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ABSTRACT

The work presented in this thesis is divided into two main stages.

In the first stage, we explored the catalytic mechanisms of Pdx2 (EC 4.3.3.6) and XometC
(EC 4.4.1.1) enzymes. Pdx2 is the glutaminase domain of pyridoxal 5-phosphate (PLP)
synthase, a macromolecular complex regarded as an important drug target in the fight
against tuberculosis and malaria. XometC, on the other hand, is an essential PLP-
dependent enzyme from a pathogenic bacterium that affects rice production worldwide,
thus being regarded as a potential target for new bactericides. In this thesis, their catalytic
mechanisms were studied using hybrid quantum mechanics/molecular mechanics
(QM/MM) computational methods. These methods provide an atomistic level of
information on the unknown mechanisms of these enzymes that, together with Gibbs free
energy profiles, provide important clues on how the catalytic process takes place,
highlighting key steps, particularly the rate-limiting step that controls the overall kinetics of
the catalytic process. The obtained results agree very well with the available experimental
data, and the generated knowledge can be used to develop new drugs targeting these

enzymes, providing new solutions for the pharmaceutical and agricultural industries.

The second stage of this thesis is focused on DNA, particularly non-canonical DNA
molecules, mainly non-B DNA conformations and DNA aptamers. Under physiological
conditions, DNA is primarily found in its common B-DNA form. However, it was found that
specific nucleotide sequences are more prone to form non-B DNA conformations, which
have been linked with mutagenic instability, mainly in mitochondrial DNA (mtDNA). One
example is Structure A, a stretch of the control region of mtDNA, predicted to form a non-
B DNA conformation, implicated in the impairment of the mitochondrial replicative
process. Therefore, its three-dimensional (3D) structure was predicted, along with other
mtDNA stretches of the same length, and their stability was evaluated using molecular
dynamics (MD) simulations. The results have shown that when compared to the 3D
structure predicted for the other mtDNA stretches evaluated, Structure A is more stable.
Regarding DNA aptamers, the goal was to identify, from a set of potential new aptamers,
which had a higher affinity for cathepsin B, a protease that is overexpressed in several
cancers. A combination of 3D structure prediction, MD simulations, protein-DNA molecular
docking, and binding free energy calculations was used to accomplish this task. The
results highlight the increasing role of computational methods in this highly emerging field

of research of DNA aptamers.
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RESUMO

O trabalho apresentado nesta tese esta dividido em duas secgdes.

Na primeira, exploramos os mecanismos cataliticos das enzimas Pdx2 (EC 4.3.3.6) e
XometC (EC 4.4.1.1). A Pdx2 é o dominio glutaminase da piridoxal 5'-fosfato (PLP)
sintase, um complexo macromolecular considerado um alvo terapéutico importante na
luta contra a tuberculose e a malaria. A XometC é uma enzima dependente de PLP
essencial para uma bactéria patogénica que afeta a produgédo de arroz a nivel mundial,
sendo considerada um potencial alvo para o desenvolvimento de novos bactericidas. Os
seus mecanismos cataliticos foram estudados utilizando métodos computacionais
hibridos de mecéanica quéantica/mecanica molecular (QM/MM) que que nos permitem
obter informagao com detalhe atomistico. Estes dados, aliados aos perfis de energia livre
de Gibbs obtidos, permitem perceber como o processo catalitico ocorre, assim como
desvendar estados intermediarios importantes que controlam a cinética das enzimas em
questdo. Estes dados estdo de acordo com os resultados experimentais disponiveis,
permitindo obter uma versdo consensual dos seus mecanismos cataliticos que pode ser
usada para o desenvolvimento de novos farmacos e bactericidas para as industrias

farmacéutica e agroalimentar, respetivamente.

A segunda seccao foca-se no ADN, em particular em conformagdes de ADN nao-B e
aptdmeros de ADN. Apesar de em condigbes fisioldgicas, o ADN encontrar-se
principalmente na forma B, verificou-se que certas sequéncias nucleotidicas sdo mais
propensas a formar conformacdes de ADN nao-B. Estas tém sido relacionadas com
instabilidade mutagénica, principalmente no ADN mitocondrial (ADNmt). Um exemplo é a
Estrutura A, uma porgéo da regido de controlo do ADNmt implicada no comprometimento
do processo de replicagdo mitocondrial. Portanto, a sua estrutura tridimensional (3D) foi
prevista, juntamente com a de outras por¢des de ADNmt, sendo a sua estabilidade
avaliada utilizando simulagdes de dindmica molecular (MD). Os resultados demostraram
que, quando comparada com a estrutura 3D prevista para os outros ADNmt avaliados, a
estrutura A é mais estavel. Relativamente aos aptdameros de ADN, o objetivo era
identificar, partindo de um conjunto de potenciais novos aptameros, aqueles que tinham
uma maior afinidade para a catepsina B, uma protease sobre-expressa em varios
cancros. Para realizar esta tarefa foram utilizados métodos como, previsao da estrutura
3D, simulagdes MD, acoplamento molecular de proteina-ADN, e calculos de energia livre
de ligacao. Os resultados destacam o papel crescente dos métodos computacionais na

investigacao de aptameros de ADN.
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PREAMBLE

This thesis is organized into six main chapters:

A. INTRODUCTION

Chapter A provides a general introduction to the two main sections of this PhD project:
proteins and DNA. The proteins section focuses on the pyridoxal 5-phosphate (PLP)
cofactor, covering topics such as its biosynthesis, the pathways involved, and the
enzymes that require it to catalyse reactions. The chemistry of PLP is also discussed,
exploring how a single cofactor can facilitate the catalysis of so many different chemical
reactions. The DNA section covers topics like the existence of various conformations of
DNA, focusing primarily on non-B DNA conformations, and their implications in disease.
Moreover, the use of DNA molecules, known as aptamers, as a targeted therapeutic

approach is also presented.

B. METHODOLOGY

Chapter B provides a review of the theoretical principles of the main computational
methodologies employed in the development of this PhD project. This chapter is divided

into five main sections:
1. Preparation of the model system
2. Molecular mechanics
3. Quantum mechanics
4. Hybrid methods
5. Enzymatic kinetics

Furthermore, this chapter also explains some of the choices made regarding the methods

used in the execution of this work.

C. RESULTS AND DISCUSSION

Chapter C, the most relevant chapter of this thesis, is divided into four main sections, the

first two devoted to proteins and the others to DNA:
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1. PLP biosynthesis

2. PLP-dependent enzymes
3. Non-B DNA conformations
4. DNA aptamers

Section 1 focuses on the study of the catalytic mechanism of Pdx2—the glutaminase
subunit of PLP synthase—a key enzyme in PLP biosynthesis. The key aspects that differ
between its non-canonical Cys-His-Glu catalytic triad and the well-known Ser-His-Asp/Glu

catalytic triad are also discussed.

Section 2 describes the catalytic mechanism behind the L-serine ammonia-lyase activity
of XometC, a promiscuous PLP-dependent enzyme found in a bacteria responsible for the

devastation of rice crops worldwide.

Section 3 focuses on the study of Structure A, a non-B DNA conformation that naturally
occurs in the mitochondrial DNA, implicated as the cause of mutagenic instability.
Therefore, a workflow was implemented to predict the 3D structure and study the

dynamics of non-B DNA conformations.

Finally, section 4 is dedicated to the study of the interaction of several DNA aptamers with
Cathepsin B, a protein over-expressed in some cancers. Their affinity toward their target
was ranked, allowing the in silico prediction of the best ones, which was ultimately

experimentally validated.

Each section is composed of an initial summary of the work, followed by a complete

portrayal of the resulting published scientific article.

D. FINAL REMARKS

Chapter D summarizes the key aspects of the work developed throughout this PhD project

and provides a general conclusion of its main contributions to the scientific community.

E. REFERENCES

Chapter E gathers all the bibliographic references mentioned throughout this thesis.
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F. APPENDIX

Chapter F contains all the appendixes that complement what was presented throughout

the main content of this thesis, being cross-referenced whenever appropriate.
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This first chapter provides an overview of the two main topics that will be the focus of this
PhD thesis: proteins (particularly enzymes) and DNA — the underlying molecules of the

central dogma of molecular biology.

Since the primary goal of this PhD project was to study the chemistry of pyridoxal 5'-
phosphate (PLP) biosynthesis carried out by the PLP synthase macromolecular complex,
a particular focus will be placed on this cofactor, as well as its biosynthetic pathways and
related enzymes. Furthermore, the role played by PLP as a cofactor in several different

enzymes will also be addressed.

Regarding DNA, the focus will be split between non-B DNA conformations and their
contribution to mutagenic instability, and DNA aptamers, which are molecules with

remarkable potential as recognition elements and drug delivery systems.

Moreover, the importance of computational simulations as an essential tool for

understanding the structure and function of proteins and DNA will also be highlighted.

1. Central Dogma of Molecular Biology

Understanding how life works and operates intricately has always been in the spotlight of
scientific knowledge. The Central Dogma of Molecular Biology is a fundamental concept in
molecular biology that describes the flow of genetic information. Francis Crick first
proposed it in 1958 (1) and further reiterated in 1970 in a Nature paper (2) that “once
information has passed into protein, it cannot get out again”. According to the central
dogma, information can flow from nucleic acid to nucleic acid or from nucleic acid to

protein, but not from protein to protein or from protein to nucleic acid.

This concept has since become a cornerstone of our understanding of inheritance and
gene expression mechanisms. It also helps to explain the role of nucleic acids, like DNA
and RNA, and proteins in the cell and the mechanisms by which mutations in DNA can

lead to changes in an organism’s phenotype.

DNA (deoxyribonucleic acid) is a long polymer that encodes the genetic information of an
organism. In eukaryotes, it can be found primarily in the nucleus, condensed in the form of
linear chromosomes, but also in the mitochondria, in the form of circular chromosomes.
Although it usually exists in the form of a double helix, especially as B-DNA in vivo, it can
also exist in a single-stranded form that can acquire non-B DNA conformations. This last
point will be the focus of section 3.1. Moreover, the unique molecular recognition

properties of DNA, together with its high stability, make DNA an obvious choice in the
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development of aptamers, i.e., short synthetic oligonucleotides created to bind to a
specific target molecule. For this reason, they are often considered antibody mimetics with
several biomedical applications. A more in-depth description of DNA aptamers can be

found in section 3.2.

As a result of the transcription and translation processes, cells are able to synthesize
proteins. Protein biosynthesisis a core biological process involved in the dynamic
maintenance of a cellular proteome to ensure protein homeostasis (also known as
proteostasis). Proteins are responsible for several critical functions inside and outside
cells, either as enzymes, structural proteins, hormones, and antibodies, among many

others. They are undoubtfully the workhorses of any living organism.

In summary, the Central Dogma of Molecular Biology is a fundamental concept that
provides a framework for understanding the flow of genetic information and the role of
nucleic acids and proteins in the cell. In the following section, the subject of proteins is
explored in more detail, giving special attention to the enzymes involved in the
biosynthesis of the cofactor pyridoxal 5'-phosphate (PLP) (section 2.2), as well as those

that require it, as a cofactor, for their catalytic activity (section 2.3).
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2. Proteins

Proteins are large biomolecules that result from messenger RNA (mRNA) translation into
long chains of amino acid residues by the ribosome. Their structure ranges from a single
polypeptide chain (i.e., with a single chain) to some of the largest multimeric complexes
currently known, such as the Nuclear Pore Complex (NPC), built from ~1000 copies of
~34 different nucleoporins (3,4). As mentioned, protein function ranges from providing
structure to cell signalling and ligand binding (e.g., antibodies and hormones).

Nevertheless, some of the cell’'s best-known and most essential proteins are enzymes.

Enzymes are biological catalysts, i.e., they increase the rate of chemical reactions that
otherwise would be very slow or never occur in a human timescale. For example, the
decarboxylation of orotidine monophosphate (OMP) into uridine monophosphate (UMP),
an essential reaction in the de novo biosynthesis of pyrimidine nucleotides, would take 78
million years if uncatalyzed. However, when catalyzed by the enzyme OMP
decarboxylase, the reaction takes only 18 milliseconds, accelerating the reaction rate by a
factor of 10" (5).

Nevertheless, despite most enzymes relying only on the correct positioning of the
necessary amino acid residues within the active site for the reaction to occur, which

results from a specific protein folding, others need a little more “help” — a cofactor.

Cofactors are chemical compounds required by enzymes to help them fulfil their role as
catalysts. They can be divided into two categories: organic cofactors, also known as
coenzymes, or inorganic cofactors, such as the metal ions Mg?*, Cu* and Zn?*. While
some cofactors are produced in our bodies, like NADH and NADPH, others must be
acquired through our diet. One good example is vitamin Bg, the precursor of pyridoxal 5'-
phosphate (PLP).

2.1. Pyridoxal 5'-phosphate (PLP): an essential cofactor

Vitamins are organic molecules required by an organism to maintain its proper function,
but it cannot synthesize de novo or does so in insufficient quantities. For this reason, they

are considered essential nutrients that must be acquired through the diet.

In most cases, vitamins are not single molecules but rather a group of related molecules
called vitamers. There are 13 different vitamins: A, B4, B2, Bs, Bs, Bs, B7, Bo, B12, C, D, E
and K, each with a distinct biochemical role in the cell (6). These roles typically range from

gene regulation (vitamin A) to hormone-like function (vitamin D) to enzyme cofactors,
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which is the case for all B vitamins. Although not chemically related, these are either a

cofactor or precursor to one.

One of the essential B vitamins is vitamin Bs. Vitamin Bs is a collective term used to refer
to several vitamers (Figure 1), namely the pyridoxine (PN, alcoholic form), the pyridoxal
(PL, aldehydic form), and the pyridoxamine (PM, amino form), as well as, their respective
phosphate esters, pyridoxine 5'-phosphate (PNP), pyridoxal 5'-phosphate (PLP), and
pyridoxamine 5'-phosphate (PMP). All these forms of vitamin Be can be interconverted
under physiological conditions. Nevertheless, the biologically active form of vitamin Bs is
pyridoxal 5'-phosphate (PLP) (7).
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Figure 1. Structure of all Bs vitamers, pyridoxine (PN), pyridoxal (PL), pyridoxamine (PM),
pyridoxine 5’-phosphate (PNP), pyridoxal 5’-phosphate (PLP; the active form of vitamin Bs), and
pyridoxamine 5’-phosphate (PMP).

PLP is a versatile cofactor required by a myriad of enzymes mostly related to amino acid
metabolism, as we shall see in section 2.3. However, PLP is also involved in the
biosynthesis of neurotransmitters, glucose metabolism, lipid metabolism, and
haemoglobin formation (8). Moreover, it also plays a role in the immune system by acting

as a cofactor for the enzyme L-histidine decarboxylase, which synthesizes histamine (9).

In the next section, we will focus on the de novo biosynthesis of vitamin Bg, which can
occur by two distinct pathways found in different organisms. Moreover, the salvage

pathway will also be briefly described.
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2.2. Biosynthesis of PLP

There are three main pathways for the biosynthesis of vitamin Bs: two de novo pathways

(Figure 2), the DXP-dependent pathway and the DXP-independent pathway, as well as

the salvage pathway, the only one found in humans (7,8).
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Figure 2. DXP-dependent and DXP-independent PLP biosynthetic pathways. Epd, erythrose 4-

phosphate dehydrogenase; PdxB, 4-phosphoerythronate dehydrogenase; SerC, 3-phosphoserine

aminotransferase; PdxA, 4-phosphohydroxy-I-threonine dehydrogenase; PdxJ, PNP synthase;

DXPS, 1-deoxyxylulose 5-phosphate synthase; PNPOx, PNP oxidase; Pdx2 (glutaminase subunit)

and Pdx1 (synthase subunit) of the PLP synthase complex.

Since humans lack the pathways needed to synthesize vitamins de novo, vitamin

biosynthetic pathways are often regarded as potential targets for the development of new

drugs against highly deadly diseases like Malaria and Tuberculosis (10—-16).

In the following sections, we will examine these pathways, focusing on where they can be

found, how they differ, and which enzymes are necessary for PLP synthesis. For the DXP-

independent pathway, a more detailed description of each enzyme is also presented.
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2.2.1. De novo pathways
2.2.1.1. DXP-dependent pathway

First of all, why is this pathway called DXP-dependent? DXP stands for deoxyxylulose 5-
phosphate, one of the intermediates in the PLP biosynthetic pathway first found in
Escherichia coli. This was the first pathway to be discovered, and for some time, it was
thought to be the only one, ubiquitous in all organisms able to synthesize PLP (17). Later,
however, it was found that the DXP-dependent pathway is predominantly only found in

Gammaproteobacteria (18), such as E. coli and Salmonella enterica.

This pathway requires several steps that, through the convergence of two different
branches, result in PLP. One of the branches is responsible for converting erythrose 4-
phosphate into 3-phospohydroxy-1-aminoacetone through the sequential action of the
enzymes GapA, PdxB, PdxF/SerC, and PdxA (19-22). The other branch is responsible for
the synthesis of deoxyxylulose 5-phosphate (DXP) through the condensation of D-
glyceraldehyde 3-phosphate and pyruvate by the enzyme DXP synthase (DXPS) (22,23).
The two resultant molecules, 3-hydroxy-1-aminoacetone phosphate and DXP, are then
condensed into a pyridoxine 5'-phosphate (PNP) molecule by the enzyme PdxJ (24,25).
Finally, PNP is oxidized into PLP by the enzyme PdxH (also known as PNPOX) (26). So,
in sum, this pathway requires seven steps and seven different enzymes to catalyze the

synthesis of one molecule of PLP.

2.2.1.2. DXP-independent pathway

The DXP-independent pathway, contrary to what was initially thought, is considered the
“universal” pathway, found in most forms of life, like plants, fungi, protozoans such as the
Apicomplexan parasites, Plasmodium falciparum and Toxoplasma gondii, and in most
bacteria (except those of the Gammaproteobacteria class, as previously mentioned)
(17,27,28). Notably, however, humans, much like all other mammals, are incapable of
synthesizing PLP de novo, resorting to acquiring it from their diet in the form of Bs
vitamers. These vitamers are then converted into PLP by the salvage pathway, which will

be briefly addressed in section 2.2.2.

Unlike in the DXP-dependent pathway, which consists of seven different enzymes, in the
DXP-independent pathway, only one multifunctional enzyme is required, the PLP
synthase (EC 4.3.3.6), a class-l (also known as trpG-type or triad) glutamine

amidotransferase (GATase). Class-l GATases are heteromeric enzymatic complexes
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consisting of two different types of subunits: the glutaminase and the synthase subunits.

In PLP synthase, these subunits are commonly named Pdx2 and Pdx1, respectively (29).

Instead of erythrose 4-phosphate or DXP, PLP synthase requires three other molecules:
glutamine, which is the nitrogen source for the pyridine ring of PLP; the pentose, ribose 5-
phosphate (or its isomer, ribulose 5-phosphate), and the triose, glyceraldehyde 3-
phosphate (or its isomer dihydroxyacetone phosphate). The fact that PLP synthase
accepts both pentose phosphate isomers, as well as both triose phosphate isomers,

clearly suggests that it has pentose and triose isomerization capabilities (30,31).

Regarding its 3D structure, PLP synthase is a 24-meric macromolecular complex
composed of 12 Pdx1 and 12 Pdx2 subunits. Pdx1 subunits assemble as a dodecamer
with a cylindric shape, built from two opposing hexameric rings. In addition, a Pdx2
subunit interacts with each Pdx1 subunit, giving PLP synthase a cogwheel-like shape
(Figure 3) (17,32,33).

Figure 3. 3D representation of the PLP synthase macro-complex. (A) Top view. (B) Side view. The
Pdx1 synthase subunits (represented in blue) assemble in a dodecameric form, two hexamers on
top of each other, with one Pdx2 glutaminase subunit (represented in orange) bounded to each of

them.

In the following sections, the role of Pdx1 and Pdx2 subunits in PLP biosynthesis will be
described in detail, also addressing broad aspects like complex formation and the
existence of a putative tunnel linking both subunits.
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a. Pdx2

Pdx2, also known as PdxT, YaaE, and SNO1 (depending on the organism), is the
glutaminase subunit of PLP synthase, responsible for the hydrolysis of glutamine into
glutamate and ammonia (27,34-36). The ammonia produced by Pdx2 is then channelled
to the active site of Pdx1 via a putative tunnel, where it is used as the nitrogen source for
the pyridine ring of PLP (33,37-39).

However, the glutaminase activity of Pdx2 is only observed when it is interacting with
Pdx1. This interaction is crucial for the stabilization of the Pdx2 active site, allowing for
glutamine binding and hydrolysis (40). Moreover, according to Semmelmann et al., the
activation of the glutaminase depends not only on the assembly of the PLP synthase
complex but also on the presence of substrate (i.e., ribose 5-phosphate or ribulose 5-
phosphate) at the Pdx1 synthase subunit (41). This tight regulation between Pdx2 and
Pdx1 allows for ammonia production only when the Pdx1 active site is ready to receive it.
Furthermore, by only producing ammonia when necessary and channelling it directly to
the Pdx1 active site, the PLP synthase shields this highly toxic molecule from wreaking

havoc within the cell.

Pdx2’'s active site is located at its interface with the N-terminus of Pdx1. Like all other
class-I GATases, the conserved Cysgr-Hisi96-Gluigs catalytic triad (numeration from the
Plasmodium falciparum PLP synthase) constitutes the key element for the catalysis (40).
Nevertheless, without the oxyanion hole, the reaction would not be possible. The oxyanion
hole is a region of the Pdx2 active site composed of the nitrogen atom of the peptide
bonds between the catalytic Cyssy and the adjacent Alags, as well as between Glyss and
Glys2 (40). Its role is to stabilize the charge of the glutamine carbonyl group during
catalysis and is one of the Pdx2 regions involved in its control, as the loop containing
Glyss and Glysz only frees the active site when the PLP synthase complex is assembled
(28).

Regarding the kinetics of the Pdx2 glutaminase activity, its turnover number (k,t) varies
drastically from one organism to another, ranging from 0.08 s (pH 8.0, 30 °C), for
Plasmodium berghei (28), to 0.20 s (pH 8.0, 30 °C), for Saccharomyces cerevisiae (36).
In between, there is Plasmodium falciparum with 0.11 s™ (pH 8.0, 30-37 °C) (40,42) and
Bacillus subtilis with 0.13 s (pH 8.0, 37 °C) (33). Moreover, mutagenic studies have
shown that when the catalytic His is mutated to an Asn, Pdx2 is not able to hydrolyze

glutamine (33).
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Finally, as part of this PhD project, the catalytic mechanism of Pdx2 from Plasmodium

falciparum was studied in more detail (Chapter C — Section 1.1 — Page 107).

Catalytic triads: the role of cysteine

A catalytic triad consists of a set of three amino acid residues found in the active site of
some enzymes that act in coordination to perform the enzymatic catalysis (43). This is
necessary because no residue alone is a strong enough nucleophile at physiological pH
(44).

Throughout this section, the term “catalytic triad” refers specifically to those that utilize
either serine (Ser) or cysteine (Cys) as their nucleophile and histidine (His) as their base,

as these are the most relevant to this thesis.

Each of the three residues has a specific role in catalysis. Of the three, only two residues
are essential, the nucleophile and the base, reason why we can also find catalytic dyads,
like the Cys-His dyad from the SARS-CoV-2 Main Protease (MP®) (45,46). The third
residue, usually an acidic residue like Asp or Glu, typically does not take an active role in
the catalysis, mainly keeping the His imidazole ring in the correct orientation and helping

to stabilize the positive charge that forms on His during the catalysis (47—49).

Typically, the residue functioning as a nucleophile is either a serine (Ser) or a cysteine

(Cys) residue, while a histidine (His) residue works as a base.

Catalytic triads are primarily found in proteases, like trypsin (a Ser protease) or papain (a
Cys protease), but are also present in other enzymes of the hydrolase class (EC 3),
mainly those acting on carbon-nitrogen bonds, other than peptide bonds (EC 3.5), like the

glutaminases.

At first glance, the mechanism employed by the catalytic triads Ser-His-Asp/Glu and Cys-
His-Asp/Glu is incredibly similar (Figure 4) (50). In both cases, the nucleophile, which is
deprotonated by the His residue, performs a nucleophilic attack on the carbon of the
carbonyl adjacent to the bond that will be cleaved (C(O)-NH). This leads to the formation
of a tetrahedral reaction intermediate, in which the substrate becomes covalently bonded
to the enzyme (i.e., an adduct). In it, the electron density of the carbonyl double bond
becomes concentrated on the oxygen atom, which is stabilized by the oxyanion hole
region, as mentioned in the case of the Pdx2. Then, the positively charged His protonates
the nitrogen atom of the leaving group (e.g., ammonia in the case of glutaminases or the

rest of a peptide in the case of proteases), which can be concomitant or not with its
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release and formation of an acyl-intermediate. After the departure of the amine product,
there is enough space for water molecules to enter the active site. One of those water
molecules will then perform a nucleophilic attack to the same carbon as before, at the
same time as the catalytic His removes one of its protons, effectively transforming the
water molecule into a hydroxide, which is a much better nucleophile. This leads to the
formation of a second, unstable, tetrahedral reaction intermediate that quickly collapses

into the product of the reaction.
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Figure 4. General catalytic mechanism employed by enzymes with Ser-His-Asp/Glu or Cys-His-
Asp/Glu catalytic triads. At first glance, independently of the nucleophile used by the enzyme, the
mechanism is very similar. However, there are some nuances, as we shall see below, especially

regarding the activation of the nucleophile. Adapted from (50).

As you may have noticed, | did not explain how the nucleophile’s deprotonation occurs, as
this is the main difference between triads employing either a Ser or a Cys. In the active
site microenvironment, the pKa of a catalytic Cys thiol group can be as low as ~3.3 (51).
This effectively means that the catalytic Cys exists in the active site in its thiolate form (-S-
) as an ion pair with the positively charged His residue (48,50). This Cys™-His* ion-pair
state has been observed in enzymes like the MP™ (52) and the papain (53,54). On the
other hand, the pKa for the hydroxyl group of the Ser sidechain is 15.9 (50), being virtually

impossible for Ser to exist in its alkoxide form.

This critical difference means that enzymes employing a Ser-His-Asp/Glu catalytic triad

have to follow a concerted mechanism, while enzymes employing a Cys-His-Asp/Glu
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catalytic triad follow a stepwise one, first deprotonating Cys’s thiol group and only then
performing the nucleophilic attack (50). On the one hand, this means that by forming a
stable ion-pair intermediate, Cys-His-Asp/Glu enzymes can indefinitely remain in this step
while waiting for the substrate, avoiding the redundant protonation and deprotonation step
each time a new substrate enters the active site. However, on the other, this also comes
with a disadvantage — the enzyme’s active site is more prone to oxidation. Therefore, the
concerted mechanism of Ser-His-Asp/Glu enzymes may be regarded as an evolutionary

advantage, being less prone to oxidation, especially in aerobic environments (50).

b. Pdx1

Pdx1, also known as PdxS, YaaD, SNZ1, SOR1, or PYROA, depending on the organism,
is the synthase subunit of PLP synthase (35,36,55-57). With just three substrates, ribose
5-phosphate, glyceraldehyde 3-phosphate, and ammonia, which come from the
glutaminase subunit, Pdx1 can create a single molecule of PLP. To achieve this prowess,
Pdx1 has to carry out pentose and triose isomerization, imine formation, ammonia
addition, aldol-type condensation, cyclization, and aromatization, all in one domain,

without the requirement of any cofactor (58).

Pdx1 is known for having two distinct active sites, commonly named P1 and P2, due to
their phosphate-binding nature (33,37). Because P1 and P2 bind ribose 5-phosphate
(R5P) and PLP, respectively, they are also known as the substrate- and the product-
binding sites. The distance between these active sites is approximately 20 A, measured
from where the phosphate groups of R5P and PLP are anchored (59). This distance
always led to the question of how the intermediates are transferred between both sites, a
question that only started to be answered five to six years ago. From what is currently
known, the catalytic process begins with the covalent binding of R5P to Pdx1 at its P1
active site via a conserved Lys residue, resulting in an imine linkage. As mentioned in the
Pdx2 section, this triggers the catalysis of the glutaminase subunit, ultimately sending an
ammonia molecule down the transient tunnel directly to the P1 active site. There, it will be
incorporated into the Pdx1-R5P structure, forming the Pdx1-pre-lsx intermediate. This
structure was only seen when the conserved Lys residue at the P2 active site was
mutated by an Arg, which completely abolished PLP formation. However, in a wild-type
Pdx1, this Lys, initially pointing to the P2 site, “swings” towards the P1 active site leading
to the imine linkage between its e-amino group and the five-carbon structure derived from
R5P. This results in Pdx1-ls, a chromophoric intermediary bridged between two Lys

residues. Its formation requires conformational changes, freeing the P1 phosphate-binding
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site and creating space for G3P to bind. Then G3P covalently binds to the nitrogen atom
originally belonging to the ammonia molecule, forming the Pdx1-l320-G3P intermediate.
With this, the enzyme has all the elements that are required to build PLP, and all its left is
to orient them correctly for ring cyclization to be possible. Moreover, this is where the P2
active site comes into play. After the Pdx1-l320-G3P intermediate is formed, the Lys from
the P1 active site releases the intermediate from its end, allowing the P2 Lys to swing

once again to its active site where the final steps of PLP formation will take place (59).

All this incredibly complicated mechanism was the strategy that Nature found to use a
single enzyme to catalyze a process so complex as the assembly of PLP. In contrast, the
DXP-dependent pathway of Gammaproteobacteria requires six enzymes to achieve the

same goal.

2.2.2. Salvage pathway

Humans, similarly to other mammals, are only able to obtain PLP from the Bg vitamers
acquired from their diet. Nevertheless, regardless of whether they are able to synthesize

PLP de novo or not, most organisms possess a “salvage pathway” (8).

The salvage pathway mainly consists of the pyridoxal kinase (PLK) and the
pyridoxine/pyridoxamine 5'-phosphate oxidase (PNPOXx) that are responsible for the

recycling of the Bs vitamers (Figure 5).
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Figure 5. Biosynthetic salvage pathway for the “recycling” of Be vitamers into PLP. PLK, pyridoxal

kinase; PNPOX, pyridoxine/pyridoxamine 5’-phosphate oxidase.



FMUP 15
Innovative Approach to Fight Tuberculosis and Malaria Targeting

the Extraordinary PLP Synthase Macromolecular Complex
PLK is an ATP-dependent enzyme whose role is to phosphorylate the alcohol group
located at the 5' position of PN, PL, and PM to form PNP, PLP, and PMP, respectively
(60). PNPOX, on the other hand, is a flavin mononucleotide (FMN)-dependent enzyme
that oxidizes either the 4'-hydroxyl group of PNP or the 4'-primary amine group of PMP to
the aldehyde present in PLP. Moreover, besides being part of the salvage pathway,
PNPOx also catalyzes the last step in the DXP-dependent PLP biosynthesis (26).

2.3. PLP-dependent enzymes

Pyridoxal-5'-phosphate (PLP)-dependent enzymes currently account for 233 different
catalytic activities with an Enzyme Commission (EC) number, according to the BRENDA
database (61). As of 5th December 2022, the database contains 8331 discovered
enzymes, which means that almost 3% of all known enzymes require PLP as a cofactor.
Furthermore, PLP-dependent enzymes can be found in five of the seven classes
categorized by the Enzyme Commission (Figure 6), with only no ligases (EC 6) or
translocases (EC 7) reported up to this date, thus representing a notable example of

divergent evolution.

19 6

EC 1 (Oxidoreductases)
EC 2 (Transferases)

74 EC 3 (Hydrolases)
EC 4 (Lyases)

(

130 EC 5 (Isomerases)

Figure 6. Distribution of all known PLP-dependent enzymes with an EC number attributed across

the different enzyme groups.

One of the most used tools for monitoring the progress of the catalytic mechanism of the
different PLP-dependent enzymes is UV-visible spectroscopy. The PLP cofactor absorbs
light in the visible region of the electromagnetic spectrum, causing a colour change that
can be used to study the progress of the reaction. Since the number of conjugated double

bonds (i.e., every other bond is a double bond) in a molecular system is related to the
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wavelength at which it absorbs light, alterations to the PLP’s conjugated pi-bonding
system will alter its absorption profile. During the catalytic cycle, electrons from the
substrate are highly delocalized through the conjugated system of PLP, which is one of its
essential roles as a cofactor, as we will see. This electron delocalization leads to an
increase in the wavelength at which the cofactor absorbs light. Thus, by tracking changes
in the cofactor’s absorbance profile, one can gain insight into the catalytic mechanism of
PLP-dependent enzymes. Furthermore, by analyzing the absorbance changes throughout
the reaction, intermediates in the catalytic mechanism can be identified. Absorbance
changes can indicate when intermediates form and when they react, allowing us to gain a
better understanding of the sequence of events in the catalytic mechanism, as

demonstrated by the example in Figure 7.
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Figure 7. Absorption spectra of the PLP-dependent Serine palmitoyltransferase (SPT), a key
enzyme in sphingolipid biosynthesis, adapted from the work of Ikushiro et al. (62). SPT catalyzes
the decarboxylative condensation of L-serine with palmitoyl-CoA to generate 3-
ketodihydrosphingosine. First, L-serine reacts with the internal aldimine (IA), forming the external
aldimine (EA), then only if palmitoyl-CoA is present does the reaction continue with the formation of
the quinonoid intermediate (Ql), and ultimately the product. This was discovered by UV-visible
spectroscopy using an analogue to palmitoyl-CoA that is not able to react with L-serine but whose
presence triggers the formation of the Ql, as observed in this absorption spectra. Furthermore,
increasing concentrations of the analogue lead to a higher absorption at the typical QI wavelength,
indicative of a higher QI formation.

Another aspect that makes PLP such a good cofactor is its very reactive aldehyde group
that readily reacts with primary and secondary amines. This aspect allows PLP to easily

react with amino acids aiding in the catalysis of a considerable number of different
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reactions as an enzymatic cofactor. Nevertheless, this also has a dark side to it. Due to
the high reactivity of PLP’s 4’-aldehyde moiety, it easily forms covalent bonds with other
compounds or proteins, having been classified as one of the 30 most damage-prone
metabolites (63). For instance, PLP was shown to inhibit enzymes involved in DNA
replication, like the eukaryotic DNA polymerases alpha and epsilon (64) and the
topoisomerase IB (65). For all these reasons, the levels of free PLP within a cell must be
kept low, as it would otherwise disrupt cellular homeostasis, leading to toxicity (66). In
fact, microorganisms that synthesize PLP de novo do it close to the minimal necessary

rate, maintaining its cellular concentration low (67).

2.3.1. Versatility of the enzymes that employ PLP as a cofactor

PLP-dependent enzymes are known for their ability to catalyze several different types of
reactions (Figure 8), such as decarboxylation, racemization, transamination, -, and y-

elimination/replacement, and retro-aldol cleavage, among others (68).

The Dunathan hypothesis suggests that the covalent bond cleaved in PLP-dependent
enzymes should be perpendicular to the PLP plane (69,70). When the target o bond (Co—
Cg, Co—Cco0’, or Cq—Hy) is in this orientation, it occupies the same region of the -bonds
that make up the PLP cofactor’s conjugated system. Consequently, the electron density of
the o bond can be highly delocalized throughout the PLP cofactor, weakening the
covalent bond and making the reaction faster and more favourable thermodynamically.
Thus, the correct orientation of the target atom/group is vital for the reaction to occur. This
is linked to the interactions established between the external aldimine and key amino acid

residues present in the active site of the different PLP-dependent enzymes.
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Figure 8. Overview of the different types of reactions catalyzed by PLP-dependent enzymes.
According to the Dunathan hypothesis, the bond to be cleaved is the one perpendicular to the
plane of the pyridinium ring of PLP. Depending on the enzyme, this leads to the formation of one of
three types of quinonoid intermediates. These intermediates can then undergo several different

reactions, demonstrating the high versatility of PLP-dependent enzymes.

For example, the decarboxylation reaction results from the cleavage of the bond between
the substrate’s a- and carboxyl carbon atoms. As a result, one carbon dioxide molecule is

released, and the resulting intermediate is protonated in the a-carbon (9).

In racemization, the chiral centre of the amino acid is inverted from L to D or vice versa.
Enzymes accomplish this by removing, from one side of the molecule, the proton bonded

to the a-carbon, followed by re-protonation from the opposite side.

PLP-dependent enzymes can also catalyze elimination or substitution reactions at the q,
B, and y positions of an amino acids’ sidechain. However, there is no single mechanism
for this kind of reaction, varying from enzyme to enzyme and from substrate to substrate.
In this PhD project, the catalytic mechanism of a B-elimination reaction was studied in
detail (Chapter C — Section 2.1 — Page 131). This reaction is catalyzed by XometC, a
promiscuous PLP-dependent enzyme from a pathogen responsible for a devastating

disease affecting rice crops worldwide (71,72).

Finally, we have the transamination reactions, which can be divided into two different half-
reactions. In the first half, the amine group of an amine donor (e.g., amino acid) replaces

the lysine residue covalently bonded to PLP (i.e., internal aldimine), which culminates in
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the generation of pyridoxamine 5'-phosphate (PMP) and the corresponding ketone. In the
second half, the amine group now in PMP is transferred to an amine acceptor (e.g.,
ketone, keto acid, or aldehyde), regenerating the internal aldimine and forming the

corresponding amine, completing the catalytic cycle (73).

Moreover, a review regarding examples of the catalytic power of PLP-dependent enzymes
for industrial purposes was prepared in this thesis (Appendix: page 273). This review
focuses on several PLP-dependent enzymes with considerable potential as biocatalysts
actively used by the pharmaceutical, agricultural, and food industries, some of which are

great examples of enzymes that catalyze the activities mentioned above.

Review Article

PLP-dependent Enzymes as Important
Biocatalysts for the Pharmaceutical, Chemical
and Food Industries:

A Structural and Mechanistic Perspective

Juliana F. Rocha, André F. Pina, Sérgio F. Sousa, Nuno M.F.S.A. Cerqueira

Catalysis Science & Technology, 9(18), 4864—4876

u
Impact Factor (2021): 6.177 ?V?Ie]gg}es?cig:\t;(; 0.1039/C9CY01210A
2019 /

2.3.2. Common aspects of the catalytic process of PLP-dependent enzymes

Although PLP-dependent enzymes can catalyze a panoply of different reactions, the
majority share a common mechanism of activation: i) the covalent bonding of PLP to the
enzyme by a conserved Lys residue (i.e., enzyme’s activation) and ii) the subsequent
bonding of the substrate to PLP.

