoms and the backbone carbonyl

oxygen of Asn 122 have been omitted for clarity.

by means of spectroscopic techniques and centered on Asp 121 [142], mini-
mization of complex 16 led (with both functionals) to a nearly square planar
structure where the Cu?™ cation was bound to the carbonyl oxygen in the
side chain of Asn 122, and where the backbone nitrogen atoms of Asp 121

and Asn 122 and a water molecule completed the coordination sphere (see
figure .

In the following sections, the similarities and differences among all the
studied sites, metal cations and density functionals will be analyzed and

commented on.

3.1 Geometries

In this section, the nomenclature used to refer to the four atoms coordinating
the metal will be the one in the complexes’ general scheme (Ny, Ny, Ly, Ly),

which is reproduced below.
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In the case of Cu?* complexes, all of them show the previously mentioned
distorted square planar geometry, with only minor differences among sites
and with only slight deviations from a perfectly planar structure. This is
suggested by the values of the Ni-No-M-L; and the No-N;-M-Ly dihedrals,
which can be used as a measure of the complexes’ planarity, since the first one
is related to the deviation of L; from the plane determined by the metal and
the two backbone nitrogen atoms (N; and Ny) and the second one measures
the separation of Ly from that same plane (the higher their difference with
+180°, the lower the planarity of the complexes). N;-No-Cu?T-L; oscillates
between -161.4° and 167.7° in the M06 series and between -163.0° and 169.5°
in the ®B97X-D series. Ny-N;-Cu?T-L, ranges between -163.8° and 155.3°
in the MO6 series, while varying between -172.7° and 159.4° in the wB97X-D
one. In these dihedral angle values, the negative signs indicate that the L;
ligand is “above” the plane, while the positive signs mean that it lies “below”
it, whereas for the Ly ligand it is the other way. Therefore, in absolute terms,
both functionals predict that the L; and Ly ligands will not deviate more than
25° from the N;-Cu?T-Nj, plane.

The N;-Cu?*-Ny, No-Cu?*-L;, L;-Cu?*t-Ly and Ly-Cu?*-N; angles, whose
proximity to 90° indicates how tetragonal the complexes are, vary between
80.1° and 108.6° in the MO6 series, whereas in the wB97X-D series, they
oscillate between 79.7° and 108.6°. In most of the complexes, especially if
the amino acid residue carrying L; is a Ser or a Thr, the No-Cu?*-L; and the
N;-Cu?-L, angles are the ones lying the farthest from 90° (No-Cu?*-L; is
always around 80° while N;-Cu?*-L, is often over 100°). This fact could be
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explained by the repulsion between the electrons of Cu?* and the lone pair
on the hydroxyl oxygen of Ser and Thr being greater than their electrostatic
attraction and by the repulsion between the acetyl group in N; and H5O.

Bond lengths between Cu?' and the four atoms surrounding it (collected
in table take values in the 1.92-2.18 A interval. The Cu?*-L, distances
are greater than 2 A in all cases (both with water and with a nitrogen atom
of an imidazole ring), suggesting that the Ly ligand is more labile than the
other three. On the other hand, the Cu?*-N, distances are always less than
or equal to 2 A and also the Cu?*-N; ones (except for complexes 1, 3 and 5,
with both functionals). These exceptions are precisely the complexes in which
N, is not acetylated and is therefore not negatively charged, which suggests
the idea that the deprotonated backbone nitrogen atoms, with a negative
formal charge, interact more strongly with the cation, in comparison with
the terminal nitrogen atom (see figure . Also, whenever L is either Ser
or Thr, the Cu?™-L; distance is above 2.13 A, suggesting a comparatively
weaker interaction between each of these two residues and Cu?t. When L

is Asp or Hie, this distance stays around 2 A.

d H,0 H20
The negative formal charge ... is not
over here... over here

Figure 3.6: Representation of complexes 2 (left) and 1 (right), pointing out the extra
negative formal charge of 2, leading to the lower M-N; distances. The same situation

occurs for sites 3 and 4, and for 5 and 6. Hydrogen atoms have been omitted for clarity.
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Table 3.2: Distances between Cu?t and the atoms surrounding it in each studied com-
plex. In each entry, the values for the M06 (left) and wB97X-D (right) functionals are
separated by a slash. Values in A.

Cu2t-N; Cu2t-No Cu2t-L, Cu2t-Loy

No. Name

MO06/wB97X-D MO06/wB97X-D MO06/wB97X-D MO06/wB97X-D

1 1-2.Met.Asp.H20 2.01/2.02 1.93/1.94 1.96/1.97 2.07/2.07
2 1-2-NacMet.Asp.H2O 1.97/1.98 1.94/1.95 1.99/1.99 2.10/2.12
3 1-2-50.Met.Asp.Hid 2.04/2.05 1.95/1.96 1.99/1.99 2.00/2.00
4 1-2-50.NacMet.Asp.Hid 1.98/1.99 1.96/1.96 2.00/2.02 2.02/2.01
5 1-2-50.Met.Asp.Hie 2.05/2.06 1.96/1.96 1.99/1.99 2.02/2.02
6 1-2-50.NacMet.Asp.Hie 1.99/2.01 1.96/1.97 2.03/2.03 2.02/2.02
7 8-9.Leu.Ser.H20 1.96/1.97 1.92/1.92 2.17/2.18 2.04/2.04
8 41-42.Gly.Ser.H20O 1.96/1.97 1.93/1.94 2.15/2.16 2.05/2.06
9 43-44.Lys. Thr.H20 1.97/1.98 1.92/1.93 2.15/2.14 2.05/2.04
10 49-50.Val.Hie.H20 1.95/1.96 1.99/1.98 1.98/1.99 2.18/2.12
11 53-54.Ala.Thr.H20 1.96/1.98 1.93/1.93 2.14/2.14 2.04/2.07
12 74-75.Val.Thr.H2O 1.96/1.97 1.92/1.93 2.13/2.14 2.05/2.05
13 97-98.Lys.Asp.H20 1.97/1.98 1.95/1.95 1.97/1.98 2.09/2.08
14 114-115.Glu.Asp.H20 1.97/1.98 1.95/1.95 1.99/1.99 2.09/2.09
15 118-119.Val.Asp.H20 1.95/1.96 1.95/1.96 1.97/1.98 2.12/2.12
16 121-122.Asp.Asn.H20 1.95/1.97 1.95/1.95 2.01/2.01 2.09/2.08
17 134-135.GIn.Asp.H20 1.97/1.98 1.95/1.95 1.98/1.99 2.08/2.09