The first stage, the enzyme’s activation, has already been computationally studied by E.F.
Oliveira et al. and consists of three sequential and reversible steps (Figure 9 — A-C) (74).
First, as the PLP cofactor enters the active site, the conserved Lys residue performs a
quick nucleophilic attack (AG* = 0.2 kcal.mol") to the reactive carbonyl group of PLP
(Figure 9 — A). Then, a proton is transferred from the amino group of the Lys to the
hydroxyl group of PLP (Figure 9 — B). This transference is typically mediated by a water
molecule, albeit some PLP-dependent enzymes use other species, namely a Cys residue.
Finally, the internal aldimine (IA) is formed with the release of a water molecule (Figure 9

— C). This new structure, anchored to the enzyme’s active site, then waits for a substrate
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molecule to initiate a catalytic cycle. However, the entire process mentioned so far is
reversible, meaning that the enzyme can follow the opposite mechanism and release the
PLP from its active site (Figure 9 — D-F). Nevertheless, the release of PLP from the
enzyme is thermodynamically and kinetically less favourable than the formation of the
internal aldimine, which requires a Gibbs free energy of activation of 13.5 kcal.mol! and is

exergonic in 9.1 kcal.mol' (74).

After forming the internal aldimine (IA), a substrate molecule can enter the active site and
ultimately replace the Lys residue, becoming covalently bonded to PLP, a structure known
as external aldimine (EA) (Figure 9 — G-l). The mechanism leading to the formation of the

EA was proposed to be uniform across all PLP-dependent enzymes (75-79).

According to the proposal from N.M.F.S.A. Cerqueira et al. (75), the formation of the EA
starts with a nucleophilic attack of the amino group of the substrate to the carbon of the IA
imine bond (Figure 9 — H). This results in a reaction intermediate known as gem-diamine,

where both Lys and the substrate are covalently bonded to PLP.

Then, a proton is transferred from the amino group of the substrate to the amino group of
the Lys residue (Figure 9 — I). This transfer has been proposed to occur either directly or
mediated by a Tyr residue, a Cys residue, or a water molecule (75,76,79). N.M.F.S.A.
Cerqueira et al. found out that the mediator that provides the most favourable pathway is
the water molecule (75). This reaction leads to the Lys residue’s release with the EA’s

formation, enabling the enzyme to catalyze its specific reaction.

However, the study of the catalytic mechanism of XometC presented in this thesis
(Chapter C — Section 2.1 — Page 131), which includes all the steps from the external
aldimine formation, suggests that the mechanism proposed above may not be the same in
all PLP-dependent enzymes as we shall see. Since XometC’s active site lacks any
residue able to mediate the proton transference between the amino groups of the Lys and
the substrate, we found that the hydroxyl group of the PLP ring can perform this mediation
in a thermodynamically and kinetically favourable way. Nevertheless, XometC'’s
mechanism still proceeds via the experimentally observed gem-diamine intermediate, as

proposed above.

Lastly, after the enzyme finishes its specific set of reactions, the product, which is still
covalently bonded to PLP, must be released from the enzyme, allowing a new catalytic
cycle to begin. To do so, the Lys residue must attack the carbon of the imine bond,
forming a new gem-diamine (Figure 9 — K). Then, after the proton transfer between the

amino group of Lys and the product’s amino group, the latter is released, restoring the
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initial 1A conformation (Figure 9 — L). Finally, the enzyme can undergo a new catalytic
cycle if enough substrate is available. Otherwise, it returns to its apo form by releasing the
PLP cofactor.
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Figure 9. Schematic representation of the general mechanism for the activation of a PLP-

dependent enzyme with the formation of the internal (IA) and its transamination with a substrate,
forming the external (EA) aldimines.
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3. DNA

Deoxyribonucleic acid (DNA) is a nucleic acid that contains genetic instructions used in
the development and functioning of all known living organisms. In its most common form,
DNA is made up of two strands of nucleotides coiled around each other forming a double
helix. Each strand is made up of four nucleotide bases: adenine (A), guanine (G), cytosine
(C), and thymine (T). The sequence of these bases along the strands is the basis for the

genetic information, with each triplet of nucleotides coding for a particular amino acid.

Nucleotides are the basic building blocks of DNA. Each nucleotide consists of a sugar
molecule, a nucleobase, and a phosphate group (Figure 10). The sugar molecule is a
five-carbon sugar called deoxyribose, while the nucleobase is, as previously mentioned,
either adenine, guanine, cytosine, or thymine. Finally, the phosphate group provides the
linking element that connects the nucleobases, creating a long chain of nucleotides — a
strand of DNA.
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Figure 10. Nucleotides comprise a nucleobase, a pentose sugar (deoxyribose in the case of DNA),
and a phosphate group. Carbon residues in the pentose are numbered 1' to 5. New nucleotides
are added at the 3' hydroxyl group by covalently bonding to the 5' phosphate group of the incoming

nucleotide. Bases can be divided into two categories: purines and pyrimidines. Adapted from (80).

DNA strands have two ends, the 5 and 3. The & end is known as such because the
phosphate group of the terminal nucleotide at this end has a phosphate group attached to
the 5" carbon of its sugar molecule. Similarly, the 3’ end of the DNA strand is referred to
as the “3’ end” since the last nucleotide at this end has a hydroxyl group attached to the 3’
carbon of its sugar molecule. The direction of the strand is determined by the orientation
of the 5’ and 3’ ends.
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The structure of DNA was first proposed in 1953 by James Watson and Francis Crick,
who famously suggested the double helix structure (81). Their model was based on the X-
ray crystallography of Rosalind Franklin and Raymond Gosling (82), which allowed them
to determine the 3D structure of DNA. This discovery revolutionized the field of molecular

biology, bringing genetic engineering and biotechnology into the public consciousness.

DNA can take on different conformations, including the canonical B-DNA (83), A-DNA
(83), and Z-DNA (84). However, only B- and Z-DNA have been found under physiological
conditions. B-DNA is the most common form of DNA, a right-handed double helix with
10.4 bases per turn and a phosphate-to-phosphate distance of approximately 7 A,
occurring at the high hydration levels of a cellular environment. A-DNA is a less common
form, wider than B-DNA, typically found in partly dehydrated conditions. Finally, Z-DNA is
the rarest form of DNA, typically found in regions of DNA that are actively transcribed.

Contrarily to the other two conformations, Z-DNA has a left-handed double helix.

It is estimated that approximately 13% of the human genome can fold into non-B DNA
structures, such as cruciforms, hairpins, G-quadruplexes, and Z-DNA, among others (85).
Although these structures have been linked to important cellular processes, non-B DNA
conformations have also been shown to hinder replication, resulting in errors and

mutagenesis.

Moreover, DNA can also be found in a single-stranded form (ssDNA). ssDNA can be
formed in various contexts, including during DNA replication, recombination, and
transcription. ssDNA is more susceptible to enzymatic cleavage, thus being more
susceptible to damage than dsDNA, but also making it easier to manipulate in genetic
engineering. For this reason, ssDNA has been the basis of DNA aptamers, short

oligonucleotides that can bind to specific targets with high affinity and selectivity.

As we have seen, DNA is a powerful and versatile molecule. As a result, the ability to
study and manipulate DNA has become increasingly important in the modern world,
allowing us to understand genetic diseases better and potentiating the development of
medicines to treat them. By continuing to explore the potential of DNA, we are paving the

way for a future of improved health and sustainability.

Although the primary goal of this PhD project was to study the PLP synthase macro-
complex involved in the DXP-independent biosynthesis of PLP, the opportunity to study
DNA-related systems presented itself. Therefore, two additional studies that resulted from
external collaborations are presented in this thesis. The first pertains to the study of the

3D structure of non-B DNA conformations associated with mutagenic instability in the
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mitochondrial genome (Chapter C — Section 3.1 — Page 161). The other consisted in the
use of computational methodologies, namely molecular docking, molecular dynamics
simulations, and binding free energy calculations (described in detail in the subsequent
chapter), to guide the selection of a DNA aptamer with high affinity to cathepsin B (CatB),
a highly expressed protein in cancers like the prostate cancer (Chapter C — Section 4.1 —
Page 185). Therefore the following two sections provide a quick overview of non-B DNA
conformations and how they may be related to mutagenic instability, as well as DNA

aptamers and how computational methodologies can aid in their development.

3.1. Non-B DNA conformations: a cause of mutagenic instability

Certain DNA sequence motifs can fold into three-dimensional (3D) conformations that
differ from the canonical right-handed B-DNA double helix. Those structures are known as
non-B DNA conformations and consist of a few dozen to a few hundred nucleotides (85—
87).

Several types of non-B DNA conformations have been identified (Figure 11). Their
structure results from their nucleotide motif sequences and the solvent environment in
which they are located. Non-B DNA conformations can take the form of simple
conformations such as DNA hairpins or more complex structures such as G-quadruplexes
(85-87).
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Figure 11. Schematic representation of several of the most common non-B DNA conformations.
Adapted from (88).
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These conformations do not follow a random distribution across the human nuclear
genome, and several can have functional implications for cellular functions and human
diseases. As previously mentioned, approximately 13% of the human nuclear genome can

fold into non-B DNA conformations, affecting the process of DNA replication (85).

Non-B DNA conformations also occur in the human mitochondrial genome (89). Although
it represents only a tiny part of the human genome, it contains 16 569 base pairs and
encodes for two ribosomal RNAs (i.e., 12S and 16S), 22 transfer RNAs (tRNAs), and 13
proteins, all involved in the oxidative phosphorylation pathway. Unlike the linear
chromosomes found in the nucleus, the mitochondrial DNA (mtDNA) occurs as a circular
chromosome composed of two strands known as the H- and L-chains. At the end of the H-

chain, there is a non-coding region known as the control region (90).

The control region is responsible for regulating the transcription and replication of mtDNA.
Its mutation rate is also higher than in other parts of the mtDNA genome, which may be
why it is the most variable region among different individuals (91). Moreover, the control
region is also thought to play a role in the development of mitochondrial diseases, as
mutations in this region can lead to an altered mtDNA replication rate and dysregulation of
the mitochondrial network (92—94). Thus, understanding the structure and function of the
control region is essential for the study of the mitochondrial genome and its associated

diseases.

A bioinformatics analysis performed by Pereira et al. demonstrated a correlation between
the occurrence of non-B DNA motifs in the mtDNA and the rate of nucleotide substitutions
(89). In fact, most replication errors can be associated with mtDNA regions where non-B
DNA conformations can be formed. During mtDNA replication, there is the occurrence of
extensive single-stranded DNA (ssDNA) stretches, which are more prone to the formation
of non-B DNA conformations (95). These conformations can then hinder the polymerase
activity by being a physical obstacle to fork progression (95). One example of a non-B
conformation that influences the mitochondrial replicative process is Structure A, a
cruciform conformation formed in the control region of mtDNA (89), which will be the focus
of Chapter C — Section 3.1 — Page 161.

In summary, non-B DNA conformations have been highly linked to events of mutagenic
instability, both in nuclear and mitochondrial DNA, being associated with several genetic

diseases that result from replication errors, repair errors, and genomic instability.
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3.2. DNA aptamers: a promising therapeutic tool

Targeted therapeutic approaches, such as personalized medicines and gene therapies,
have been gaining increasing attention as potential disease treatments. In this context,
nucleic acids such as DNA and RNA have emerged as promising candidates for the

development of novel therapies (96-101).

DNA aptamers are short oligonucleotides that can bind to specific targets with high affinity
and selectivity. They are clinically relevant due to their ability to recognize and bind to a
variety of molecules, including proteins, metabolites, and small molecules. This makes
them an attractive option for medical applications, as they can target and modulate
various biological processes. For example, DNA aptamers can target cancer cells, bind to
receptors on the cell surface, and deliver therapeutic agents such as drugs or enzymes
(102). DNA aptamers can also target specific immune cells in the body, such as

macrophages, allowing for specific modulation of the immune system (103).

The most common method for generating and isolating DNA aptamers is through a
process known as Systematic Evolution of Ligands by Exponential Enrichment (SELEX)
(104-106). This process randomly generates a large pool of DNA sequences, which are
then exposed to the target molecule. The DNA sequences that bind to the target are then

selected and amplified, and the process is repeated until the final aptamers are obtained.

However, the SELEX process can be very expensive and time-consuming. For this
reason, in silico tools like 3D structure prediction, molecular docking, molecular
simulations, and binding free energy calculations have been gaining increasing interest in
aptamer design as they can promptly provide valuable insights about the binding affinity of
a given aptamer to the target of interest, all at a fraction of the cost. By combining in silico
approaches with experimental methods like SELEX, the generation of aptamers can be
accelerated and optimized, making them an even more attractive therapeutic tool
(107,108).

Despite the advantages of DNA aptamers, their use as therapeutic agents is not without
its challenges. Aptamers can be prone to enzymatic degradation, which reduces their
stability and efficacy. Additionally, they can be rapidly excreted from the body through
renal filtration (109).

Nevertheless, DNA aptamers represent a promising tool for clinical applications due to
their high affinity and selectivity, low cost and fast generation time, and wide range of

potential targets. Further research on their structure and function may lead to the
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development of more stable and effective aptamers with promising therapeutic use, as

seen in the collaborative work presented in Chapter C — Section 4.1 — Page 185.
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B. METHODOLOGY
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Science has experienced rapid growth since the beginning of the last century. We have
looked where no one ever looked before, to the immeasurable depths of our Universe and
to the infinitesimal scale of the quantum world, where subatomic particles abide by to the

laws of quantum mechanics.

At the same time, computers have surged to the point where everyone has one in the
palm of their hand more powerful than the one that put men on the Moon. They are the
cornerstone of our current world. Looking back only a few years, we can understand how
computers have been getting faster and faster. CPUs (Central Processing Units) are
getting better, with clock speeds surpassing 5 GHz and their core count reaching
astounding numbers, with 6-core processors being the norm even on the slimmest laptop.
When considering non-consumer CPUs used in HPC (High-Performance Computing)

these values reach 96 cores per CPU.

However, a more significant development in computing is the creation of GPUs (Graphics
Processing Units). The first commercial GPU was launched in 1995 by NVIDIA more than
25 years ago, and since then, GPUs have come a long way, becoming ever more

powerful and efficient.

For this reason, several scientific programs have started to take advantage of GPUs to
significantly increase their performance. Most of the best-known GPU-accelerated
Molecular Dynamics software are AMBER (110), GROMACS (111), NAMD (112), and
LAMMPS (113). The use of GPUs in Molecular Dynamics has allowed us to simulate
hundreds of nanoseconds in a reasonable time, even on consumer-grade GPUs, which
tend to have a better price-to-performance ratio than the high-end GPUs designed for
these workflows. This is true not only for Molecular Dynamics software but also in
Quantum Chemistry (although the parallelization is less efficient here due to the type of
mathematics involved). The only drawback is that this software tends to be paid,
challenging to implement, or sometimes both. For these reasons, they are still gaining

some traction among the computational chemistry community.

One could say that we are on the verge of the golden age of computational chemistry with
the steady development of quantum computing. It will allow us to tackle ever more difficult

and complex questions more accurately and using fewer approximations.

So, in the following sections, | will briefly describe the workflow used in this work and
provide some technical background about the methodologies used. Unless stated

otherwise, this methodology was based on the following books (114—-118).
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1. Preparation of the model system

In order to computationally study a biomolecular system, we first need to have access to
its tridimensional (3D) structure. This structure can either be a prediction, typical in the
case of nucleic acid structures, or be experimentally determined. Several experimental
methods have been employed to reveal structural information pertaining to a wide range
of biomolecular systems. X-ray crystallography, which accounts for most known
structures, nuclear magnetic resonance (NMR), and cryo-electron microscopy (cryo-EM),

are the three main methods used.

Due to the high number of currently available structures, there was a need for a database
of structural data of large biomolecular systems, such as proteins and nucleic acids. For
this reason, the Protein Data Bank (PDB) was created in 1971 (119). As of 2 November
2022, the PDB comprised a total of 197 512 structures, from which 170 364 are X-ray
structures, 13 833 NMR structures, and 12 990 cryo-EM structures. These structures
submitted by scientists worldwide are freely available via the website

https://www.rcsb.org.

A single protein can have multiple entries on the PDB. These can be from different
organisms, have different resolutions, be complete or incomplete, have mutations,
ligands, or be determined with a different method. So how can we choose the PDB
structure that is best adequate for our purposes? As a rule of thumb, one should choose a
structure that belongs to the organism of interest or a close relative, have a low resolution,
preferably below 2 A, is complete (i.e., does not have any missing regions), does not have
mutations, or these are easily reversible and has the ligand of interest or one that closely
resembles it. However, we are not always so lucky to find such a structure, and some
accommodations must be made. For example, if the structure is incomplete, homology

modelling can be performed to complete the system.

Most structures used in computational studies are prevenient from X-ray crystallography
as it allows for high-resolution structures (i.e., with a small resolution value). However, this
method has a limitation. Most of its structures do not contain hydrogen atoms (from here
on out, referred to as protons). For this reason, normally, these atoms must be added
prior to the beginning of the study. Furthermore, the protein environment affects the
protonation state of its residues. Therefore, it is crucial to have the correct protonation
since it can compromise the work’s accuracy. In the absence of experimental evidence,
we must predict the protonation state of all system residues. This can be accomplished

using software like PROPKA (120,121). Nevertheless, these predictions should always be
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manually verified to ensure that the correct protonation state is attributed. In case of
doubt, the different protonation states should be studied. These protons are then added

using the LeaP tool of the AmberTools software package (110).

Lastly, since we are starting from an X-ray crystallography structure and ultimately want to
model it in solution, it would be unwise just to start performing molecular dynamics
simulations or other studies. The most stable conformation of the system in the crystal
may not be the same in solution or in the physiological conditions of the cytosol.
Therefore, we try to model it as close to the real world as possible. To do so, we add
protons, a solvent, and ions, which alters the model relative to the initial X-ray structure.
To make our final model ready for simulations, we have to optimize its structure, removing
potential clashes that arise from these modifications. To do that, we will use molecular

mechanics.
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2. Molecular Mechanics

Many critical molecular processes in Nature involve chemical reactions, such as the
formation or breakage of covalent bonds. However, traditional force fields, explained in
detail in the following section, cannot explicity model chemical reactions, being then
typically studied with quantum mechanics (QM) methods. These methods consider, at
least, the atoms’ outer electron shell and the interactions they establish. However, QM
methods present a problem: they quickly become prohibitively expensive with the increase
of the number of atoms in the system. Therefore, systems studied with QM methods
typically consist of only a few hundred atoms. Another option is using a reactive force field
like ReaxFF (122), a molecular mechanics (MM)-based method that allows the study of
bond formation/breaking. These methods are mostly used in the study of thermal (123)
and oxidative (124) decomposition, as well as in the study of many advanced material
applications (125). However, they are highly parametrized for specific use cases and are

not as accurate as QM methods.

Moreover, when considering the study of larger biomolecular systems, such as proteins
and nucleic acids, at larger time scales, where chemical reactions are not the main focus,
a classical approximation of the quantum properties of molecules is often sufficient. This is
where molecular mechanics (MM), a simplified model for describing molecular systems,
comes into play. In atomistic MM (from here on out, referred to only as MM), the atoms,
considered the smallest unit, are treated as spheres with a certain mass and point charge
bonded through springs. MM is useful in describing the spatial rearrangement of atoms,
as in the study of protein dynamics and protein-ligand interactions. It is especially useful in
molecular dynamics (MD) simulations, which shall be described soon. However, to solve
Newton’s equations of motion that encompass MD, we first have to calculate the potential

energy of all atoms of the system. To do that, we need a force field.

2.1. Force Fields

The term force field refers to the functional form (i.e., equation) and set of parameters
used to calculate the potential energy function of a system. For the study of biomolecules,
some of the most widely used all-atom force fields are the AMBER force fields, initially
developed by Peter Kollman and his co-workers in 1994 (denoted as ff94 (126)) and since
progressively updated until the current iteration, ff19SB (127). The previous iterations,
ffo9SB (128) and ff14SB (129) are, to this day, some of the most used AMBER force fields

developed for the simulation of proteins. Since then, several others have been developed
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to simulate nucleic acids, such as DNA (e.g., OL15 (130)) and RNA (e.g., OL3 (131)),
carbohydrates, and lipids. The General AMBER force field (GAFF) was also developed
with a focus on organic compounds, which is the case for most protein ligands (132,133).
However, while all these force fields have their intricacies, they all follow the same general

equation.

The general force field equation gives us the total energy (U(r)) of the system and
comprises two types of additive terms: the bonded and non-bonded interaction terms
(Equation 1) (134-136).

U() = Upondea(r) + Unon-bondaea ()

Equation 1. General force field equation representing the total energy of a system treated with
MM.

2.1.1. Bonded Interactions

The potential energy function for the bonded interactions is normally split into three terms:
bond stretch, bond angle bend, and dihedral torsion. Nevertheless, some force fields
include extra terms like the improper dihedral torsion which is a special type of dihedral
interaction (Equation 2). Others, like the AMBER force fields, handle these terms using

the same formulation as the dihedral torsion terms.

Upondea(T) = Z Upona (D) + z Uangle @)+ Z Udinedral (9)

bonds angles dihedrals

D Vimproper @)

impropers

Equation 2. Potential energy function for the bonded interactions term of a general biomolecular
force field, consisting of bond stretch, bond angle bend, and dihedral torsion. Some force fields

also include a fourth term for improper dihedral torsion.

In biomolecular force fields, typically, both the bond stretch and angle bend terms use a
harmonic oscillator approximation obeying Hooke’s law, which states that the force
needed to compress or extend a spring is proportional to its change in length. In this
context, the “spring” represents the bond between two atoms, meaning that every bond

has a specific “stiffness” denoted by the force constant k;. Consequently, the potential
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energy for the bond length displacement (1) relative to its equilibrium position (l,) is given

by Equation 3.

1 2
Ubond (l) = Ekl(l - lo)

Equation 3. Energy function for the bond term. k;: force constant, [: bond length, [,: equilibrium

bond length.

A similar approach is used to calculate the potential energy of bond angle bending
(Equation 4). This term also follows a harmonic potential and requires two parameters:
the force constant k, and the equilibrium bond angle value 6,. The potential energy

increases relative to how far the angle displacement 6 is to its equilibrium value.

1
Uangle(e) = Eke 6 - 90)2

Equation 4. Energy function for the angle term. k,: force constant, 8: bond angle, 6,: equilibrium

bond angle.

So far, both the potential energy of the bond length stretching and the bond angle bending
were calculated similarly. However, the computation of the potential energy of dihedral
angles is different. Consider the imaginary atoms A, B, C, and D connected in sequence.
The potential energy of the torsion angle term is given by a truncated Fourier series

correspondent to the movement of the plane ABC relative to plane BCD (Equation 5).

N

1
Uginearal(¢) = 2 EVn(l + cos(ng — )

n=1

Equation 5. Energy function for the dihedral term, which is described by an N-term truncated

Fourier series. V,: dihedral barrier height, n: periodicity, ¢: dihedral angle, y,,: dihedral phase.

The improper torsion angle term, also defined by four atoms, is used in some force fields
to maintain tetrahedral or planar geometry. Consider the same atoms as before, but this
time B is the central atom to which all the others are connected. The improper dihedral
angle is the angle between the planes ABC and ACD. This term also follows a harmonic
potential in which ¢ corresponds to the angular deviation from an equilibrium angle
Y, (Equation 6). In practice, this term penalizes any atom that bends out-of-plane (e.g., in

aromatic rings) or tries to invert its chirality.
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1
Uimproper (770) = Eklp (lp - lpo)z

Equation 6. Energy function for the improper dihedral term. k,,: force constant, i: improper

torsional angle, 1,: equilibrium improper torsional angle.

Figure 12 summarizes all the bonded interactions accounted for in the potential energy

expression of a typical biomolecular force field.

dihedral
torsion improper torsion

=0 &

angle
bond stretching bending

Figure 12. lllustration of all the bonded interactions considered in MM force fields used in the study

of biomolecular systems.

2.1.2. Non-Bonded Interactions

Now that we have looked at the bonded interactions accounted for the potential energy
expression of a system treated using MM, we must look at the non-bonded interactions.
These interactions are usually calculated only for atoms separated by three or more

bonds or that belong to different molecules.

Non-bonded interactions can be split into two terms: the van der Waals and the
electrostatic interactions (Equation 7). The van der Waals component of this term is
computed by a 12-6 Lennard-Jones potential, containing both an attractive and repulsive
term. On the other hand, the electrostatic interactions are described by Coulomb’s law, in

which atom-centred point charges represent the charge distribution.

12 6
E 9ij 9ij Z qi9;
Unon-bondea (1) = 451‘] [(—) — <_> ] +
Tij Tij e 4regty;

i<j

van der Waals electrostatic

Equation 7. Potential energy function for the non-bonded interactions term of the general force
field. i, j: atom pair, ¢;;: potential well depth, o;;: interatomic distance at the energy minimum, r;;:
interatomic distance of atoms i and j, q; and q;: point charge of the atoms i and j, respectively, &:

electric constant.
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Finally, having the complete potential energy expression, it is possible to calculate the
total energy of a biomolecular system in a fraction of a second. To do so, we need the
coordinates of all atoms of the system, information about how those atoms are connected
(i.e., their topology), and the empirical parameters provided by the force field of choice for
all the energy terms on the expression (i.e., the force constants, equilibrium

distances/angles, atomic charges, and van der Waals parameters).

2.2. Energy Minimization

Before running a molecular dynamics simulation, we must perform an energy minimization
of our structure. As previously mentioned, during the preparation of our model, the LeaP
software adds any missing heavy atom, protonates the system, adds solvent molecules,
and finally adds ions. However, during any of these steps, some steric clashes may occur
in the system. This is why minimizing the system is so important, allowing the structure to
relax and eliminate any possible clash. Failing to do so may result in the simulation
crashing. Moreover, energy minimization also brings the system closer to the nearest local

minimum of the potential energy surface, as it is very far from equilibrium at the start.

In a typical MM energy minimization, two algorithms are commonly used: the steepest
descent and the conjugate gradient. Both have their pros and cons. While the steepest
descent algorithm is considerably faster than the conjugate gradient, it requires more
iterations to achieve the desired energy threshold. On the other hand, the conjugate
gradient is slower but reaches an energy minimum in a lower number of iterations.
Therefore, we start every minimization procedure with the steepest descent algorithm to
rapidly approximate our minimum well, then switch to the conjugate gradient algorithm in
the final part of the minimization. With this strategy, we can achieve a good balance

between accuracy and performance.

In order to progressively adjust the position of all atoms of the system without causing
further clashes, the energy minimization procedure is divided into four consecutive stages.
Firstly, all the water molecules of the solvent are optimized while the rest of the system is
restraint. Then, the position of all hydrogen atoms of the system is minimized, followed by
a minimization of all residues sidechains. Lastly, the whole system is minimized until the

desired threshold.
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2.3. Molecular Dynamics Simulations

A molecular dynamics (MD) simulation is, in simple terms, a common computational
approach used to predict the evolution of a system throughout time. In our case, the
system consists of a set of atoms that compose a larger biomolecular system, such as a
protein or nucleic acid, plus the surrounding solvent molecules and ions. This type of
simulation provides us with useful information about its conformational space,

thermodynamics, and structural flexibility.

In classical MD simulations, most of the computational effort is spent calculating the
gradient V with respect to each atom’s position in the x, y, and z directions, which gives us

the force acting upon those atoms, as shown in Equation 8.

au ou (')U)

l l l

Equation 8. Mathematical relation between the force F; acting upon particle i, and its potential
energy U. U(ry, -+, ry) represents the potential energy of N interacting atoms as a function of their

positions r; = (x;, ¥;, z).

In MD simulations, the time evolution of a set of interacting particles is followed via the
solution of Newton’'s equations of motion, described in Equation 9, where r;(t) =
(x:(©), y:(t), z(t)) is the position vector of particle i with mass m; and F; is the force
acting on that particle at time t.

0°r;(t)

Fi=m—a

Equation 9. Second order derivative of Newton’s second law. F;: force acting on particle i, m;:

mass of the particle i, r;: position vector of particle i, t: time.

However, it is impossible to analytically solve Newton’s equations of motion for a system
with more than two atoms, a problem known in physics as the n-body problem. Therefore,
we must use a numerical method to integrate Newton’s equations of motion. The most
popular integration methods in MD simulations are the Verlet algorithm (137) and its

variants, the Leapfrog integrator, and the velocity Verlet algorithm (138).

The aim of numerically integrating Newton’s equations of motion is to find an expression
that defines positions r;(t + At) at time t + At in terms of already known positions at time

t. This can be achieved by the Verlet algorithm (Equation 10).
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- F@©)
r;(t + At) = 2r;(t) — r;(t — At) + TAt

i

Equation 10. Basic equation of the Verlet algorithm derived from the Taylor expansions for the

positions r;(t). This equation is accurate to an order given by the fourth power of the time step 4t.

Velocities can then be calculated from the positions or be propagated explicitly, as in
Leapfrog and velocity Verlet algorithms. Updating the atomic positions and velocities in a
stepwise procedure gives us their trajectory. While the exact trajectories correspond to the
limit of an infinitesimally small integration step, in practice, we use larger time steps. This

aspect will be discussed in the following section.

2.3.1. Integration Time Step

To numerically integrate Newton’s equations of motion, using any of the algorithms
mentioned above, we need to define a time step (4t) for the simulation, which is
determined by the fastest frequency motion in the system. Since during an integration time
step, the velocity and acceleration felt by all the system’s atoms should be approximately
constant, using a larger time step would lead to aberrant movements, likely crashing the
simulation. In the case of the simulation of a biomolecular system, the vibration of C-H
bonds is usually the fastest. Therefore, to provide a good description of any atom’s
movement, a good rule of thumb is to use a time step at least ten times smaller than the
fastest bond vibration, which is 11 fs for C-H bonds. Thus, the recommended time step for

this case is 1 fs.

However, using 1 fs time step is computationally demanding, making the simulation of
bigger systems or larger time frames unsurmountable. As hydrogen atoms' dynamics are
usually not essential for a simulation, bonds involving hydrogens (e.g., C-H, O-H, N-H,...)
can be constrained. Replacing bond vibrations with holonomic (i.e., unchanging)
constraints allow doubling the simulation step to 2 fs since the following fastest motions
(i.e., bond vibrations involving only heavy atoms and angles involving hydrogen atoms)
have a period of around 20 fs. If bonds between all atoms and angles involving hydrogen
atoms are constrained, the next fastest bond vibration will have a period of 45 fs,

increasing the maximum time step to around 4 fs.

Constraint algorithms like SHAKE (139) and LINCS (140) are commonly used to achieve
this. Moreover, the SETTLE algorithm (141), an analytical solution of SHAKE, is also

typically used in conjunction with SHAKE or LINCS to constrain rigid water molecules
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(e.g., TIP3P or SPC/E water models), which often make up more than 80% of the
simulation of a typical biomolecular system. SETTLE and SHAKE are available in AMBER
and GROMACS, while LINCS, considered to be faster and more stable than SHAKE, is
only available in GROMACS. What these algorithms do in practice is constraint bond

distances removing the bond stretching freedom of those bonds.

Another common way to increase the time step to 4 fs, speeding up the simulation, is by
performing hydrogen mass repartitioning (HMR) (142). HMR redistributes some of the
mass of heavy atoms to all their bonded hydrogens, maintaining the same overall mass.
This allows for longer time steps by slowing the highest-frequency motions of the

macromolecule under study.

2.3.2. Ensembles

Statistical mechanics describe how molecular events and macroscopic properties are
related. In statistical mechanics, an ensemble, more specifically a thermodynamic
ensemble, is used to derive the properties of thermodynamic systems from the laws of

classical MM.

Some thermodynamic properties like temperature, pressure, volume, and particle number,
among others, are examples of state functions. State functions quantitatively describe an
equilibrium state of a thermodynamic system, regardless of how the system has arrived at
that state. A macroscopic system can be described by an ensemble that depends only on
a few observable parameters. In the study of biomolecular systems, the most important
ensembles are the canonical ensemble (NVT), the isothermal-isobaric ensemble (NPT),

the microcanonical ensemble (NVE), and the grand canonical ensemble (uVT).

Simulations of biomolecular systems are typically conducted in the Isothermal-Isobaric
(NPT) ensemble, as it is the one that better resembles physiological conditions, where
pressure and temperature are usually constant. Moreover, the notion of Gibbs free energy
is only meaningful when changes occur at a constant temperature and pressure.
However, a short simulation in the NVT ensemble is necessary to equilibrate the system
to the desired temperature. Therefore, our studies used both ensembles: NVT in the

equilibration stage and NPT in the production stage.
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2.3.3. Temperature and Pressure Control

The simulation of a biomolecular system is usually carried out using the NPT ensemble,
where the following state functions — number of particles (N), pressure (P), and
temperature (T) — must be constant. Since the number of particles in the system is
immutable, this condition is assured throughout the simulation. On the other hand, to
achieve temperature and pressure control, different algorithms must be used. There are
several algorithms, but the ones used in this work are the Langevin thermostat (143-145)

for temperature control and the Berendsen barostat (146) for pressure control.

2.3.4. Periodic Boundary Conditions

Why do we need to use periodic boundary conditions? A molecular system studied with
MD simulations cannot be dissociated by the environment surrounding it, which in the

case of biomolecular systems usually means an aqueous solution.

Therefore, there are two ways that we can use to account for the presence of the solvent.
A simpler approach is to use an implicit solvation model to simulate the solvent’s and
counterions’ presence. This approach adjusts the dielectric constant to mimic the effect of
the solvent on the electrostatic interactions and adds empirical coefficients to simulate the
solvent’s viscosity. Another alternative is to include water molecules and counterions in
the simulation explicitly. However, while this approach is better, it also introduces a new
problem—the description of intermolecular interactions at the solvent box’s boundary. If a
single unit cell were to be used, all the water molecules would “evaporate” into oblivion. It
would be like simulating a droplet of water in a vacuum. Therefore, to simulate a realistic
environment, preserving thermodynamic properties like temperature, pressure, and
density, periodic boundary conditions (PBC) are used. This approach provides a way to
study a system on a bulk solvent without significantly impacting the computational cost.
PBC is implemented by surrounding the unit cell (also known as the periodic box) by
translating copies of itself in all directions, thereby approximating an infinitely large
system. The motion equations are only solved on the central unit cell and are replicated in
all the others. This means that when one molecule diffuses across the boundary of the
simulation box, it will reappear on the opposite side of the box with the same velocity,

thereby keeping the number of particles inside the simulation box constant.

However, certain considerations must be taken into account to use the PBC approach

successfully. For example, interactions of a molecule with its image on a neighbour replica
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cell are not desirable. To overcome this, the minimum distance between the biomolecule
of interest and any face of the water box should be larger than the cutoff applied for the
non-bonded interactions (described in detail in the next section). For example, if the non-

bonded interactions cutoff applied is 10 A, a reasonable minimum distance would be 12 A.

2.3.5. Non-Bonded Interactions Cutoff

Non-bonded interactions are calculated as a sum of electrostatic and non-electrostatic
interactions. However, due to the large number of non-bonded interactions to compute,
this part of the calculation can quickly become a bottleneck. As a result, the calculation of

the non-bonded interactions is often the most time-consuming part of an MD simulation.

For this reason, some schemes have been devised to make this process more efficient.
One of these schemes is the application of a radial cutoff that limits the accounted
interactions of each atom. To avoid problems caused by an abrupt discontinuation in the
potential, a switching function is typically applied to reduce the potential energy
contribution and its resultant forces smoothly to zero. As the effect of the non-bonded
interactions gets smaller with distance, this approximation is a good balance between
accuracy and computational cost. However, a reasonable cutoff value must be chosen to

avoid leading to aberrant results.

2.3.6. Analysis of the Molecular Dynamics Simulation

MD simulations are powerful tools, providing lots of helpful information for the study of the
catalytic mechanism of an enzyme. However, when performing an MD simulation, it is
essential to verify that some quality-indicating measures like density, volume, pressure,
temperature, kinetic energy, and potential energy behave normally throughout the
simulation. Here “quality” refers to the overall thermodynamic stability of the simulation
and is not necessarily an indication of its accuracy in reproducing the physical phenomena

of interest.

Moreover, measures like root-mean-square deviation (RMSD), radius of gyration (Rg), and
root-mean-square fluctuation (RMSF) are useful to indicate the convergence and
fluctuation of a system. The RMSD of a biomolecular system over time can be used to
assess how much its conformation changes during a simulation, providing an indication of

conformational stability. For a converging simulation, we expect the RMSD to increase
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and then plateau, even though the plateau of RMSD alone does not necessarily mean
that a system has converged. One should look to all quantities of interest, i.e., any
measures relevant to the behaviour and dynamics of our system, and determine if those
have converged. A helpful metric can be the Ry, which indicates how the mass of a group
of atoms is distributed around their centre of mass. In a converged trajectory, the Rq
should also reach a plateau. Lastly, the RMSF measures the fluctuation of atoms around
their average position. Any large fluctuations should be compared to the crystallographic

B-factors.

Furthermore, analysis like the identification and time-distribution of hydrogen bonds
between a protein and a ligand or a substrate and the residues at an enzyme’s active site
should also be considered. Another handy measure is the radial distribution function
(RDF) of water, which gives us the number of water molecules as a function of distance.
These types of analysis allow us to obtain essential information, primarily regarding the

active site interactions between the ligand and the enzyme.

2.4. Molecular Docking

Molecular docking is a computational approach used to predict the most favourable
ligand-target configuration(s) and estimate the strength of the interaction(s) between the
ligand and the target. In practical terms, docking is used to study how two molecules
interact. They can be a small ligand, a protein, DNA, or RNA, among others. The most

commonly studied complexes are protein-ligand and protein-protein.

There are innumerous small-ligand docking software, like AutoDock (147), AutoDock Vina
(148,149), LeDock (150), GOLD (151), MOE (152), and Glide (153-155). However, this
work focuses its attention on protein-nucleic acids docking, and one of the most used
software for studying these complexes is HADDOCK (156-158).

Therefore, in the following subsections, | will briefly describe the different types of docking,
the algorithms used, and the scoring functions used to rank the conformations obtained.
Then, | will delve more into HADDOCK, what type of docking software it is, and how it
works. Moreover, | will talk about binding free energy calculations using MM-GBSA/MM-

PBSA as a way to refine the solutions obtained with molecular docking (159).
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2.4.1. Search algorithms

To dock a ligand into its binding site, several degrees of freedom need to be computed.
There are three types of docking algorithms: rigid, semi-flexible, and flexible algorithms

(135). These are defined based on the ligand's and target's flexibility.

The rigid docking algorithms were the first to be implemented in molecular docking and
are typically used in the first stage of docking by many software (including HADDOCK). In
rigid docking, the ligand and the target are treated as rigid bodies. For this reason, only six
degrees of freedom are considered, three translational and three rotational, that define the

position and orientation of the ligand relative to its target.

Unlike the rigid docking approach, semi-flexible docking algorithms consider the ligand's
flexibility. However, since it is computationally expensive to explore all the possible
conformations of the ligand, especially for increasing ligand sizes, several approaches
were developed to address the problem of ligand sampling. They are classified as
systematic, stochastic, and deterministic. The systematic search algorithms explore the
ligand's degrees of freedom incrementally. On the other hand, stochastic search
algorithms perform random changes in the ligand's degrees of freedom based on an
evolutionary strategy, like the genetic algorithm or the tabu search method. This type of
search algorithm is the most common, used by software like AutoDock and GOLD. Finally,
the deterministic search algorithms use energy minimization methods and molecular
dynamics simulations to obtain a ligand conformation and orientation with a low energy
value. This type of algorithm, however, presents a higher computational cost and could

lead to the ligand being trapped in an undesirable local energy minimum.

Lastly, flexible docking algorithms are algorithms where the protein conformation space is
also explored. There are several ways to account for target flexibility. Some ways are soft
docking, side-chain flexibility (typically using side-chain rotamer libraries), molecular

relaxation (using Monte Carlo or MD simulations), or ensemble docking.

2.4.2. Scoring Functions

A scoring function is a mathematical expression used to evaluate the binding affinity
between a ligand and its target or between two biomolecules (e.g., protein-protein and
protein-DNA).
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There are three types of scoring functions: force-field-based, empirical, and knowledge-
based (135). The force field-based scoring functions are a sum of intra- and inter-
molecular contributions, just those described in section 2.1. Molecules are represented
using force field-specific atom and bond types with atom-centred partial charges. The
bonded interactions derive from the bond stretching, bond angle, dihedral angle, and
improper dihedral angle energy terms. At the same time, the non-bonded interactions
correspond to the electrostatic and the van der Waals energy terms, described by
Coulomb's law and a 12-6 Lennard-Jones potential, respectively. These types of scoring
functions are usually more computationally demanding than the rest. A notorious example
is the AMBER scoring function used in DOCK software (160,161).

On the other hand, the empirical scoring functions estimate the binding free energy as a
sum of uncorrelated energy terms. Its coefficients are obtained by regression analysis of a
set of ligands with known experimental binding free energy. However, their accuracy
depends on how well the ligand and receptor are represented in the training dataset used
to fit those coefficients. Two very known examples of empirical scoring functions are the
ChemScore (162,163) and the Piecewise Linear Potential (PLP) (164-167) used in
GOLD.

Lastly, the knowledge-based scoring functions are composed of multiple weighted
molecular features related to the ligand-receptor binding modes. One example is the
Astex Statistical Potential (ASP) scoring function used in GOLD (168).

2.4.3. HADDOCK

HADDOCK (High Ambiguity Driven protein-protein DOCKing) is a flexible docking
approach for the modelling of biomolecular complexes (156—158). While it was initially
developed for protein-protein docking, HADDOCK can also model protein-nucleic acids
(169-178) and protein-ligand (179-184) complexes. It distinguishes itself from other ab
initio docking methods by being information-driven. However, if no information about the
binding site is available, it randomly defines ambiguous interaction restraints (AIRs) from
solvent-accessible residues to drive the docking process. This approach, where a ligand is

docked without prior knowledge of the target binding site, is called blind docking.

HADDOCK workflow consists of a series of three docking stages. The first one, itO,
consists of a rigid body docking where the ligand orientation is randomized relative to the
protein to optimize their interaction. The second is a semi-flexible refinement (it1), where a

molecular dynamics-based refinement introduces ligand and protein flexibility to optimize
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the residues at the interface. Lastly, there is a refinement of the complex obtained in

explicit solvent (water).

From this, scoring is performed according to the weighted sum (HADDOCK score) shown

in the following equation (185,186):
HS = 1.0 Eygyy + 0.2 Egje + 1.0 Egosory + 0.1 Ear

Equation 11. HADDOCK scoring function. E, 4, : van der Waals intermolecular energy, E. .. :

electrostatic intermolecular energy, E,.s.1,: desolvation energy, E,;: distance restraints energy.

The HADDOCK score, contrarily to the scoring functions previously mentioned, is a
combination of energy terms calculated with the MM force field OPLS (i.e., vdW and
electrostatic interactions), empirical terms (i.e., desolvation and buried surface area), and

restraint violation energies (E4z)-

However, this general equation is not valid for all situations. For example, in the case of

protein-nucleic acids docking, HADDOCK recommends setting the E;.,;,, Weight to 0.

Finally, the structures are ranked according to their score, and the one with the smallest

value is ranked first.

2.5. Binding Free Energy Calculations

Molecular docking is a great way to predict possible protein-ligand interactions, be it
another protein, DNA, RNA, or a small ligand. Therefore, it is an instrumental method to
predict binding modes and distinguish between binders and non-binders. However, it
cannot properly estimate binding free energies. This is where MM-PBSA and MM-GBSA
(molecular mechanics energies combined with the Poisson-Boltzmann or Generalized
Born and Surface Area continuum solvation) methods come into play (159). These are
two popular end-point methodologies used to estimate the binding free energy of a ligand
to a receptor. Although more computationally expensive than docking, they are much less
expensive than the more accurate alchemical perturbation methods. Therefore, they
present a good balance between accuracy and computational cost, especially for

relatively large ligands, such as DNA or RNA molecules.

MM-PB(GB)SA is a post-processing method in which snapshots from an MD trajectory are
used to calculate the free energy change between two states, the bound and free state of

a receptor and ligand. Two protocols can then be used to obtain those snapshots: a 1-
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trajectory or a 3-trajectory protocol. Whereas the 3-trajectory protocol requires the
simulation of the complex, the free ligand, and the unbound receptor independently, the 1-
trajectory protocol only requires the simulation of the complex. Therefore, every snapshot
for the complex, ligand, and receptor is extracted from the same trajectory file. On the
other hand, this approach considers that there is no significant change in the structure of
the receptor and the ligand upon its binding, which may be an essential aspect for its

affinity.

Since the binding free energy of the solvated complex is very hard to calculate directly, it
is estimated from the free energies of the complex, free protein, and ligand, as shown in

the following equation.

AGping = <GPL —Gp— GL)PL

Equation 12. The binding free energy (AG,;,4) is estimated from the free energies of the complex
(PL), protein (P), and ligand (L). However, when using the 1-trajectory protocol, only the complex is
simulated. The ensemble average of the free receptor and ligand is created simply by removing the

respective atoms.

In MM-PB(GB)SA, the free energy (G) of a state (i.e., P, L, or PL) is estimated as follows:

G = Ebnd + Eel + EvdW + GpOl + an —TS

gas phase solvation

Equation 13. The free energy is calculated by combining the so-called gas phase energy
contributions (i.e., E,,q: bonded interactions energy, E,;: electrostatic interactions energy, and

E,qw: van der Waals interactions energy) with the solvation free energy components (G,,;: polar
contribution to the solvation free energy, and G,,: non-polar contribution to the solvation free

energy). In addition, entropy contributions may be added as a further refinement (TS).

The first three terms are standard MM energy terms from bonded (i.e., bond, angle,
dihedral, and improper dihedral), electrostatic, and van der Waals interactions. G,,; and
Gnyp are the polar and non-polar contributions to the solvation free energies, respectively.
Gpor is calculated using either the PB method (MM-PBSA approach) or the GB method
(MM-GBSA approach). The GB method is a faster and more efficient approximation of the
PB method, as it provides an analytical expression for the calculation of the polar
contribution to the solvation free energy. Therefore, it was the preferred method used in
our works, especially using the GB-neck2 model (187) (igh = 8 in AMBER), which like the
model from which it was based (i.e., GBn (188)), yields results in agreement with the more

computationally demanding PB method, as well as, explicit solvent simulations (189).
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However, contrary to the GBn model, GB-neck2 was refined for systems involving nucleic
acids, being the currently recommended choice (187). G,,, on the other hand, is
estimated from a linear relation to the solvent-accessible surface area (SASA), typically

estimated with the LCPO (Linear Combinations of Pairwise Overlaps) method (190).
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3. Quantum Mechanics

For centuries the classical mechanics theory developed by Sir Isaac Newton was
instrumental in describing the motion of everyday objects and large bodies (e.g., planets).
However, by the end of the nineteenth century, scientists started to make observations for
which classical mechanics had no explanation. They were therefore compelled to revise
their theory to describe the observed phenomena at very small scales — then, quantum

mechanics (QM) was born.

While classical MD, which uses molecular mechanics, is a great and powerful
methodology to study the time evolution of biomolecular systems at a low computational
cost, it cannot describe chemical processes that involve electrons, such as bond breakage
and formation. In order to study these phenomena, we need quantum mechanics, namely

ab initio methods.

Although QM methods are much more accurate, they present a disadvantage, they cannot
be applied directly to systems with more than a few hundred atoms, or it becomes
computationally too expensive. In the case of enzymes, the part where the reaction
occurs, the active site, is the only part we need to treat with QM methods. Therefore, we
are left with two choices. We either keep only the active site residues essential to the
catalysis and discard the rest, the so-called QM cluster model. Alternatively, keep the
entire enzyme intact but only treat those active site residues with QM, while the rest is
treated with MM. This so-called hybrid method will be discussed in more detail in section
4,

Nevertheless, what is QM, and how can it be used to study chemical reactions? The use
of QM involves the application of the wavefunction to the electronic configuration of the
system. However, due to the many-electron problem, the wavefunction equation cannot
be solved analytically. For this reason, several new methods have been developed
throughout the years to try to overcome this limitation. They all try to provide a good

balance between accuracy and computational cost.

The first wavefunction-based method developed for the study of many-electron systems
was the Hartree-Fock (HF). However, HF presents a problem. It does not accurately
account for electron correlation, a critical flaw responsible for HF’s inability to describe

London dispersion forces.

For this reason, several so-called post-HF methods were proposed to overcome this

limitation, particularly the Mgller-Plesset (MP) perturbation theory and the Coupled cluster
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(CC). Unfortunately, these methods usually give more accurate results at the expense of
being more computationally demanding, which makes them only really useful for small

systems.

In the 70s, a new method was developed that was not based on the wavefunction
equation but on the electron density of the system. Its name is Density Functional Theory
(DFT). One of DFT’s greatest strengths is that it provides a great balance between speed
and accuracy. Currently, several exchange-correlation DFT functionals try to apply the

best approximation to the exchange-correlation energy since its exact form is unknown.

These QM methodologies will be discussed in more detail in the following sections of this

chapter.

3.1. Energy Quantization

In physics, energy quantization is the phenomenon that energy exists in discrete values.
This means that energy can only be transferred or emitted in certain amounts, called
quanta. The discovery of energy quantization led to the development of quantum

mechanics.

Three experiments performed by the end of the nineteenth century led scientists to
believe that energy can only be transferred in discrete amounts. The first of these

experiments concerns blackbody radiation.

An ideal body capable of absorbing and emitting light at all frequencies is called a
blackbody. Consequently, the radiation emitted by a blackbody is called blackbody
radiation. The work from Lord Rayleigh and J. H. Jeans culminated in the Rayleigh-Jeans
law, an equation that tried to explain the blackbody radiation and approximates the
experimental data to longer wavelengths. However, as frequencies increased (and
wavelengths decreased), the Rayleigh-Jeans law failed, a phenomenon named ultraviolet

catastrophe.

Only in 1900, the German physicist Max Planck was able to explain blackbody radiation
(191). Planck’s hypothesis states that energy is emitted and absorbed in discrete packets,
or quanta. This hypothesis was developed to explain the ultraviolet catastrophe, which is
the problem that classical physics has in explaining why hot objects do not emit an infinite
amount of high-frequency radiation. According to classical physics, the hotter an object is,
the more high-frequency radiation it should emit. However, experiments showed that hot

objects do not emit infinite high-frequency radiation. Planck’s hypothesis solved this
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problem by proposing that energy is emitted and absorbed in discrete packets, which
means that there is a limit to the amount of high-frequency radiation that a hot object can
emit. In other words, he found that energy is quantized and that this relation depends on a

constant, later honoured in his name as Planck’s constant.
Ephoton = hv

Equation 14. Relation between the energy of a photon (E,p.0n) and its frequency (v). h: Planck’s

constant.

3.2. Wave-Particle Duality

Later Einstein applied Planck’s hypothesis to explain the photoelectric effect by proposing
that light, considered a wave, is composed of particle-like entities, which he named
photons (192). In this phenomenon, electrons are ejected from a metal surface when
exposed to light. Furthermore, Einstein found that the energy of the ejected electrons was

always a multiple of a certain amount.

Then, in 1924, Louis de Broglie proposed that particles, such as electrons, can exhibit
both wave-like and particle-like behaviour, analogous to the behaviour of light explained
by Einstein. According to his equation, the motion of an electron of mass m and velocity v
has a wavelength A.

L

m

<

Equation 15. De Broglie’s equation. 1: wavelength; h: Planck’s constant; p: momentum of the

particle; m: mass of the particle; v: particle’s velocity.

His theory was later confirmed experimentally with the observation of electron diffraction.

The wave-particle duality is one of the most important principles in quantum mechanics,
providing an explanation for Bohr's model of the atom. Moreover, this principle has led to
the development of many important concepts, such as Heisenberg’'s Uncertainty Principle
(193).
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3.3. Heisenberg Uncertainty Principle

The Heisenberg Uncertainty Principle (193) is one of physics’ most famous and widely-
known principles. Proposed by Heisenberg in 1927, it states that it is impossible to know
both the position and momentum of a particle at the same time. Therefore, the more
accurately you know one, the less accurately you can know the other. This principle is
fundamental to the understanding of quantum mechanics.

AxA >h
xlp 2 5

Equation 16. Heisenberg's Uncertainty Principle. Ax: uncertainty in position; 4p: uncertainty in

momentum; A: reduced Planck constant, which is equal to the Planck constant h divided by 2.

All these works showed that classical mechanics could not be used to describe
microscopic phenomena. Nevertheless, how can we use quantum mechanics to describe
such a system? Here enters the Schrodinger equation and the concept of the

wavefunction.

3.4. The Schrodinger Equation

The wavefunction is a mathematical function that describes the matter and energy’s wave-
like behaviour. In quantum mechanics, the wavefunction is used to describe the behaviour
of particles at the atomic and subatomic levels. For example, the wavefunction can be

used to determine properties such as position, momentum, and energy.

By the end of 1925, after giving a presentation about de Broglie’s work, Peter Debye
pointed out to Schrédinger that if such a wave exists, there ought to be a wave equation
that describes it. According to many, this pivotal moment led Schrédinger to discover the

equation that is now forever linked to his name.

The Schrddinger equation is a linear partial differential equation that describes the
wavefunction of a quantum mechanical system (194). However, it is impossible to solve

the Schrédinger equation analytically for a system larger than the hydrogen atom.

If we consider a three-dimensional system consisting of one particle, its evolution is given

by the following equation:
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Equation 17. Three-dimensional time-dependent Schrddinger equation.

Where V2, the Laplacian operator, is defined as:

92 9% 02

V2= — +— + —
6x2+6y2+622

Equation 18. Laplacian operator.

However, a more simple, one-dimensional system can be described by the following

equation:

n o Y(x,t) +Vix, t)¥( t)—'hallf( t)
2mox? & LU =G

Equation 19. One-dimensional, time-dependent Schroédinger equation.

Nevertheless, in most applications of the Schrédinger equation, it is common to use its
time-independent form, which the following equation can describe. Only problems such as

studying excitation processes require using the time-dependent equation.

h? d?
— 5T W) V() = EP(x)

Equation 20. One-dimensional, time-independent Schrédinger equation.

The Schrodinger equation can be further simplified into an eigenvalue equation. In such
case, the wavefunction is an eigenfunction of the Hamiltonian operator (H) with

eigenvalue E as seen in the following equation:
AH¥Y(r) = E¥(r)

Equation 21. Reduced Schrddinger equation.

In simpler words, it means that the Hamiltonian (H) multiplied by the wavefunction (¥(r))

will give the same wavefunction multiplied by the energy of the system (E).

In quantum mechanics, a wavefunction describes the quantum state of a set of particles in
an isolated system. In other words, it contains all possible information about a system.

However, no one knows the wavefunction exactly, not even Schrddinger, who initially
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interpreted it as a charge density. As a result, up to this day, there are several

interpretations of the wavefunction.

3.4.1. Born’s Statistical Interpretation of the Wavefunction

In quantum mechanics, the Born interpretation is an interpretation of the wavefunction ¥
that gives the probability of finding a particle in a given state. It was named after Max
Born, who first proposed it in 1926 (195). In the Born interpretation, the wavefunction is
seen as a probability amplitude, meaning that the absolute square of the wavefunction
|¥|? gives the probability density. The Born interpretation is one of the most commonly
used interpretations of the wavefunction, and it is essential for the understanding of

quantum mechanics.

3.4.2. The Hamiltonian Operator

A mathematical operator is a symbol that represents a particular operation that can be

performed on one or more variables (e.g., a derivative aix)' In physics, mathematical

operators are often used to represent physical quantities such as momentum, energy, and
2 62

electric field (e.g., kinetic energy — ;—mﬁ).

In quantum mechanics, we have the Hamiltonian operator (H), a fundamental operator

that represents the total energy of a system, including the kinetic and potential energies.
A=T+7V
Equation 22. The Hamiltonian operator H is the sum of the kinetic energy operator T, and the
potential energy operator V.
These two energies can be further divided into:
H=T,+Ty+Vyo+ Vo + Vyn

Equation 23. Decomposition of the Hamiltonian operator (H) into its different kinetic and potential
energy terms. T,: electrons’ kinetic energy; Ty : nuclei’s kinetic energy; Vy.: nuclei-electron

attraction; V,,: electron-electron repulsion; Vyy: nuclei-nuclei repulsion.

All these energy terms of the Hamiltonian can be differentiated as follows:
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Equation 24. Differentiation of the energy terms of the Hamiltonian in atomic units for simplicity.
KE: kinetic energy; N: number of electrons; M: number of nuclei; M,: mass of nucleus A; Z: atomic
number; 1;,: distance between electron i and nucleus 4; r;;: distance between electrons i and j;

92 92

R,p: distance between nuclei 4 and B. V? is the Laplace operator and is equal to + a2 o

3.5. Variational Principle

We can only solve Schrédinger's equation analytically for a few cases, such as the
“particle in a box”, harmonic oscillator, rigid rotor, and the hydrogen atom. For all other
cases, the best we can do is solve approximate wave functions for every other possible
Hamiltonian that comes up. Approximate solutions are obtained using techniques like the

variational method or the perturbation theory, which we shall see in later sections.

Using the variational method, we are able to find the best possible approximation for the
ground state energy and wavefunction of a quantum mechanical system where we do not
know the exact result. It states that the true ground state of a system (i.e., the most stable
state of a system — the one with the lowest energy) is the state that minimizes the
expected value of the system’s energy. This principle can approximate the behaviour of
quantum systems by finding the state that minimizes the expected value of the system’s
energy. Of notice is that the energy obtained from using the variational principle is always

greater than or equal to the energy of the ground state.
Ey < Ey

Equation 25. The Variational Principle states that the energy of any approximate ground state
wave function is always greater than or equal to the exact energy of the ground state. E,: exact

ground state energy; E4: approximate ground state energy.

The energy of the trial wavefunction can be calculated as follows:
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Equation 26. The energy of the trial wavefunction can be calculated as the expectation value of

the Hamiltonian (numerator) divided by the normalization integral (denominator). Ey: approximate
ground state energy; i,: complex conjugate of the approximate ground state wavefunction; 4:

approximate ground state wavefunction; H: Hamiltonian acting on Y-

3.6. Born-Oppenheimer Approximation

The Born-Oppenheimer approximation is a quantum mechanics technique that simplifies
the Schrddinger equation’s resolution (196). It is based on the assumption that since
Muyciei > Me, the dynamics of atomic nuclei and electrons can be separated. Therefore,
as the nuclei are much heavier than the electrons, they move slower. There is a minimum
of three orders of magnitude mass difference between electrons and nuclei. So given the
same amount of kinetic energy, Exg, electrons will move much faster than the nuclei. In
other words, from the perspective of the electrons, the nuclei are fixed in place. Whereas
from the perspective of the nuclei, the electron positions “update instantaneously”. As
such, the Hamiltonian can be split into electronic and nuclear parts that can be solved

separately.
H= ﬁelec + ﬁnucl
Equation 27. Division of the Hamiltonian operator (H) into electronic (H,,..) and nuclear (H,,.)

Hamiltonians.

The electronic Hamiltonian (H,,,.) is given by the sum of the electrons’ kinetic energy (T.)
and the potential energy associated with the nucleus-electron attraction (Vy.), and the

electron-electron repulsion (,,).

Equation 28. Electronic Hamiltonian (H,..).

On the other hand, as the nuclei are (temporarily) not allowed to move, their kinetic

energy is zero. Additionally, for a given set of nuclei positions, the nuclei-nuclei repulsion
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does not change, so it can be described as a constant. So, traditionally, the potential

energy term Vy, can be included in the electronic Hamiltonian H,,,..

M M M
_ 1w 1, 775 .
Hnuclz_zz_AvA'i'zz Rip =Ty +Vyn

Equation 29. Nuclear Hamiltonian (H,,,.;).

Therefore, from now on, we can focus on solving the electronic Hamiltonian to find the

ground state, i.e., the ¥, that gives the lowest E,,.

3.7. Basis Sets

The electronic wavefunction of a single electron system depends only on the nuclear
coordinates (fixed based on the Born-Oppenheimer approximation) and the electron’s
coordinates. However, to conceptualize the wave function of a multi-electron molecule, we
must consider all the orbitals involved. We can then construct a guess of the system’s
wavefunction by combining atomic orbitals or hybrid orbitals from each atom of the

molecule or other molecular orbitals from groups of atoms.

K
Xi = Z Cui X[.L
u=1

Equation 30. Representation of an orbital as the sum of K basis functions. y;: orbital i; K: number

of basis functions; C,;: coefficient; 7,: basis function.

Linear Combination of Atomic Orbitals (LCAQO) is a quantum chemistry method that
combines all the individual atomic orbitals - basis sets - to obtain the molecular orbitals of
a system. There is only one requirement here: we must know the wave function of all the
atomic orbitals of the system. Since Schrédinger’s equation can only be solved exactly for
hydrogen and hydrogen-like systems, it is imperative to determine the equation for the

remaining atoms.

Different families of functions have been developed to overcome this problem in order to
reproduce the properties required for an atomic orbital. In addition, different basis sets
provide varying degrees of accuracy in the description of orbitals, resulting in different

computational costs.
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In theory, the system would have the most accurate wave function if there were an infinite
number of basis sets. Nevertheless, it is not possible to compute an infinite number of
functions. Since only a limited number of functions are used, the basis set is truncated,
resulting in additional error. Hence, our objective is to minimize the number of basis

functions while maintaining a reasonable level of accuracy.

The Slater Type Orbitals (STO) and the Gaussian Type Orbitals (GTO) were two of the
first basis sets developed for studying molecular systems.

3.7.1. Slater and Gaussian Type Orbitals

There are two main types of atomic orbitals, the Slater Type Orbitals (STO) and the
Gaussian Type Orbitals (GTO).

For an atom with atomic number Z, the STO is described as the function of the effective

nuclear charge Z, and the quantum numbers associated with the orbital: n, [, and m;.
Xsto = NY; (6, Q)rtle=ST

Equation 31. STO equation. N: normalization constant; Y;,,: spherical harmonic functions that
depend on the angular momentum quantum number [ and the magnetic quantum number m;; n:

principle quantum number; {: constant related to the effective charge of the nucleus.

However, it is relevant to note that STO basis sets lack an adequate description of
orthogonal orbitals with different n. Moreover, STOs are highly computationally expensive
when applied to large molecules. As a result, GTOs have been developed to facilitate the

computation of ab initio calculations in large systems.

Xero = NY; (6, @)rin2-le=¢ v

Equation 32. GTO equation. N: normalization constant; Y, ,,: spherical harmonic functions that
depend on the angular momentum quantum number [ and the magnetic quantum number m;; n:

principle quantum number; {: constant related to the effective charge of the nucleus.

GTOs are characterized by their mathematical simplicity, which makes them
computationally less demanding. The reason is that the product of two Gaussian functions
at different centres is equivalent to a single Gaussian function centred at a point between

those two centres. As a result, a two-electron integral on three or four different atomic
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centres can be reduced to an integral on only two centres, which is much more efficient

from a computational standpoint.

Despite this, GTOs suffer from a significant disadvantage when it comes to describing
electrons around the nucleus. For instance, the orbital 1s has a cusp at the atomic centre
that is well described by STOs but cannot be accurately described by GTOs. Since GTOs
do not accurately describe atomic orbitals near the nucleus, large basis sets are required
to achieve a reasonable level of accuracy, which in turn requires more computational

power.

In response to this problem, contracted Gaussian functions (cGTO) have emerged,
combining STO and GTO’s strengths. By combining a set of primitive GTOs, these

functions can describe atomic orbitals more efficiently.

3.7.2. Contracted Basis Sets

The contracted Gaussian-type orbitals (cGTOs) alleviate the abovementioned problems
by combining several GTOs. Over the years, several cGTOs have been developed,
particularly those developed by J. Pople (197,198), R. Ahlrichs (199), and T. Dunning
(200).

3.7.2.1. Pople style basis sets

The Pople’s basis set family consists of some of the most frequently used basis sets.
Pople’s basis sets, combined with methods like the B3LYP DFT functional (described later
in this chapter), have led to excellent results for a wide range of molecular systems

(46,201-210). For this reason, it was one of the methods of choice used in this work.

It belongs to the family of split-valence basis sets since it is based on the fact that
chemical bonding affects valence and core orbitals differently. As valence orbitals are
widely affected, it makes sense to use a valence basis function that is more flexible than a

core basis function

For example, the 6-31G basis set uses six primitive Gaussian functions (denoted by the
“6”) to describe the core atomic orbitals. On the other hand, the “31” after the hyphen
means that the valence orbitals are composed of two basis functions each. The first is

composed of a linear combination of three primitive Gaussian functions, while the other is
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composed of only one primitive Gaussian function. In other words, 6-31G is a split-
valence double-zeta basis set. The letter “G” at the end denotes that the primitive

functions used are Gaussian functions.

a. Diffuse and polarization functions

Pople’s basis sets are usually employed in a more complete form to better represent
intermolecular interactions, with the addition of polarization (211) and diffusion (212)
functions. For example, the 6-31G(d,p) basis set contains one set of first polarization
functions applied on all atoms. Additionally, diffuse functions can be included to describe
the electron density of ions more accurately. Similarly to the polarization function, diffuse

functions can be applied solely to heavy atoms (6-31+G) or to all atoms (6-31++G).

3.7.2.2. Ahlrichs basis sets

Another split-valence basis set family is the def2 basis sets of the Ahlrichs group.
Compared to the Pople basis sets, these are more consistent across the periodic table,
hence being the default recommendation in the ORCA software. Their naming scheme is
def2-XVP, where X can be S, TZ, or QZ, representing double-zeta, triple-zeta, and
quadruple-zeta, respectively.

Def2 basis sets already include polarization functions by default (hence the letter P on
their name, e.g., def2-SVP). However, contrarily to the Pople’s basis sets, initially, they did
not have any way to include diffuse functions. Nowadays, this matter has been solved with
the development of new def2 basis sets that include diffuse basis functions, which can be
distinguished by adding the letter “D” to the end of the basis set name (e.g., def2-SVPD).
However, due to their increased computational cost, they should be used strictly when

necessary.

Regarding their use, a double-zeta basis set like def2-SVP is usually enough for initial
geometry optimizations, resulting in reasonably good structures. However, as a rule of
thumb, further optimizations should be performed with a triple-zeta basis set like def2-

TZVP. At this point, molecular geometries will be fairly converged.
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3.7.2.3. Dunning’s correlation consistent basis sets

Even though the mentioned approaches provide accurate results, particularly regarding
the molecules’ geometry, several other basis sets include a more accurate description of

their electrons.

Currently, the cc-pVNZ basis set family is widely used to provide a more accurate
description of the orbitals at an affordable computational cost. Developed initially by
Dunning, these basis sets were improved to include polarization (represented by “p”) and
electronic correlation descriptions (represented by “c”) with the “N” taking the form of D, T,
Q, 5, 6, and so on, which corresponds to double-, triple-, quadruple-, quintuple-, sextuple-
zeta, etc. (200).

Similarly to the other basis sets, diffuse functions can be added to cc-pVNZ functionals to
improve the description of anions and long-range interactions. This results in the

subfamily of basis sets known as aug-cc-pVNZ (213).

Unfortunately, cc-pVNZ basis sets are computationally more expensive than Pople’s and
Ahlrichs’, which prevents their application to geometry optimization of large molecular
systems. Therefore, it is common to perform an initial geometry optimization using a
Pople’s basis set, such as 6-31G(d,p), followed by an energy refinement through single-

point calculations using cc-pVNZ basis sets.

a. Basis set extrapolation

In modern computational chemistry, quantum chemical calculations are performed using a
finite set of basis functions. When the finite basis is expanded towards an (infinite)
complete set of functions, calculations using such a set are said to approach the complete
basis set (CBS) limit.

A basis set extrapolation is a method of estimating the properties of a system from a
limited number of calculations. This is done by extrapolating the results of these

calculations to a larger basis set.

The family of Dunning’s correlation consistent basis sets was designed with the
systematic convergence of post-Hartree—Fock calculations (described in detail in the

following sections) to the complete basis set (CBS) limit using extrapolation techniques.
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A typical workflow is to perform single-point energy calculations with a crescent series of
basis sets (e.g., cc-pVDZ and cc-pVTZ) and then extrapolate the energies to the CBS
limit. Currently, all this process is performed by the ORCA software in an automatized

manner.

3.8. Electronic Hamiltonian

3.8.1. Hartree-Fock

An exact wave function can only be determined for systems with one electron, such as the
hydrogen atom. An atom or molecule with more than one electron is called a many-
electron system. Unfortunately, the Schrédinger equation cannot be solved exactly for
those systems. The Hartree-Fock method, however, can be used to obtain an accurate
wave function by taking an initial guess at the wave function. In this approach, a multi-
electron wavefunction is written as a product of single-electron wavefunctions. In
conceptual terms, we convert a multi-electron atom into a collection of individual electrons
located in individual orbitals whose spatial characteristics and energies can be studied

separately.

Using the Hartree-Fock method, single-electron wavefunctions, referred to as atomic (if
pertaining to single atoms) or molecular orbitals, can be used to describe a many-electron

system.

It all started in 1927 when Douglas R. Hartree introduced a procedure called Self-
Consistent Field (SCF) (214). This method is a practical application of the variational
principle, meaning that it will iteratively modify the wavefunction until a predetermined
threshold is reached, resulting in an energy closer and closer to the actual energy of the
ground state. To achieve this, a set of three-dimensional atomic nuclei coordinates is used
to create an initial guess of molecular orbitals using the SCF method. Next, the Fock
matrix is generated and diagonalized for SCF convergence testing. In the event the SCF
test fails to meet the predefined thresholds, a new Fock matrix is generated and tested.
Otherwise, the Fock matrix is used to calculate the properties of the system, and the
calculations are complete. SCF cycles are repeated until the criteria have been met or a

software-imposed maximum number of cycles has been reached.
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3.8.1.1. Many-Electrons System

In a many-electron system, there are a large number of electrons that interact, repelling
each other. Thus, if these electron repulsions are neglected, a many-electrons system can
be treated as a sum of n one-electron equations. The wave function (¥(ry, ... ,ry)) can be

approximated as a product of individual electron wavefunctions:

Y(ry, v Iy) 2P (D) P21 o Py (D)

Equation 33. Wavefunction as a product of individual electron wavefunctions.

This approximation is known as a Hartree product. However, this represents a problem as
electrons should be indistinguishable among themselves and therefore do not obey the
principle of antisymmetry of the wave function. This was one of the points that led to the

development of the Hartree-Fock theory as we know it.

3.8.1.2. Hartree-Fock Theory

Hartree-Fock was the first method to treat many-electron systems in computational
chemistry successfully. In HF theory, the wavefunction is described as the product of all

the orbitals.

However, the HF theory introduces an approximation regarding the interelectronic
repulsion, where the movement of the electrons depends only on the average field of the
other electrons and the electrostatic field created by the nuclei. Consequently, each
electron’s wave function can be expressed as a function of the system’s electrostatic field

generated by all other electrons.

Considering that each electron must obey Pauli’s exclusion principle (215), every one-

electron function (¢(r$)) must be multiplied by its spin function (a or B):
x(Xy) = dp(Xy) - a
Equation 34. One-electron spin-orbital.

Consequently, the wave function (W) of such a system can then be written as a product

of N spin-orbital functions (y(xy)):

Pur (X, Xz, 0+, Xy) = x1(X1) x2(X2) - xn (Xn); X=xY20

Equation 35. Wavefunction as a product of N spin-orbital functions.
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3.8.1.3. Pauli Exclusion Principle and Slater Determinants

The Pauli exclusion principle states that two electrons with the same spin cannot occupy
the same orbital (215). As a result, the wave function must be antisymmetric to allow the

interchange of any two electrons with different spin states in the same final orbital.

In order to fulfil such a requirement, an antisymmetric wave function can be constructed
using one Slater determinant (216) (Equation 36). A Slater determinant is a mathematical
expression that describes the wavefunction of a many-electron system. It is named after
John Slater, who introduced it in 1929 to ensure the antisymmetry of a many-electron

wavefunction and, consequently, the Pauli exclusion principle.

x1(X)  x2(X) e xn(X)
W(Xy,Xp, 0, Xy) = \/% Xl(EXZ) XZ(EXZ) XN(EXZ) ; X=x7Y20
xi(xy)  x2(Xy) o xn(Xy)

Equation 36. Slater determinant for an N-electron system. y(x): spin-orbital where x denotes the

position and spin of a single electron.

The Slater determinant represents every possible combination for an N-electron system in
which the columns correspond to each electron’s spatial spin wave function and the rows

to its coordinates.

3.8.1.4. Hartree-Fock Limit: Electron Correlation

The HF equations can be used with additional determinants to account for more electronic
phenomena. By doing this, the wave function starts to converge toward an exact solution

of the electronic Schrédinger equation.

The SCF approach provides a simple way for the HF method to test and achieve accurate
molecular geometries and properties, but this is only true for “well-behaved” molecular
systems. Due to this, HF can only be used successfully for closed-shell electronic
configurations and systems with low degeneracy of molecular orbitals. Furthermore, HF
treats electrons as non-interacting particles, which is not true since electrons repel each
other by having the same charge. Therefore, there is an energy difference between the
one obtained with HF and the exact solution of the non-relativistic Schrodinger equation —
the electron correlation energy. This difference results from the overestimation of the

electron repulsion in HF.
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Closed-shell systems usually present good results with HF due to having a minimal
correlation energy contribution. However, these correlation effects play a more significant
role in chemical reactions involving open-shell systems or electron transfers, where

electron correlation is essential for accurately describing the chemical system.

3.8.2. Post-Hartree-Fock Methods

Hartree-Fock (HF) was one of the first attempts to apply the Schrédinger equation to more
complex systems containing more than one electron. However, due to its significant
limitations, HF is unsuitable for accurately studying most chemical phenomena. Its main
weakness is that it relies on the average contribution of electrons, its “mean-field”. As a
result, interactions between electrons are not explicitly considered, which neglects the
electron correlation effect. By incorporating electron correlations into Hartree-Fock
methods, post-Hartree-Fock methods improve upon Hartree-Fock. Some of these
methods include the Configuration Interaction (Cl), the Multiconfiguration Self-Consistent
Field (MCSCF), the Mgller-Plesset (MP) Perturbation theory, and the Coupled Cluster
(CC) theory. Nevertheless, despite these methods being more accurate, they are also
more computationally demanding, which means they are not always suitable for the study

of large molecules.

3.8.2.1. Configuration Interaction (ClI)

In the HF method, a finite basis set expansion yields a finite set of molecular orbitals. As a
result, a basis set with N, members will have N, molecular orbitals. Furthermore, when
the N, molecular orbitals are ordered from lowest to highest energy half will be doubly
occupied with electrons, which corresponds to the ground-state wavefunction. However,

half of the virtual unoccupied antibonding orbitals remain empty.

Singly excited states are created when a single electron is promoted from an occupied
spin-orbital to an unoccupied virtual spin-orbital. Similarly, a double excited state can be
achieved if a second electron follows the same behaviour but for a different unoccupied
virtual spin-orbital. In other words, multiple excited states that respect the required
electronic symmetry can be formed. In addition, these states, also called determinants,

can be linearly combined to form a configuration state function (CSF).
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Accordingly, we can write the exact ground-state wavefunction (¥ ) as a linear
combination of all possible Slater determinants that arise from a complete set of spin
orbitals:
=Wt ) RWI+ ) CHIWII+ Y I +
ap

a<b a<b<c
p<q p<q<r

Equation 37. Exact ground-state electronic wavefunction ¥ where the c¢s represent expansion
coefficients and the limits in the summation indices (a < b, etc.) ensure that a given excited

determinant only appears once in the summation.

The configuration interaction (Cl) method is an ab initio method based on this approach.

When the exact ground-state wave function is computed using the Cl method, the energy
calculated is the exact non-relativistic ground-state energy. As a result, the correlation
energy corresponds to the difference between this exact energy and the one computed

with HF and an infinite basis set (i.e., at the HF limit).

The CSF provides an exact wave function for a particular system, but it is computationally
impossible to solve it with an infinite set of Slater determinants constructed from an infinite
set of spin-orbitals. However, when only the determinants of a particular symmetry are
included in the calculation, this cumbersomeness can be alleviated. The full Cl is
calculated by considering all CSFs for a certain symmetry and a finite basis set. Given a

specific basis set, the full Cl is the best Cl calculation that can be made.

Thus, the correlation energy can be calculated using the difference between HF SCF and
full Cl calculations using the same basis set for Cl calculations. The resulting basis set
correlation energy becomes closer to the exact value if the basis set is enlarged in both

calculations.

Despite the promising results, Cl's application is computationally too expensive for its
application in the study of interesting chemical problems. As a result, truncated versions of
Cl methods have been developed to account only for the ground-state and doubly excited

states (DCI) or the ground-state, singly excited, and doubly excited states (SDCI).

Moreover, Cl calculations are also criticized for their lack of size consistency. In other
words, the energies obtained by Cl methods are not proportional to the number of
electrons in the system. Thus, the total energy of two particles separated by an infinite

distance does not equal the sum of their energies. Additionally, the magnitude of the size
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consistency error increases with increasing molecular system sizes. On the positive side,

the Cl method obeys the variational principle.

3.8.2.2. Multiconfiguration Self-Consistent Field Methods

Unlike the Cl method, in which the expansion coefficients ¢y (Equation 37) are calculated
with HF and kept throughout the entire calculation, the multiconfigurational self-consistent
field (MCSCF), a refined variation of the Cl method, reoptimizes the coefficients
throughout the calculation. While MCSCF is computationally demanding due to these
additional calculations, it yields more accurate results by including fewer configuration

state functions (CSFs).

In particular, the complete active space self-consistent field (CASSCF) method is a
method that uses the MCSCF approach to study excited states. This method has three

types of spatial wave functions: inactive, virtual, and active.

Inactive orbitals are made up of wavefunctions with the lowest energy that are doubly
occupied. On the other hand, virtual orbitals are composed of the highest energy wave
functions, which are entirely unoccupied. Lastly, active orbitals include orbitals with
intermediate energy that do not fall into either of the previous two categories. Thus, the
CSFs considered by a CASSCF calculation only depend on the states of electrons in the

considered active orbitals.

As a result, the successful application of CASSCEF is highly dependent on the choice of
active orbitals. Therefore, CSF choices are based on molecular orbital theory, considering

all bonding, non-bonding, and antibonding orbitals as active orbitals.

Although MCSCF methods have improved accuracy by using fewer CSFs than CI

methods, size consistency remains a problem.