The Zn?T complexes whose L residue is Asp, Asn, Hid or Hie are tetra-
coordinated and their geometries are at some point between a square planar
and a tetrahedral one (see figure [3.7). The N1-Ny-Zn?T-L; and Ny-N;-Zn?*-
Ly dihedrals would equal £120° in a regular tetrahedron. Considering only
those complexes, the Ni-Ny-Zn?*-L; dihedral falls between -136.8° and 155.8°
in the MO6 series and between -135.5° and 154.0° in the ®B97X-D series. The
N,-N;-Zn?*-Ly dihedral is between -124.0° and 142.8° in the MO06 series, while
in the ®B97X-D one, it lies between -119.3° and 143.0°. The signs criterion is
the same as for the Cu?* complexes. The tetracoordinated Zn** complexes,
therefore, differ from an ideal square planar structure considerably more than
Cu** complexes do, reaching as much as 44.5° (in the case of L;) or 60.7°

(in the case of Ly).

The N;-Zn?T-Ny, No-Zn?*-L;, L-Zn?"-Ly and Ly-Zn?T-N; angles, in this

subset of complexes, are quite similar to the corresponding Cu?* ones, the
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Asp 2

Figure 3.7: Optimized structure (UM06/6-311+G(d,p)/SMD) of 1 with Zn?". Hydrogen
atoms have been omitted for clarity. Note the more tetrahedral shape of this complex in

comparison with the analogous Cu?* one.

most remarkable differences being in the Ly-Zn%t-N; angles, which differ

noticeably more from 90° than their counterparts in the Cu?" set.

The distances between Zn?T and Ny, Ny, L; or Ly, again in this subset, are
slightly higher than those of the corresponding Cu?* complexes in all cases.
These distances are presented in table . Given that Zn?** and Cu?* have
similar ionic radii, these differences could be explained by Zn?** bonds being

weaker than Cu?* bonds.

On the contrary, Zn?* complexes with Ser or Thr as L; are tricoordinated
(see figure . In these cases, L is totally out of the coordination sphere,
with Zn**-L; distances of up to 3.5 A (for complex 7 with wB97X-D), the
lowest one being 2.98 A (for complex 11 with M06). This suggests that the
earlier mentioned repulsion between Cu?>* and L; is even stronger with Zn?".
What is more, by visual inspection of these Zn?" complexes, a hydrogen bond
could exist between Ly (H2O) and Ly (Ser or Thr).

The Ny-N;-Zn?*t-L, dihedral in this set oscillates between -169.1° and
166.4° in the MO6 series and between -173.1° and 154.9° in the ©wB97X-D

series, so the HoO molecule is never farther than 25.1° away from the Nj-
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Table 3.3: Distances between Zn?* and each surrounding atom in each studied tetraco-
ordinated Zn?** complex. In each entry, the values for the M06 (left) and wB97X-D (right)

functionals are separated by a slash. Values in A.

Zn2+-N; Zn2t-N, Zn2t-L; Zn2t-Lgy
No. Name
MO06/wB97X-D MO06/wB97X-D MO06/»B97X-D MO06/wB97X-D

1 1-2.Met.Asp.H2O 2.09/2.10 2.00/2.01 2.04/2.04 2.09/2.10
2 1-2-NacMet.Asp.H20 2.00/2.01 2.01/2.04 2.04/2.05 2.15/2.13
3 1-2-50.Met.Asp.Hid 2.17/2.16 1.99/2.01 2.12/2.07 2.02/2.03
4  1-2-50.NacMet.Asp.Hid 2.04/2.03 2.01/2.03 2.09/2.08 2.04/2.06
5 1-2-50.Met.Asp.Hie 2.23/2.24 2.02/2.04 2.14/2.14 2.07/2.06
6  1-2-50.NacMet.Asp.Hie 2.07/2.08 2.05/2.06 2.18/2.21 2.08/2.07
10 49-50.Val.Hie.H2O 1.99/2.01 2.06/2.06 2.04/2.05 2.33/2.33
13 97-98.Lys.Asp.H20 2.03/2.04 2.06/2.06 2.07/2.07 2.20/2.22
14  114-115.Glu.Asp.H2O 2.02/2.03 2.04/2.05 2.09/2.08 2.20/2.24
15 118-119.Val.Asp.H20 2.03/2.04 2.04/2.04 2.08/2.08 2.21/2.22
16  121-122.Asp.Asn.H20 2.00/2.02 2.02/2.03 2.11/2.11 2.12/2.13
17  134-135.GIn.Asp.H20 2.03/2.05 2.06/2.05 2.08/2.07 2.22/2.24

Zn?*t-N, plane. The N;-Zn?*-N, angle ranges from 84.2° to 85.6° in the M06
series and from 84.6° to 85.1° in the wB97X-D series, the No-Zn?*-L; angle
varies from 122.8° to 138.7° in the M06 series and from 120.9° to 142.2° in the
»B97X-D series and the N;-Zn%"-L, angle is between 135.9° and 152.0° in
the MO6 series and from 132.6° and 151.4° in the ®B97X-D series. Together,
these results show that these complexes are nearly trigonal planar, with one
of the three angles (N;-Zn?T-Ny) being close to 90° and the other two around
135°. In other words, the water molecule is lying on the N;-Zn?*"-N, angle

bisector (with Csy, symmetry).

The distances from these three ligands to the Zn®* cation (collected in
table are not particularly different from the corresponding ones in the
Cu*" complexes, but the Zn?*-L, distances (in this subset, L, is always
water), unlike in the tetracoordinated complexes, are consistently slightly
smaller than in the Cu?" series, which could be due to water interacting

better with Zn?" when L, is outside the coordination sphere.
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Figure 3.8: Optimized structure (UM06/6-311+G(d,p)/SMD) of 8 with Zn?*. Hydrogen
atoms (except the ones of the water molecule and of the Ser hydroxyl group) have been
omitted for clarity. The wB97X-D structure is qualitatively similar. Note the trigonal
shape of this complex (shared by all the others with Ser or Thr as L;) and the apparent
hydrogen bond interaction indicated by the dotted line.

Table 3.4: Distances between Zn?t and the three surrounding atoms in each studied
tricoordinated Zn?* complex. In each entry, the values for the M06 (left) and ©wB97X-D

(right) functionals are separated by a slash. Values in A.

Zn2+-N1 Zn2+-N2 Zn2+-L2
No. Name
MO06/wB97X-D MO06/wB97X-D MO06/wB97X-D

7 8-9.Leu.Ser.H,O 1.96/2.00 1.99/1.98 2.01/2.02
8 41-42.Gly.Ser.H,O 1.97/1.98 2.01/2.03 1.99/2.01
9 43-44.Lys.Thr.H,O 1.97/2.00 2.01/1.99 1.99/2.02
11 53-54.Ala.Thr.H,O 1.96/1.99 1.98/1.98 1.99/2.02
12 74-75.Val. Thr.H,O 1.97/1.98 1.99/1.98 1.99/2.01
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All AI¥* complexes display a distorted tetrahedral geometry (see figure
3.9). The N;-Ny—AI3*-L; dihedral in complex 5 with M06 (which has a value
of -164.3°) is the closest one to £180°. This dihedral ranges from -132.6° to
131.0° in the M06 set and from -129.0° to 125.4° in the ®B97X-D one. As for
the No-N; —Al**-L, dihedrals, they lie even farther from 4180°; the closest
one (in complex 12 with wB97X-D) is 142.0°. These take values between
-118.9° and 111.7° in the MO06 series, whereas, in the wB97X-D series, their

values are between -123.5° and 121.7°.

Figure 3.9: Optimized structure (UM06/6-311+G(d,p)/SMD) of 13 with Al**. Hydro-
gen atoms have been omitted for clarity. The ®B97X-D structure is qualitatively similar.

Note the tetrahedral shape of this complex, shared by all the other AI3T ones.
Distances between A>T and Ny, Ny, L; or Ly (presented in table [3.5)) are

systematically lower than in Cu?t and Zn?*, which is attributable to the

smaller ionic radius of AI** compared to the ones of Cu?* or Zn?*.
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Table 3.5: Distances between Al>* and the four surrounding atoms in each studied A3+
complex. In each entry, the values for the M06 (left) and wB97X-D (right) functionals are
separated by a slash. Values in A.

AIBPT-N; AI3+-Ny APT-Ly AIBPT-L,

No. Name
MO06/wB97X-D MO06/wB97X-D MO06/»B97X-D MO06/wB97X-D

1 1-2.Met.Asp.H20 1.92/1.92 1.82/1.82 1.75/1.76 1.81/1.82
2 1-2-NacMet.Asp.H20 1.83/1.83 1.83/1.83 1.77/1.78 1.83/1.84
3 1-2-50.Met.Asp.Hid 1.93/1.94 1.82/1.83 1.77/1.78 1.88/1.88
4  1-2-50.NacMet.Asp.Hid 1.84/1.85 1.83/1.84 1.78/1.79 1.89/1.89
5 1-2-50.Met.Asp.Hie 1.93/1.93 1.82/1.83 1.77/1.78 1.88/1.89
6  1-2-50.NacMet.Asp.Hie 1.84/1.84 1.83/1.84 1.77/1.79 1.91/1.89
7 8-9.Leu.Ser.H20 1.82/1.83 1.83/1.82 1.86/1.87 1.81/1.82
8 41-42.Gly.Ser.H20 1.83/1.83 1.82/1.82 1.85/1.87 1.82/1.82
9 43-44.Lys. Thr.HO 1.83/1.83 1.82/1.82 1.84/1.84 1.82/1.83
10 49-50.Val.Hie.H20 1.82/1.83 1.83/1.83 1.88/1.88 1.83/1.83
11 53-54.Ala. Thr.H2O 1.82/1.83 1.82/1.82 1.84/1.84 1.82/1.83
12 74-75.Val. Thr.H2O 1.82/1.83 1.82/1.82 1.84/1.84 1.82/1.83
13 97-98.Lys.Asp.H2 O 1.83/1.84 1.83/1.83 1.76/1.76 1.84/1.85
14  114-115.Glu.Asp.H>0 1.83/1.83 1.84/1.84 1.76/1.76 1.84/1.85
15 118-119.Val.Asp.H20 1.83/1.83 1.84/1.84 1.76/1.77 1.84/1.83
16  121-122.Asp.Asn.H20 1.82/1.83 1.83/1.84 1.79/1.80 1.83/1.84
17  134-135.GIn.Asp.H2O 1.83/1.84 1.83/1.83 1.76/1.76 1.84/1.85

3.2 Energies

Table [3.6| reports the Gibbs free energies calculated for each studied complex.
In this table, the data corresponding to the five complexes with the most

negative energies for each metal and for each functional are emphasized.