3.8.2.3. Mgller-Plesset Perturbation Theory

Since the CI method lacks size consistency, the Perturbation Theory (PT) was developed

to provide a consistent approach to finding the correlation energy.

There are, however, disadvantages to the PT method, including the fact that it is not
based on the variational principle. Thus, it is not guaranteed that the calculated energies

will always be higher than the exact energies. In addition, since energies can be higher or
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lower than the exact energy, one cannot ensure that the result evolves toward the exact

solution’s direction.

The Many-Body Perturbation Theory (MBPT) is the application of the PT method to a
system with many interacting particles. This approach was first introduced by C. Mgller
and M.S. Plesset in the form of the Mgller—Plesset Perturbation Theory (MPPT) (217).

MPPT uses the zero-order Hamiltonian (Hyr) from the HF-SCF method, which can be

written as the sum of one-electron Fock operators (f;):

Ne
Hyp = z fl
i=1

Equation 38. Zero-order Hamiltonian (Hyr) given by the sum of N, one-electron Fock operators

(fi), where N, is the number of electrons in the system.

Calculation of the perturbation (H,.,;) is based on the difference between the electronic

Hamiltonian (H,,;..) and the zero-order Hamiltonian (Hyp):
Hpert = Hejec — Hyr

Equation 39. Perturbation contribution. H,,,.: electronic Hamiltonian.

As a result, for electron i, the perturbation (H,,,.(i)) can be expressed as:
N 1 . .
Hyere@ = Jo ) == > {2m(®) — Kn (D)}
;Y m

Equation 40. Perturbation contribution for electron i. i and j: electrons; m: occupied molecular

orbitals; J,,,: Coulomb operator; K,,,: exchange operator.

Essentially, the MPPT method takes advantage of the HF method and attempts to include

electron correlation contributions through perturbations to the Fock operators.

It is possible to apply perturbation equations to integer orders of zero to n, but MP0O and
MP1 provide a null contribution to the energy calculation. Therefore, only for perturbation
equations of higher order (MP2, MP3, MP4, etc.), thus the electron correlation contribution
begins to be appropriately accounted for in the Hamiltonian. Unfortunately, MP
calculations get more costly with the number of basis functions used, so some high-order

MP methods are not practical for larger systems.
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Even though MP methods are size consistent, they do not rely on the variational principle,
so the effect of applying evermore complete basis sets can be unpredictable. Moreover,
higher-order MP methods do not necessarily provide better results, even though the

accounted electron correlation contribution also increases.

3.8.2.4. Coupled Cluster (CC)

Coupled-cluster theory (CC) is another alternative to Cl and MPPT (218). Like MPPT, the

CC method is size consistent but does not follow the variational principle.

By introducing the cluster operator (C), the CC method establishes a relationship between

the exact electronic wave function (¥) and the HF wave function (¥,):
Y =ely,

Equation 41. According to the CC method, the exact electronic wavefunction ¥ is a product of the

exponential operator e, and the HF wavefunction ¥,,.

As defined by Equation 42, the exponential operator (e®) is defined by a series expansion
that represents the sum of the effects of one-electron, two-electron, three-electron, up to
N-electron excitation operators (Equation 43).

1 1
c— 2434,
e —1+C+2!C +3!C+

Equation 42. Exponential operator e defined by a series expansion.

C=C1+C2+"'+CN

Equation 43. Cluster operator C.

Since the CC method is too computationally demanding, it is common for the cluster
operator to be truncated. As a result, the method only includes double excitation
determinants (CCD), single and double excitation determinants (CCSD), or single, double,

and triple excitation determinants (CCSD(T)).

It is possible to perform more accurate calculations with the same computational effort as
Cl and MPPT due to the mathematics behind the cluster operator. The CC methods, in
particular, allow the inclusion of triplet excitation determinants (CCSD(T)) with relatively

low computational costs. Thus, CCSD(T) is, nowadays, considered the “gold standard” of
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accurate computational calculations, with an error of less than 1 kcal.mol”'. Thus,

benchmark studies of other functionals and methods often use CCSD(T) as a reference.

a. Domain-Based Local Pair Natural Orbital (DLPNO) Coupled-Cluster Method

Even though CC methods, such as CCSD(T), provide a relatively good balance between
accuracy and computational cost, they are still very demanding for systems larger than a
few dozen atoms. Therefore, it is virtually forbidden to use CCSD(T) in the study of

biomolecular systems.

A novel approach developed by Neese and his colleagues aiming to reduce the
computational cost associated with using the CCSD(T) method has been developed, the
Domain Based Local Pair Natural Orbital (DLPNO), which takes advantage of the locality
of the electron correlation component of CCSD(T). DLPNO-CCSD(T) classifies electron
pairs as weakly or strongly correlated according to a threshold energy value for pair
correlation energy. CC is then used to compute strongly correlated electrons, while MP2 is
used to compute weakly correlated electrons. Moreover, the DLPNO method is highly
flexible, being possible to alter its accuracy by just changing a few controllable thresholds.
It has been demonstrated that DLPNO-CCSD(T) is 99.9% accurate compared to the
canonical CCSD(T) method, reaching differences below 1 kcal.mol" while doing so at a
much lower computational cost. Besides, the DLPNO-CCSD(T) method scales almost
linearly with system size. For all these reasons, the DLPNO-CCSD(T) method has been
used with success in several studies of enzymatic catalytic mechanisms, where more than
100 atoms were treated with QM (219-223).

3.8.3. Density Functional Theory

Density functional theory (DFT) has become one of the most popular computational
methods for computing molecular electronic structures. By using DFT, we can express the
energy of an electronic system in terms of its electron probability density, p. Therefore, for
a Ne-electron system, p(r) is a function that gives the total electron density at a particular
point in space, r. As such, we can obtain a single energy value for any given function p(r)

by treating the electronic energy E as a functional of the electron density (denoted as

E[p(nN]).



FMUP 73

Innovative Approach to Fight Tuberculosis and Malaria Targeting
the Extraordinary PLP Synthase Macromolecular Complex

But first of all, what is a functional? In simple terms, a functional is a function of a function.
Mathematically, a functional takes a function as its input and outputs a single number. For

example, consider the functional F[f (x)] that can be described as:

1
FIF (0] = f f () dx
-1

Equation 44. Hypothetical functional F[f (x)].

So, if hypothetically, f(x) = x2 + 1, the functional of f(x), F[f(x)] = g.

Moreover, a key advantage of DFT is that a N,-electron molecule can be represented by a
single three-dimensional function, the electron density, without being constrained by
permutation symmetry. On the other hand, a wavefunction approach relies on a 3N,-
dimensional function with many constraints to ensure that it is fully antisymmetric. In
addition, the wavefunction of a N,-electron molecule has cusps where electrons approach
each other, whereas the electron density has none because it does not explicitly consider

inter-electron distances.

Thus, a system of N electrons can be seen as a continuous distribution of electrons
influenced by the external potential of positively charged atomic nuclei. Therefore,

electron density can be directly related to electrons’ kinetic and potential energies.

The electron density at the nucleus region p(r,) of an atom A with an atomic charge Z, is
given by the following equation. Since nuclei are point charges, they can be regarded as

local maxima in electron density p(r).

d
a—ﬁ(rA) lra=0 = —2Z,p(rp)
la

Equation 45. Electron density at the nucleus. p: spherically averaged density; Z: atomic number.

In short, DFT rests on two fundamental theorems proved by Kohn and Hohenberg and on
a later derivation of a set of equations by Kohn and Sham that we will see in the following

sections.

3.8.3.1. Hohenberg-Kohn Theorems

According to two fundamental theorems by Hohenberg and Kohn, DFT can be applied to

quantum mechanics (224).
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The first of the Hohenberg-Kohn theorems states that the ground-state energy of a many-
electrons system, E,, is a unique functional of the ground-state electron density p,(r),

which in turn is a function of only three spatial coordinates (x, y, and z).

Ey = E [po(N)]

Equation 46. Ground-state energy E, as the functional of the electron density p,(r).

The second theorem states that the electron density that minimizes the energy of the

overall functional is the true ground state electron density.

E[p(N] = E [po(N]

Equation 47. Second theorem of Hohenberg-Kohn.

This theorem can be seen as the DFT version of the variational principle. However, while
in theory, DFT should be variational, the variational principle introduced by the second
theorem of Hohenberg-Kohn only applies to the exact XC functional. Since the exact XC
functional is unknown, approximate XC functionals are used, which means that the
variational principle does not work in practice, as we can get energies lower than the
ground-state energy. This is contrary to Hartree-Fock, which is purely variational (i.e., its

energies are always higher than the actual value).

3.8.3.2. Kohn-Sham Equations

As of now, only the general formalism of DFT has been presented. However, no guidance
has been provided regarding how to apply DFT in practice. It was not until 1965 that W.
Kohn and L.J. Sham introduced the first approach that allowed us to do so (225,226). In
order to construct a set of equations that could be solved, Kohn and Sham considered a
hypothetical reference system consisting of N,-non-interacting electrons that “felt” an
arbitrary external potential v,.((r) so that the electron density of the reference system
(prep(r)) would approximate the true electron density (p(r)). As such, the hamiltonian for

the reference system is given by
Ne

h
href = Z h{“; h{“ == m
i=1 e

2

VL2 + 177'ef (ri)

Equation 48. Hamiltonian for the reference system.
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The one-electron Kohn-Sham orbitals X5 are eigenfunctions of the one-electron Kohn-

Sham hamiltonians hXs:
YIS (@) = et i (O

Equation 49. Kohn-Sham orbitals.

Despite the similarity between the equations for DFT and those for HF methods, the
calculation of electron-electron interactions is slightly different. In contrast to HF methods
that apply the Fock operator to all electron-electron pairs using two operators, DFT
calculates the interaction using a one-body operator. The electron-electron interactions
(Coulomb repulsion and exchange-correlation) are calculated in DFT from the interaction
of each electron with the electron density. As a result, DFT calculations can be performed
much faster than HF-based methods (for the same accuracy) since the number of

integrals that need to be solved is reduced.

3.8.3.3. Exchange-Correlation Density Functionals

Due to the absence of consideration of electron interactions, Equation 48 does not
provide accurate results even though the DFT Hamiltonian is exact. Because of this,
several approximate schemes have been developed to address this issue by adding
exchange and correlation effects functions ( vyc[p] ) to the Hamiltonian. DFT’s
implementation became almost semi-empirical due to these approximations, even though

its formalism is not empirical.

Today, several functionals have been developed to minimize the primary source of error in
DFT, i.e., the calculation of the exchange-correlation energy (Exc[p]). The exchange-
correlation energy is a sum of the contributions of both exchange energy (Ex[p]) and

correlation energy (E:[p]):

Exclp] = Ex[p] + Ec[p]

Equation 50. Exchange-correlation energy.
Due to its more significant contribution to energy, the exchange term usually prevails over
the correlation.

A drawback of the DFT method is the need to use approximations to account for

exchange-correlation effects. Although the variational method can still be applied, the
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resulting energies will no longer be consistently higher or equal to the real system energy.
As a result, the quality of the results no longer depends on how low the system’s energy

level is.

As mentioned above, many DFT functionals have been adjusted to reproduce accurate
results. However, the adjustments included in the exchange-correlation functions are
inadequate for developing a “perfect” functional. There are, however, some properties a

“perfect” functional should fulfil:

1. In theory, self-interaction should not affect the energy functional. In other words, a
one-electron system, such as the hydrogen atom, should have an exchange energy
(Ex[p]) that cancels out the Coulomb energy and a correlation energy (E:[p]) that is

Zero.

2. A linear scaling of the exchange energy (Ex[p]) is expected when electron

coordinates are multiplied by a constant factor.

3. Unlike exchange energy, correlation energy (E-[p]) is not governed by a direct
scaling rule. However, scaling electron coordinates by a factor greater than one

should increase the correlation (and vice versa).

4. For finite systems, the correlation energy (Ex[p]) approaches a negative constant as

the scaling parameter increases to infinity.

5. Since the Coulomb potential corresponding to a single positive charge must be
exactly cancelled for a neutral atom, the exchange potential (Ex[p]) should exhibit an

asymptotic —r~* behaviour as r — oo.

6. Ideally, the correlation potential should exhibit asymptotic —%ar“‘ behaviour, with a

representing the polarizability of the N,;,. — 1 system.

As a result, developing DFT functionals requires adjusting parameters to satisfy the above
criteria or fit experimental data. Additionally, this approach leads to wide variation in the
accuracy of DFT functionals for different molecular systems. Furthermore, unlike ab initio
methods, where CCSD(T) is considered the “gold standard”, there is no “gold” DFT

functional.

This will be followed by a discussion of some DFT functionals that have been developed
and are generally employed by the scientific community. In general, methods are selected

based on their popularity, determined by how many studies have used them with success.
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The rationale is that a method that has been tried and tested repeatedly with success has

proven its worth more than one that has not.

As opposed to ab initio methods, in which their quality is determined by how electron
correlation is accounted for, DFT does not follow this principle because the exchange-
correlation energy is mostly empirically determined. Nevertheless, Perdew’s Jacob’s
ladder (Figure 13) is the most prominent attempt to categorize density functionals (227).
Using electron density descriptors for the exchange-correlation term, functionals are
ranked based on their degree of approximation, which can be roughly correlated with their

expected accuracy. Therefore we will now look in more detail at some of these methods.
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Figure 13. Categorization of the exchange-correlation density functionals according to Perdew’s
“Jacob’s ladder”. Adapted from (228).
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a. Local Density Approximation (LDA)

In density functional theory (DFT), local density approximations (LDA) represent a class of
approximations to the exchange-correlation (XC) energy functional based on the
electronic density at every point in space (instead of derivatives of the density or the
Kohn—Sham orbitals, for example). Homogeneous electron gas (HEG) models provide the
best local approximations of XC energy, which can be applied successfully to real

systems such as extended metallic systems (but not to typical molecular systems).

However, local-density approximations are essential to construct more sophisticated
approximations to the exchange-correlation energy, such as generalized gradient
approximations (GGA) or hybrid functionals. An important property in any approximate
exchange-correlation functional is that it reproduces the exact results of the HEG for non-
varying densities. Therefore, LDAs are often explicitly included within such functionals.
Moreover, if the electron’s spin is considered, the functional is called Local Spin Density

Approximation (LSDA) instead.

b. Generalized Gradient Approximation (GGA)

The main drawback of LDA is that it assumes that density is constant everywhere, which
results in an overestimation of correlation energy and an underestimation of exchange
energy. To account for the inhomogeneity of the electron density, it is common to expand
in terms of the gradient of the density. As a result, corrections can be made based on
changes in density away from the coordinate, which makes the so-called generalized
gradient approximation (GGA) more accurate than the LDA. By using GGAs, it is possible
to obtain very reliable results for molecular geometries and ground-state energies. Some
of the most prominent GGAs are the Perdew-Burke-Enzerhof (PBE) exchange and
correlation functionals (229,230) and the BLYP, formed by the Becke exchange (B88)
(231) combined with the Lee-Yang-Parr (LYP) correlation functional (232).

Meta-GGAs, a natural development after GGA functionals, are potentially even more
accurate. This is because the exchange-correlation potential of a GGA includes only the
density and its first derivative. In contrast, the meta-GGA includes additional local
information, such as the kinetic energy density or the Laplacian (second derivative) of the
electron density. Popular meta-GGAs are the Tao-Perdew-Staroverov-Scuseria (TPSS)
functional (233), the Minnesota functionals M06-L (234), M11-L (235), and MN12-L (236)
by Truhlar and his coworkers, and the r’'SCAN (237,238).
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c. Hybrid Functionals

A hybrid functional is created by combining exchange and correlation GGA functionals
with an HF exchange contribution (also known as exact exchange). Typically, some
parameters are also included to define each term's weight in the hybrid functional. These
parameters are usually determined by fitting the functional’s predictions to experimental
data.

For example, in the case of the popular B3LYP functional (239,240), its exchange-

correlation energy is given by:
EZZP = [A-EfF + (1 - A) - Eg*P4 + B - AEG®) + [C - EE"P + (1 - C) - EE™M]

Equation 51. Exchange-correlation energy of the B3LYP functional. A, B, and C are empirical

parameters.

Where B3LYP empirical parameters A, B, and C are 0.20, 0.72, and 0.81, respectively.

In general, adding HF exchange to the functional significantly improves the accuracy of
DFT results. Consequently, the amount of HF in the functional profoundly impacts the
accuracy for different chemical systems and for calculating different properties. Therefore,
it is crucial to make a careful choice to ensure that the DFT functional used accurately

describes the chemical system of interest.

In summary, DFT is an excellent tool for studying various interesting chemical processes
involving hundreds of atoms. Furthermore, the computational cost of DFT calculations is

typically lower than wavefunction-based methods within the same accuracy range.

When studying reaction mechanisms, as was done in this work, it is common to use a
hybrid DFT functional to optimize the molecular geometry of the system of interest and
then use highly accurate wavefunction-based methods, such as CCSD(T) and DLPNO-

CCSD(T), to refine the energy values of the resulting structures.

d. Composite Methods

Composite methods combine a well-balanced basis set with some corrections for the
London dispersion, using the D3 (241) or D4 (242) models (described in more detail in the
following section) and the inter- and intra-molecular basis set superposition error (BSSE),

using the geometrical counter-poise scheme (gCP) (243—-245). These methods allow us to
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obtain an accurate molecular geometry on par with some hybrid functionals, so in
standard thermochemical studies, it is rarely required to go beyond this level for structure
optimizations. Currently, several composite methods are available, with B97-3c (246),
PBEh-3c (245), and r?’SCAN-3c (247), from Grimme’s group being some of the most

commonly used.

As such, r’SCAN-3c (247) was used in some of this work as the functional of choice for
molecular geometry optimization. r’SCAN-3c is based on the meta-GGA r2SCAN
functional that was combined with a tailor-made triple-zeta basis set (InNTZVPP) as well as
the D4 correction to London-dispersion and geometrical counter-poise (gCP) correction

scheme to account for the basis set superposition error (BSSE).

Where methods like r’'SCAN-3c shine is when they are applied in the context of a multi-
level approach. Using r’'SCAN-3c for structure optimization, we can obtain very accurate
molecular geometries at a small fraction of the computational cost of more expensive
functionals, like hybrid functionals. Then, we can simply perform a single-point energy
calculation at a higher theoretical level, usually employing DLPNO-CCSD(T) with
extrapolation to a complete basis set (CBS), to obtain our final energy values. The
underlying idea of this workflow is that although r’SCAN-3c is not especially good with
energies, it can provide structures on par with much more expensive functionals at a

fraction of the computational cost.

3.8.3.4. Dispersion effects

A critical and evident error in DFT approximations is the absence of long-range
correlations responsible for London dispersion. However, despite DFT’s fundamental
shortcomings, this can be easily fixed by including one of the several proven dispersion
corrections, like D3 (241) or D4 (242), with little to no extra computational cost. Therefore,
it may be argued that this is an essential aspect of any DFT treatment nowadays, and
there is no chemical context where it should not be considered. Nevertheless, while
dispersion effects are crucial to calculated energies, their influence on electron density

appears negligible.

However, typical atom pair-wise additive approaches, like D3, are not self-consistent and
thus do not correct the molecular orbitals nor any of the computed properties besides the
energies. Therefore, methods like VV10 (248), a van der Waals correlation functional,

have been developed that use electron density to account for the dispersion effects.
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3.8.4. Semi-empirical Methods

There are still many challenges faced by theoretical chemists when it comes to describing
large molecular systems accurately. Despite the ability to routinely predict the structure
and energy of a few hundred atoms with Kohn-Sham density functional theory (DFT), it is
still challenging to investigate the reactional space of the active site of an enzyme, for

example.

Due to these limitations, semiempirical quantum mechanical (SQM) methods were
developed to allow calculating large numbers of atoms in a reasonable amount of time. A
valence-only minimal basis self-consistent field method derived from either the Hartree-
Fock theory or the Kohn-Sham DFT is at the foundation of SQM methods. Due to drastic
integral approximations, SQM methods are at least two orders of magnitude faster than ab
initio QM methods. However, these methods have a significant reduction in accuracy and
robustness. AM1 (249), PM3 (250,251), and PM6 (252) are some of the most widely used
SQM methods.

Density functional tight binding (DFTB) methods have been gaining popularity over the
past 20 years. Here, the Kohn-Sham DFT energy is expanded in terms of density
fluctuations relative to atomic reference densities superimposed on each other. DFTB3 is
the highest-level variant, which employs a self-consistent charge treatment, including
density fluctuation terms up to the third order, and has been parametrized for many
different elements (253).

GFN-xTB, a variant of DFTB3, which follows a global and element-specific parameter-only
strategy, has been presented recently (254). The method has been used to calculate
molecular geometries, vibrational frequencies, and noncovalent interaction energies.
However, although GFN-xTB could identify the appropriate structures for less polar
molecules, it did not describe polar and strongly hydrogen-bonded systems like sugars

well, which motivated the creation of GFN2-xTB.

GFN2-xTB is the first parametrized tight-binding method that includes electrostatic and
exchange-correlation Hamiltonian terms beyond monopole approximations (255). In
addition, the partial atomic charge-dependent D4 London dispersion model is included.
Like its predecessor, the parameters were fitted to produce reasonable structures,
vibrational frequencies, and noncovalent interactions for molecules across the periodic
table. Generally, this method focuses on organic, organometallic, and biochemical
systems with a few thousand atoms or more. This study used GFN2-xTB as the first line

of action to quickly explore every catalytic mechanism’s reactional space.
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3.8.5. Potential Energy Surface (PES)

A molecular system’s potential energy surface (PES) describes the variation in total
energy resulting from minor structural changes. A potential energy surface is a
mathematical relationship that connects a molecular structure to its energy. In the case of
a diatomic molecule, the potential energy can be represented by a two-dimensional plot
with the distance between the nuclei on the x-axis and the energy at any bond distance on
the y-axis. Nevertheless, for larger molecules, the potential energy surface has as many
dimensions as the degrees of freedom within the molecule. This is because every point on
the potential energy surface corresponds to a different energy value, determined by the
molecule’s bond distances, angles, and dihedrals. Therefore, a PES is usually
represented as the illustration below, considering only two degrees of freedom of the

molecule, with the energy plotted above the plane defined by them (Figure 14).

Second Order Saddle Point
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Structure B
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Valley-Ridge
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Figure 14. Model of a 3D potential energy surface showcasing, among other things, minima (a

reactant and product), a transition state structure, and a reaction path. Adapted from (256).

There are three minima on this potential surface. A minimum is the bottom of a valley on
the PES, so motion in any direction leads to higher energy. In a potential surface, a
minimum can be a local minimum, the lowest energy point in a limited region, or a global
minimum, the lowest energy point throughout the entire surface. The minima of a reaction
path represent the equilibrium structures of a system, with different minima representing

the products and reactants of a reaction path.
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In contrast, peaks and ridges correspond to maxima along the potential energy surface. A
peak is a maximum in all directions (i.e., along and across the ridge). A low point along a
ridge corresponds to a local minimum in one direction (i.e., along the ridge) and a local
maximum in the perpendicular direction. When a point is maximum in one direction and
minimum in all others, it is referred to as a saddle point (Figure 15). Chemically, a saddle

point is a transition structure connecting two equilibrium structures.

f(x,y)

Saddle
oint

y

Figure 15. Saddle point at the surface of the saddle-shaped function: f(x,y) =%k(x2—y2).
Adapted from (115).

3.8.5.1. Locating Stationary Points on the PES

Geometry optimizations can predict molecule equilibrium structures by locating minima on
the potential energy surface. In both minima and saddle points, the first derivative of the
energy, or gradient, is zero, so the forces on the nuclei are also zero (since gradients are
the negative of forces). A point on the potential energy surface where the forces are zero
is called a stationary point. Successful optimizations always find a stationary point, even if
it is not the one intended. In geometry optimizations, a specific molecular structure is set
as a starting point, and the potential energy surface is followed until a stationary state is

reached (a minimum in the case of a reactant or product).



84 FMUP

Innovative Approach to Fight Tuberculosis and Malaria Targeting
the Extraordinary PLP Synthase Macromolecular Complex

a. Locating Transition Structures

In addition to locating the ground state structures, optimizations can also locate transition
structures since both correspond to stationary points on the potential energy surface.

There are two main methods for locating a transition structure:

. Specifying a reasonable guess for the transition state geometry (such as the
highest point of a scan, which will be discussed soon) and instructing the optimizer
to locate a first-order saddle point.

. The second approach is called Nudged Elastic Band (NEB). In this approach, the
reactant and product are used to find the minimal energy path (MEP) connecting
both minima of the reaction. Then we can optimize the transition state using the

MEP’s highest energy point, as described earlier.

3.8.5.2. Characterizing Stationary Points

It has been noted that geometry optimization leads to a structure on the potential energy
surface where the forces on the system are essentially zero. This structure may represent
a saddle point or a minimum on the potential energy surface. A first-order saddle point is a
transition state structure that links two minima by a maximum in one direction and a

minimum in all other orthogonal directions.
Characterizing a stationary point requires two pieces of information:

. The number of imaginary frequencies.

. The normal mode corresponding to the imaginary frequency.

An nth-order saddle point is defined as a structure with n imaginary frequencies. Since
ordinary transition structures are first-order saddle points, they have only one imaginary
frequency. This happens because the force constant, k, (i.e., a second derivative with
respect to displacement coordinates) for one normal mode is negative at the transition

state, and since the square root of a negative number is an imaginary number, its

frequency, v, given by v = i\/% (where p is the reduced mass), is imaginary.

However, having a single imaginary frequency does not necessarily indicate that the
transition structure is correct. In the potential energy surface, saddle points always
connect two minima, but those minima may not correspond to the reactants and products

of interest. When a structure yields an imaginary frequency, it indicates that the system
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has a geometric distortion whose energy is lower than it is at the current structure
(indicating a more stable structure). One must determine what the nature of this

deformation is in order to fully understand a saddle point.

By visualizing the animation of the imaginary frequency on a molecular visualization
software like VMD, one can determine whether the displacements correspond to the
reaction coordinate of interest (Figure 16). Performing an intrinsic reaction coordinate
(IRC) calculation to follow the reaction path and therefore determine the reactants and
products explicitly is another, more accurate method of determining what reactants and

products the transition structure connects.
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Figure 16. Analysis and visualization of the vibrational frequencies associated with a TS performed
with molUP, a VMD plugin. If the structure has only one imaginary frequency (verified on the panel
shown on the left), and the atom displacements observed correspond to the reaction coordinate of
interest (represented by the red vectors), we can validate the structure as a real TS. Adapted from
the original molUP article (257).
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3.8.5.3. Potential Energy Surface Scans

Until now, we have focused on molecular geometries such as reactants, products, and
transition structures in order to study reactivity. However, how do we find these stationary
points on a large potential energy surface (PES)? We must first examine the actual
landscape of this surface to figure out how the various stationary points are connected.
Despite this, it is impossible to calculate or visualize the total PES for any but the simplest
reactions. Therefore, the first step in studying any reaction step is to choose the reaction

coordinates we intend to analyze carefully.

Using sophisticated energy derivatives, geometry optimization algorithms can find points
of interest (minima and maxima corresponding to equilibrium and transition structures) on
the PES. The PES can also be sampled in a region that corresponds to the process you
are interested in. This type of calculation is referred to as a scan. The most common
approach is to perform a relaxed scan, which does a partial optimization at each scan

point, freezing the scan coordinate while optimizing all others.

Despite providing valuable insights into the structure of the PES, scan calculations do not
define the lowest energy path between the two structures. Rather than simply stepping
across the PES, we must follow the transition structure downhill to the reactants and
products to plot the lowest energy pathway. The intrinsic reaction coordinate (IRC)
calculation accomplishes this very purpose. This way, an IRC calculation can definitively
link two minima on the potential energy surface through a transition state, verifying that a
given transition structure does indeed connect the starting and ending structures we
believe it connects. When this fact is confirmed, one can determine the activation energy

of the reaction by comparing the reactants’ and transition state’s energy values.

3.9. Nuclear Hamiltonian

As we discussed in previous sections, QM methods mainly concern the calculation of the
electronic energy. As a result of the Born-Oppenheimer application, the system’s total
energy can be divided into electronic and non-electronic terms (internuclear repulsion and
nuclei kinetics) (Equation 27). However, this can be true only if the adjustment of
electrons to nuclei movements is considered instantaneous. As already mentioned, this
approximation is reasonably accepted because the mass of electrons is considerably
lower than the mass of nuclei, and electronic phenomena play a significant role in

chemical reactions. According to the Born-Oppenheimer approximation, the total energy
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of a particular system requires the nuclear Hamiltonian (Equation 27) to be calculated

and added to the electronic Hamiltonian.

3.9.1. Zero-point Energy Calculation

In order to determine the nuclear Hamiltonian contribution, further calculations are usually
required. Since a molecule vibrates even at 0 K, the internal energy of a system (E,) is
calculated by adding the electronic energy (E...) and the zero-point energy (ZPE)

correction (258):
Ey = Eglec + ZPE

Equation 52. Zero-point energy (ZPE) correction.

3.9.2. Translational, rotational, and vibrational approximations

Moreover, thermal corrections are also computed to allow the computed energies to be
compared with experimental results. As a result of thermal corrections, three terms
associated with nuclei translation, rotation, and vibration can be taken into account in

order to calculate the energy (E;) for a given temperature T:
Er =Ey+ [Etrans + Eror + Evib]T

Equation 53. Energy at temperature T.

Approximated models are typically used to calculate those three terms. For example,
rotational component calculations are done using the rigid rotor model, translational
component calculations are done using the particle in a box model, and vibrational

component assessments are made using harmonic oscillators.

As previously mentioned, in the study of a catalytic mechanism, each step is defined by
three stationary points, a reactant, a transition state (TS), and a product. Hence,
frequency calculations are needed to confirm that the structures obtained are stationary
points. In the case of the TS, the vibrational calculation should include only one imaginary
frequency corresponding to the vibration of the atoms involved in that reaction, whereas

for the reactant and product, no imaginary frequency should exist.

Based on the harmonic oscillator, vibrational frequencies (v) are calculated as follows:
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Equation 54. Frequency of a harmonic oscillator. u: reduced mass; k: force constant.

This means that frequency calculation is only based on the force constants (k) associated
with the displacement of the atoms. Using the second derivative of the energy with
respect to the atomic coordinates, harmonic force constants are calculated. A saddle point
(TS) structure may evolve in two opposite directions to decrease its energy (direction of
reactants or products). Conversely, the movement across orthogonal directions increases
the energy in both directions. According to Equation 54, this scenario results in an
imaginary frequency since the second derivative (force constant) is negative. Therefore, a
truly optimized minimum should have no imaginary frequencies, whereas the TS should

only have one, as already mentioned.

3.9.3. Gibbs Free Energy

Thermal correction calculations include the calculation of enthalpy, entropy, and Gibbs
free energy (259). Enthalpy is calculated as the expansive work within an ideal gas model

at a given temperature. Thus, enthalpy (H) is expressed as:
H = ET + kBT

Equation 55. Enthalpy contribution estimated by thermal corrections. kz: Boltzmann's constant; T:
temperature.
The entropy of a nucleus is a sum of all entropic contributions from translational,
rotational, and vibrational components, as well as the electronic entropy:

S = Strans T Srot T Svip + Setec
Equation 56. Entropy contribution estimated by thermal corrections.
However, a non-degenerated system is assumed to have zero electronic entropy (Seec),
and only its translation, rotation, and vibration movements affect its entropy.

Finally, in order to calculate Gibbs free energy for a given temperature (T), we use the

following equation:
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G=H-TS

Equation 57. Gibbs free energy.

In conclusion, nuclear hamiltonian calculations are fundamental to studying enzymatic
mechanisms, enabling us to refine the final energies and determine the activation and
reaction Gibbs free energies for each step of a catalytic mechanism. Calculating these
quantities accurately is imperative for obtaining a reasonable estimate of the enzyme

catalytic activity that can be compared to experimental results.



90 FMUP

Innovative Approach to Fight Tuberculosis and Malaria Targeting
the Extraordinary PLP Synthase Macromolecular Complex



FMUP 91

Innovative Approach to Fight Tuberculosis and Malaria Targeting
the Extraordinary PLP Synthase Macromolecular Complex

4. Hybrid Methods

Even though DFT represents a significant advance in applying QM calculations to a wide
range of systems, it is still limited to a few hundred atoms. The method is suitable for a
variety of chemical systems, but it cannot be applied to enzymes or other chemical
systems with thousands or millions of atoms. Thus, additional approximations must be

considered to study enzymatic mechanisms using computational methods.

A common and effective solution to this problem is the use of hybrid methods. Hybrid
methods work by splitting a molecular system into two or more parts and treating those
parts using different methods. The most popular hybrid method is QM/MM, where the
reaction site is accurately treated with a QM method, like DFT, while the remaining part is
treated with MM. This principle, however, can also be applied to other schemes, such as
QM/QM or QM/QM/MM. Warshel, Levitt, and Karplus were awarded the Nobel Prize in
Chemistry in 2013 for the development of this method (260—-263).

Ultimately, hybrid methods enabled, for the first time, the application of computational

methods to large and complex molecular systems, such as enzymes.

4.1. Quantum Mechanics/Molecular Mechanics

QM/MM is one of the most popular hybrid methods, dividing the system into two layers
(Figure 17). The QM layer is usually comprised of a few hundred atoms and is treated
using either wavefunction or DFT methods. On the other hand, the remaining atoms
surrounding the QM layer are treated at a lower theoretical level, typically MM, which can

handle thousands of atoms quickly.
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92

Figure 17. Representation of a QM/MM model. All the surrounded area (protein + water molecules)
is treated with a MM method, while the residues within the highlighted area are treated with a QM

method.

Despite the simplicity of such methods, there are some important considerations,
particularly the contributions of each Hamiltonian and the boundary region.

4.1.1. Additive and Subtractive Methods

An easy method would be to calculate the total Hamiltonian by adding the Hamiltonians of
each layer and the boundary regions between each pair of layers. This approach is called

an additive method, and its energy equation (Eqy,uu) takes the following form:

Interaction

Eom/mm = Eqmu + Eym + EQuZmm

Equation 58. Energy function for the QM/MM additive method. Ey),: energy of the part of the
system calculated with QM; Ey,,: energy of the part of the system calculated with MM; EJi 51t

interaction energy between the QM and MM parts.

A challenge for the additive method, however, was calculating the contribution of the

boundary region that intersects between the two layers (Eg}51/5"°"), which includes both
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the bonded interactions (i.e., stretching, bending, and torsional contributions) as well as

the nonbonded interactions (i.e., van der Waals and electrostatic interactions).

Thus, Maseras and Morokuma developed, in 1995, a subtractive method called ONIOM
(Our Own N-layered Integrated molecular Orbital and molecular Mechanics) (264). The
energy of a system computed using the QM/MM ONIOM approach (Equation 59) is

calculated as the sum of the QM energy of the model system (Ej37?¢!) plus the MM energy

of the whole system (Eji4;) minus the MM energy of the model system (Ep/g2¢").

odel + EAll Model

—_ M
Eom/mm = Egum MM — EMMm

Equation 59. Energy function for the QW/MM subtractive method. Ej7*¢': energy of the model part

calculated with QM; Efl;: energy of the entire system calculated with MM; EX9%¢!: energy of the

model part calculated with MM.

Furthermore, a multilayered approach (i.e., three or more layers) may be used, with each

layer being treated with a different theoretical method.

Despite the ONIOM method’s simplicity, it does come with a disadvantage - the interaction
between the two layers is handled using MM. However, further improvements have been

made to improve this aspect, as seen in the following sections.

4.1.2. Mechanical and Electrostatic Embedding

Two approaches have been developed to account for the contribution of atomic charges
and geometries between layers during a QM/MM calculation. In the ideal case, all
electrons would be included in the QM calculations. However, this would still pose the
same problem since the main limitation of QM methods is the model size. For this reason,
mechanical and electrostatic embedding schemes have been developed to mediate layer

interactions.

4.1.2.1. Mechanical Embedding

The mechanical embedding approach is the simplest and most efficient in terms of
computational calculation since the QM region does not feel the MM atoms during

calculations. Instead, the surrounding MM atoms provide geometric constraints that limit
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the possible movement of the atoms within the model system. As a result, it is as if the

model system has been equilibrated in a vacuum.

The mechanical embedding approach involves optimizing the surrounding system with
MM in each optimization step and the model system with QM in the gas phase. In other
words, each layer is optimized by considering the forces of the adjacent layer, but no

electronic interaction is taken into account.

Nevertheless, mechanical embedding can be applied successfully despite its simplicity if

the model system is large enough to encompass all essential interactions.

4.1.2.2. Electrostatic Embedding

By incorporating partial charges from the MM region into the QM part of the calculation,
electrostatic embedding provides a more accurate description of the electrostatic
interaction between the QM and MM regions. However, including such charges in the QM
Hamiltonian makes the calculation more time-consuming than using mechanical
embedding. Moreover, the use of electrostatic embedding leads to some over-polarization
of the model system since the charges of the surrounding system are kept immutable

during the simulation, leading to artefacts when they are included in the QM Hamiltonian.

4.1.3. Boundary Conditions

Various methods have been discussed so far for coupling the calculation of different
layers in a QM/MM system. However, those approaches only account for nonbonded
interactions, which is not an issue if no covalent bond crosses between adjacent layers.
However, in studying an enzyme’s mechanism, the enzyme is too big to consider as a
whole. Consequently, some covalent bonds will inevitably be split when constructing the
QM/MM system.

The construction of a QM/MM system must, however, follow some rules regarding the

truncation of covalent bonds:

. Cut only single bonds.

. It is preferred to cut nonpolar carbon-carbon bonds, although nonpolar single

bonds may also be considered.

. Cyclic structures should not be cut.
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. The MM region should be at least three bonds away from any bond

breaking/formation.

However, by cutting a chemical bond, we are altering the valence of the atoms. Therefore,
the link atom approach is used to address this question. In this approach, a link atom is
placed in the direction of the truncated covalent bond, allowing the completion of the
atomic valence of the involved atoms. Usually, a hydrogen atom is used because it is
monovalent, small, and easy to compute. Therefore, the model system consists of the
high-layer atoms (i.e., the region of the enzyme computed with QM) plus the hydrogen link

atoms.
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5. Enzymatic Kinetics

Several methods have been presented and discussed in this chapter concerning their
application to studying chemical reactions, particularly enzyme mechanisms. As
previously mentioned, DFT usually provides accurate geometries for the reactant,
transition state, and product of a chemical reaction. After that, we can refine their energies
using more accurate methods, such as DLPNO-CCSD(T), allowing us to calculate Gibbs
free energies of activation and reaction that are more precise. So, why is the accuracy of

the energy calculation so important?

The Gibbs free energies of activation (4G*) are essential checkpoints when studying
enzymatic mechanisms since they provide a link between computational and experimental

results.

Enzymatic kinetics states that a mechanism involving two or more steps is limited by the
step with the slowest reaction rate. Thus, the slowest step has the highest Gibbs free

energy of activation of the entire mechanism, representing the rate-limiting step.