Among Cu?* complexes, the five most stable ones are, from the lowest
to the highest, 6 (-87.5 kcal/mol), 15 (-84.5 kcal/mol), 4 (-83.9 kcal/mol),
10 (-83.8 kcal/mol) and 14 (-83.7 kcal/mol) for M06 and 6 (-90.0 kcal/mol),
15 (-85.8 kecal/mol), 4 (-85.4 kcal/mol), 10 (-83.5 kcal/mol) and 16 (-83.3
kecal/mol) for @B97X-D. As can be seen, three experimentally proposed com-
plexes (6, 4 and 10) are among the five most stable ones in the M06 series,
while for ®B97X-D, there are four (6, 4, 10 and 16). This, together with
the fact that the theoretically predicted geometries of Cu?* complexes agree

with the experimentally proposed ones, suggests that the methodology used
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here, despite its simplicity, can yield meaningful results and can therefore be

applied to study new binding sites and metals.

This being said, it is remarkable that Cu*" complexes 15 and 14 (in-
volving Val 118-Asp 119 and Glu 114-Asp 115, respectively), although not
experimentally characterized, are also thermodynamically stable according
to this study (the second and the fifth most stable ones, with -84.5 kcal/mol
for 15 and -83.7 kcal/mol for 14 with M06, and the second and the sixth
most stable ones, with -85.8 kcal/mol for 15 and -81.7 kcal/mol for 14 with
»B97X-D).

Table 3.6: Gibbs free energies associated to each metal-dipeptide complex, calculated as
the free energy changes of the working reaction given in the Methodology chapter. In each
entry, the values for the M06 (left) and wB97X-D (right) functionals are separated by a

slash. Values in kcal/mol.

Cu?t Zn?%+ Al3+
No. Name
MO06/wB97X-D MO06/wB97X-D MO06/wB97X-D
1 1-2.Met.Asp.H;0 -68.2/-69.8 -50.1/-55.1 -40.7/-45.0
2 1-2-NacMet.Asp.H;0 -76.8/-78.0 -62.8/-65.2 -66.5/ -69.0
3 1-2-50.Met.Asp.Hid -75.6/-78.5 -53.7/-59.2 -51.3/-57.9
4  1-2-50.NacMet.Asp.Hid  -83.9/-85.4 -65.8/-68.8 -77.6/-83.7
5 1-2-50.Met.Asp.Hie -75.2/-80.3 -53.2/-61.9 -53.2/-60.1
6 1-2-50.NacMet.Asp.Hie  -87.5/-90.0 -63.3/-68.7 -74.4/-84.9
7 8-9.Leu.Ser.H,0 -69.0/-70.7 -56.2/-60.1 -35.5/-39.0
8 41-42.Gly.Ser.H;0 -72.3/-74.3 -59.4/-64.8 -34.7/-38.8
9 43-44.Lys.Thr.H,0 -71.5/-74.6 -56.8/-62.8 -34.8/-40.3
10 49-50.Val.Hie.H,O -83.8/-83.5 -62.5/-66.3 -63.1/-64.9
11 53-54.Ala. Thr.H,0 -75.2/-77.4 -60.3/-63.9 -39.4/-43.6
12 74-75.Val.Thr.H;0 -77.6/-79.1 -62.0/-66.2 -42.1/-46.7
13 97-98.Lys.Asp.H;0 -76.3/-77.4 -57.4/-59.5 -58.9/-61.8
14  114-115.Glu.Asp.H,0 -83.7/-81.7 -63.3/-64.5 -68.3/-68.4
15  118-119.Val.Asp.H,0 -84.5/-85.8 -64.6/-69.1 -67.3/-74.6
16  121-122.Asp.Asn.H,O -81.9/-83.3 -63.8/-66.7 -58.5/-63.6
17 134-135.GIn.Asp.H;0 -77.8/-80.2 -59.1/-63.0 -62.7/-65.3
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Comparison of complexes 1, 3 and 5 reveals that Cu®" complexes with
Hid or Hie as the fourth ligand (3 and 5) have lower energies than Cu*"
complexes with water at this same position (1). As a matter of fact, the
MO6 energies of 1, 3 and 5 are -68.2, -75.6 and -75.2 kcal/mol, respectively,
while the ®B97X-D ones are -69.8, -78.5 and -80.3 kcal/mol, respectively).
This is also in agreement with the experimental studies concluding that the
1-2-50 complexes (3 and 5) are favored over the 1-2 one (1) at high pH, when
the nitrogen atoms in the histidine residue are deprotonated and, therefore,

available to coordinate Cu?t.

An interesting fact about the 1-6 group is the stabilization of Cu?* com-
plexes 1, 3 and 5 when adding an acetyl group to the Met nitrogen (yielding
complexes 2, 4 and 6, respectively). This is actually attributed to the sta-
bilizing electrostatic interaction between Cu?" and the already mentioned
negative formal charge on the Met nitrogen (present in the acetylated com-
plexes, 2, 4 and 6, but absent in the non acetylated ones, 1, 3 and 5),
and not to the acetyl group itself. This stabilization supports the idea of a
stronger bond between the metal cation and the deprotonated backbone ni-
trogen atoms carrying a negative formal charge (with respect to the formally
uncharged, terminal Met nitrogen), already suggested by the smaller bond

distances.

On the other hand, the least stable Cu?*" complexes are, from the high-
est to the lowest energies, 1 (-68.2 kcal/mol), 7 (-69.0 kcal/mol), 9 (-71.5
kcal/mol), 8 (-72.3 kcal/mol) and 5/11 (-75.2 kcal/mol both) for M06 and 1
(-69.8 kcal/mol), 7 (-70.7 kcal/mol), 8 (-74.3 kcal/mol), 9 (-74.6 kcal/mol)
and 11/13 (-77.4 kcal/mol both) for ©B97X-D. Both functionals predict
complex 1 to be the least favored one, an observation which seemingly con-
tradicts the experimental results, but which can again be attributed to the
absence of a formal negative charge on the Met nitrogen in 1. This same rea-
soning could explain the fact that complexes 3 and 5 (found experimentally)

are not among the most stable ones. Regarding complexes 7, 8 and 9, the
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fact that they are always among the least stable ones is attributable to their
lower electrostatic and dispersion interactions, since their anchoring sites (L
residues) are small uncharged residues like Ser or Thr instead of charged ones
like Asp or large ones like Hid, Hie or Asn. This idea is in agreement with the
higher Cu?"-Ser and Cu?"-Thr distances (in relation to Cu**-Asp, Cu?"-Hie

and Cu?"-Asn distances) discussed in the previous section.

These trends followed by Cu?* complexes can be translated almost with-
out changes to Zn?t ones: the most stable Zn?t complexes are, from the
lowest to the highest energies, 4 (-65.8 kcal/mol), 15 (-64.6 kcal/mol), 16
(-63.8 kcal/mol), 6 (-63.3 kcal/mol) and 14 (-63.3 kcal/mol) for M06 and 15
(-69.1 kcal/mol), 4 (-68.8 kcal/mol), 6 (-68.7 kcal/mol), 16 (-66.7 kcal /mol)
and 10 (-66.3 kcal/mol) for ©B97X-D, while the least stable ones are, from
the highest to the lowest energies, 1 (-50.1 kcal/mol), 5 (-53.2 kcal/mol), 3
(-53.7 keal/mol), 7 (-56.2 kcal/mol) and 9 (-56.8 kcal/mol) for M06 and 1
(-55.1 keal/mol), 3 (-59.2 kcal/mol), 13 (-59.5 kcal/mol), 7 (-60.1 kcal/mol)
and 9 (-62.8 kcal/mol) for ®B97X-D. So the most stable sites are again the
ones involving Met 1, Asp 2 and Hie 50, the one with Val 49 and Hie 50 and
the ones involving Glu 114 and Asp 115, Val 118 and Asp 119, and Asp 121
and Asn 122, and the least stable ones are those that contain Ser or Thr as
anchoring site, as well as the ones without a formal negative charge on Met

terminal nitrogen.

For AI*T, on the other hand, the most stable sites are, from the lowest
to the highest energies, 4 (-77.6 kcal/mol), 6 (-74.4 kcal/mol), 14 (-68.3
kcal/mol), 15 (-67.3 kecal/mol) and 2 (-66.5 kcal/mol) for M06 and 6 (-84.9
kcal/mol), 4 (-83.7 kcal/mol), 15 (-74.6 kcal/mol), 2 (-69.0 kcal/mol) and
14 (-68.4 kcal/mol) for ®B97X-D, while the least stable ones are, from the
highest to the lowest energies, 8 (-34.7 kcal/mol), 9 (-34.8 kcal/mol), 7 (-
35.5 kecal/mol), 11 (-39.4 kcal/mol) and 1 (-40.7 kcal/mol) for M06 and 8
(-38.8 kecal/mol), 7 (-39.0 kcal/mol), 9 (-40.3 kcal/mol), 11 (-43.6 kcal/mol)
and 1 (-45.0 kcal/mol) for ®B97X-D. Therefore, for A>T, the Val 49-Hie 50
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and Asp 121-Asn 122 sites would not be especially favored, but the NacMet
1-Asp 2-H,O, NacMet 1-Asp 2-Hid/Hie, 114 Glu-115 Asp and Val 118-Asp
119 would.

When comparing the three metal cations with one another, one of the
first facts that can be noted is the difference in the energies’ magnitudes.
Cu*" complexes range from -68.2 (1) to -87.5 kcal/mol (6) for M06 and
from -69.8 kcal/mol (1) to -90 keal/mol (6) for ®B97X-D; Zn?* complexes,
from -50.1 (1) to -65.8 kcal/mol (4) for M06 and from -55.1 kcal/mol (1)
to -69.1 kcal /mol (15) for ®B97X-D and AI** complexes, from -34.7 (8) to
-77.6 kcal/mol (4) for M06 and from -38.8 kcal/mol (8) to -84.9 kcal/mol
(6) for ®BI7X-D. As can be seen, Cu®T complexes present the narrowest
energy ranges (19.3 and 20.2 kcal /mol for M06 and »B97X-D, respectively),
followed by Zn** complexes (15.7 and 14.0 kcal/mol for M06 and »B97X-D,
respectively) and finally by AI** complexes, whose energy ranges are much
larger (42.9 and 46.1 kcal/mol for M06 and »B97X-D, respectively). For all
the studied sites, the energy associated to the Cu?* complex is considerably
below (more negative) the ones associated to both the Zn?* and the AI3*
complexes. This supports the fact that Cu?" complexes have been much
more addressed than Zn?T or AI** ones in experimental studies. However,
the relative stabilities of Zn?t and AI** complexes are site-dependent. A3+
complexes have higher (less negative) associated energies than Zn*" ones
when the Met nitrogen is not acetylated and, therefore, without a negative
formal charge (sites 1, 3 and 5) and especially when the anchoring site is
Ser, Thr or Asn (formally uncharged residues). Al*" complexes have more
negative energies than the analogous Zn?* ones when the Met nitrogen is
acetylated (complexes 2, 4 and 6) as well as in complexes 13, 14, 15 and 17
(which are exactly the ones with the formally charged Asp as the anchoring
site Ly). As for site 10, the AI*" complex is more stable than the Zn?**
according to M06 (-63.1 versus -62.5 kcal/mol), but less stable according to
©B9I7X-D (-64.9 versus -66.3 kcal /mol). These comparisons of Zn** and A3+

suggest a higher contribution of electrostatics in AI** interactions (relative
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to Zn*"), in agreement with its higher formal charge.

Another fact related to this higher formal charge of AI** is the difference
between the free energies associated with complexes 1 and 2, 3 and 4, and 5
and 6 (remember that 1, 3 and 5 do not have an acetyl group on the terminal
Met nitrogen while 2, 4 and 6 do have it). It can be seen that a decrease
in energy occurs with the three metals upon acetylation, but with AI** its
magnitude is much larger (between 6.9 and 12.3 kcal /mol for Cu®", between
6.8 and 12.7 keal /mol for Zn?* and between 21.2 and 26.3 kcal /mol for AI3T).
What is more, when the anchoring site is Ser or Thr (the small uncharged
residues), the energy of the corresponding complex is generally higher (less
negative) than when it is Asp (charged), Hie or Asn (larger than Ser or Thr).
This happens with the three studied cations, but this difference is much more
remarkable in the case of AI** complexes. Compare, for example, complexes
6 and 7 with M06, whose difference for Cu?* is 18.5 kcal/mol, for Zn*" it is
7.1 kcal/mol and for A>T, 38.9 kcal/mol.