The final energy profile of an enzymatic mechanism obtained by computational means
includes the AG* of each step (Figure 18). The step (or combination of sequential steps)
with the highest barrier corresponds to the rate-limiting step. Therefore, we can
corroborate our mechanistic proposal by comparing the calculated barrier for the rate-

limiting step with the ones determined experimentally.
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Figure 18. Schematic representation of a computationally determined energy profile. As observed
the AG* of the rate-limiting step (shown in orange) is identical to the energy barrier determined by
the Eyring equation for the experimental k.. (red). The Gibbs free energy of reaction, 4Gy, of the

rate-limiting step is also shown in blue.
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Wet-lab scientists do not directly collect AG*s. Reaction rates (k), turnover numbers (k.4¢),
and Michaelis constants (K,,) are collected instead. K,, is expressed in terms of molar
concentration and is an indicator of the enzyme’s affinity, which is seldom addressed in
typical computational studies. On the other hand, k.,; describes how fast an enzyme is. It
is primarily determined by the rate-limiting step of the mechanism and is expressed as the

number of catalytic cycles per unit of time.

By establishing a relationship between k., and AG*, it would be possible to compare
computed energies with experimental ones. As a result of Svante Arrhenius’s discovery in

1889, that relationship was established and is known as the Arrhenius equation (265):
k = Ae~Fa/RT

Equation 60. Arrhenius equation. k: reaction rate constant; A: Arrhenius constant; E,: activation

energy of the reaction; R: ideal gas constant; T: temperature.

Eyring then refined the empirical Arrhenius equation in 1935 to give it statistical

mechanical support (266).

k=X kg T o—AG*/RT

h

Equation 61. Eyring equation. k: reaction rate constant; k: transmission coefficient; kz: Boltzmann
constant; T: temperature; h: Planck’s constant; AG*: Gibbs free energy of activation; R: ideal gas

constant.

With the Eyring equation, it is possible to determine a temperature-dependent relationship
between the turnover number of a chemical reaction and the AG* of the rate-limiting step.
If the reaction evolves in the direction of the product without recrossing, the transmission

coefficient (x) usually equals one.

In summary, an experimentally determined enzymatic turnover number can be converted
into the Gibbs free energy of activation for the mechanism’s rate-limiting step. This value
can then be compared to the AG* calculated from the computational simulations to

evaluate or refute a particular mechanistic proposition.

Furthermore, mutant forms of enzymes offer valuable clues about the importance of
certain residues for catalysis or inhibition. In some instances, mutations can cause a
significant decrease in the k. or even result in a loss of enzymatic activity.
Consequently, this information indicates whether a specific amino acid residue is vital to

the reaction.
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Nonetheless, this is just one method of comparing computational data with experimental
evidence. Some other approaches that could be combined include a comparison with

intermediate structures (determined by X-ray crystallography or NMR), UV-Vis

spectroscopy, and others.
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C. RESULTS AND DISCUSSION
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This chapter was divided into four sections. Sections C.1 and C.2 focused on the study of
two proteins, the enzymes Pdx2 and XometC. The goal was to characterize their complete
catalytic mechanisms from an atomistic point of view. Hybrid QM/MM methodologies were
used, resulting in Gibbs free energy values that provided important clues about how the
catalytic process takes place and highlighted key steps, particularly the rate-limiting step
that controls the overall kinetics of the catalytic process. The results agree very well with
the available experimental data and provide a unified explanation of the experimental data
regarding these enzymes. The resulting information from these studies was then distilled
into the key aspects of each catalytic process, which can ultimately be used to develop

new inhibitors (reversible or irreversible) targeting those enzymes.

Sections C.3 and C.4, on the other hand, are focused on the study of DNA, namely the
dynamics and stability of 3D non-B DNA conformations, as well as DNA aptamers and
their interaction with a potential target. These works resulted from collaborations,
highlighting the increasing role of computational methods, such as molecular dynamics
simulations, in this highly emerging field. A workflow was developed to consistently predict
and simulate ssDNA molecules under physiological conditions. Moreover, DNA aptamers'
affinity towards their target was predicted and ranked from best to worst, then confirmed

experimentally.

Each section is composed of an initial summary of the work, followed by a complete
portrayal of the resulting scientific article, accepted for publication in a research journal

with a high impact factor in their respective field.
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1. PLP biosynthesis
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1.1. Catalytic mechanism of the Pdx2 glutaminase subunit of PLP synthase

The catalytic mechanism of the Pdx2 glutaminase subunit of PLP synthase, which is
essential to produce PLP in the Pdx1 synthase subunit, was studied in detail at an atomic

level, employing the computational ONIOM hybrid QM/MM methodology.

André F. Pina performed all the calculations and wrote the article, which was revised with
contributions from all authors. This work was published in the ChemBioChem journal, and
the following content is almost a transcript of the published version. Additionally, this
manuscript was selected as the cover feature of the issue in which it was published

(Appendix: page 270).

Research Article

The Catalytic Mechanism of Pdx2 Glutaminase
Driven by a Cys-His-Glu Triad:
A Computational Study
André F. Pina, Sérgio F. Sousa, Nuno M.F.S.A. Cerqueira

ChemBioChem, 23(9), 202100555

Impact Factor (2021): 3.468

2021

Pdx2 employs a Cys-His-Glu catalytic triad to deaminate glutamine to glutamate and
ammonia — the source of the nitrogen of pyridoxal 5’-phosphate (PLP). This enzyme is,
therefore, a rate-limiting step in the PLP biosynthetic pathway of Malaria and Tuberculosis
pathogens that rely on this mechanism to obtain PLP. For this reason, Pdx2 is considered
a novel and promising drug target to treat these diseases. The results obtained show that
the catalytic mechanism of Pdx2 occurs in six steps that can be divided into four stages:
(i) activation of Cysgz, (ii) deamination of glutamine with the formation of the glutamyl-
thioester intermediate, (iii) hydrolysis of the formed intermediate, and (iv) enzymatic
turnover. The kinetic data available in the literature (19.1-19.5 kcal mol™') agree very well
with the calculated Gibbs free energy barrier of the hydrolytic step (18.2 kcal.mol™"), which
is the rate-limiting step of the catalytic process when substrate is readily available in the
active site. This catalytic mechanism differs from other known amidases in three main
points: i) it requires the activation of the nucleophile Cyssr to a thiolate; ii) the hydrolysis

occurs in a single step and therefore does not require the formation of a second


https://doi.org/10.1002/cbic.202100555
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tetrahedral reaction intermediate, as it is proposed, and iii) Gluigs does not have a direct

role in the catalytic process. Together, these results can be used for the synthesis of new

transition state analogue inhibitors capable of inhibiting Pdx2, thus impairing diseases like

Malaria and Tuberculosis.

The results of this work were presented at the following conferences:

1.

(Poster) BImBS school 2019 — Biolnformatics meets BioSimulations in protein and
DNA studies: from theory to practice, 2019, Lugano, Switzerland (Appendix: page
262)

(Poster) VIII EJIBCE — Encontro De Jovens Investigadores Em Biologia
Computacional Estrutural, 2021, Coimbra, Portugal (Appendix: page 265)

(Oral Communication) Bioinformatics Open Days, 2022, Braga, Portugal

(Poster) 2022 |IUBMB-FEBS-PABMB Young Scientists' Forum, 2022, Lisboa,
Portugal (Appendix: page 266)

(Poster) The Biochemistry Global Summit, 2022, Lisboa, Portugal (Appendix:
page 266)
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1.1.1. Introduction

Tuberculosis and malaria are highly infectious diseases responsible for the annual death
of millions of people worldwide (267,268). A significant factor hindering tuberculosis and
malaria control is the high degree of resistance developed by their pathogens,
Mycobacterium tuberculosis (Mbt) and Plasmodium falciparum (Pf), respectively, against
the currently available drugs. For this reason, there is an urgent need for the identification
of novel drug targets, as well as for the development of new anti-tuberculosis and anti-

malarial drugs.

Although the survival and growth of Mbt and Pf pathogens rely on host-derived nutrients,
some essential vitamins need to be produced on their own (10,40). Given this feature, the
pathway of the biosynthesis of vitamin Be has been highly regarded as a potential drug

target (10,12-14,16,269,270), giving new hope to possible treatments.

Vitamin Bs is a collective term that refers to the vitamers pyridoxal, pyridoxine, and
pyridoxamine, as well as to their respective phosphate esters. However, the term “vitamin
Bs” is also used interchangeably with pyridoxal 5-phosphate (PLP), its metabolically
active form. PLP is an essential co-enzyme in many pathways, helping in the catalysis of
several types of reactions, such as racemization, decarboxylation, beta-addition, beta-
elimination, retro-aldol cleavage, transamination, alpha-elimination, among others
(9,72,74-76,202,204,271,272).

Whereas humans, like other mammals, depend on vitamin Bs uptake, previously referred
pathogens, possess a de novo pathway for its biosynthesis, which is vital for their
development and survival (10,28,59). This represents new hope in the development of

new drugs against these diseases.

The de novo synthesis of PLP can occur by two different pathways: the deoxyxylulose 5-
phosphate (DXP)-dependent and the DXP-independent pathways. While the DXP-
dependent was the first to be discovered and is better characterized
(22,24,25,29,273,274), the DXP-independent pathway is more ubiquitous among the
three domains of life, being the one found in Mbt (10) and Pf (40). This pathway consists
of a single enzymatic complex, the pyridoxal 5’-phosphate synthase (PLPS), a class |
glutamine amidotransferase (GATase) composed of two distinct domains: Pdx2, the
glutaminase domain, and Pdx1, the synthase domain (28,33). PLPS is a 24-mer enzyme
composed of a dodecameric core of Pdx1 subunits of cylinder shape, to which twelve
Pdx2 subunits bind, one to each Pdx1 subunit. Complex formation is required for the

catalytic activity of either domain.
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Pdx2, the glutaminase subunit, is responsible for ammonia production obtained by the
hydrolysis of glutamine. The ammonia produced by Pdx2 is then channelled to the active

site of Pdx1, where it is used as the source of the ring nitrogen of PLP (Figure 19).

NHgz*

NHg*
-OMNHQ + H0 — Pd2 -O\H)\/\”/OH + NHg
(o] (o] (o] (o]

Glutamine Glutamate

Pyridoxal 5'-phosphate
(PLP)

Figure 19. General reaction catalyzed by Pdx2. The ammonia produced by Pdx2 is the source of

the ring nitrogen of PLP, denoted by a red arrow in the image.

The primary residues involved in the catalysis are Cysgz, His1gs, and Gluqgs (40), which
constitute the signature catalytic triad present in all class | GATases (275,276). However,
there is some discussion regarding the role of Glu in the catalytic triad of class | GATases
(275,277-281). It is uncertain if there is any proton transfer between the catalytic Glu and
the His or if the role of glutamate consists only in correctly positioning the imidazole
sidechain of histidine. Mutagenic studies in the glutaminase subunit of the p-
aminobenzoate synthetase, a class | GATase, have shown that when glutamate is
mutated to alanine or aspartate, the loss of activity is negligible when compared with a
mutation in the cysteine or histidine residues, corroborating the hypothesis that glutamate

is not crucial for the catalysis (277).

Another region of great importance in the active site of Pdx2 is the oxyanion hole,
composed of the backbone nitrogen of Alags and Gly12. Its formation only occurs after the
binding of the substrate to the Pdx1 subunit, preventing the unnecessary hydrolysis of
glutamine by Pdx2. This indicates that the catalytic process can only occur when the

assembly of the two subunits is complete.

Kinetic parameters of Pdx2 were determined experimentally, showing a reaction rate of
0.08 s™" (pH 8.0, 30°C) for P. berghei (28), 0.11 s™" (pH 8.0, 30-37 °C) for P. falciparum
(40,42), and 0.13s™" (pH 8.0, 37 °C) for B. subtilis (33). According to the transition state
theory (282) and using the Eyring equation (266), this experimental data indicates an
activation barrier limit of 19.1-19.5 kcal mol™". In addition, mutagenic studies have shown
that the catalytic His19s (170 in B. subtilis) is essential for the catalytic process since when

mutated for an asparagine, the glutaminase activity ceases (33).
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In this work, the catalytic mechanism of the glutaminase domain of PLPS, Pdx2, from
Plasmodium falciparum was studied using computational and theoretical means, namely
Quantum Mechanics/Molecular Mechanics (QM/MM) methods. An atomistic and detailed
description of the catalytic mechanism of Pdx2 will be provided, discussing the role of
glutamate in catalysis, as well as the function of the conserved water molecule present in

the active site.

1.1.2. Methodology
1.1.2.1. Model preparation

This study was conducted using the crystallographic structure of the chimeric Pyridoxal 5'-
phosphate Synthase (PLPS) from Plasmodium falciparum, and Plasmodium berghei
deposited on Protein Data Bank (PDB) with the reference 4ADS (28). The phosphate ions
present in the active site of Pdx1 subunits, an artefact of the crystallization conditions,

were removed. Additionally, the mutation His1gsAsn was reverted in all Pdx2 subunits.

Subsequently, glutamine, the substrate of the Pdx2 enzyme, was introduced in its active
site. This was accomplished by the superimposition of Pdx2 subunits of the 4ADS
structure with the Pdx2 subunits of the 2NV2 from Bacillus subtilis containing L-glutamine

in its active site (33). The model obtained can be visualized in Figure 20.

Figure 20. (A) Top and (B) Side view of the PLP synthase macrocomplex represented in

QuickSurf. The Pdx1 and Pdx2 subunits are coloured in cyan and orange, respectively. One of the
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Pdx1:Pdx2 dimers is represented in NewCartoon, with the substrates, ribose 5-phosphate and

glutamine, represented in VDW.

1.1.2.2. Structure minimization

The system was prepared with the AmberTools software package, version 18 (283), using
the ff14SB (129) and General Amber Force Field (GAFF) (132,133). For the natural
substrate, L-glutamine, force field parameters were assigned with AMBER recommended
protocol (using the Antechamber package) based on the GAFF parameters. RESP
charges were derived with the Gaussian 09 (284) software using the Hartree-Fock method
(HF/6-31G(d)). The protein was described by the AMBER ff14SB force field. The structure
of the glutamyl-thioester intermediary, reactant in step 5 of the catalytic mechanism, was
also parameterized with GAFF using the residuegen tool, part of the Antechamber
package of AmberTools18. However, due to the absence of AMBER force field
parameters for the thioester moiety of this intermediary, external parameters were added
(285).

The protein and substrate were solvated with TIP3P (286) water molecules in a
rectangular box so that each atom of the protein is distanced at least 12 A from the edge
of the periodic box. A physiological concentration of NaCl (150 mM) was introduced into
the system. All residues were protonated by the LeaP package of AmberTools18 software
(283) according to their physiological protonation state at pH7.4. The PROPKA 3

software was used to predict the pkA of the ionizable groups of the protein (120,121).

The minimization of the system was performed in four stages using AMBER18 (283).
First, all water molecules were minimized (5000 steps), and cartesian positional restraints,
with a restraint weight of 50 kcal.mol™".A2, were applied on all atoms except for the water
molecules. Second, all hydrogen atoms were minimized (5000 steps), and the same
restraint weight was applied on all non-hydrogen atoms. Third, all non-backbone atoms in
the system were minimized (5000 steps), with the restraints applied on the protein
backbone. Finally, a minimization of all the atoms in the system with no restraints was
performed (100,000 steps).

1.1.2.3. QM/MM

The QM/MM model was built using the molUP (257) plugin for Visual Molecular Dynamics
(VMD) software (287), obtained through the VMD Store (288). Due to the substantial size
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of our system, only one Pdx2 subunit was included in the ONIOM QM/MM model.
Therefore, the QM/MM model used in this study, built from the previously minimized
structure, includes one Pdx2 monomer, the Pdx1 monomer that interacts directly with it,
the glutamine in the Pdx2 active site, and all water molecules located at a maximum of 5
A from the protein. In addition, all atoms that distance more than 15 A from the active size

were frozen during geometry optimizations.

The ONIOM QM/MM methodology was used in all the calculations, allowing us to split the
model into different regions computed by different theoretical levels (264,289,290). The
system was divided into two regions: the high-level (HL) layer, described with the density
functional theory (DFT), computationally more demanding, and the low-level (LL) layer,
described with molecular mechanics (MM), employing the same parameters used for the
system minimization. The HL layer includes the glutamine, the catalytic triad Cyssz, His1gs,
and Gluigs, the backbone amide groups of Glyi2; and Alags that form the oxyanion hole,
and some other relevant backbone residues present in the Pdx2 active site, totalling 81
atoms (Figure 21). The remaining atoms were included in the LL layer. Hydrogen atoms
were used as link atoms to complete the valence of the bonds crossing between the two
layers of the ONIOM model.

Figure 21. (Left) Structure of the dimer Pdx1:Pdx2 (cyan and orange, respectively) and Licorice

representation of the HL layer. (Right) The substrate, glutamine, and active site residues are

represented in Licorice and coloured in orange and blue, respectively.
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The geometry optimization of the HL layer was carried out using the B3LYP (239)
functional as available in Gaussian 09 (284). The basis set used was the 6-31G(d,p) from
the Pople family (197,198,211,291,292).

The reaction space was explored through relaxed potential energy surface (PES) scans
along the reaction coordinates implicated in each step of the reaction. The transition
states (TS) were optimized using the structure with the highest energy obtained from the
scans and further confirmed by the presence of only one imaginary frequency associated
with the vibration along the reaction coordinate. The reaction and product of each step

were obtained by the intrinsic reaction coordinate (IRC) method (293,294).

Vibrational frequency calculations were also conducted for the reactants and products at
the same level of theory as the optimizations, and no imaginary frequencies were
observed. The zero-point energy (ZPE), thermal, and entropic corrections were estimated
at 298.15K and 1.0 atm during the frequency calculation of TS and related minima

structures.

Single-point energy calculations (SP) were performed using DLPNO-CCSD(T)/CBS for
the HL layer as a way to refine the final energies (219,220,223). The Domain-based Local
Pair Natural Orbital Coupled-Cluster method with Single, Double, and perturbative Triple
excitations (DLPNO-CCSD(T)) was selected since it combines the high accuracy of the
gold-standard method CCSD(T) while having a (low) computational cost similar to DFT
(220-223). The SPs were carried out using the EXTRAPOLATE(3) keyword in the ORCA
software version 4.2.1 (295,296). Three calculations using the basis set from the family
cc-pVxZ (200,297) (where x is D, T, and then Q) were done, and the complete basis set
(CBS) results were automatically extrapolated from that. The cc-pVQZ/C (298) auxiliary
basis set, used for correlation fitting, was chosen. The final energy values obtained are a
sum of the electronic energies of the HL layer resultant from the DLPNO-CCSD(T)/CBS
calculation, the LL layer contributions previously calculated with the ff14SB force field, and
the thermal corrections calculated with B3LYP/6-31G(d,p). This protocol has been used
with success in the study of the catalytic mechanism of several enzymes (46,204—
206,299).

The net atomic charges (NAC) and the bond orders calculated in each step of the catalytic
mechanism were obtained by DDEC6 atomic population analysis, a refinement of the
Density Derived Electrostatic and Chemical (DDEC) approach (300,301). This was
accomplished through Chargemol version 3.5, a program written primarily for this purpose
(302). In order to proceed to the analysis, the gbw file (GBW stands for “Geometry-Basis-

Wavefunction”) obtained from the single-point energy calculation was converted to a wfx
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file with the orca_2aim utility program part of ORCA software, allowing it to be read by

Chargemol.

1.1.3. Results and Discussion

The proposals available in the literature about the catalytic mechanism of Pdx2 describe a
sequential set of reactions culminating in the deamination of glutamine and formation of
the glutamyl-thioester intermediate. Subsequently, the hydrolysis of this reaction
intermediate occurs, and the product of the reaction, glutamate, can be released from the

active site.

Based on the knowledge of other glutaminases (275,276), it has been proposed that the
first step of the catalytic process starts with the nucleophilic attack of Cysg; to the
substrate. This would be concomitant with one proton transfer from Cysg7 to Hisigs and
another proton transfer from Hisigs to Gluigs. However, all the attempts to model this
reaction suggest that it is very unlikely to happen, being energetically unfavourable.
Instead, the calculations demonstrated that Cyssz needs to be first activated to a thiolate,

and only then the nucleophilic attack of the substrate takes place.

Based on these findings, the complete catalytic mechanism of Pdx2 was divided into four
main stages: i) activation of Cysgy, ii) formation of the glutamyl-thioester intermediate, iii)
hydrolysis of the glutamyl-thioester intermediate, and iv)the enzymatic turnover,
performing a total of six sequential steps. Each of these steps will be described and

discussed in detail in the following sections.

1.1.3.1. Stage 1: Activation of Cyss7

Several crystallographic structures of different glutaminases (275,303—-305) reveal the
presence of a water molecule near the catalytic triad, as described by Bauer et al. (34).
The same was verified in the active site of the structure used in this work. This indicates
that such water molecule could directly participate in the activation process of the catalytic
triad, behaving as a proton shuttle between Cysg; and His1g. Based on this information,
the first step was modelled in the presence of the water molecule, and two pathways were
investigated: one where the water molecule directly participates in the activation process

and another where it plays a secondary role.
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The simulations were able to show that when the water molecule does not take part in the
reaction, His1gs directly abstracts the proton from Cyss; (Figure 22). In the reactants of
this reaction, Cyss7 is protonated, and its proton is at 3.53 A from nitrogen N¢2 of His1gs. In
the transition state of this reaction (1013.4icm™), the proton is no longer covalently
bonded to Cysss (1.65 vs 1.36 A in the reactants), becoming closer to N¢? of His1gs (1.34 vs
3.53 A in the reactants) therefore favouring the proton transfer. In the reaction product,
Cysgr becomes anionic (charge of S, is —0.71 vs —0.27 a. u. in the reactants), whereas
His196 becomes protonated and positively charged (charge of its imidazole ring is 0.70 vs
0.01 a. u. in the reactants). This reaction requires a Gibbs free energy of activation of 13.6
kcal.mol™, and it is endergonic in 11.7 kcal.mol™'. The high reaction energy of 11.7

kcal.mol™" can be explained by the formation of two point charges in the Cyss; and His1gs.
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Figure 22. Structures of reactant ( =), transition state (rs), and product (=) of step 1. The structures
of the reactant and product are represented in a wedge-dash manner. The structure of the TS is
represented three-dimensionally, using the Licorice drawing method of VMD. Glutamine, the
substrate, is represented in orange, whereas the rest is in light blue. The yellow vectors illustrate
the major vibrational modes corresponding to the imaginary frequency of the TS (shown in the
bottom right corner). Relevant interatomic distances (in A) for CEEE® are shown, as well as the

activation and reaction Gibbs free energies for this step.

On the other hand, the simulations were able to demonstrate that when the water
molecule behaves as a proton shuttle between Cyssy and Hisigs, the reaction is less
favourable, requiring a higher Gibbs free energy of activation (16.9 kcal.mol™") and being

even more endergonic (17.2 kcal.mol™") (Supplementary Figure S1).

These results demonstrated that even though the water molecule is positioned in a way
where it could work as a proton shuttle, the activation of Cysg; is favoured without its
direct participation. However, the water molecule may have a crucial role in the correct

alignment and orientation of the thiol group of Cyssr towards the Cs of the substrate.
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This first step is required to improve the nucleophilicity of Cyssz, increasing its reactivity

toward the substrate.

It is also worth mentioning that during either of the studied reactions, Gluies interacts with
His1gs through one hydrogen bond, but Gluigs never becomes protonated, not even at the
end of the reaction, as it is commonly found in other catalytic triads (1.53 A in the products
vs 1.68 A in the reactants). In the classical catalytic triad (Ser-His-Glu), Glu directly
participates in the reaction by accepting the proton from His upon the nucleophilic attack
of Ser to the substrate. However, our results show that throughout the entire catalytic
process, Gluigg is not protonated by His1gs or by any other residue. The distance between
the O¢? of the Gluigs and the H bonded to the Ns' of Hisigs ranges between 1.51-1.78 A,
with an average of 1.64 A, and its bond order ranges from 0.14 to 0.24, with an average of
0.19. These results are in agreement with the available experimental data, in which the
mutation of GluigsAla does not affect the enzyme's catalytic efficiency (277). One possible
explanation for this behaviour can be attributed to the bigger van der Waals radius of the
sulfur atom (1.80 A) of the thiolate of Cyss7, in comparison to the van der Waal radius of
the oxygen atom (1.52 A) of Ser. The closer contact with the residue Hisigs, even when
Cyssgr is covalently bonded to the substrate, may compromise the proton transfer from

His1g6 to Glu4gs.

1.1.3.2. Stage 2: Formation of the glutamyl-thioester intermediate

The next stage of the catalytic process involves the formation of the glutamyl-thioester
intermediate, in which a reaction intermediate becomes covalently bonded to the enzyme
through Cyssz. The results demonstrate that this stage occurs in three sequential steps
(steps 2 to 4).

The first step of stage 2 (step 2; Figure 23) involves the nucleophilic attack of the anionic
Cysgr to the carbon Cs of the substrate (glutamine), leading to the formation of a

tetrahedral intermediate that becomes covalently bonded to the enzyme.
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Figure 23. Structures of reactant (&), transition state (rs), and product () of step 2. The structures
of the reactant and product are represented in a wedge-dash manner. The structure of the TS is
represented three-dimensionally, using the Licorice drawing method of VMD. Glutamine, the
substrate, is represented in orange, whereas the rest is in light blue. The yellow vectors illustrate
the major vibrational modes corresponding to the imaginary frequency of the TS (shown in the
bottom right corner). Relevant interatomic distances (in A) for CEEZIE® are shown, as well as the

activation and reaction Gibbs free energies for this step.

In the reactants, the anionic Cyss; (charge of Sy is -0.71a.u.) is 3.17 A away from the
carbon Cs of the substrate. The positively charged His1gs (the charge of its imidazole ring
is 0.69 a. u.) does not participate in this reaction, continuing to interact very closely with
Glu1gs by one hydrogen bond (1.53 A).

The transition state of this reaction is characterized by an imaginary frequency at 125.9i
cm™. In this structure, the bond between the anionic Cyss; and the substrate is starting to
form (2.70 vs 3.17 A in the reactants), as indicated by an increase of the bond order from
0.06 in the reactants to 0.15 in the TS. At the same time, a conformational rearrangement
of the positively charged His1gs is observed, where its imidazole ring gets closer to the

amino group of the substrate (1.94 vs 2.84 A in the reactants).

In the reaction product, the substrate is now covalently attached to the enzyme by Cyssr
(2.08 vs 3.17 A in the reactants), with a bond order of 0.52 (vs 0.06 in the reactants). At
the same time, it is observed the elongation of the carbonyl group (Cs— O¢') of the
substrate (1.29 vs 1.24 A in the reactants), as well as a decrease in its bond order from
1.63 in the reactants to 1.47. The charge of the tetrahedral intermediate becomes partially
lodged in the oxygen of the carbonyl group (-0.77 vs —0.68 a. u. in the reactants), which is
stabilized by two hydrogen bonds provided the backbone amide groups of Glyi2, (2.04 vs
2.05A in the reactants), and Alags (1.87 vs 2.40 A in the reactants), a region that is
commonly known as oxyanion hole. The distance between the carbon Cs and nitrogen N¢?

of the intermediate also increased (1.51 vs 1.36 A in the reactants), and its bond order
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decreased (0.89 vs 1.30 in the reactants). His19s remains positively charged (the charge of
its imidazole ring is 0.66 a. u.), but it is now closer to the amino group of the formed
tetrahedral intermediate (1.59 vs 2.84 A in the reactants). Glusgs continues to interact with
His196 by one hydrogen bond (1.54 A).

The simulations indicate that the reaction requires a Gibbs free energy of activation of 3.7

kcal.mol™" and is exergonic in 1.3 kcal.mol™".

The catalytic process proceeds with the protonation of the amino group of the tetrahedral

intermediate by His1gs (step 3; Figure 24).
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Figure 24. Structures of reactant (&), transition state (rs), and product () of step 3. The structures
of the reactant and product are represented in a wedge-dash manner. The structure of the TS is
represented three-dimensionally, using the Licorice drawing method of VMD. Glutamine, the
substrate, is represented in orange, whereas the rest is in light blue. The yellow vectors illustrate
the major vibrational modes corresponding to the imaginary frequency of the TS (shown in the
bottom right corner). Relevant interatomic distances (in A) for CEEZIN® are shown, as well as the

activation and reaction Gibbs free energies for this step.

In the reactants, the amino group of the tetrahedral intermediate continues to be
covalently bonded (1.52 A; bond order: 0.88). Nonetheless, it is now very close to His1gs

(1.54 A).

This transition state is characterized by an imaginary frequency at 637.4icm™". When
compared with the reactant, the only significant change observed in this structure is that
the proton is now equally shared between the nitrogen N¢ of the tetrahedral intermediate

and HiS195.

In the reaction product, nitrogen N¢? of the tetrahedral intermediate becomes protonated,
and Hisigs becomes neutral (0.04 vs 0.66 a.u. in the reactants). Consequently, the

reaction intermediate becomes positively charged at the NH3 substituent group (0.36 vs
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—-0.14 a. u. in the reactants). However, despite the formation of the ammonia group, the

cleavage of the Cs-NH3 bond is not yet observed.

The results show that this reaction is very fast, requiring a Gibbs free energy of activation
of —0.5kcal.mol™" and being exergonic in 3.0 kcal.mol™. The low activation energy
indicates that this step probably occurs spontaneously, and the minimum identified is most
likely a short-lived specie, meaning that the reaction should proceed swiftly to the next

step.

The formation of the glutamyl-thioester intermediate is only completed after the release of

one ammonia molecule, which occurs in step 4 (Figure 25).
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Figure 25. Structures of reactant (&), transition state (rs), and product () of step 4. The structures
of the reactant and product are represented in a wedge-dash manner. The structure of the TS is
represented three-dimensionally, using the Licorice drawing method of VMD. Glutamine, the
substrate, is represented in orange, whereas the rest is in light blue. The yellow vectors illustrate
the major vibrational modes corresponding to the imaginary frequency of the TS (shown in the
bottom right corner). Relevant interatomic distances (in A) for CEEN® are shown, as well as the

activation and reaction Gibbs free energies for this step.

In the reactants of this reaction, the positively charged NHs group of the tetrahedral
intermediate remains covalently bonded to Cs (1.61 A), and the negatively charged O
from the carbonyl group continues to be stabilized by the residues from the oxyanion hole
(distance from Gly122: 2.08 A and from Aspss: 1.90 A). The transition state of this reaction
is characterized by an imaginary frequency at 128.6i cm™. In this stationary point, the NH3
group is already displaced from carbon Cs (2.13 vs 1.61 A in the reactants), thus favouring
the reaction. In the reaction product, the NHs group is finally released as ammonia (2.68
vs 1.61 A in the reactants), and the carbonyl group reverts to its initial configuration
(product vs reactants, distance: 1.23 vs 1.28 A; charge of O': —0.57 vs —-0.76 a. u.; bond
order: 1.75 vs 1.53). Cysg7 continues to be firmly attached to Cs of the substrate (1.80 A,
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bond order: 0.99), forming the glutamyl-thioester intermediate. The typical carbon-sulfur
bond distances in thioesters range from 1.74 to 1.78 A, according to the Cambridge Data
Base, which is in agreement with our results for the distance of the glutamyl-thioester
intermediate (275).

The results demonstrate that this reaction is very fast, requiring a Gibbs free energy of
activation of 2.5 kcal.mol™ and being exergonic in 4.6 kcal.mol™'. The exergonicity of the
reaction can be explained by the occurrence of a bond break (N:2~Cs) in the tetrahedral

intermediate with the release of one ammonia molecule.

1.1.3.3. Stage 3: Hydrolysis of the glutamyl-thioester intermediate

This stage comprises the hydrolysis of the glutamyl-thioester intermediate by a
nucleophilic attack to its carbon Cs (step 5; Figure 26). The simulations suggest that the
water molecule responsible for the hydrolysis, which is widely available in the active site
due to easy access to the solvent, is activated by His1gs, which acts as a base, abstracting
one of its protons. It was postulated that the highly conserved crystallographic water
molecule present in the active site is the one involved in the hydrolysis (34). However, its

position in our model is not concordant with this role.
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Figure 26. Structures of reactant (&), transition state (rs), and product (#) of step 5. The structures
of the reactant and product are represented in a wedge-dash manner. The structure of the TS is
represented three-dimensionally, using the Licorice drawing method of VMD. Glutamine, the
substrate, is represented in orange, whereas the rest is in light blue. The yellow vectors illustrate
the major vibrational modes corresponding to the imaginary frequency of the TS (shown in the
bottom right corner). Relevant interatomic distances (in A) for CEESIE® are shown, as well as the

activation and reaction Gibbs free energies for this step.
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In the reactants, the proton of the water molecule that points towards the nitrogen N¢2 of
His1g6 is at 1.93 A, while its oxygen atom is at 3.01 A from the carbon Cs of the glutamyl-

thioester intermediate.

The ftransition state determined for this reaction is characterized by an imaginary
frequency at 436.7i cm™. It is clear that several simultaneous reactions occur in this step.
While the water molecule gets closer to carbon Cs of the intermediate [distance (bond
order): 1.69 A (0.52) vs 3.01 A (0.03) in the reactants], Cyss7 starts to dissociate from the
same carbon [1.97 A (0.67) vs 1.79 A (1.01) in the reactants], and the bond length of the
carbonyl group increases [1.26 A (1.61) vs 1.22 A (1.77) in the reactants].

In the reaction product, His1gs becomes cationic once again (0.75 a. u. vs 0.02 a. u. in the
reactants), and the carbon Cs of the now-formed glutamate becomes covalently bonded to

the hydroxyl group derived from the water molecule (1.38 A vs 3.01 A in the reactants).

The calculations indicate that this reaction requires a Gibbs free energy of activation of
18.2 kcal.mol™! and is endergonic in 13.4 kcal.mol™". The high reaction energy can be
justified by the formation of two point charges in the residues Cysgz and His1gs. The results
show that this reaction is accomplished in a single step and, contrarily to what is proposed
in the literature for other amidases (e.g. Nitrilase 2) (205), there is no formation of a

second tetrahedral intermediate upon reaction with the water molecule.

1.1.3.4. Stage 4: Enzymatic turnover

Once the product of the reaction is released from the active site, His19s becomes positively
charged and Cysgr anionic. From this point, it is hypothesized that two situations can
occur: i) if substrate concentration is high enough, it can bind to the active site and react
directly with the anionic Cysgz, continuing the catalytic cycle. Otherwise, ii) the enzyme
can return to its steady-state in which Cysgs becomes protonated and His1gs neutral (step
6; Figure 27).
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Figure 27. Structures of reactant ( =), transition state (rs), and product (=) of step 6. The structures
of the reactant and product are represented in a wedge-dash manner. The structure of the TS is
represented three-dimensionally, using the Licorice drawing method of VMD. Glutamine, the
substrate, is represented in orange, whereas the rest is in light blue. The yellow vectors illustrate
the major vibrational modes corresponding to the imaginary frequency of the TS (shown in the
bottom right corner). Relevant interatomic distances (in A) for CEEZIE® are shown, as well as the

activation and reaction Gibbs free energies for this step.

The computational results have shown that such reaction requires a Gibbs free energy of
activation of 7.7 kcal.mol™" and is exergonic in 4.0 kcal.mol™'. The transition state obtained

for this reaction is characterized by an imaginary frequency at 700.6i cm™.

Considering the energetic cost of this reaction, this is indicative that it only occurs when
no substrate is present near the active site. The deactivation of Cyss; described in stage 4
is presumed to occur only when the substrate concentration near the active site is low.
Otherwise, if enough substrate is available near the active site, since that Cyss is already
in thiolate form, the reaction can swiftly proceed. This way, the reaction described in this
stage works like a protective mechanism that protects the reactive thiolate of Cysss from
other molecules that could potentially harm or damage the enzyme's active site,
culminating in its inhibition. This type of activation mechanism was already observed in
other enzymes (205,306).

1.1.3.5. Energy Profile

The overall Gibbs free energy profile determined for the reaction catalyzed by Pdx2, the
glutaminase domain of Pyridoxal 5’-phosphate synthase, is shown in Figure 28, summing
up the results obtained. Four distinct stages can be identified: activation, deamination,
hydrolysis, and enzymatic turnover. In the first stage occurs the activation of Cyssz by the

removal of a proton from Hisis, forming a thiolate which is a better nucleophile for the
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following step. In the second stage, three steps occur, starting with the nucleophilic attack
of the thiolate form of Cysgs to the carbon Cs of the amide group of glutamine, which is
simultaneous with the formation of the tetrahedral intermediate, that becomes covalently
attached to the enzyme. The second step of stage two (step 3) is almost spontaneous and
consists in the protonation of the NH3; group of the tetrahedral intermediate by His1gs. In
the next step (step 4), this group is released as ammonia to the active site, resulting in the
covalently attached glutamyl-thioester intermediate. In the third stage, the hydrolysis of
the glutamyl-thioester intermediate occurs in a single step. This reaction is the rate-limiting
step of the entire catalytic mechanism and requires a Gibbs free energy of activation of
18.2 kcal.mol™.
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Figure 28. Energy profile determined for the catalysis of the conversion of glutamine into glutamate
by Pdx2, with the release of ammonia. The values in parentheses correspond to the corresponding
activation or reaction Gibbs free energy of each step. All energy values were computed with
DLPNO-CCSD(T)/CBS//B3LYP/6-31G(d,p):ff14SB.

Once hydrolysis is complete, the mechanism can follow either of two directions. If the
substrate concentration near the active site is low, the enzyme goes back to its initial
state, where Cysgy is protonated and Hisigs neutral (stage 4). Otherwise, a new molecule
of substrate can enter the active site and react with the anionic thiolate of Cyss; and start

a new catalytic cycle.

The available kinetic data for Pdx2 show turnover numbers that range between 0.08 and

0.13s7'(28,33,40,42), which, considering the transition state theory, corresponds to an
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energy between 19.1 to 19.5 kcal.mol™". Based on the full energetic profile of the catalytic
mechanism, the rate-limiting step is the combination of steps 5 and 6, i. e., the hydrolysis
and the turnover steps, which accounts for 21.2 kcal.mol™". However, based on what was
discussed above, when substrate is in excess, the rate-limiting step should solely depend
on the hydrolysis stage, which requires 18.2 kcal.mol™", closely resembling the

experimental ko value.

1.1.4. Conclusion

In this work, we presented, with atomistic detail, the catalytic mechanism of Pdx2, as well
as its associated Gibbs free energy profile studied using the computational hybrid QM/MM
methodology, ONIOM. Pdx2, the glutaminase subunit of PLP synthase, catalyzes the
formation of glutamate from glutamine. During this process, Pdx2 releases an ammonia
molecule that is then used by the adjacent Pdx1 subunit as the source of the ring nitrogen

of PLP, being essential for its synthesis.

The complete catalytic mechanism of Pdx2, summarized in Figure 29, occurs in six
sequential steps that can be divided into four stages: (i) activation of Cyssz, (ii)
deamination of glutamine with the formation of the glutamyl-thioester intermediate, (iii)

hydrolysis of the formed intermediate, and (iv) enzymatic turnover.
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MECHANISM

Figure 29. Overview of the catalytic mechanism of Pdx2, with the indication of the distinct phases:
, Deamination, and Hydrolysis. The Gibbs free energies of

activation (AG*) and reaction (AGRr) are expressed in kcal.mol-.

In the first step, Cysgr is activated by the abstraction of one proton by Hisgs, forming a
thiolate, a better nucleophile than the thiol. Contrarily to what is hypothesized in the

literature (34), the conserved crystallographic water molecule present in the active site
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does not have a catalytic role in the first steps of catalysis, potentially suggesting that its
role is only to correctly orientate both Cyss; and the imidazole ring of Hisigs for the
reaction to happen. Moreover, the role of the Gluies, part of the catalytic triad, was
discussed. In contrast to what is verified in other enzymes employing a classic catalytic
triad (Ser-His-Glu), Gluies does not have an active role in the catalysis since it does not
receive a proton from Hisigs. The role of Gluigs appears to be linked with the correct
positioning and stabilization of the imidazole ring of His throughout the reaction, but it is

not directly involved in the catalytic process.

At the beginning of the second stage, Cyssz undergoes a nucleophilic attack to the carbon
Cs of the substrate, glutamine, resulting in the formation of the tetrahedral intermediate,
which is covalently bonded to the enzyme. Then, one proton is transferred from His1gs t0
the amino group of this intermediate, forming a transient -NHs* group that is quickly
released in the form of ammonia at the end of stage 2. This results in the formation of the

glutamyl-thioester intermediate, still covalently bonded to the enzyme.

In the third stage, the glutamyl-thioester intermediate is hydrolyzed in a single step,
freeing Cysgy and forming the final product, glutamate. This is another difference in the
catalytic mechanism of Pdx2 in comparison with other amidases, such as the
Malonamidase E2 (307), where the hydrolysis of the acyl-enzyme intermediate adduct

occurs in two steps and involves the formation of a second tetrahedral intermediate.

Lastly, at the end of the catalytic process, two hypotheses can occur: (a) if enough
substrate is readily available, a new substrate molecule can enter the active site, and the
catalytic cycle proceeds with the already deprotonated Cyss; and protonated Hisqgs,
needed for the catalysis to occur; or (b) if the substrate concentration near the active site
is low, the enzyme can return to its initial state, with Cyss; protonated and Hisigs neutral
(step 6). The relatively high energy barrier of the last step (7.7 kcal.mol™") indicates that it
would be inefficient for the enzyme to reprotonate Cysgz only to deprotonate it right after.
Therefore, it is suggested that this reaction works as a protective mechanism against
other reactive molecules that could interact with the activated Cysgz rendering the enzyme
inactive. This improves the enzyme's catalytic efficiency since it does not have the energy

penalty of reprotonation/deprotonation of Cyss.

This activation/deactivation mechanism is only possible because Cysg; can be found in
the anionic form at physiological pH (pKa=8). On the other hand, amidases that have a
Ser residue (pKa=13) instead of a Cys in the catalytic triad, such mechanism would not be
possible. The rate-limiting step of the full catalytic process, when the substrate is in

excess (Figure 28), is the hydrolysis of the glutamyl-thioester intermediate (step 5), which
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requires an activation energy of 18.2 kcal.mol™!, agreeing with the available kinetic data

that predicted an activation barrier in the range of 19.1-19.5 kcal.mol™"(28,33,40,42).

In this study, it was also clear that the correct orientation and positioning of the residues of
the active site of Pdx2 is very important to trigger the catalytic process once the substrate
binds in the active site. This is observed in all the transition states of the calculated
reactions where the Birgi-Dunitz (BD) and the Flippin-Lodge (FL) angles are very close to
the optimal values (BD: 107° and FL: 0°) that favour nucleophilic additions and elimination
reactions. This is particularly evident in the nucleophilic attack of Cyssr to the substrate or

the hydrolysis of the glutamyl-thioester intermediate enzymatic adduct.

The results obtained in this study provide a detailed atomistic description of the catalytic
mechanism of Pdx2 with all the chemical steps required for the transformation of
glutamine into glutamate. Furthermore, taking into account that most of the inhibitors
targeting this enzyme are irreversible inhibitors that become irreversibly attached to the
enzyme through Cyssy, this article provides for the first time details that can be used to
develop new compounds that react faster with the enzyme and form a tetrahedral reaction

intermediate that could irreversibly inactive the enzyme, hindering the hydrolysis process.
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2. PLP-dependent enzymes
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2.1. Catalytic mechanism of XometC — a B-elimination reaction

XometC is a pyridoxal 5-phosphate-dependent enzyme from the pathogenic bacteria
Xanthomonas oryzae pv. oryzae, the causing agent of the bacterial blight of rice, one of
the most destructive diseases that affect rice production worldwide. For this reason,
XometC has been regarded as a potential drug target for the development of new
bactericides against this disease. XometC was shown to be a promiscuous enzyme
presenting both cystathionine y-lyase and L-serine ammonia-lyase activity. In this work,
the catalytic mechanism of its L-serine ammonia-lyase activity, a p-elimination reaction,
was studied using computational quantum mechanics/molecular mechanics
methodologies. XometC is responsible for the metabolism of the amino acid L-serine into
2-aminoacrylate, which in turn is converted to pyruvate in the cytosol. The results have
shown that its catalytic mechanism takes place in 14 sequential steps that go from the
formation of the external aldimine with L-serine, the B-elimination, the re-formation of the
internal aldimine, and the enzymatic turnover. Furthermore, the determined Gibbs free
energy profile shows that the elimination of the hydroxyl group of L-serine is the rate-
limiting step, with an energy barrier of 19.1 kcal.mol!, which closely agrees with the
experimental kinetic data (ke = 8.5+0.4 min”', corresponding to ~18.9 kcal.mol™).
Together, these results provide insight into the catalytic mechanism of XometC, which can
aid in developing new and selective drugs targeting this enzyme with minor toxicity for

humans.

André F. Pina performed all the calculations and, considering all co-authors' insights,

wrote the article, which is currently under submission.
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2.1.1. Introduction

XometC is a PLP-dependent enzyme from Xanthomonas oryzae pv. oryzae (X00), a
pathogenic bacterium responsible for rice bacterial blight (BB). BB is a devastating
disease that affects most rice-growing countries, being capable of destroying up to 80 per
cent of a crop resulting in grave rice production constraints with a high impact on food
availability (308,309).

XometC is essential in the amino acid metabolism of Xoo, accepting substrates like L-
cystathionine, L-O-succinylhomoserine, L-homoserine, and L-serine. The inhibition of this
enzyme can impair the activity of Xoo, which makes it a potential drug target in the

development of novel bactericides to fight BB (308).

XometC was initially crystallized by Ngo et al. (71,72) and characterized as a
homotetramer with four active sites composed of residues from every two adjacent
protomers. This enzyme is described as having two different catalytic activities:
cystathionine y-lyase-like activity (EC 4.4.1.1) and L-serine ammonia-lyase activity (EC
4.3.1.17; originally denominated L-serine dehydratase) (72). Nevertheless, compared with
other L-serine ammonia-lyases, its active site presents significant differences, as can be
noticed in the crystallographic structures from Dictyostelium discoideum (PDB 6LUT)
(310), Rhizomucor miehei CAU432 (PDB 5C3U) (311), Rattus norvegicus (PDB 1PWH)
(312), and Homo sapiens (PDB 4H27 and 1P5J) (313,314). The main difference between
its active site and the others is in the residue that interacts with the nitrogen N1 of the
pyridine ring of the PLP cofactor. While the active site of other L-serine ammonia-lyases
contains either a serine (PDB 6LUT), a threonine (PDB 5C3U), or a cysteine (PDB 1PWH,
4H27, and 1P5J) residues, XometC has an aspartate. Although in both cases, the
nitrogen N1 establishes one hydrogen bond with these residues, they drastically alter the
properties of the PLP cofactor. In the case of the active site of XometC, the nitrogen N1 is
protonated, and the aspartate residue is proposed to help with the stabilization of
negatively charged PLP reaction intermediates (315). On the other hand, in the L-serine

ammonia-lyase active site, this process is not possible.

Another key difference between both active sites is at the re-face of PLP. In the case of
the XometC active site, there is a tyrosine residue, Tyri12, that donates a proton to the
substrate and promotes the B-elimination reaction of the hydroxyl group. On the other
hand, in the L-serine ammonia-lyase active site, this position is occupied either by a
glycine (PDB 6LUT), a serine (PDB 5C3U), or an alanine (PDB 1PWH, 4H27, and 1P5J).
This indicates that the B-elimination catalyzed by both active sites undergoes different

catalytic pathways.
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Taking this into account, the catalytic mechanism of the L-serine ammonia-lyase activity of
the XometC enzyme (Figure 30) was studied with atomistic detail using computational
methods, namely quantum mechanics/molecular mechanics (QM/MM). The studied
reaction is divided into three main stages and involves the activation of the enzyme, the
transamination, and the beta-elimination reactions. The activation stage involves the
formation of a covalent bond between the PLP cofactor and an active site lysine,
generating what is called the internal aldimine. The transamination stage involves the
transformation of the internal aldimine into the external aldimine EAS, in which the L-
serine substrate becomes covalently bonded to the PLP cofactor. The next stage involves
the beta-elimination process, which results in the external aldimine EAA, which contains
the reaction's product (2-aminoacrylate) connected to the PLP cofactor. From this point,
the reverse reaction of the transamination occurs through the conversion of the external
aldimine EAA to the internal aldimine. The enzyme will remain in this state if new
substrates are available for a new catalytic cycle. Otherwise, it will revert to its inactive

state.
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Figure 30. Schematic representation of the catalytic mechanism of XometC, a promiscuous PLP-
dependent enzyme able to catalyze the B-elimination of the hydroxyl group of L-serine with the
formation of 2-aminoacrylate, later converted into pyruvate in the cytosol. The formation of the

internal and external aldimines is also depicted.
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2.1.2. Methodology
2.1.2.1. Model preparation

The model used in this study was built based on the X-ray crystallographic structure of the
homotetramer cystathionine y-lyase-like protein (hereby referenced as XometC) from
Xanthomonas oryzae pv. oryzae KACC 10331 (PDB: 41Y7; resolution: 1.70 A) (72). The
crystallization artefacts, glycerol, pyruvic acid, and sulfate ions were removed. The
external aldimines containing the pyridoxal 5’-phosphate (PLP) bonded to the substrate L-
serine (EAS) present in three of the four active sites were kept, being the starting point of
our study. The external aldimine of PLP with the product 2-aminoacrylate (EAA), present
in the other active site, was also kept and was used to compare with the results of the
QM/MM studies with the same reaction intermediate. There is also a zwitterionic L-serine

amino acid in a binding site close to the active site, which was also kept.

The protonation state of all residues at the physiological pH of 7.4 was estimated in the

ProteinPrepare web server (316) with EAS or EAA present in XometC's active sites.

An additional model was also built to study the non-enzymatic conversion of the product,
2-aminoacrylate (2AA), into pyruvate. This model contained one 2AA molecule and two
water molecules. In order to mimic the solvent effect, the implicit solvent model SMD (317)
was used as implemented in the ORCA software, version 5.0.3 (295,296,318-320). Water
(e-=78.3550, n = 1.3328) was used as a solvent.

2.1.2.2. Structure minimization

In order to relax possible strains that might have resulted from the model preparation, a
series of energy minimization steps were carried out with the AmberTools software
package, version 19 (321). The ff14SB force field (129) was used for the protein, while the
second generation of the General Amber Force Field (GAFF2) (132,133) was used for the
ligands EAS and EAA. To obtain the partial atomic charges for these ligands, the
Restrained ElectroStatic Potential (RESP) charge derivation protocol was used (322—
324). These charges were calculated from the respective optimized structure at the
Hartree-Fock level of theory with the 6-31G(d) basis set (i.e., HF/6-31G(d)). The geometry
optimization was performed using Gaussian09 (284). The zwitterionic L-serine amino acid
parameters were obtained from the parameter set for zwitterionic amino acid residues
from Horn (325).
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The system was solvated in a box of TIP3P (286) water molecules with a prismatic shape,
whose sides were at least 12 A from any atom of the protein. Then, to have a
physiological concentration of NaCl (i.e., 150 mM), Na* and CI- ions were added to the
box in random positions. The number of Na* and CI- ions added was determined using the
SPLIT method (326). All residues were protonated by the LeaP package of the

AmberTools software according to titrated pKa, obtained as mentioned in section 2.1.2.1.

The minimization procedure consisted of four stages. In each stage, the first half of the
total steps use the steepest descent method, then change to the conjugate gradient
method. Firstly, only the water molecules were minimized (5000 steps), with cartesian
positional restraints with a weight of 50 kcal.mol"".A? applied on all other atoms. Secondly,
all hydrogen atoms were minimized (5000 steps), with the same restraint weight applied to
all non-hydrogen atoms. Thirdly, all non-backbone atoms in the system were minimized
(5000 steps), and the same restraint weight was applied to all protein backbone atoms.

Lastly, all system atoms were minimized with no restraints (100 000 steps).

2.1.2.3. QM/MM

The study of the catalytic mechanism of XometC was carried out through quantum
mechanics/molecular mechanics (QM/MM) calculations using the additive scheme with
electrostatic embedding. The ORCA software package, version 5.0.3 (295,296,318-320),

was used to perform these calculations.

The QM/MM model used in this study was built from the system structure obtained after
the fourth step of minimization with the aid of the molUP (257) plugin for the Visual
Molecular Dynamics (VMD) software (287), obtained through VMD Store (288).

The model (Figure 31) consisted of the entire XometC homotetramer, with a water shell of
6 A that was kept around it. In total, the model system contains 40 488 atoms. This model
was then divided into two regions treated at different theoretical levels: the quantum
mechanics (QM) region and the molecular mechanics (MM) region. The QM region
contains 192 atoms belonging to chain C unless stated otherwise. This region included
the PLP bonded to L-serine (EAS), the zwitterionic L-serine, a water molecule, Tyri1z,
Gly113, Gly114, Thry15, and the side chains of Asnieo, Aspiss, Thrisz, Lysz10, Glusss, Seraao,
and Argszs. In addition, the side chains of the residues stabilizing the phosphate group of
PLP, Tyrss (chain D), Argeo (up to its CD carbon; chain D), Thraee, and Serzg7, were also
included. The link atom approach was used to complete the valences of the bonds

between the two regions by adding a hydrogen atom along the bond vector severed by
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the QM/MM interface. Due to the great size of this system, all residues that were farther
than 2 A from the QM region were frozen throughout the calculations to reduce the

computational cost.

Figure 31. (Left) Structure of the XometC homotetramer, with each subunit coloured differently.
The residues belonging to the QM region of the bottom right subunit are represented in Licorice.
(Right) PLP, the substrate, and the zwitterionic L-serine are coloured pink, while the active site
residues are coloured blue. The residues Tyrss, Argeo, and Thraog belong to the adjacent subunit.

Each molecule is represented in Licorice and is identified by a circular label.

The QM/MM calculations employed in this study followed a custom workflow, allowing us
to explore the reactive conformational space of the enzyme's active site more efficiently in
the same timeframe. To do so, in each step, we started by performing an initial
optimization with GFN2-xTB (255), a semiempirical tight-binding method primarily
designed for the fast calculation of biochemical systems with a few thousand atoms while
yielding reasonable starting structures. If the system was far from convergence, we first
performed a GFN2-xTB optimization using the very fast and efficient L-BFGS (327)
optimizer (200-500 iterations) and then changed to the default Rational Function
Optimization (RFO) method (328). Subsequently, still using GFN2-xTB, we performed a

relaxed surface scan through the coordinate of interest until after finding the maximum of
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the curve, a good guess for the transition state. From this curve, we selected the two
points closer to each side of the maximum and optimized them freely to obtain the
reactant and product of the reaction. These minima are then reoptimized with the
composite electronic-structure method r?’SCAN-3c (247), a recently developed meta-
generalized-gradient approximation (MGGA) method, together with a modified version of
the def2-TZVP (199) basis set denominated mTZVPP (247). The r’SCAN-3c is a
composite electronic-structure method that has shown comparable results with standard
hybrid-DFT/QZ methods at a computational cost 100-1000 times lower (228,247,329).

Then, to find the transition state structure, we used an implementation of the Nudged
Elastic Band (NEB) method (330-332) in ORCA called NEB-TS (333). This method is the
most efficient in the search of a saddle point, combining the NEB with a subsequent

eigenvector-following calculation. The r’SCAN-3c was used to describe the QM region.

Vibrational frequency calculations were performed to validate the transition state by the
existence of only one imaginary frequency associated with the reaction coordinate. Since
these calculations quickly become very computationally demanding for larger systems, the
semiempirical GFN2-xTB functional was used (228,255,334). Vibrational frequency
calculations were also performed for all structures (reactants, transition states, and
products), and only one imaginary frequency was found for each transition state. The
zero-point energy and thermal, enthalpy, and entropic corrections were estimated at

303.15 K and 1.0 atm, the same conditions used in the experimental k..: determination.

Finally, single-point (SP) energy calculations were performed on the previously r’SCAN-
3c optimized structures (i.e., reactants, transition states, and products) to obtain the final
energy values. The DLPNO-CCSD(T)/CBS:ff14SB level of theory was employed. The
Domain-based Local Pair Natural Orbital Coupled-Cluster method with Single, Double,
and perturbative Triple excitations (DLPNO-CCSD(T)) was used since it combines the
high accuracy of CCSD(T), the gold-standard method, with a computational cost similar to
DFT (219-222). Automatic extrapolation to the basis set limit was performed in ORCA
using the keyword Extrapolate(2/3,cc). This indicates that a two-point extrapolation was
employed using cc-pVDZ and cc-pVTZ basis sets. In addition, the cc-pVTZ/C auxiliary
basis set (298), required for correlation fitting, was used. The RI-JK approximation and the

required cc-pVTZ/JK auxiliary basis set were employed to accelerate the SCF calculation.

The final energy values are a sum of the electronic energies of the QM region from the
DLPNO-CCSD(T)/CBS calculation, the MM contributions previously calculated with the
ff14SB force field during geometry optimization, and the thermochemical corrections

obtained in the vibrational frequency calculations.
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The net atomic charges presented throughout this work were obtained through the
software Multiwfn, version 3.8 (335), by employing the atomic dipole corrected Hirshfeld

population method (336).

2.1.2.4. Simulating UV-Vis spectra

UV-Vis spectra were simulated for the following structures: internal aldimine, external
aldimine with the substrate L-serine, the quinonoid intermediate, and external aldimine
with the product 2-aminoacrylate. After optimizing the ground state of these structures
using the entire model of the enzyme with QM/MM methods, we performed single point
excited state energy calculations on the QM layer using the time-dependent density
functional theory (TD-DFT) approach in ORCA, version 5.0.3. The PBEO (337,338)
functional was used as it has a good balance between predictive performance and
computational cost, therefore being a commonly used functional in the calculation of
excited states with TD-DFT. The basis set used was def2-SV(P) (199), as it is not very
expensive and provides enough accuracy for this purpose. The Tamm-Dancoff
approximation (TDA) was turned off since it reduces the accuracy of the oscillator and

rotatory strengths, not being suitable for the simulation of UV-Vis spectra.

2.1.3. Results and Discussion

The enzyme XometC is only active when PLP is covalently bonded to Lyszio by the
carbon C4A (i.e., in its internal aldimine (IA) form). For this reason, the catalytic

mechanism was studied from this step onward.

Therefore, the computational calculations regarding the catalytic mechanism of XometC
were divided into four stages: i) formation of external aldimine with L-serine; ii) B-
elimination; iii) re-formation of the internal aldimine; iv) reprotonation of Tyri12 and
subsequent enzymatic turnover. All these stages require fourteen sequential steps, which

will be described and discussed in detail in the following sections.



140 FMUP

Innovative Approach to Fight Tuberculosis and Malaria Targeting
the Extraordinary PLP Synthase Macromolecular Complex

2.1.3.1. Stage 1: Formation of external aldimine with L-serine

The conversion of L-serine into 2-aminoacrylate catalyzed by XometC starts with the
formation of an external aldimine with L-serine (EAS), in which L-serine (L-Ser) becomes

covalently bonded to PLP. This is accomplished in four sequential steps.

In the first step, the nitrogen N1 of the amino group of L-Ser performs a nucleophilic attack
to carbon C4A of the IA. This leads to the formation of a gem-diamine reaction
intermediate (GS1) in which both L-Ser and Lys»10 are covalently bonded to PLP. As such,
the bond between the N; of Lys210 and the C4A of PLP loses the double-bond character
(R: 1.30 A to P: 1.40 A), as depicted in Figure 32. This reaction requires a Gibbs free
energy of activation of 3.2 kcal.mol! and is exergonic in 1.2 kcal.mol"'. The TS structure is
characterized by a small imaginary frequency at 87.6i cm™ associated with the vibration of

the atoms involved in the bond formation.
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Figure 32. Structures of reactant ( =), transition state (<), and product (=) of step 1. The structures

of the reactant and product are represented in a wedge-dash manner. The structure of the TS is
represented three-dimensionally, using the Licorice drawing method of VMD. PLP and L-Ser are
represented in pink, while the rest are in light blue. The imaginary frequency corresponding to the

major vibrational modes and the activation and reaction Gibbs free energies are shown.

The second step involves a small rearrangement in the network of H-bonds in the active
site (Figure 33 — Step 2). In the reactant, the nitrogen N; from Lys21o establishes one H-
bond with the oxygen O3 of PLP (2.10 A). Its position then shifts to establish a new H-
bond with the oxygen OH of Serx7 (2.06 A). This allows the nitrogen N1 of L-Ser to
establish a stronger H-bond with the oxygen O3 of PLP (R: 2.01 A vs P: 1.68 A),
becoming better oriented for the next step to occur. This step has a Gibbs free energy of
activation of 3.3 kcal.mol' and is slightly exergonic in 0.7 kcal.mol”". The TS structure is

characterized by one imaginary frequency at 430.8i cm™.
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In step 3 (Figure 33), a proton transfer from the nitrogen N1 of L-Ser to the oxygen O3 of
PLP occurs. This step is virtually spontaneous, requiring a Gibbs free energy of activation
of -0.4 kcal.mol, and the reaction is exergonic in 2.8 kcal.mol”'. The TS of this reaction is

characterized by one imaginary frequency at 644.8i cm™.

The last step of this stage, step 4, involves the cleavage of the bond between the carbon
C4A of PLP and nitrogen N; of Lys210. However, this reaction requires a previous proton
transfer between atoms N1 of L-Ser and N; of Lysz10 through the oxygen O3 of PLP
(Figure S01). After numerous tries, we could not characterize its TS since its energy
barrier must be considerably low. Nevertheless, the product of this reaction was

characterized and is 5.8 kcal.mol"" more stable than the product from step 3.

At the end of step 4, a double bond between the nitrogen N1 of L-Ser and the carbon C4A
of PLP is formed (R: 1.41 A vs P: 1.31 A) (Figure 33 — Step 4), from which results the
formation of the external aldimine EAS. This step required a Gibbs free energy of
activation of 4.2 kcal.mol”" and is exergonic in 3.9 kcal.mol”. Its TS is characterized by

one imaginary frequency at 105.2i cm™.
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Figure 33. Structures of reactant (=), transition state (rs), and product (r) of steps 2-4. The
structures of the reactants and products are represented in a wedge-dash manner. The structures
of the TS are represented three-dimensionally, using the Licorice drawing method of VMD. PLP
and L-Ser are represented in pink, while the rest are in light blue. The imaginary frequency
corresponding to the major vibrational modes and the activation and reaction Gibbs free energies

are shown.

2.1.3.2. Stage 2: B-Elimination

After the formation of the EAS, the enzyme is ready to catalyze the B-elimination of the
hydroxyl group of L-Ser to form 2-aminoacrylate (2AA). This stage occurs in two steps: i)
abstraction of the proton from C, of L-Ser (Step 5) and ii) elimination of the hydroxyl group
(Step 6).
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Step 5 is characterized by a proton transfer between carbon Cq of L-Ser and the nitrogen
N1 of the neutral Lys21o (Figure 34 — Step 5). This leads to the formation of a quinonoid
intermediate (QUI) with the PLP cofactor functioning as an electron sink, stabilizing the
negative charge generated in its pyridine ring (charge of PLP's ring: R: 0.14 a.u. vs P: -
0.11 a. u.). This reaction requires a Gibbs free energy of activation of 8.9 kcal.mol and is
endergonic in 2.1 kcal.mol'. The TS structure is characterized by one imaginary
frequency at 1100.6i cm™ and is associated with the vibration of the atoms involved in this
reaction. In the TS structure, the bond that is cleaved (i.e., the bond between the proton
and the carbon Cq of L-ser) is almost perpendicular to the PLP's pyridine ring (H-Co-C7-
C2 angle: 108.4°). This condition is essential for the PLP cofactor chemistry to kinetically

favour the reaction (69,70).

The second step of stage Il (Step 6) is characterized by a proton transfer from the oxygen
O1 of Tyr112 to oxygen Oy, of L-Ser. This reaction is concomitant with the cleavage of the
bond between the oxygen O, and the carbon C; (i.e., the B-elimination reaction) (Figure
34 — Step 6). This leads to a charge delocalization from the pyridine ring of PLP (charge of
PLP's ring: R: -0.10 a. u. vs P: 0.06 a. u.) to form a double bond between the carbons Cq
and Cg of the now formed external aldimine with 2-aminoacrylate (EAA) (R: 1.49 A vs P:
1.34 A). At the end of this reaction, one water molecule is formed, Tyri1» becomes
deprotonated, and the product 2-aminoacrylate is obtained, still covalently bonded to PLP.
This reaction has the highest energy barrier, requiring a Gibbs free energy of activation of
17.0 kcal.mol™! and being endergonic in 5.5 kcal.mol™!. As seen in the previous step, in the
TS structure (621.6i cm™), the cleaved bond is also practically perpendicular to the PLP's
pyridine ring (O1-Cg-C7-C2 angle: 83.5°). These results agree with Dunathan et al.
(69,70), which state that any bound complex formed or cleaved during a reaction involving

the PLP cofactor must be placed perpendicularly to the conjugated system of the PLP.
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Figure 34. Structures of reactant (r), transition state (rs), and product (¢) of steps 5-6. The
structures of the reactants and products are represented in a wedge-dash manner. The structures
of the TS are represented three-dimensionally, using the Licorice drawing method of VMD. PLP
and L-Ser/2AA are represented in pink, while the rest are in light blue. The imaginary frequency
corresponding to the major vibrational modes and the activation and reaction Gibbs free energies

are shown.

The formation of the final product of the reaction, pyruvate, has been a question of debate
in the literature. It has been proposed by Huang et al. (339) that the 2-aminoacrylate
leaves the active site of the enzyme (cystathionine-y-lyase in this study) still bonded to
PLP and that the hydrolysis only occurs in the cytosol. A new molecule of free PLP then
binds to the apoenzyme so the holoenzyme can be regenerated. This finding is supported
by the fact that when the exogenous concentration of PLP increases, thus the production
of HoS (since the substrate was L-cysteine instead of L-serine). This suggests that the

apo-form of the enzyme must form during the catalysis.

Nevertheless, one may argue that the release of the entire external aldimine would require
extended alterations to the protein folding, which would take longer than to re-form the
internal aldimine and release 2-aminoacrylate from the enzyme's active site. Another
proposal was that pyruvate is formed inside the enzyme's active site. Nowadays,
however, it is unanimous that 2-aminoacrylate is released to the cytosol, where it is

deaminated to pyruvate either non-enzymatically or by another enzyme entitled RidA
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(340,341). In order to test this hypothesis, we performed the nucleophilic attack of a water
molecule to carbon C, of the EAA in an attempt to obtain pyruvate. However, the energy
barrier of this reaction was 26.6 kcal.mol”', rendering it impossible on a physiological time
scale. According to the transition state theory, this reaction's half-life is 400 hours (i.e., a
little over 19 days). These results indicate that the 2-aminoacrylate must leave the active
site and go to the cytosol to promote pyruvate formation. These reactions will be

described in detail in section 2.1.3.5.

2.1.3.3. Stage 3: Formation of the internal aldimine

The release of 2-aminoacrylate from the enzyme requires the cleavage of the covalent
bond that it establishes with the PLP cofactor, leading to the formation of the internal

aldimine. This is accomplished by the enzyme in seven sequential steps.

In the first step (Step 7), Lys210 must lose one of its protons to the phosphate group of
PLP, forming a stronger nucleophile (charge of the €-amino group of Lysz210: R: 0.41 a. u.
vs P: -0.11 a.u.). To do that, Lys210 must acquire a better conformation, which is 1.4
kcal.mol' more stable than the product of step 6. Only then, thus, the proton transfer
occurs with a Gibbs free energy of activation of 4.5 kcal.mol™ and being endergonic in 1.2

kcal.mol' (Figure 35). The TS of this reaction is characterized by one imaginary
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frequency at 857.4i cm™.
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Figure 35. Structures of reactant (=), transition state (rs), and product (#) of step 7. The structures

Tyr 2

of the reactant and product are represented in a wedge-dash manner. The structure of the TS is
represented three-dimensionally, using the Licorice drawing method of VMD. PLP and 2AA are
represented in pink, while the rest are in light blue. The imaginary frequency corresponding to the

major vibrational modes and the activation and reaction Gibbs free energies are shown.
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In this next step (Step 8), the deprotonated Lys21o performs a nucleophilic attack to the
carbon C4A of PLP. In this reaction, the bond between this carbon and the nitrogen N1 of
2AA loses its double character (R: 1.31 A vs P: 1.41 A), thus forming the gem-diamine
reaction intermediate GA1 (Figure 36). This reaction, which is basically the reverse of
step 4, has a Gibbs free energy of activation of 8.5 kcal.mol”" and is endergonic in 4.1
kcal.mol'. The TS structure is characterized by one imaginary frequency at 111.0i cm™,
similar to step 4 (105.2i cm™) (Figure 33).
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Figure 36. Structures of reactant (&), transition state (rs), and product (#) of step 8. The structures
of the reactant and product are represented in a wedge-dash manner. The structure of the TS is
represented three-dimensionally, using the Licorice drawing method of VMD. PLP and 2AA are
represented in pink, while the rest are in light blue. The imaginary frequency corresponding to the

major vibrational modes and the activation and reaction Gibbs free energies are shown.

The formation of the internal aldimine and release of the 2-aminoacrylate from the gem-

diamine GA1 reaction intermediate requires five sequential steps.

First, the proton from the nitrogen N; of Lysz1o is transferred to oxygen O3 of PLP (Figure
37 — Step 9). This reaction has a Gibbs free energy of activation of 2.1 kcal.mol" and is
endergonic in 1.5 kcal.mol™. Its TS structure is characterized by one imaginary frequency
at 948.7i cm™.

Secondly, the network of hydrogen bonds inside the active site is rearranged. The proton
bonded to oxygen O3 of PLP loses its H-bond with nitrogen N; of Lys210 and forms a new
one with the nitrogen N1 of the 2-aminoacrylate (2AA) (Figure 37 — Step 10). At the same
time, the proton of nitrogen N1 loses its H-bond with the oxygen O3 and now points
towards Tyri12. This exchange of H-bonds proved to have a Gibbs free energy of
activation of 2.3 kcal.mol' and is practically thermoneutral, with a Gibbs free energy of
reaction of -0.5 kcal.mol . Its TS structure is characterized by one imaginary frequency at

124.0i cm™ involving the movement of both protons.
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Thirdly, nitrogen N1 of 2AA abstracts the proton from oxygen O3 of PLP with a Gibbs free
energy of activation of 4.2 kcal.mol! (Figure 37 — Step 11). This reaction is endergonic in
4.6 kcal.mol justified by the formation of two point charges in the atoms N1 and O3,
respectively. The TS structure of this reaction is characterized by one imaginary frequency
at 527.2i cm™.

Forth, a new rearrangement in the network of H-bonds occurs in an opposite fashion to
what was seen in step 2. The proton of nitrogen N; that makes one H-bond with Serz7
now points to the oxygen O3 of PLP (Figure 37 — Step 12). This H-bond exchange
requires 3.8 kcal.mol' and is practically thermoneutral with a Gibbs free energy of
reaction of -0.3 kcal.mol'. The TS structure of this reaction is characterized by one

imaginary frequency at 498.2i cm™.

Lastly, product 2AA is released, and the internal aldimine is finally formed (Figure 37 —
Step 13). While the bond between the carbon C4A of PLP and nitrogen N1 of 2AA is
broken, a double bond between the nitrogen N; of Lys>10 and the C4A of PLP is formed
(R: 1.41 A vs P: 1.30 A). This reaction has a Gibbs free energy of activation of 4.3
kcal.mol" and is exergonic in 2.7 kcal.mol'. The TS structure of this reaction is

characterized by one imaginary frequency at 154.2i cm™.
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Figure 37. Structures of reactant (&), transition state (rs), and product (=) of steps 9-13. The
structures of the reactants and products are represented in a wedge-dash manner. The structures
of the TS are represented three-dimensionally, using the Licorice drawing method of VMD. PLP
and 2AA are represented in pink, while the rest are in light blue. The imaginary frequency
corresponding to the major vibrational modes and the activation and reaction Gibbs free energies

are shown.

2.1.3.4. Stage 4: Reprotonation of Tyr112 and enzymatic turnover

The last step in this catalytic mechanism consists of the enzymatic turnover by the
reprotonation of Tyri12. While the reprotonation of Tyr112 could occur after the release of
2AA from the active site, since this residue is exposed to the solvent, we found that the
amino group of 2AA could aid in this process by functioning as a proton shuttle between
the phosphate group of PLP and the oxygen O1 of Tyrs12 (Figure 38). This final step has
a Gibbs free energy of 6.0 kcal.mol" and is exergonic in 7.3 kcal.mol™. Its TS structure is

characterized by one imaginary frequency at 791.0i cm™.
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Figure 38. Structures of reactant ( =), transition state (rs), and product (=) of step 14. The
structures of the reactant and product are represented in a wedge-dash manner. The structure of
the TS is represented three-dimensionally, using the Licorice drawing method of VMD. PLP and
2AA are represented in pink, while the rest are in light blue. The imaginary frequency
corresponding to the major vibrational modes and the activation and reaction Gibbs free energies

are shown.

2.1.3.5. Non-enzymatic catalysis: Conversion of 2-aminoacrylate into pyruvate

As shown in stage I, the conversion of 2AA into pyruvate must occur in the cytosol, either
by non-enzymatic catalysis or by the RidA enzyme. The half-life of 2AA in solution is

estimated to be approximately 3 min at 30 °C, pH 7-8 (342). According to the transition
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state theory, by using the Eyring equation, this corresponds to an energy barrier of about

21 kcal.mol!, which must be the rate-limiting step of this reaction.

The deamination of the 2AA to pyruvate starts with the tautomerization of the enamine
form into 2-iminopropionate, its imine form (Figure 39 — Step 1). This reaction requires
two water molecules that work as a proton shuttle between the nitrogen N1 and the
carbon Cg. In this process, the bond between the carbons Cq and Cg loses its double-bond
character (R: 1.35 A vs P: 1.49 A), whereas a new double-bond is formed between carbon
Ca and nitrogen N1 (R: 1.38 A vs P: 1.28 A). This reaction has a Gibbs free energy of
activation of 22.6 kcal.mol' and is exergonic in 6.4 kcal.mol'. The TS structure of this

reaction is characterized by one imaginary frequency at 435.0i cm™.

In the next step, the water molecule WAT3 attacks the carbon C, of 2-iminopropionate,
while two other water molecules shuttle a proton from this water to nitrogen N1, making its
bond with the carbon C, lose its double-bond character (R: 1.28 A vs P: 1.43 A) (Figure
39 — Step 2). This reaction has a Gibbs free energy of activation of 21.2 kcal.mol™" and is
endergonic in 3.8 kcal.mol'. This TS is characterized by one imaginary frequency at
639.0i cm™.

In the third step (Figure 39), the oxygen OW3 of the newly added hydroxyl group loses its
proton to nitrogen N1 of the amino group. Two water molecules mediate this proton
transfer. This reaction requires a Gibbs free energy of activation of 10.8 kcal.mol' and is
endergonic in 8.4 kcal.mol”, justified by the formation of two point charges in the
molecule. The TS obtained for this reaction is characterized by one imaginary frequency
at 659.2i cm™.

Lastly, the carbonyl double bond is formed between carbon C, and oxygen OW3 (R: 1.34
A vs P: 1.22 A) with the simultaneous elimination of the ammonia molecule (Figure 39 —
Step 4). This reaction requires a Gibbs free energy of activation of 4.7 kcal.mol" and is
exergonic in 4.8 kcal.mol™. The TS structure is characterized by an imaginary frequency
at 184.9i cm™.
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Figure 39. Structures of reactant (&), transition state (rs), and product () of the steps involved in

the non-enzymatic catalysis of the deamination of 2AA into pyruvate that occurs in the cytosol. The

structures of the reactants and products are represented in a wedge-dash manner. The structures

of the TS are represented three-dimensionally, using the Licorice drawing method of VMD, and are

coloured in pink. The imaginary frequency corresponding to the major vibrational modes and the

activation and reaction Gibbs free energies are shown.
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2.1.3.6. UV-VIS

TD-DFT calculations were carried out to compare the absorption spectra of the
intermediates of XometC's catalytic mechanism with the ones experimentally determined
for PLP-dependent enzymes. This allows us to corroborate the intermediary structures
computationally obtained in this work. Absorption spectra (Figure 40) were calculated for
four intermediates in this catalytic mechanism: internal aldimine (lA), external aldimine
with L-serine (EAS), quinonoid (QUI), and the external aldimine with 2-aminoacrylate
(EAA).

It is known that these stable PLP reaction intermediates have characteristic absorption
bands that can be detected experimentally. The |A has a characteristic UV-Vis absorption
peak in the range of 410-420 nm (343-347), EAS in the range of 400-435 nm
(343,345,348,349), QUI around 500 nm (343,344,350), and EAA around 460 nm
(343,345).

The in silico absorption maxima obtained for each of these structures were, by order of
appearance in the catalytic mechanism, 383 nm for the 1A, 404 nm for the EAS, 437 nm
for the QUI, and 431 nm for the EAA.

Although the calculated absorption bands are shifted relative to the experimental values,
they show a similar trend. The quinonoid intermediate is the structure with the absorption
peak at the highest wavelength, followed by EAA, EAS, and IA. These results align with
experimental observations that show that extended conjugated pi systems tend to have
UV-Vis bands at longer wavelengths. This is the case of the quinonoid intermediate,
where the PLP cofactor is negatively charged, and the charge is distributed along the
cofactor and part of the L-Ser. The external aldimine band of EAA and EAS appears at
higher wavelengths than |IA because they have more double bonds, some conjugated,

which increases the absorption wavelength.
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Figure 40. UV-Vis absorption spectra calculated with TD-DFT of four important intermediates of

the catalytic mechanism of XometC: the internal aldimine (lA), the external aldimine with L-serine
(EAS), the quinonoid (QUI), and the external aldimine with 2-aminoacrylate (EAA). The

electrostatic potential was calculated and mapped on the surface of the reaction intermediates.