Comparison of the M06 results with the wB97X-D ones shows that the
®wBI97X-D energies tend to be slightly lower than the M06 ones, which could
reveal a certain relevance of dispersion interactions between the cations and
the dipeptides. Even though this pattern is common to the three metals, it
can be observed that, in the case of Zn?>* and AI**, the difference between
functionals is higher than in the Cu®" case in a consistent manner: while in
Cu?" the largest difference is 5.1 kcal/mol (for site 5), in Zn*" it reaches 8.7
kcal/mol (also for site 5) and in AI**, 10.1 kcal/mol (for site 6), suggesting
a higher importance of dispersion forces in Zn?* and Al** complexes in com-
parison with Cu?* ones. Also, there are two complexes in which this pattern
fails: Cu*" complexes 10 (-83.8 kcal/mol for M06 and -83.5 kcal/mol for
»wBI97X-D) and 14 (-83.7 kcal/mol for M06 and -81.7 kcal/mol for »B97X-
D), but these can be attributed to the optimizations having converged to

slightly different conformers of the dipeptides with each functional.
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3.3 AIM analysis

The diagram representing the general structure of all the studied complexes

(whose nomenclature is again used in this section) is reproduced again below.
0] H

“,\\\\\CONHZ

For tetracoordinated complexes, the topological analysis of the electron
density found, in all sites and with the three metals, bond critical points
on the straight lines connecting the cation and each one of the coordinating
atoms. Apart from these, there are also ring critical points at the center of
both the 5-membered and the 6-membered rings defined by the cation and
Ny, Ny and L; (numbers 5 and 6 in figure , thus indicating how the

complexes are also favored by the formation of these rings.

In tricoordinated Zn?* complexes (7, 8, 9, 11 and 12), the electron density
presents bond critical points between Zn?** and N;, N, and L,, but not
between Zn** and L; (remember that L; is outside the coordination sphere
in these cases). In these complexes, the presence of a bond critical point
between water (Lg) and the oxygen atom on the side chain of L; (Ser or Thr)
confirms the existence of a hydrogen bond, and there is also a ring critical
point in this region, near the center of the 7-membered ring defined by the
metal, the water molecule and Ly, up to Ny (number 2 in figure [3.10b). This
hydrogen bond could be another contribution to the more negative Gibbs
free energies associated to these Zn?* in comparison with the corresponding
A3 ones; as an example, compare site number 7 with Zn?* (-56.2 kcal /mol)
and AI** (-35.5 kcal/mol), both with MO6.
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(a) (b)

Figure 3.10: (a): Molecular graph of the Cu?* complex at site 1. Note the bond critical
points 1-4 between Cu?* and Ny, Ny, L1 and Ly and the ring critical points inside the 5 and
6-membered rings (5 and 6, respectively), which are common to all the studied complexes.
(b): Molecular graph of the Zn?* complex at site 11, showing the bond critical point
between one of the hydrogen atoms in the water molecule and the oxygen atom in the
hydroxyl group of the Thr side chain and the ring critical point inside the 7-membered
ring (1 and 2, respectively).

Figure [3.11| contains the contour maps of the Laplacian of the electron
density (V2p) for site 16 with Cu®", Zn?* and AI**, each one in two differ-
ent planes. For the other sites, the plots are qualitatively similar. As can be
observed, the regions with a negative value of V?p (delimited by a thick line
in figure are always in the vicinity of Ny, Ny, L; and Ly and they do
not reach the internuclear region between them and the cation. This point is
confirmed by the fact that V2p is always positive at the corresponding bond
critical points (as reported in table , which means that the electron den-
sity is locally depleted at these points. Therefore, the interactions between

the cations and the dipeptides are non-covalent interactions.

Table |3.7|reports the electron density values between each metal and each
of the surrounding atoms Ny, Ny, L; and Ly for the most stable sites, together
with the values of the Laplacian at these same points. The values of the

electron density p at the bond critical points connecting the metals with Ny
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and Ny are almost always greater than those connecting them with L; and
L,. The only two exceptions are found in site 10 with Zn?** (0.076 au for
Ny and 0.078 au, only 0.002 au above, for L, which in this case is Hie) and
in site 14 with AI** (where both Ny and L; have 0.88 au). This indicates a
greater strength of the metal-N; and metal-Ny bonds in comparison with the

the metal-L; and metal-Ls ones, in agreement with their shorter lengths.

Comparing the values of p for Cu** and Zn?* complexes, one notices that
the Cu?T values are always greater than the corresponding Zn?* ones at each
site. This fact is indicative of a stronger interaction of the dipeptides with
Cu?* rather than with Zn?* (already suggested by distancies and energies).
AIPT densities are also higher than Zn?" ones in practically all cases (except
for histidines, for which these densities are more similar; compare, for exam-
ple, the 0.078 au between Zn?Tand Hid, which is Lo, at site 4 with the 0.075
au between A>T and Hid at this same site), so Zn?" is the cation interact-
ing most weakly with the dipeptides. From the comparison of the densities
for Cu?t and APt one infers that Cu?t-N; and Cu?*t-N» interactions are
stronger than AI*"-N; and AI**-N2 interactions, respectively, and that Asp
and Asn interact more favorably with AI** than with Cu®>" (compare, for
example, the 0.074 au between Cu?* and Asp, which is L, at site 2 with the
0.084 au between A3t at the same site, and the 0.070 au between Cu?* and
Asn, which is again L, at site 16 with the 0.082 au between AI** and Asn
at the same site), but Hid and Hie interact better with Cu** (compare, for
example, the 0.081 au between Cu?* and Hid, which is Lo, at site 4 with the

0.075 au between AI*T at the same site).
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(e) (f)

Figure 3.11: Contour plots of the Laplacian of the electron density (V?p) for site 16
with Cu?* (@ and b), Zn?* (¢ and d) and AI** (e and f). The regions of negative V2p
are delimited by a thick line. The difference between a, ¢ and e, and b, d and f is that a,
¢ and e are on the N1-No-L; plane, while b, d and f are on the Ni-Lso-L; plane.
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Table 3.7: Electron density (p) and its Laplacian (V?p) at the bond critical points located
on the straight lines that go through Cu?*, Zn?t or A3t and Ny, Ny, L; and Ly in the
most stable sites (2, 4, 6, 10, 14, 15 and 16). These results were obtained with the M06
functional. Values in au (e"/Béhr® for p and e /Béhr® for V2p).