2.1.4. Conclusion

In this work, the catalytic mechanism of the XometC enzyme was studied with an

atomistic level of detail using computational QM/MM methodologies. XometC was initially

described as a cystathionine y-lyase, but it was found that it also presents L-serine

ammonia-lyase activity, which was the main focus of this work. This reaction involves the

conversion of L-serine into 2-aminoacrylate with the aid of the PLP cofactor. The reaction
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consists of a series of 14 sequential steps that can be divided into four main stages: the
formation of the external aldimine with L-serine, the B-elimination, the re-formation of the
internal aldimine and release of 2-aminoacrylate, and finally, the enzymatic turnover with

the reprotonation of Tyrq1z.

The complete mechanism is depicted in Figure 41. In the first step, L-Ser attacks the
carbon C4A of the internal aldimine, forming a gem-diamine reaction intermediate. In the
second step, the H-bond performed by the nitrogen N; of Lys21o changes from the oxygen
O3 of PLP to Ser7, allowing the nitrogen N1 of L-Ser to perform a stronger H-bond with
oxygen O3. Then, in steps 3 and 4, the proton from the nitrogen N1 of L-Ser that was
establishing the H-bond is spontaneously transferred to the oxygen O3 of PLP and from
there to the nitrogen N; of Lys»10. Finally, the external aldimine was formed, and the
neutral Lysz10 was released. In the B-elimination stage, Lysz10 abstracts the proton from
the carbon C4 of L-Ser (Step 5), and the elimination of the hydroxyl group occurs in the
form of a water molecule, with the second proton coming from Tyri12 (Step 6). After this

stage, the product, 2-aminoacrylate, is formed.

The possibility that the B-elimination stage could occur concertedly was also considered.
In this scenario, the proton from the carbon Cy, of L-Ser would be abstracted by the
nitrogen N; of Lys210 with the concomitant elimination of the hydroxyl group of L-Ser. This
would mean that PLP would only function as an anchor for L-Ser and that no quinonoid
would be formed. This is the mechanism employed by other L-serine ammonia-lyases
because since their pyridine ring is not protonated, PLP cannot function as an electron
sink, stabilizing the charge in its ring (310-314). However, this hypothesis was discarded
since we found it impossible to occur in a physiological timescale, requiring over 40

kcal.mol™'. Therefore, the B-elimination must occur in two steps, as shown.

However, 2-aminoacrylate remains covalently bonded to PLP as an external aldimine.
Therefore, to release it, the reverse of stage | must occur. After Lys;1o loses one of its
protons to the phosphate group (Step 7), it attacks the carbon C4A of PLP to form a new
gem-diamine (Step 8). From there, one of the protons at the nitrogen N; of Lys21o is
transferred to the oxygen O3 of PLP (Step 9). This makes the proton at the nitrogen N1 of
2AA lose its H-bond with oxygen O3 (Step 10), allowing the proton from the oxygen to be
transferred to the nitrogen N1 (Step 11). Then, similarly to step 2, the proton of the
nitrogen N1 of Lys210 exchanges H-bonds (Step 12), and the internal aldimine is formed
with the release of 2AA (Step 13). In the end, the reprotonation of Tyry12 occurs with the
help of the newly formed 2AA (Step 14), which can now leave the active site, making the

enzyme ready for a new enzymatic cycle.
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Figure 41. Overview of the catalytic mechanism of the PLP-dependent enzyme XometC uncovered

in this work.

According to the determined free energy profile depicted in Figure 42, the proton
abstraction by the Lysz10 (Step 5) and the elimination of the hydroxyl group of L-serine
(Step 6) contribute synergically to the rate-limiting step of the catalytic process, with a total
activation free energy barrier of 19.1 kcal.mol'. These results closely agree with the
experimental kinetic data available, whose activation barrier predicted is 18.9 kcal.mol™
(72).
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Figure 42. Energy profile determined for the catalysis of L-serine conversion into 2-aminoacrylate
by XometC. All energy values were computed with DLPNO-CCSD(T)/CBS//r’SSCAN-
3c/mTZVPP:ff14SB.

It is worth noting that the free energy profile presents a valley shape, with its energy
decreasing until the formation of the external aldimine, which then increases once again
until the release of 2-aminoacrylate. This observation is indicative that one of the major
roles of the enzyme is to form and stabilize the external aldimine. This is important
because only in this reaction intermediate is the substrate placed perpendicularly to the
conjugated system of PLP, favouring by this way the cleavage of a covalent bond, as
proposed by Dunathan (69,70) and verified in this work. Generally, the cleavage of
covalent bonds is difficult to occur under physiological conditions because they require
high activation energies. However, this work shows that this reaction is possible under
physiological conditions due to the involvement of the PLP cofactor and the correct
alignment of the substate endorsed by the active site residues strategically positioned by

the enzyme to favour the chemical reaction.

Moreover, we have shown that the conversion of 2-aminoacrylate into pyruvate cannot
occur under enzymatic catalysis since it requires high activation energies (above 25.0
kcal.mol™). Instead, this conversion occurs in the cytosol, with a rate-limiting step (i.e.,
Step 1 — tautomerization) whose activation barrier (22.6 kcal.mol'; Figure 43) closely
agrees with the experimental data described in the literature (21 kcal.mol™) (342). This
energy value corresponds to a reaction half-life of approximately 3 minutes, which is a
reasonable value at a physiological timescale. However, since the 2-aminoacrylate is a
very toxic molecule with a high half-life that can irreversibly inhibit PLP-dependent
enzymes, cells have other enzymes, such as 2-iminobutanoate/2-iminopropanoate
deaminase (also known as RidA), which accelerate this deamination process. This
efficiently reduces the potential cellular damage that can be caused by 2-aminoacrylate
(340,341,351-353).
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Figure 43. Energy profile determined for the non-enzymatic catalysis of the deamination of 2-
aminoacrylate to pyruvate. All energy values were computed with DLPNO-CCSD(T)/CBS.

Together, the results obtained in this work provide a complete overview, with an atomistic

level of detail, of the catalytic mechanism of XometC that can aid in developing new drugs

against the bacterial blight of rice. Particularly, transition state analogue inhibitors can be

designed from the transition state of step 5, leading to a highly stabilized intermediate that

could stall the entire catalytic mechanism. Furthermore, since the target enzyme is not

present in humans, the inhibitors would be highly specific and have low toxic effects for

humans.
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3. Non-B DNA conformations
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3.1. Analysis of the 3D conformation of Structure A — a non-B DNA

conformation associated with mtDNA mutagenic instability

Non-B DNA conformations are molecular structures that do not follow the canonical DNA
double helix. Mutagenetic instability in nuclear and mitochondrial DNA (mtDNA) genomes
has been associated with simple non-B DNA conformations, such as hairpins, or more
complex structures, such as G-quadruplexes. One of these structures is Structure A, a
cloverleaf-like non-B conformation predicted for a 93-nt (nucleotide) stretch of the mtDNA
control region 5'-peripheral domain. Furthermore, Structure A is embedded in a hot spot
for the 3' end of human mtDNA deletions revealing its importance in influencing the
mutational instability of the mtDNA genome. In order to characterize Structure A better, its
3D conformation was predicted using state-of-art methods and algorithms. Then,

molecular dynamics simulations were performed to study its stability.

This work resulted from a strict collaboration with Jodo Carneiro from CIIMAR, Porto, and
Luisa Azevedo from i3S, Porto. André F. Pina performed the 3D predictions of all non-B
DNA conformations under study, their molecular dynamics simulations, and subsequent
analyses. Regarding the article, André F. Pina wrote all the methodology, results, and
discussion related to the work mentioned above, having also partially contributed to the
writing of the introduction. The following content is almost a transcript of the published
version, which was published in the Biochimica et Biophysica Acta (BBA) — General

Subijects journal.

Research Article

Non-B DNA conformations analysis through
molecular dynamics simulations

André F. Pina, Sérgio F. Sousa, Luisa Azevedo, Jodo Carneiro

BBA — General Subjects, 1866(12), 130252

Impact Factor (2021): 4.117 016/j.bbagen.2022.13
2022 /

In short, Structure A 3D conformation showed high stability and low flexibility, which was
correlated with high conservation scores in mammals, specifically primate lineages.

Furthermore, the results showed that 3D non-B conformations can be predicted and


https://doi.org/10.1016/j.bbagen.2022.130252
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characterized with the methodology used, and their stability can be estimated using the

base pairing level maintained throughout the simulation.
This work was also presented at the following conference:

1. (Poster) Bioinformatics Open Days, 2021, online (Appendix: page 264)
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3.1.1. Introduction

Non-B DNA conformations are molecules whose conformations do not follow the double
helix DNA structure. They can assume simple conformations as DNA hairpins or more
complex structures as G-quadruplexes. The DNA's structure of these conformations is
related to its base sequence and to the solvent environment where it is located. Since
DNA is a highly charged polyanion, cations have an important role in its stabilisation, such
as reducing phosphate-phosphate repulsion. Some studies have shown that different ions
with different ionic sizes have a different impact on the stability of DNA (354-358).
However, long-timescale molecular dynamics simulations have shown that DNA
conformations are insensitive to the ionic strength of the solution or the nature of the salt
(359). Nevertheless, there is more than just water and ions inside a cell. The entire
volume of a cell is occupied by a large number of biomolecules, which is the reason why it
is said that the cellular environment is crowded, a phenomenon referred to as
macromolecular crowding (360-362). How molecular crowders affect nucleic acids'
structure, interactions, and function has been a matter of great study. It has been shown
that molecular crowding plays a critical role in determining the structure and stability of G-
quadruplex DNA (363,364). The same has also been verified for G-triplexes (365).

These conformations do not follow a random distribution in the human nuclear genome,
and several can have functional implications for cellular functions and human diseases
(85). In this context, non-B conformations can fold in approximately 13% of the human
nuclear genome and can determine natural obstructions to the DNA synthesis elongation
by the replicative polymerases (85,366,367). In human mitochondrial genomes, these
structural conformations can also occur (89,95). A complete analysis of the occurrence of
non-B conformations in human mitochondrial DNA (mtDNA) has been done by Pereira et
al., which demonstrated their relation with the rate of nucleotide substitutions and with the
3' end of human mtDNA deletions (89). Such DNA conformations are highly related to
events of mutagenetic instabilities in both nuclear and mitochondrial DNA (86—88,95,368—
375) and, therefore, are associated with several diseases that result from replication
errors, repair errors, and genomic instability (87,95,376—378). Most replication errors can
be associated with mtDNA deletion hotspots where non-B conformations can be formed
(95). The factors that influence the mtDNA non-B conformations formation have been
under investigation using both a somatic (within species) and an evolutionary (inter-
species) approach (95,370). In both frameworks, free energy calculations of different
regions of the mtDNA have shown that regions with high folding potential were statistically
correlated with genomic rearrangements implied in mtDNA breakage hotspots. One

example of a non-B conformation that influences the replicative process in the
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mitochondria is Structure A, a cruciform conformation formed near the origin of the
replication region (89). The formation of non-B conformations like Structure A in the
mtDNA control region results from the occurrence of extensive single-stranded DNA
stretches during mtDNA replication or in the three-stranded D-loop (95), which can
constitute pausing sites for the polymerase activity, inducing an obstacle to fork
progression. The study of Structure A is relevant to understand processes that originate

mtDNA deleted molecules as a result of hypermutable non-B DNA.

The Unified Nucleic Acid Folding and hybridisation package (UNAFold) is a well-
established software that uses experimentally determined thermodynamic parameters to
predict non-canonical RNA and DNA secondary structures (379). The free energy
calculations can improve the computational methods to build molecular models of different
non-B conformation DNA systems. In this way, computational approaches, such as
molecular dynamics (MD), have been used to better understand the behaviour of
structural DNA elements in different environments (380-391). Different types of non-B
DNA, including the DNA hairpin, pseudoknot, and cruciform conformations, can be

evaluated using stability parameters during MD simulations.

We performed MD simulations to mimic the DNA conformations in Structure A,
considering the UNAFold secondary structure predictions and their putative implications in
replication mechanisms (95,377). Our innovative approach was designed to explain the
Structure A stability at the structural level and the frequency at which it can be formed in
the mtDNA. Combining these data with evolutionary conservation scores (392—-394) using
lineage-specific genome alignments for primates and other mammals demonstrates that
structure A conformation can be maintained during the molecular dynamics simulations.
The results also suggest that the nucleotide composition significantly influences the

maintenance of non-B conformations in mammals and primates.

3.1.2. Methodology
3.1.2.1. Determination of secondary structures

Structure A is located between positions 16,028—-16,120 of the mtDNA (according to the
reference sequence NC_012920) at the hypervariable region | (HVR-I) and D-loop 3’ end.
The minimum free energy (MFE) of the Structure A (DNA sequence - 5
[TTCATGGGGAAGCAGATTTGGGTACCACCCAAGTATTGACTCACCCATCAACAACCG
CTATGTATTTCGTACATTACTGCCAGCCACCATGAA] 3') was calculated using the
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latest online version of the UNAFold algorithm that uses free energy minimisation using
nearest neighbour thermodynamic rules (379,395). The minimum free energy (MFE)
values were also calculated for the control sequences: a) 93-nt single-stranded nucleotide
sequence of Structure A; b) 93-nt mono-shuffle nucleotide sequence of Structure A; c) 93-
nt 5" and 3’ Structure A flanking sequences; d) lowest and highest MFE structures from a
dataset of all 93-nt windows of the complete human mtDNA genome. The single-stranded
conformation was used as the baseline for comparison with the non-B conformations
(controls and Structure A). The mono-shuffle was used to measure the influence of
nucleotide composition on non-B conformation maintenance. The flanking regions were
used to show if the adjacent regions of Structure A present the same values of MFE and
similar parameters (e.g., h-bonds). The lowest and highest MFE were used to ascertain
the range of MFE, which includes upper and down limits, of non-B conformation that occur
in mtDNA. We used the UNAFold software to predict the secondary structure using the
following parameters: temperature of 37 °C and ions concentration between the minimum
and maximum concentrations used in PCR experiments (sodium [Na*]: 0.5 and 1 mol.L™,
magnesium [Mg?*] 0.002 and 0.005 (mol.L"), and “window size parameter” of 2. All folding
free energies are expressed in kilocalories per mole (kcal.mol™). Temperature and ion
conditions were selected to mimic a standard PCR system at the starting temperature
(396-399). The tested concentration revealed no variation in the base pairing of the
predicted final structure. The consensus base pairing between all calculations was used.
We used the PCR parameters as a simplified model representing the most important

variables of the DNA single-stranded molecules in in vivo cellular processes.

3.1.2.2. UNAFold predictions accuracy

The accuracy of the Unified Nucleic Acid Folding and hybridisation package — UNAFold —
was assessed using a database of 22 experimentally-determined nuclear magnetic
resonance (NMR) spectroscopy single-stranded DNA structures (Table 1) with hairpins
and stems. These 3D structures were compared with the secondary structure prediction of
UNAFold.
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experimentally determined NMR structures of 22 single-stranded DNA with hairpins.

PDB UNAFold prediction Percentage of

ID 3D structure type (base pairing and loop) Length (nt) base pair

1AC7 ssDNA hairpin Identical to 3D 16 100

1BJH ssDNA hairpin Identical to 3D 11 100

1DGO  ssDNA hairpin Identical to 3D 18 100

1ECU  ssDNA hairpin Identical to 3D 19 100

1EL2  DNAcomplextelomeric  pyp ot from 3D 22 100
structure (3 loops)

1ELN  DNAcomplextelomeric e oot om 3D 22 100
structure (3 loops)

1gnq  Primerbinding site HIV.- 0 ical to 3D 18 100
ssDNA hairpin

1Fyg  SSDNAheterochiral Identical to 3D 11 100
hairpin

1IDX ssDNA hairpin Identical to 3D 18 100

111 ssDNA hairpin Identical to 3D 18 100
AT-Rich ssDNA with the .

1JVE GAA-Hairpin Loop Identical to 3D 27 100

1KR8 ssDNA hairpin Identical to 3D 7 100

1LA8 ssDNA hairpin Identical to 3D 13 100

1LAE ssDNA hairpin Identical to 3D 13 100

1NGO  ssDNA hairpin Identical to 3D 27 100

ANGU  ssDNA hairpin Identical to 3D (except 2, 90

residues in stem)

1poy  SSDNATriplet repeats Identical to 3D 13 100
hairpin

1PQT  ssDNA hairpin Identical to 3D 7 100

1QE7 ssDNA hairpin Identical to 3D 22 100

1XUE  ssDNA hairpin Identical to 3D only for 29

loop

Hairpin loop formed by the .

1ZHU DNA triplet GCA. Identical to 3D 10 100

2M22 ssDNA hairpin Identical to 3D 23 100

3.1.2.3. Generation of three-dimensional non-B DNA conformations

The generation of the three-dimensional (3D) non-B DNA conformations occurred in two

steps:
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Step 1: Generation of equivalent 3D single-stranded (ss) RNA models with

RNAComposer

The secondary structure predicted by the UNAFold software was used to generate 3D
models of the Non-B DNA conformations using the RNAComposer web server (400,401).
Due to the lack of available tools for predicting 3D ssDNA structures (402), an equivalent
3D RNA structure was generated. This approach has been previously employed and
validated by the works of Heiat et al., 2016, Jeddi & Saiz, 2017, and Sabri et al., 2020
(402—-404). The predictions from UNAFold were used as input in the dbn file format. No
secondary structure prediction method was selected since it is already provided. The

resulting structures were then downloaded in the pdb file format.

Step 2: Conversion of the generated 3D ssRNA models into ssDNA using LEaP from the

AmberTools software

Lastly, the 3D RNA structures were converted to DNA. First, an in-house bash script was
used to remove the hydroxyl group at the C2’ position of the ribose ring and the hydrogen
atom at the C5 position of uracil. Then, the LEaP program, part of the AmberTools
software package (283), was used to add all the missing atoms, including the methyl
group needed to convert uracil into thymine. The resulting structures are now 3D ssDNA

molecules.

3.1.2.4. Molecular dynamics simulations of the 3D non-B DNA conformations

Molecular dynamics simulations were performed considering a total of seven structures:
six control structures (i.e., 93-nt linear single-stranded Structure A, 93-nt Structure A after
mono-nucleotide shuffle sequence, two 93-nt sequences with the highest and lowest
folding potentials in the complete mtDNA genome, and the two 93-nt flanking sequences

of the Structure A region), and the 93-nt Structure A.

These non-B DNA conformations were solvated with TIP3P (286) water molecules in a
rectangular box so that each atom of the DNA was distanced at least 12 A from the edge
of the periodic box. Then, a physiological concentration of NaCl (150 mM) was inserted
into the system by the LeaP package of the AmberTools18 software (283). The number of
added Na* and CI” ions was determined using the Screening Layer Tally by Container
Average Potential (SLTCAP) method (405). The ions were added in two steps. Firstly,

enough Na* ions were added to neutralise the DNA molecule, and then an equal number
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of Na® and CI” ions were placed randomly to obtain the desired salt concentration. The
ssDNA molecules were described by the bsc1 force field, developed for the atomistic

simulation of nucleic acids (406).

Four steps of energy minimisation were performed to reduce possible constraints and
clashes. Firstly, only the water molecules were minimised (2500 steps). Then, all
hydrogen atoms were minimised, followed by all non-backbone atoms (500 steps each).
Lastly, all atoms in the system were freely minimised with no constraints (10,000 steps).
Information about the evolution of the system throughout each step of the minimisation
can be found in the supplementary material (Figs. S1 to S3). Next, the system
equilibration was performed in a two steps process. Firstly, the system was gradually
heated from 0 to 310.15 K, over 20 ps applying weak restraints on DNA. Then, the
restraints were removed, and the system was maintained at this temperature for another
80 ps.

The production phase of the MD simulations was run for 50,000,000 steps, with an
integration time of 2.0fs, totalling 100 ns. Three replicates were performed in two
representative systems to evaluate the impact of more replicates in the analysis of the
results, which can be found in Figs. S4 and S5. The SHAKE (139) algorithm was used to
constrain all bonds involving hydrogen atoms. The system was maintained at constant
temperature (310.15 K; friction coefficient of 1 ps™') and pressure (1.0 bar), using the
Langevin thermostat (407) and Berendsen barostat (146). A side study was performed
where we evaluated the validity of the use of the Berendsen barostat in this work. The
results obtained can be found in Fig. S6 of the supplementary material. A cut-off of 10 A
was applied to the non-bonded interactions. Both equilibration and production phases

were conducted using the PMEMD software from the AMBER18 package.

3.1.2.5. Analysis of the molecular dynamics simulations

The following properties of the molecular dynamics simulations for each non-B DNA
conformation were analysed: root-mean-square deviation (RMSD), radius of gyration (Rg),
end-to-end distance (Re), and the number of intramolecular hydrogen bonds. Their
analysis was performed using CPPTRAJ, a program distributed within the AmberTools
software package for processing and analysing trajectory data from molecular dynamics

simulations.
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3.1.2.6. Root-Mean-Square Deviation (RMSD), end-to-end Distance (Ree), and

radius of gyration (Rg)

We analysed the MD stability by calculating the mass-weighted RMSD using all heavy
atoms in the system. The distance between the centres of mass of the 3' and 5' end
residues of the non-B DNA conformations was also determined and plotted as a function
of time for the 100 ns of the simulation. The mass-weighted radius of gyration of all atoms
in the system was also calculated and plotted as a function of time for the 100 ns of the

simulation.

3.1.2.7. Hairpin states and H-bond trajectory analysis

The process of hairpin formation described in Portella et al. (408) was used to analyse the
different folding mechanisms. The hairpin states in each molecular model were analysed
by considering three regions of low MFE: 1) the native form (with 6—8 hydrogen bonds and
around four stacked bases); 2) a partially folded state characterized by two hydrogen
bonds and two stacked bases, and 3) the fully unfolded form with no native hydrogen
bonds and a variable number of stacked bases (408). This process involving loop
nucleation with one base pairing connection followed by second base pairing connection

results from fluctuations between closed and open hairpin states (384,408—410).

Intramolecular hydrogen bonds formed between base pairs throughout the trajectory were
analysed with CPPTRAJ. The hydrogen bond donors and acceptors were defined via the
following atom masks: DA@NG6, DT@N3, DG@N1, DG@N2, and DC@N4 as the donors;
DA@N1, DT@04, DG@O06, DC@N3, DC@O?2 as the acceptors. A distance of 3.0 A from

the donor to the acceptor heavy atoms was used as a cut-off.

3.1.2.8. Cluster analysis

A cluster analysis of the conformations adopted by each non-B DNA sequence during the
molecular dynamics simulation was performed using the K-means clustering algorithm. A
maximum of 5 clusters were defined for each trajectory. The RMSD of all heavy atoms
was used as a measure of similarity (i.e., the smaller the RMSD, the more similar the
structures) to form the clusters. A representative structure for each of the five main

clusters for each non-B DNA conformation was saved in PDB format.
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3.1.2.9. Conservation scores analysis

We have performed an in-deep analysis of the evolutionary conservation of Structure A

across humans, non-human primates, and other mammals.

We used a reference alignment of 44,299 mtDNA complete genomes retrieved from the
work of Mclnerney and colleagues (411) to analyse the conservation in humans. We also
evaluated the mammal's and primate's inter-species nucleotide conservation using the
complete mtDNA genomes from NCBI (November 2021). The mammalian and primate

sequence alignments were obtained using MAFFT (412) at hiips.//useqalaxy.eu/ with

default parameters. Geneious software (413) was used to determine the Structure A
localisation in all alignments. Structure A is located between positions 16,028 and 16,120
in the human genomes and between 17,106-17,242 and 2684-28,732 in primate and
mammalian alignments, respectively. The Structure A region was analysed considering
the following conservation scores for each nucleotide position (window size of 1 and step
of 1): percentage of identical sites (PIS) and percentage of pairwise identity (PPI) (394).
The disease-associated variants and somatic mutations were retrieved from Mitomap
(414). The correlation between the mean RMSF of each molecular dynamics,

conservation scores, and the disease-associated variants was calculated in JASP (415).

3.1.3. Results and Discussion
3.1.3.1. UNAFold predictions accuracy

Considering the NMR 3D structures analysed to evaluate the UNAFold accuracy, we
obtained an overall result that gives high performance for the hairpin prediction of
UNAFold software. We have used a database of experimentally determined NMR
structures of 22 single-stranded DNA with hairpins (Table 1,

http:/ndbserver.rutgers.edu/index.html) to evaluate the accuracy of UNAFold in predicting

hairpin structures. We obtained 20 accurate loop predictions (90.9%) and 18 accurate
stem and loop predictions out of 22 (81.8%). The structures that UNAFold could not
predict were PDB 1EL2 and PDB 1ELN because these are complex 3D structures that

fold over themselves, making them unreliable for UNAFold prediction.


https://usegalaxy.eu/
http://ndbserver.rutgers.edu/index.html
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3.1.3.2. Structure A is stable throughout molecular dynamics simulations

The structures were analysed using the mean of RMSD between the initial UNAFold
predicted structure and the time of the stabilisation of the structure as criteria. The
analysis of the molecular dynamics simulations showed a highly stable Structure A, with a
mean RMSD of 10 A, when compared with the initial UNAFold predicted structure. The
controls always presented a mean RMSD value much higher than the initial UNAFold
prediction (Figure 44, Table 2). The single-stranded control was used as a baseline to
measure the RMSD of the Structure A region when Structure A is not formed due to
mtDNA cell conditions. When comparing the single-strand with the other non-B
conformations controls, the lower number of h-bonds formed shows a considerable
difference from all other conformations, including the structure with the highest MFE in the
mtDNA.
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Figure 44. Analysis of the molecular dynamics simulation of the 3D Structure A conformation and
controls. Graphs A, B, and C are represented as a function of time for the 100 ns of simulation. (A)
RMSD values. All heavy atoms were used in the calculation of the mass-weighted RMSD. (B)

Radius of gyration. (C) Distance between the centre of mass of the 3' and 5' ends of the DNA
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conformations. (D) Box-and-whiskers plot of the number of hydrogen bonds established during the
molecular dynamics simulation. The whiskers represent the minimum and maximum values, while
the box extends from the 25th to 75th percentiles, with the line in the middle plotted at the median

value.

Table 2. Summary of the results of the molecular dynamics simulations, excluding the first 10 ns.

The results are represented as Mean (SD).

Controls

Human Human , . ) .

Structure  Structure Structure mtDNA mtDNA 5 Fl_anklng 3 Fl_anklng

A A (linear) A (mono- (highest free (lowest free region of region of
shuffle) 9 Structure A Structure A
energy) energy)

RMSD (A) 10 (1) 23 (4) 18 (2) 23 (5) 14 (2) 17 (2) 20 (2)
Ree (A) 9(2) 67 (16) 72 (10) 78 (14) 36 (5) 22 (16) 76 (8)
Rq (A) 25.2 (0.6) 81 (4) 48 (2) 49 (2) 29 (1) 37 (2) 54 (1)
H-bonds 48 (4) 1.3(0.8) 18 (3) 6 (2) 49 (4) 33 (4) 24 (3)

Even the 93-nt structure with lower MFE, considering the complete dataset of predicted
93-nt length structures in the mtDNA complete genome, presented mean RMSD values
higher than those measured for Structure A. We also noticed that the nucleotide
composition influences the non-B conformation formation, with the mono-shuffle prediction

reaching a difference of approximately 8 A higher than Structure A.

To visualise the conformational distribution that each structure acquired during the MD
simulation, a two-dimensional space of the radius of gyration (Ry) and the end-to-end
distance (Ree) was created, where each point corresponds to a frame of the MD simulation
(Figure 45). Ry and Ree are complementary parameters that provide a rough estimate of
the size and extension each structure acquires throughout the MD simulation (416). The
density of the structures was represented by a heatmap, where hot areas (represented in
red) are more densely populated than cold areas (represented in blue). Structures closer
to the lower-left corner of the Rg-Ree space are tightly wounded and more compact.
Contrarily, at the higher right corner, a structure is almost totally extended. Structures
between these two regions are composed of several different sizes and shapes. As
observed in Figure 45, Structure A has the most compact conformation, followed by the
Human mtDNA structure with the lowest MFE. At the other end of the spectrum lies the
linear Structure A with the highest Ry and Ree. All the others are positioned near the
centre of the Rg-Ree Space. Another interesting observation is that Structure A acquired

two distinct conformations during the MD simulations, with an equal Rq but a higher Ree.
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These conformations result from the type of interaction that the two ends of Structure A
establish. When the 5' nucleobase T1 establishes a Watson-Crick base pairing with the 3’
nucleobase A93, this results in a higher Re.. On the other hand, when the two ends
perform a stacking van der Waals interaction, the Rec is smaller since the centre of mass

of these two residues is closer.
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Figure 45. Ry and Ree space of each structure is represented as a heatmap. Each frame of the MD
simulations corresponds to one point in the graph, located by its (Rg, Ree) value. The heat (i.e.,
colour) corresponds to the local density of points, with red being the most densely populated and
blue the less densely populated. The Rg-Ree space of Structure A is zoomed in to highlight the
presence of two distinct populations. Representative structures of each of these populations are
shown on the right. The main difference between the two populations is the nature of the
interaction between T1 and A93 (i.e., 5' and 3' residues, respectively). The terminal residues of the
structures belonging to the population with a higher Ree establish Watson-Crick base pairing,

whereas the ones with a lower Ree perform van der Waals stacking interactions.
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Regarding the number of H-bonds observed, Structure A presented a higher number
(n = 48) than the other predictions, except for the structure with the lowest MFE, which

presents only one additional H-bond (n = 49).

3.1.3.3. Structure A cluster analysis

We used a statistical method to ascertain the possible stability variation at region-specific
segments corresponding to different structural elements. The criterion was the same for
the global analysis of each structure previously described. The cluster analysis showed
that the five different segments, obtained using the K-means method for Structure A,
presented a mean RMSD of 10.3 A (Figure 46). Considering the different clusters of
Structure A, we obtained all segments with high stability, representing low MD RMSD
variation between the initial and end states of all segments of the conformation. The other
MD conformations simulations presented a mix between less stable segments and high
stable structural elements. For instance, the Human mtDNA secondary structure with the
lowest MFE and stability parameters, like Structure A, presented two segments with high
RMSD variations (= 30 A) and three segments with high stability parameters (lower RMSD
variation, €10 A). These difference in the stability of some regions of the mtDNA structure
explains why local base-pairing can determine high stability patterns. These patterns are
correlated with the stem-loop conformation in Structure A, while other conformations with
multiple stem-loops present a variable degree of stability (30 A <RMSDs<10 A). These
high mean RMSD variations were also observed in the complete single-strand

conformation, which we have used as a control.
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Figure 46. Superimposition of the representative structure of the major cluster obtained from the
molecular dynamics simulation with the initial 3D prediction. The clustering was performed using
the K-means method, and 5 clusters were obtained. The structures from the molecular dynamics

simulations are coloured according to residue RMSD by comparison with the predicted structure.
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3.1.3.4. Human, primate and mammalian conservation scores and RMSF

variation

High conservation values imply that selective pressure is occurring to maintain specific
residues or motifs unchangeable through evolutionary history (89). Structure A seems to
have a relevant role in the modulation of mitochondria replication and during different
stages of the diverse replication mechanisms (417). We assumed that the highest
conserved segments of Structure A would show a low variation of mean RMSF values
between the initial and end states of molecular simulation. In humans, all sites were
polymorphic with a maximum of three variable nucleotides. The primate alignment has 82
sites out of 93, with no inter-species variation. The conservation scores for both the
Human intra-species and primates alignment data were in accordance with previous
results from Pereira et al. (89). Both alignments show all sites with at least two
polymorphic sites (PIS = 0%). The PPl windows analysis (windows size =1, step = 1)
along Structure A revealed very high values in humans (PPl = 100%). The alignments of
primates and mammals showed a higher difference between the minimum and maximum
PPI values per position obtained. The primate lineage presented PPI values per position
between 23% and 100%; and for the mammalian lineage, the PPI values per position
were between 26.6% and 86%. The variation line tendency for the mean RMSF along the
primate's alignment was remarkably like the PPl conservation scores (Figure 47), even
though this correlation was only noticed for some regions of Structure A. A non-significant
correlation was obtained in a global analysis (Table 3, Figure 47). In contrast, the highly
stable ‘ATGTA’ stem region between positions 61 and 65 is invariant (100% conservation)
in the primate alignment, which is in accordance with the conservation/RMSF negative
correlation. In humans, the PPl conservation has high values (Table 3), and a negative
correlation (p <.01) was observed when comparing the RMSF values and the PPI
conservation scores, reflecting a pattern where the selective pressures are acting to
preserve both the stability (low RMSD mean variation values) and the flexibility (low
RMSF mean variation values). This pattern of negative correlation is observed at specific
local regions, probably related to the different selective pressures occurring in different
mammalian taxonomic groups. Considering the MFE analysis through different Chordata
taxonomic groups, we have already determined that breakpoint regions in mtDNA have a
low MFE (371) and are associated with non-B conformations. In this matter, the
evolutionary analysis of Structure A using conservation scores also showed that global
patterns of non-b confirmation occurrence are important to understand the mtDNA
genome stability and local nucleotide changes inside each non-B conformation structure

formed. Predicting the parameters associated with these nucleotide changes can help
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build models that can be used for other regions of mtDNA associated with other diseases.
Other studies have already used 3D DNA aptamers prediction to target cancer or detect

toxic compounds (418,419).
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Figure 47. Analysis of the conservation scores of the 3D Structure A conformation considering the
human intraspecific variation (Human Alignment) and the interspecific variation in Primates
(Primates Alignment) and Mammals (Mammals Alignment). The horizontal axis shows the mtDNA
nucleotide position, the primary vertical axis shows the conservation score percentage (%), and the
secondary vertical axis shows the RMSFs values (A). The red line represents the RMSF variation

along the mtDNA structure A region.

Table 3. Summary of the Pearson’s correlations, considering the conservation scores and the

molecular dynamics RMSF of Structure A.

Variable 1 Variable 2 Pearson’s r p ;‘;,}:g &E/f‘gl
PPI Human Alig PPI Primates Alig 0.019 0.855 -0.185 0.222
PPI Human Alig PPI Mammals Alig -0.062 0.553 -0.263 0.143
PPI Human Alig RMSF Structure A -0.31 ** 0.003 -0.483 -0.113

PPI Primates Alig PPI Mammals Alig 0.386 i 1.309e -4 0.198 0.547
PPI Primates Alig RMSF Structure A 0.025 0.811 -0.18 0.228
PPl Mammals Alig RMSF Structure A 0.034 0.743 -0.17 0.236
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Table 3. Summary of the Pearson’s correlations, considering the conservation scores and the

molecular dynamics RMSF of Structure A.

Variable 1 Variable 2 Pearson’s r p é‘;,}:vg 9'.152/?3

PPI Human Alig PPI Primates Alig 0.019 0.855 -0.185 0.222
PPl Human Alig PPI Mammals Alig -0.062 0.553 -0.263 0.143
PPI Human Alig RMSF Structure A -0.31 ** 0.003 -0.483 -0.113
PPI Primates Alig PPI Mammals Alig 0.386 i 1.309e -4 0.198 0.547
PPI Primates Alig RMSF Structure A 0.025 0.811 -0.18 0.228
PPl Mammals Alig RMSF Structure A 0.034 0.743 -0.17 0.236

*p < .05,* p<.01,**p<.001

3.1.3.5. Stack regions present higher conservation scores and low RMSF

variation

The structures were analysed using as criteria for the conformation flexibility the mean of RMSF
between the initial UNAFold predicted structure and the time of stabilisation. When analysing the
structural element (e.g., stack, hairpin loop), the stem region defined by the stack base pairing
showed the highest values of conservation for the human alignment data (Figure 48). This result is
in line with previous Pereira et al. results that showed that structural stability highly depends on the
number of complementary hydrogen-bonded nucleotides between paired strands (89). The
RMSF's mean values between initial and end molecular dynamics conformations for the stack
regions were very low (4.07 A) compared to other structural elements (Table 4). The different
structural elements of Structure A, like interior loops and hairpin loops, showed RMSF mean values

of variation higher than those observed for stack and multi-loop regions (Table 4, Figure 49).
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Figure 48. Analysis of the PPI conservation scores of the 3D Structure A conformation considering
the structural element inside Structure A and the human intraspecific variation (Human Alignment),
and the interspecific variation in Primates (Primates Alignment) and Mammals (Mammals
Alignment). The horizontal axis shows the structural element, and the primary vertical axis shows

the conservation score percentage (%).

Table 4. Descriptive statistics of Structure A structural elements analysis, considering the

conservation scores and the molecular dynamics RMSF.

Structural RMSF  PPIHumanAlig. PPIPrimates  PPIMammals S“‘;;’ig;ﬁ?e' Sso“n‘:zfc

Element mean (A) mean Alig. mean Alig. mean . .
mutations mutations

Bulge loop 6.80 99.95 49.66 27.08 0 0
Hairpin loop 6.28 98.01 50.31 30.34 2 5
Interior loop 4.64 99.49 53.38 36.96 0 0
Multi-loop 3.15 99.98 31.00 22.99 0 1
Stack 4.08 99.81 55.93 35.13 1 12
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Figure 49. Analysis of the RMSFs values (A) of the 3D Structure A conformation considering the
structural element inside Structure A. The horizontal axis shows the structural element, and the

vertical axis represents the RMSF values (A).

3.1.3.6. Somatic and germline disease-associated variants within the Structure A

elements

Although the Structure A region is non-coding mtDNA, some disease-associated variants
have been described within this region (420—422). These variants were associated with
V©2 max trainability, migraine headache and cyclic vomiting syndrome, and the syndrome
of maternally inherited diabetes and deafness (MIDD). Our analysis of the correlation
between each nucleotide conservation score of Structure A and human somatic variants
retrieved a Pearson's statistical negative correlation (p <.001, Table 5). At the
evolutionary level, both mammals and the sub-group primates retrieved no statistical
correlation between PPl and RMSF mean values, suggesting that polymorphic states of
Structure A region in humans, including deletions and insertions, can likely influence
pathologic conditions. Further analysis of these diseases' pathways can give some clues
to how Structure A influences the process, which to some extent, is putatively related to
the mtDNA replication mechanism (95). These results have implications for the flexibility
of mtDNA sites at position 16,068 at the hypervariable region | (HVR-1) and position
16,093, both located in hairpin loops, which show mean values of RMSFs (6.28 A)

between start and end conformations along the MD trajectory, higher than other structural
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elements, and PPI (98.01%) conservation scores lower than other Structure A regions
(Supplementary Material). The 16,068 (C16068T, P =.02) position was previously
reported to occur in human low responders (LR) as defined by their maximal oxygen
uptake response to a standardised aerobic exercise training program (421). We also
observed the described Mitomap mtDNA somatic mutations at hairpin loops (n =5), but
surprisingly also at stack structural elements (n=12). We predict that non-B DNA
compensatory substitutions can occur at these sites, as shown in protein conformations

(423,424), to maintain the structural stability of the molecular conformation.

Table 5. Summary of the Pearson's correlations, considering the conservation scores, the disease-

associated mutations, and somatic mutations.