No.

Name

Cu?t
p/V2p

Zn2t
p/V?p

A+
p/V3p

2

1-2-NacMet.Asp.H,O

N; 0.093/0.373
N3 0.101/0.410
Ly 0.074/0.408
Lo 0.057/0.294

N, 0.088/0.343
N2 0.085/0.336
L, 0.068/0.332
L2 0.051/0.226

Ny 0.088/0.533
N3 0.089/0.552
L; 0.086/0.676
L, 0.068/0.532

4

1-2-50.NacMet.Asp.Hid

N; 0.091/0.359
N2 0.097/0.391
L, 0.073/0.396
L» 0.081/0.350

N; 0.080/0.304
N 0.085/0.338
L, 0.060/0.277
Ly 0.078/0.311

N; 0.086/0.518
Ny 0.088/0.542
L 0.083/0.647
L 0.075/0.438

6

1-2-50.NacMet.Asp.Hie

N; 0.090/0.353
N2 0.097/0.391
L, 0.068/0.357
L» 0.082/0.354

N; 0.075/0.273
N 0.079/0.291
Ly 0.049/0.197
Ly 0.072/0.268

Ny 0.086/0.531
N3 0.088/0.539
L; 0.081/0.634
Ly 0.076/0.450

10

49-50.Val.Hie.H5O

N; 0.100/0.398
N2 0.091/0.352
L, 0.088/0.384
L> 0.048/0.222

N; 0.089/0.331
N3 0.076/0.276
L, 0.078/0.302
L> 0.036/0.128

N; 0.090/0.549
N3 0.089/0.543
L, 0.077/0.454
Ly 0.070/0.548

14

114-115.Glu.Asp.H,O

N; 0.094/0.372
N> 0.099/0.397
L, 0.075/0.417
Lo 0.058/0.304

N; 0.083/0.312
N> 0.080/0.304
L, 0.061/0.278
Lo 0.046/0.188

N; 0.089/0.536
N> 0.088/0.540
L, 0.088/0.705
Lo 0.066,/0.516

15

118-119.Val.Asp.H,O

N; 0.098/0.393
N 0.100/0.399
L, 0.078/0.443
Ly 0.054/0.272

N; 0.083/0.311
N> 0.080/0.302
L, 0.062/0.286
Lo 0.046/0.187

N7 0.090/0.542
N, 0.088/0.541
L, 0.087/0.694
Ly 0.067/0.520

16

121-122.Asp.Asn.H,O

N; 0.100/0.396
N3 0.099/0.401
L, 0.070/0.393
L> 0.058/0.302

N; 0.087/0.335
N3 0.083/0.323
Ly 0.056/0.255
L2 0.055/0.250

N; 0.091/0.549
N 0.088/0.541
L; 0.082/0.631
Ly 0.069/0.539
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3.4 NBO analysis

Below, the general diagram showing the structure of the complexes studied

is reproduced again, in order to remind the nomenclature used.
0] H

,.n\\\\CONHz

Table reports the composition of the NBOs found in the most stable
sites (2, 4, 6, 10, 14, 15 and 16) between the cations Cu**, Zn?** and AI**
and Ny, Ny, L or Ly, expressed as the percentage of the natural hybrid orbital
coming from each atom. These data confirm the high non-covalent character
of those bonds (already suggested by the Laplacian of the electron density),
since the participation of a hybrid from the cation is never larger than 20.1 %
(the Cu?*™-N, NBO at site 15, plotted in figure . It is remarkable that
no NBOs involving the cation and one of the four coordinating atoms are
found in Zn** complexes (with the only two exceptions of Zn?*T-N; in sites
2 and 4, both with a 8.3 % contribution from Zn?*"), suggesting that Zn*"
interactions are almost purely non-covalent. In contrast, in Cu?* and AI**

complexes there is a certain degree of covalency (slightly higher for Cu?*
than for AI>T).

The Lewis structures for the complexes found by the NBO analysis show
a considerable amount of electron delocalization; the percentage of electron
population in antibonding (non-Lewis) NBOs is about 2.0 % in all complexes.
To this respect, the perturbative analysis of the Fock matrix in the NBO basis
indicates that some of the most stabilizing interactions between Lewis-type
NBOs and non-Lewis-type NBOs involve the cations and the coordinating

atoms N;, Ny, L; and L,. For example, in the Cu?* complex at site 2,
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Table 3.8: Composition of two-center natural bonding orbitals (NBO) found in each one
of the most stable sites (2, 4, 6, 10, 14, 15 and 16) between each cation and Ny, Ng, Iy
or Lo (the contribution of the cation is on the left, separated from the contribution of Ny,
Ny, L; or Ly by a slash). The lines mean that no NBO was found. Y stands for Ny, Ng,

Ly or Ly. These results were obtained with the M06 functional.

Cu?t Zn3+ A3T
No. Name
% Cu*tT /%Y % Zn?t /%Y % AT /%Y
N; 10.7/89.3 Ny 8.3/91.7 N; 10.5/89.5
N2 14.8/85.2 N2 N2 9.4/90.6
2 1-2-NacMet.Asp.H20
L ——— Ly —— L1 2.9/97.1
L2 L2 - L2 -
Ny Ny 8.3/91.7 N1 9.7/90.3
A N2 18.9/81.1 N2 N2 8.7/91.3
4 1-2-50.NacMet.Asp.Hid
Lq 11.2/88.8 L —— L1 2.1/97.9
Lo Lo - L2 9.1/90.9
N1 Ny —— N1 9.2/90.8
A N2 17.9/82.1 Ng —— N2 8.6/91.4
6 1-2-50.NacMet.Asp.Hie
L1 10.3/89.7 Ly — Lq 1.7/98.3
Lo Lo - Lo 7.3/92.7
Ny 15.1/84.9 Ny — N3 10.6/89.4
. Ny 18.9/81.1 Ny — N2 9.7/90.3
10 49-50.Val.Hie.H20
L1 10.9/89.1 Ly — L1 9.6/90.4
Lo Lo - Lo -
N; 15.2/84.8 Ny ——— N; 10.5/89.5
N2 19.3/80.7 N2 - N2 9.3/90.7
14 114-115.Glu.Asp.H20 i
L; 9.3/90.7 L - L; 2.4/97.6
Ly —— Ly —— Ly ——
Ny —— Ny — N; 10.3/89.7
N2 20.1/79.9 N - N2 9.3/90.7
15 118-119.Val.Asp.H20 2 /,‘ 2 2 93/
Ly 11.3/88.7 L - Ly 2.2/97.8
Lo —— Lo —— Lo ——
N; 16.2/83.8 N N; 10.7/89.3
Ny 18.8/81.2 No - N2 9.6/90.4
16 121-122.Asp.Asn.H20
L, 8.0/92.0 Ly - Ly -
Lo Lo - Lo -

the delocalization of the bonding lone pair of Ny (an sp*4" natural hybrid
orbital) into an almost pure antibonding s of Cu®" stabilizes the system by

30.3 kcal/mol, and the delocalization of the bonding lone pair of N; (an sp?%
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Val 118

. Asp 119
4

Figure 3.12: Two-center natural bonding orbital connecting Cu?* with Ny in complex
15. This is the NBO with the highest contribution from the cation (20.1 %) among all
the NBOs found.

natural hybrid) into that same antibonding lone pair of Cu?*, does it by 26.9
kcal/mol. In the Zn?* complex at this same site (2), the most stabilizing
electron delocalization is from the lone pair of L; (the carboxylate oxygen,
an sp?9! natural hybrid) into an antibonding lone pair of Zn?* (an sp'-89d%-%4
natural hybrid), which provides an stabilization of 19.3 kcal/mol. The sec-
ond most stabilizing donor-acceptor interaction at this site involves the lone
pair of Ny (an sp?® natural hybrid) and the same antibonding lone pair of
Zn**, with an stabilization of 18.6 kcal/mol. Finally, in the AI** complex
at this same site (2), the two most stabilizing interactions of this kind are

169 natural hybrid) and

between the lone pair of the water oxygen (Ls, an sp
an antibonding lone pair of AI’* (an sp?®7d®%2 natural hybrid), with 43.3
kcal /mol, and the delocalization of the lone pair on the carboxylate oxygen
(L, an sp'® natural hybrid) into the same antibonding lone pair of AT,
with an stabilization of 29.5 kcal/mol. Figure graphically represents

these six interactions.

80



CHAPTER 3. RESULTS AND DISCUSSION

(b)

NacMet 1

NacMet 1

NacMet 1

(f)

Figure 3.13: Some of the most stabilizing donor-acceptor interactions (in site 2) be-
tween Cu?*, Zn2?* or AI** and one of the four coordinating atoms. (a): Cu?T-Ny (30.3
kcal/mol). (b): Cu?t-N; (26.9 keal/mol). (c): Zn?T-L; (19.3 keal/mol). (d): Zn*T-N,
(18.6 kcal/mol). (e): AI3F-Ly (43.3 kcal/mol). (f): AI3*-L; (29.5 kcal/mol).
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Chapter 4
Conclusions

The two main conclusions obtained are the following ones:

e The structural and thermodynamical data about o-synuclein’s Cu?*
binding sites obtained with the methodology and models used in this
work reasonably agree with experiment: Cu?* binds preferentially to
Met 1-Asp 2, Val 49-Hie 50 and Asp 121-Asn 122, and its complexes

are square planar.

e As a consequence of the previous point, this methodology and these
models can be used to study the ability of Cu?* to bind to other, non-
explored sites and to make predictions about geometries and energies of
complexes with other metals. In relation to this, Cu?* (as well as Zn**
and AI*") may also bind Glu 114-Asp 115 and Val 118-Asp 119. Also,
ABT (unlike Cu?* and Zn?") does neither show a particular affinity for
Hie 50 nor for Asn 122.

Additional, more specific conclusions are:

e Cu?* complexes are thermodinamically more stable than Zn?* or AI**
ones at the same site, a fact that agrees with experimental findings

showing that Cu?* has comparatively higher binding constants.
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The three studied cations show a preference for Asp and Hie (rather
than Ser or Thr) as the anchoring site, revealing the role played by
electrostatic interactions. This preference is remarkably higher in the

case of AIPt.

Cu** complexes are always tetracoordinated (with a distorted square
planar structure, in agreement with experimental findings), while Zn*"
can be both tetracoordinated (with either a distorted square planar or
a distorted tetrahedral structure) and tricoordinated, and AI**T com-

plexes are tetracoordinated with a tetrahedral shape.

The interactions between the three cations studied and the dipeptides
are non-covalent (electrostatic), with a slightly higher covalent charac-

ter in Cu?t.

All complexes are stabilized by donor-acceptor interactions between the
electronegative atoms in the dipeptides or water molecules and empty

orbitals on the central cations.

No meaningful differences arise due to the use of ®B97X-D instead of
MO6 in geometries. In energies, they generally decrease by an slightly

greater amount in the case of Zn?* and AI** than in the case of Cu?*.
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