Pearson’s Correlations

Variable 1 Variable 2 Pearson’sr p

PPI Human Alig Disease-associated -0.052 0.622
PPl Human Alig Somatic mutation -0.553  ***  9.329e-9

Disease-associated Somatic mutation 0.058 0.578

*p<.05,* p<.01, **p<.001

3.1.4. Conclusion

Our current understanding of all structural elements of the human genome is far from
complete, but it has been finding a significant increase in the last few years. Non-
canonical non-B structures are critical elements as they have been associated with
genomic instability and, therefore, several pathological conditions. One of these
structures, Structure A, was here in-depth analysed using a series of computational
simulations, and the main results show that structure A is formed and remains stable
during the simulations. The nucleotide positions with the highest conservation scores also
show low RMSD and RMSF values, reflecting important selective pressures to maintain
stability and flexibility. While waiting for future technical developments to aid undoubted
proof of the formation of Structure A in an in vivo cellular environment, our computational
analyses validate the possibility that these structural elements of the genome are key

players in genomic instability.
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4. DNA aptamers
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4.1. Identification of new aptamers targeting cathepsin B — a protease

overexpressed in prostate cancer

Cathepsin B (CatB) is a cysteine protease that has been found overexpressed in several
different types of tumours, including prostate cancer. Hence, identifying novel DNA
aptamers with high affinity for CatB may be promising for developing targeted therapies
against those tumour cells. However, the methodology used to generate and isolate those
aptamers (i.e., SELEX) is very laborious and can be expensive. For those reasons, in
silico methods like molecular docking, molecular dynamics, and binding free energy

calculations are starting to become attractive tools to help identify the best aptamers.

This work resulted from a strict collaboration with the group of Professor Ligia R.
Rodrigues from the Centre of Biological Engineering — University of Minho, Braga,
Portugal. André F. Pina performed the 3D predictions of all the DNA aptamers, their
molecular dynamics simulations, docking with CatB, molecular dynamics of each aptamer-
CatB complex, binding free energy calculations, and all the subsequent analyses.
Regarding the article, André F. Pina wrote all the methodology, results, and discussion
related to the in silico work mentioned above. The following content is almost a transcript
of the published version, which was published in the Molecular Systems Design &

Engineering journal.

Research Article

Identification of novel aptamers targeting
cathepsin B-overexpressing prostate cancer
cells

Ana Claudia Pereira*, André F. Pina*, Diana Sousa*, Débora Ferreira, Catia
Santos-Pereira, Joana L. Rodrigues, Luis D.R. Melo, Goreti Sales, Sérgio
F. Sousa, Ligia R. Rodrigues

Molecular Systems Design & Engineering, 7(6), 637-650

Impact Factor (2021): 4.920 *The authors contributed equally to the work.

2022

10.1039/d2me0002 /

Increased levels of cathepsin B (CatB), a cysteine protease, have been associated with
different types of tumours, including prostate cancer. Hence, the identification of novel
targeting ligands homing CatB may be a promising approach for the development of CatB-
targeted therapies. In this work, a methodology called systematic evolution of ligands by

EXponential enrichment (SELEX) was used to generate and isolate new aptamers
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targeting CatB. After 8 rounds of selection, the pool was sequenced, and the 10 most
prevalent sequences, along with their corresponding reverse complementary sequences,
were further analyzed. In order to assess the binding affinity of the aptamers towards the
CatB, bioinformatics tools were used. After generating the 3D structures for each aptamer,
the HADDOCK software was used for the docking studies between them and CatB.
Molecular dynamics simulations and free binding energy calculations by molecular
mechanics-generalized born surface area (MM-GBSA) allowed the selection of a new
aptamer with potential to target CatB. Cell binding assays against the PC-3 prostate
cancer cell line confirmed the in silico predictions, further validating the newly discovered

aptamer as a promising targeting ligand for CatB-overexpressing cancer cells.
This work was also presented at the following conference:

1. (Poster) 5" Meeting in Medicinal Biotechnology / 2™ Iberian Congress in Medicinal

Biotechnology, 2022, Porto, Portugal (Appendix: page 267)
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4.1.1. Introduction

Cathepsin B (CatB) has been gaining interest as a biomarker for tumour staging and
malignancy assessment. It is a lysosomal hydrolase belonging to the cathepsin family,
which contains three different groups: cysteine (B, C, H, F, K, L, O, S, V, W, X/Z), serine
(G), and aspartate (D, E) cathepsins (425). Under physiological conditions, CatB is
synthesized as an inactive precursor (pro-CatB) posteriorly activated in the acidic
lysosomal lumen. Mature CatB has a heavy chain of 26 kDa and a light chain of 5 kDa,
and unlike other proteases, it presents both endopeptidase, carboxypeptidase, and
peptidyl-dipeptidase activities (425). This cysteine protease is considered a housekeeping
protein involved in the proteolysis and, subsequently, recycling of cellular material. In
normal cells, CatB is expressed in the lysosomes (426). However, in cancer cells, pro-
CatB is first produced and secreted, yet remaining tied up to the cell surface via the
Annexin Il tetramer complex (425,427) and then released to the tumour microenvironment
(425,426).

Several studies have demonstrated the potential role of CatB as a predictive cancer
biomarker. For example, in a study where the serum levels of CatB in 260 patients were
assessed (60 healthy controls, 80 with benign prostatic hypertrophy, and 120 with
prostate cancer), increased levels of CatB were found in the serum of the patients with
prostate cancer in comparison with healthy controls. Moreover, CatB levels correlated with
disease extension as they were higher in patients with metastasis, as opposed to those
without advanced disease (428). In another study, high CatB levels were associated with
shorter survival of colorectal cancer patients (429). Similar conclusions have been
reached in studies conducted for other types of cancer, such as bladder (430), lung (431),
liver (432), breast (433), and mouth (434) cancers. Therefore, this protein appears as an
excellent candidate for the development of targeting ligands and identifying targeting
ligands homing CatB is a promising strategy for the development of novel targeted

therapies.

Owing to their ability to bind to the target with high affinity and selectivity mediated by their
tridimensional structure, aptamers have emerged as excellent biorecognition elements
(435). They are oligonucleotide (RNA or single-stranded DNA) or peptide molecules, with
lengths varying from 25 to 50 nucleotides (nt), that have been widely used to target
proteins, organic and inorganic molecules, viruses, bacteria, and whole animal cells, being
suitable for detection, imaging, diagnostic and therapeutic purposes (436—438). In
contrast to antibodies, the gold standard for target recognition, aptamers are economical,

highly reproducible, and easy to be chemically modified. Furthermore, due to their low
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molecular weight, aptamers can easily infiltrate tissue and cells, typically having low
toxicity and non-immunogenicity (439,440). Systematic Evolution of Ligands by
EXponential enrichment, the so-called SELEX, is a technique that allows the isolation of
aptamers from an initial oligonucleotide/peptide library by performing several iterative
cycles, along which the pool increasingly enriches, thus leading to the identification of

highly specific sequences for the chosen target (441).

In cancer research, with the improvement of the SELEX technique to reduce background,
several aptamers have been identified as potential therapeutic tools against tumour cells
(442,443). In fact, six aptamers (AX102, xPSM-A10 (A10), HB5, HeA2_ 3, MP7 and
aptPD-L1) are in pre-clinical trials, and two (AS1411 and NOX-A12) are already in phase
I clinical trials (444). AS1411 is an aptamer targeting nucleolin that can be used to either
internalize the cell and inhibit DNA replication or as a drug delivery agent (443—445).
NOX-A12 can serve as an antagonist, sensitizing CLL cells to cytotoxic drugs, improving

treatment at lower doses (443—-445).

In silico tools have been gaining increasing interest in the study of aptamers as
therapeutic molecules because they can provide insights about the binding affinity
between a given aptamer and the target of interest, at a fraction of the time, with reduced
costs and satisfying accuracy (108). In fact, several studies in the field of oncology have
applied computational methodologies, such as structure prediction, docking, and
molecular dynamics, that were later corroborated by experimental studies, further
validating the computational analysis. Indeed, several studies highlight the role and
contribution of in silico tools to the development and optimization of new nucleic acid-
based molecules (446—448). For instance, aptamers targeting the carcinoembryonic
antigen (CEA) with ATG attached to the 30-end and GAC sequence attached to the 50-
end were found to provide the highest score among the designed aptamers, with their
high affinity being later confirmed experimentally by bilayer interferometry (449). In
addition, two in silico studies focused on finding strong candidates against the epithelial
adhesion molecule (EpCAM) also obtained aptamer sequences with high affinity that were
later confirmed by experimental assays (446,448). In another study, Santini and
colleagues used MD, MM-GBSA, and conformational analysis to isolate an aptamer
sequence with potential for anti-cancer therapy by targeting the transmembrane
glycoprotein mucin 1 (MUC1) (450). Another example was the use of the “rational
truncation” technique to predict secondary structures of an aptamer targeting the prostate-
specific membrane antigen (PSMA), where molecular docking approaches allowed the
identification of the binding sites of the aptamers on the PSMA (451).
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In this work, the SELEX technique was used to generate and isolate specific ssDNA
aptamers as biorecognition elements homing CatB, aiming to contribute to the
development of novel targeted therapies for CatB-overexpressing tumours. After aptamer
selection, computational tools, including DNA-protein docking and free binding energy
calculations, were employed to further explore the interaction of the candidates with CatB

and select the best aptamer for further experimental validation.

4.1.2. Methodology
4.1.2.1. Reagents

Carboxylated magnetic beads MagSi-S COOH 3.0 (10 mg.ml"; 3.0 ym) were used from
Gentaur, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide
(NHS) were obtained from Sigma, and 2-(N-morpholino)ethanesulfonic acid (MES) buffer
was purchased from Fisher Bioreagents. The binding buffer (BB) was prepared by
supplementing phosphate buffered saline (PBS) 1%, pH 7.4, with 1 mM of CaCl,-2H,0
(Panreac) and 0.5 mM of MgCl,-6H.0 (VWR). The washing buffer (WB) was prepared by
adding Tween 20 (OmniPur) at 0.05% (v/v) to BB and adjusting pH to 8. CatB was
purchased from Abbexa (abx069774). Primers and library were purified by high-
performance liquid chromatography (HPLC) and purchased from Ella Biotech GmbH.
Aptamer 1 was synthesized at Invitrogen and Aptamer 8RC at Metabiom.

4.1.2.2. Preparation of CatB-conjugated magnetic beads
a. Magnetic beads surface activation

The magnetic beads (100 pL, 1-3x10° beads.mL"") were first washed with 25 mM MES,
pH 5. The suspension was then placed on a magnetic support for 5 min, and the washing
solution was discarded. To activate the magnetic beads’ carboxylic groups, solutions of
EDC (50 uL, 50 mg.mL") and NHS (50 uL, 50 mg.mL"") were prepared and then added to
the washed beads. The suspension was incubated at room temperature under slow tilt
rotation for 30 min. Next, the beads were washed twice with 100 pyL of 25 mM MES pH 5.
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b. CatB immobilization

Following activation, the beads were incubated with the target protein CatB (20 uL, 2
ug.uL") overnight at room temperature under gentle stirring conditions. Following
incubation, the suspension was placed on a magnetic support for 5 min to remove any
unbound protein. To block unreacted carboxylic groups of the beads’ surface, 100 uL of
50 mM ethanolamine in PBS 1x was added to the functionalized beads and further
incubated at room temperature under gentle stirring for 1 h. After incubation, the excess of
ethanolamine solution was removed, and beads were washed three times with 100 pL of
WB. The CatB-conjugated beads (positive matrix) were resuspended in PBS 1x and
stored for up to a week at 4 °C. The same procedure was performed without CatB to

obtain the negative matrix used in the selection rounds.

4.1.2.3. SELEX procedure

To initiate the SELEX process, an ssDNA library pool (500 pmol) comprised of 50 nt in the
random region and flanked by primer binding sites on both sides
(ATCCAGAGTGACGCAGCA-50 nt-AATGTCGTTGGTGGCCC) was heated to 95 °C for 5
min, cooled on ice for 15 min, and then left at room temperature for another 15 min. Next,
the pool was suspended in 25 pL of the negative matrix (negative selection), and BB was
added to a final volume of 100 L. This mixture was then incubated at room temperature
with gentle shaking for 45 min. Afterwards, the suspension was placed in the magnetic
support, and the recovered supernatant was incubated with the positive matrix (positive
selection) under the same conditions for 45 min. Following incubation, the unbound
ssDNA was removed. The beads were resuspended in ultrapure H2O, heated at 95 °C for
3 min to detach the ssDNA bound to CatB, and the supernatant was then recovered,
quantified, and amplified by PCR (see the following section). To increase the stringency of
the process, decreasing concentrations of CatB were used as follows: 8 ug were used for
the 15t round, 6 ug for the 2" and 3™ rounds, 4 ug for the 4" round, 2 ug for the 5" and 6%
rounds, and 1 ug was used in the last two rounds. Before every round, a negative
selection round was performed to exclude any ssDNA unspecific binding to the magnetic

beads.



FMUP 191

Innovative Approach to Fight Tuberculosis and Malaria Targeting
the Extraordinary PLP Synthase Macromolecular Complex

4.1.2.4. Amplification and ssDNA pool purification

The PCR amplification was performed using primers complementary to the primer binding
sites of the library randomized region using the following primers: Fw, 5'-
ATCCAGAGTGACGCAGCA-3’ and Rv, 5-GGGCCACCAACGACATT-3'. In each positive
round, 10 ng of ssDNA pool was used in a Master Mix containing 0.4 uM of each primer,
12.5 pL of HIFI DNA polymerase 2x Master Mix (VWR) and RNAse free H2O to a final
volume of 25 uL. After 5 min at 95 °C, 25 cycles (one less cycle in each of the subsequent
rounds) consisting of 30 s at 95 °C for denaturation, 30 s at 72 °C for annealing, and 20 s
at 72 °C for elongation were performed, with a final step of 5 min at 72 °C. The PCR
products (85 nt) were analyzed on a 2.5% (w/v) agarose gel to check the size of the
dsDNA products. The PCR product was purified by MinElute PCR purification kit (Qiagen)

and denatured at 95 °C for 5 min for the next round of selection.

4.1.2.5. Next-generation sequencing and data analysis

The resulting ssDNA pool after the 8" round was sent for sequencing at the Stab Vida
laboratory, where it was prepared by performing an overlap PCR with primers
complementary to constant regions of the randomized oligonucleotide library with an
added overhang that includes a platform-specific sequence. The sequencing reads were
then filtered and demultiplexed. For this analysis, constant primer binding regions were
removed, and sequences longer than 55 nt and shorter than 45 nt were discarded. Raw
next-generation sequencing (NGS) data was analyzed using the alignment algorithm

embedded in Geneious 9.1.4 software (Biomatters Ltd.; hifps:/www.geneious.com/). The

10 most frequent oligonucleotide sequences, as well as their reverse complementary
ones, were further evaluated. The multiple alignment of the 20 selected sequences was
performed on Geneious 9.1.4 using a MAFFT alignment with the FFT-NS-2 algorithm. The
tree was generated using the Geneious tree builder employing the Tamura—Nei genetic
distance model and the neighbour-joining method. The tree was built on Geneious 9.1.4,

using a bootstrapping of 1000.

4.1.2.6. Generation of three-dimensional DNA aptamers models

The generation of three-dimensional (3D) DNA aptamer models, starting from its

nucleotide sequence, consisted of three sequential steps, as summarized in Figure 50.
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The overall idea of the present workflow was based on the work of ref. (402) with some

alterations as described below (402).

DNA
sequence
20 Aptamers

(10 fw + 10 rc)

Secondary 3D RNA 3D
Structure models RNA —DNA

(UNAFold) (RNAComposer) (LEaP - AmberTools)

Figure 50. Summary of the workflow used to generate the DNA aptamer models, from their
nucleotide sequence to their 3D structure. fw, forward; rc, reverse complement; UNAFold, unified

nucleic acid folding, and hybridization package.

The first step consisted of predicting the secondary structure of the DNA aptamers,
starting from their nucleotide sequence. The DNA sequence of the 20 aptamers (the 10
top sequences and respective complementary sequences) under study was used as input
for the Mfold web server (452), currently part of the UNAFold web server (379). This web
server predicts the secondary structure of single-stranded nucleic acids using free energy
minimization algorithms. The application “DNA Folding Form” of the Mfold web server was
used. The DNA sequences were defined as linear, with a folding temperature of 25 °C.
The default ionic conditions of 1 M of Na*, and 0 M of Mg?*, with the correction for
oligomers, were maintained. Only foldings within 5% from the minimum free energy were
computed. A maximum number of 50 foldings were computed, with no limit regarding the
maximum distance between paired bases. The resultant structure for each nucleotide
sequence with the lowest free energy was then used in the subsequent steps. Secondary
structures in the dot-bracket notation (Vienna format) obtained from the Mfold analysis
were then used as input for the RNA Composer web server to generate the starting 3D
models (400,401). Due to the lack of available tools for the prediction of 3D single-
stranded DNA (ssDNA) structures (402), an equivalent 3D RNA structure was generated
instead. The resulting tridimensional structures of RNA were then downloaded in the
protein data bank (PDB) file format. In order to convert them back to DNA, an in-house
bash script was used to remove the hydroxyl group at the C2' position of the ribose ring
and the hydrogen atom at the C5 position of uracil. Next, the LEaP program, part of the
AmberTools software package (110), was used to add all the missing atoms, including the
methyl group needed to convert uracil into thymine. The resulting structures represented
3D DNA molecules suitable for the next steps of the computational pipeline used in this

work.
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4.1.2.7. Molecular dynamics simulations of the aptamers

Molecular dynamics (MD) simulations were made for the 20 modelled DNA aptamers. In
order to prepare them for MD simulations, the aptamers were first solvated with TIP3P
(286) water molecules in a rectangular box so that each atom of the aptamer is distanced
at least 12 A from the edge of the periodic box. Then, a physiological concentration of
NaCl (150 mM) was introduced in the system by the LeaP package of the AmberTools18
software (110). The number of Na* and CI” ions added was determined using the method
screening layer tally by container average potential (SLTCAP) (405). The ions were added
in two steps. Firstly, enough Na* ions were added to neutralize the DNA, and then both
Na® and CI- were randomly added to reach the desired concentration. The energy
minimizations and MD simulations were performed with bsc1 (406), a force field
developed for the atomistic simulation of nucleic acids. The minimization of the system
was performed in four steps using the sander program of the AMBER18 software
package: (1) water molecules; (2) hydrogen atoms; (3) all non-backbone atoms; and (4)
all atoms. Then, the system was equilibrated in two stages using the NVT ensemble.
Firstly, the system was gradually heated from 0 to 298.15 K, over 20 ps, while applying
weak restraints on the DNA aptamer. Then, the restraints were removed, and the system

was maintained at this temperature for another 80 ps.

The production phase of the MD simulations was run for 50 000 000 steps, with an
integration time of 2.0 fs, totaling 100 ns. The SHAKE (139) algorithm was used to
constraint all bonds involving hydrogen atoms. The system was maintained at constant
temperature (298.15 K) and pressure (1.0 bar) using the Langevin thermostat (407) and
Berendsen barostat (146), respectively. A cutoff of 10 A was applied to the non-bonded
interactions. The equilibration and production phases were conducted using the PMEMD

software from the AMBER18 package.

4.1.2.8. Aptamer-CatB Docking

Five representative structures from the MD simulations were chosen for each of the 20
aptamers to perform molecular docking with the CatB protein. The choice of such
structures was performed through cluster analysis. Using the K-means clustering method
(453,454), five clusters were obtained for each aptamer, having the root mean square
deviation (RMSD) of all non-hydrogen atoms as a measure of similarity. The

representative structure of each cluster was then chosen to dock with CatB.
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The HADDOCK 2.4 web server (455) was used to predict the complexes between CatB
and the 20 aptamers under study. Since no experimental evidence regarding the potential
binding sites is available, no active or passive residues were defined. Instead, ambiguous
interaction restraints (AIRs) were randomly defined from residues holding >20% relative
accessibility by selecting the random patches option. For each docking run, a set of
different residues from CatB and the aptamer were randomly selected. The sampling was
10 000 structures for the it0 stage, 400 for the it1, and 400 for the itw. The fraction of
common contacts (FCC) clustering metric, which calculates the fraction of inter-protein
residue pairs common between complexes (456), was used with a cutoff of 0.6 and a
minimum cluster size of 4. The ranking of the different complexes for each aptamer was
established using the HADDOCK score (HS), a linear weighted sum of energetic terms
and buried surface area (HS = 1E,qw + 0.2Eeec +1Edesor + 0.1E4r). Each term corresponds
to van der Waals, Coulomb electrostatics, desolvation, and restraint energies, respectively
(185,186). For each aptamer, the top-ranked docked complex was selected for further

analysis through MD simulations.

4.1.2.9. Molecular dynamics simulations of the docked CatB—aptamer complexes

The MD simulations of the top-ranked docked CatB-aptamer complexes were run as
previously mentioned for the initial simulation of the 20 aptamers (section 4.1.2.7). All the
parameters were maintained except for the additional use of the ff14SB force field (129),

employed in the simulation of proteins.

4.1.2.10. MM-GBSA method for binding free energies calculations

The binding free energies (AGy;,q) for each CatB-aptamer complex were predicted using
the molecular mechanics—generalized born surface area (MM-GBSA) method with the
MM-PBSA.py script (457) from AMBER 18 (110). This method exhibits a strike balance
between computational cost and reliability (458) and has been broadly used to predict the
binding affinity of several biomolecular complexes (e.g., protein—protein, protein—DNA,
protein—drug, and DNA-drug), as well as to evaluate and rescore docking solutions (459—
462). For this analysis, 500 structures retrieved from the last 50 ns of each complex MD

simulation were used.
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The difference between the total free energy variation when CatB and the aptamer are in
the bounded or non-bounded states is used to calculate the total binding free energy
(Equation 62).

AGping = AGcomplex_ (AGCatB + AGApt) (62)

If AGcomplex is lower than the sum of the AG of the separated protein and aptamer, the
AGping is Negative, meaning that the association of CatB with the aptamer under study is
thermodynamically favourable. The AG,;,; can be further described by the sum of

different energy terms (Equation 63):

AG = AEyqs + AGyy~TAS (63)
AEgqs = AEje + AEg g + AEypw (64)
AGso = AGgp + AGSurf (65)

The gas-phase interaction energy (AE,,s) between CatB and the aptamer is the sum of
electrostatic (AEg,r) and van der Waals (AEypy ) interaction energies. Since CatB, the
aptamer, and the complex CatB-aptamer were extracted from the same trajectory, the
internal energy change (AE;,;) is annulled (Equation 64). Polar and non-polar solvation
free energy terms contribute to the solvation free energy (AG,,;) (Equation 65). The polar
solvation free energy (AGgp) is determined by a modified generalized born (GB) method
(463). The non-polar contribution to the solvation free energy (AGg,,f) is based on the
solvent accessible surface area (SASA) calculation by the linear combinations of pairwise
overlaps (LCPO) method (190). The entropy term (TAS) was not considered in our

calculations as it tends to introduce low accurate approximations (457).

4.1.2.11. Aptamers’ characterization

The aptamer 1 (Apt01) and its complementary sequence (AptO8rc) were synthesized with

a fluorescent report at 5 end (Apt1: 5-FAM-
ATCCAGAGTGACGCAGCATGGGGGGCAAGCAATTGGTGTGTGGTGTAGCATCCCCC
TGTACCGCGCGGGAATGTCGTTGGTGGCCC-3; Apt08rc: 5'-FAM- GGG

CCACCAACGACATTGGGCAGGCAACCTCCCACTATTGAAGACACTACCACCACCACT
GCACACATGCTGCGTCACTCTGGAT-3’). Then, a calibration curve for each aptamer
was performed using the following range of concentrations (0-100 nM) in PBS 1x. The

standard solutions were prepared, then heated to 95 °C for 5 min, followed by 10 min on
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ice and an additional 10 min at room temperature before transferring solutions to a 96-well
plate. Fluorescence excitation was done at 490 nm, and emission was read at 525 nmin a

microplate reader (Cytation 3, BioTek).

To determine the aptamers’ dissociation constant (K,;), calibration curves with a fixed
concentration of aptamer and increasing concentrations of CatB (0-100 nM) were
conducted, and fluorescent signal assessment was performed at 525 nm. The software
Origin (Pro) 2021 (OriginLab Corporation, Northampton, MA, USA) was used to fit the

data to a four-parameter logistic curve using the Hill 1 Model with Equation 66.

(end — start) x x™
k™ 4+ x™

y = start + (66)

4.1.2.12. Cell-Binding assays

Prostate cancer (PC-3) cells (CRL-1435; ATCC) were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) (Biochrom) supplemented with 10% fetal bovine serum (FBS)
(Biochrom) and 1% penicillin—streptomycin (Biochrom) on tissue culture treated flasks
(Sarstedt) and propagated at 37 °C, 5% CO, and 95% relative humidity. The cells were
washed with PBS 1x pH 7.4 and were detached using Trypsin/EDTA solution (Biochrom).
For the cell-binding assays, cells were first seeded on 96-well plates at a cell density of
1x10* cells per well overnight at 37 °C. Afterwards, the medium was removed, and the
cells were washed with 100 uL of PBS 1x. Next, standard concentrations of aptamer (0,
10, 50, 100, 250, and 500 nM) were incubated with PC-3 cells for 1 h at room
temperature. All assays were performed in duplicates. After incubation, unbound
aptamers were removed, and cells were washed with PBS 1x. Then, cells were detached
and transferred to a black 96-well plate. Fluorescence was measured at 525 nm in a

microplate reader (Cytation 3, BioTek).

4.1.2.13. Statistical analysis

The statistical analysis for the cell-binding assays was performed using GraphPad Prism
5.03 (GraphPad Software, Inc.). Statistical significance was evaluated using two-way

ANOVA with Tukey's multiple comparison test, with a 95% significance level.
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4.1.3. Results and Discussion

4.1.3.1. Selection of aptamers against CatB aided by NGS sequencing

197

The SELEX technique was chosen to identify DNA aptamers with high affinity towards

CatB. For this purpose, a library of 50 random sequences flanked by constant regions was

used. After 8 positive selective rounds intercalated with 8 counter-selective cycles

(negative selection), the pool of aptamers was sequenced by NGS. Out of 4 823 876

sequences, the 10 with the highest number of copies were retrieved. As we did not

perform strand separation after the SELEX procedure, the reverse complementary

sequences of the top 10 aptamers were also considered (

Table 6).

Table 6. Top 10 sequences and their complementary sequences (bold) with the highest number of

copies retrieved from the total number of sequences obtained by next-generation sequencing

(NGS).
Aptamer Number of
D 5’ - Variable Sequence -3’ copies

Apt01 TGGGGGGCAAGCAATTGGTGTGTGGTGTAGCATCCCCCTGTACCGCGCGGG 46
AptOlrc CCCGCGCGGTACAGGGGGATGCTACACCACACACCAATTGCTTGCCCCCCA

Apt02 TGTCGGGGGTGGTGTGTTGTGCAAAATGTTGGGATGTGTCCGGGGTGGGC 45
Apt02rc GCCCACCCCGGACACATCCCAACATTTTGCACAACACACCACCCCCGACA

Apt03 TACGGGGGAGGAGTAAATGGGGTGAGGTAATGTGGTGTACAGGTGGCGGG 40
Apt03rc CCCGCCACCTGTACACCACATTACCTCACCCCATTTACTCCTCCCCCGTA

Apt04 TGTGAAGTGCAGGCACAATCGGTGGTGTGGCGATGTTCCAGTGCACGCCC 2
Apt04rc GGGCGTGCACTGGAACATCGCCACACCACCGATTGTGCCTGCACTTCACA

Apt05 TGGTGGCAAGCAGTGTGTTACATATTACTTGACCTACTTGCACCTTTGCCC 2
Apt05rc GGGCAAAGGTGCAAGTAGGTCAAGTAATATGTAACACACTGCTTGCCACCA

Apt06 TGCCGGGGAGGAGTTCGTGCGGAAGTCGTTCCATAACACCGCTAAGGCCC )8
Apt06rc GGGCCTTAGCGGTGTTATGGAACGACTTCCGCACGAACTCCTCCCCGGCA

Apt07 TGGTGAGGGTAAGGTGAGGATTTGTGGTACAGGGTTGGTATCGCAGGCG 27
Apt07rc CGCCTGCGATACCAACCCTGTACCACAAATCCTCACCTTACCCTCACCA

Apt08 TGTGTGCAGTGGTGGTGGTAGTGTCTTCAATAGTGGGAGGTTGCCTGCCC y
Apt08rc GGGCAGGCAACCTCCCACTATTGAAGACACTACCACCACCACTGCACACA

Apt09 TGGTGGGGAGGAAGTATGGTTGTCTTTAGGTTAAGTGTGTGTACGCGCCC iy
Apt09rc GGGCGCGTACACACACTTAACCTAAAGACAACCATACTTCCTCCCCACCA

Aptl0 TGTGGGCAGATTAGTGGTTATCCTTGCTGTTGGTTGGTATGCGCCC

Aptl0rc

GGGCGCATACCAACCAACAGCAAGGATAACCACTAATCTGCCCACA

26
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The 20 sequences were further aligned to assess homology within the variable region
regarding sequence alignment and phylogenetic relationship (Figure 51). A sequence
similarity above 50% was verified between AptO4rc—AptO1rc/AptO2rc, Apt03-Apt07,
Apt10-Apt09, Apt03rc—Apt07rc, Apt10rc—Apt08rc/ Apt09rc, and Apt09rc—Apt08rc. On the
opposite, three combinations of aptamers showed sequence similarity below 10%,
Apt02rc—Apt03/Apt07/Apt06 (Figure 51A). Furthermore, the phylogenetic tree shows that
the aptamers that were chosen below for experimental validation (Apt01 and Apt08rc)
display distinct paths. Four aptamers, Apt02rc, Apt05rc, AptO7rc, and Apt07, presented
the most dissimilar sequences (Figure 51B).

Apt0l Apt0d4 Apt02 Apt05 AptOlrc  Apt02rc  AptOdrc  Apt03 Apt07 Apt06 Aptl0 Apt08 Apt09 AptO3rc  Apt07rc  AptD6rc  AptlOrc AptO8rc  AptOSrc  AptOSre
1522

1556  17.07
12.82 13.95

oY)
Apt02rc

o0

6.0

Figure 51. Primary structure and phylogenetic tree analysis. The random region (50 nt) of the ten
top-ranked oligonucleotide sequences, along with their respective reverse complementary
sequences obtained after NGS, were evaluated by performing (A) multiple sequence alignments on
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Geneious 9.1.4 using a MAFFT alignment with the FFT-NS-2 algorithm (% of similarity), and (B)
phylogenetic analysis generated using the Geneious tree builder employing the Tamura—Nei

genetic distance model and the neighbour-joining method.

4.1.3.2. Analysis of aptamers MD simulation

A multi-step computational pipeline was employed to evaluate the different aptamers
obtained by SELEX regarding their binding affinity to CatB (Figure 52). The 3D structures
of the 20 selected aptamers were first predicted to allow the second stage, which was the
CatB-aptamer docking. Then, the CatB-aptamer complexes were further refined through
MD simulations and MM-GBSA calculations to obtain a final ranking based on the
Haddock score and AGy;,q, Which allowed the selection of an aptamer for experimental

validation.
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Figure 52. Flowchart of the workflow applied in this work starting from the generated 3D models of
the DNA aptamers. fw, forward; rc, reverse complement; MD, molecular dynamics; HADDOCK,
high ambiguity driven protein—protein DOCKing; CatB, cathepsin B; MM-GBSA, molecular

mechanics-generalized born surface area.
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All the generated 3D aptamer models were minimized, equilibrated, and further submitted
to 100 ns MD simulations as a way to sample a high number of conformations.
Posteriorly, the structures were grouped into 5 clusters by the K-means clustering method,
according to their RMSD of all non-hydrogen atoms, used as a measure of similarity. The
representative structure of each cluster was then chosen for molecular docking with CatB.
This procedure was performed for each of the 20 aptamers. All the aptamers had high
RMSD values throughout the simulations, never lower than 10 A and reaching values as
high as 30 A (Supplementary Figures S1-S4). From all the structures evaluated, only the
aptamers Apt01, Apt04, Apt06, Apt07, and Apt10 presented a relatively stable RMSD of
all non-hydrogen atoms. This behaviour is expected for single-stranded DNA molecules,
which have higher conformational flexibility than double-stranded DNA, especially for
longer polynucleotide chains, such as the aptamers under study. Indeed, simulations with
other ssDNA aptamers exhibited similar increased RMSD values (464), agreeing with our

data.

4.1.3.3. CatB-Aptamers molecular docking

In order to predict the complexes between CatB and the 20 aptamers under study, the
HADDOCK 2.4 software was used. Since no experimental data concerning the binding
pocket was available, the ab initio mode, which considers all the solvent-accessible
residues harbouring more than 20% relative accessibility, was chosen. These calculations
were carried out using five different structures for each aptamer, generating numerous
CatB-DNA complexes for each aptamer, from which the top complex obtained after the
final refinement in water (itw stage) was selected for further analysis. All the complexes
obtained had a negative Haddock score ranging from —155.6 to —85.5 a. u. and a buried
surface area varying from 1314.1 to 3215.5 A? (Table 7, 2" and 3™ columns). Considering
the Haddock scoring function, complexes formed by CatB and aptamers Apt03, Apt05,
Apt06, Apt07, AptO4rc, AptO8rc, and Apt09rc are those standing out for having a score

below =110 a. u.

Table 7. Haddock results and binding free energy calculations. The energies were calculated using
500 structures of the last 50 ns of the MD simulations of the CatB-Apt docked complexes using the
MM-GBSA method. The polar contribution to the solvation free energy (AG;5) and the electrostatic
energy (AEg.z) are accounted in the polar AG, while the non-polar AG refers to the non-polar
contribution to the solvation free energy (AGs,,f) plus the van der Waals energy (AEypy ). Haddock

score is provided in arbitrary units (a.u.), buried surface area in A2, and the energy values in
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kcal.mol~'" + standard deviation. The aptamer chosen for experimental validation is highlighted in
bold.

v Mook suraee AT g s
- area (A?) ) (kcal.mol) )
Apt01 -105.1 1764.5 -19.8£0.6 -111.1+0.6 91.3+13
Apt02 -107.2 1869.5 -26.6 £0.5 -65.7+0.4 39.1+24
Apt03 -124.6 3140.4 -37.6+£0.5 -80.2+0.6 42.6 +25
Apt04 -90.3 1834.9 -71.5+£0.5 -89.2+04 17.7+17
Apt05 -117.3 1929.0 -45.6+0.3 -49.3+0.2 36+24
Apt06 -155.6 3043.5 -51.7+£0.5 -106.3+0.8 54.6 19
Apt07 -116.0 1963.4 -46.3+0.5 -136.6 £ 0.5 90.3 £20
Apt08 -109.2 2370.2 -17.7+04 -43.2+0.4 25.5+33
Apt09 -102.2 21344 28+04 -542+0.5 569+ 17
Aptl0 -104.8 2574.4 -443+0.5 -96.1+0.9 51.8+ 14
AptOlrc -94.7 1538.5 -32.1+£0.3 -43.5+03 11.4+36
Apt02rc -103.5 1844.9 -60.0+£0.5 -61.1+£0.5 1.1+£18
Apt03rc -104.3 2086.9 -38.5+04 -68.7+0.4 30.2+20
AptO4rc -145.6 32155 -51.5+0.5 -160.8 £0.5 109.2 £ 16
Apt05rc -102.2 1314.1 212+1.1 346+18 13.4+£29
Apt06rc -92.5 1799.6 -78.0+0.6 -101.5+04 23.5+23
Apt07rc -85.5 1404.5 -34.8+£0.5 -574+£0.5 22.6+21
Apt08rc -110.2 1850.3 -72.2+04 -112.4+0.4 40.2 +17
Apt09rc -113.4 1961.9 -42.0+0.3 -62.1+0.3 20.1+16
AptlOrc -100.5 2019.3 -22+£0.3 -28.5+0.3 263+ 13

4.1.3.4. Refinement of CatB-Aptamer complexes and binding free energy

calculations

To improve the final ranking of the docked complexes, they were further refined through
100 ns long MD simulations and binding free energy calculations using the MM-GBSA
method. Similar strategies have been successfully applied before to enhance the ranking
reliability after molecular docking (190,461,463,465). The results regarding the MD
simulations of the docked complexes are presented in Supplementary Figures S5-S10.
The structure of CatB was very stable throughout all the simulations. In contrast, only the
complexes with the aptamers Apt01, Apt04, Apt07, Apt06rc, and AptO8rc presented a
relatively low (i.e., around 10 A) and stable RMSD of all non-hydrogen atoms. This
difference can be attributed to the inherently high flexibility of the ssDNA molecule
compared with the globular CatB protein. When analyzing the representative structure of

each complex, it is observed that the aptamers Apt01, Apt04, Apt07, AptO6rc, and Apt0O8rc
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have a closer interaction with CatB, wrapping a larger region of the protein
(Supplementary Figures S9 and S10), consistent with the high buried surface area
observed during the last 50 ns of the MD simulations (Table 8, 6" column). Moreover,
these aptamers also present a high number of established base pairs, corroborated by the
high number of intramolecular Watson-Crick hydrogen bonds, particularly in the case of
Apt04.

Table 8. Intra- and intermolecular interactions of each aptamer. The number of base pairs,
Watson-Crick (W.C.) hydrogen bonds, intermolecular hydrogen bonds, intermolecular salt bridges,
and buried surface area were calculated for the last 50 ns of the MD simulations of the CatB-Apt
docked complexes. The base pairs, hydrogen bonds, and salt bridges were presented as mean *
SD. The buried surface area is presented in A2 + standard deviation (SD). The aptamer chosen for

experimental validation is highlighted in bold.

Intramolecular Intermolecular
(Apt-Apt) (CatB-Apt)

Aptamer  # Base Pairs I-f—l‘;(]) nCds # H-Bonds B#i‘isdjgl;s Bu;iee(:ls(l;f)ace
Apt01 16.7+0.9 42 +2 6+2 2+1 1755 +£204
Apt02 17.5+0.6 42+ 1 6+2 3+1 1060 + 171
Apt03 15.2+0.6 26.6 0.6 8+2 2+1 1328 £207
Apt04 22.1+0.8 49 £ 1 7+2 3+1 1422 + 145
Apt05 18.0+0.1 437+0.6 41 2+1 824 + 60
Apt06 17.8+0.9 40+2 5+£2 3+1 1556 +£271
Apt07 154+0.6 3241 7+2 2+1 2094 + 158
Apt08 16.7+0.5 41+1 3£1 1+£1 664 + 157
Apt09 174 +0.6 37+2 5+£2 2+1 850+ 166
Aptl0 17.7+0.9 38+1 5+£2 2+1 1527 £371
AptOlrc 156+0.5 38.8+0.5 3+2 2+1 687+ 76
Apt02rc 10.9+0.6 27+2 8+2 3+1 1082 +92
Apt03rc 102+0.8 20+ 1 6+2 31 1177 £ 121
Apt0Odrc 11+1 26+2 7+2 1+1 2184 + 152
Apt0Src 17.0+0.2 43.7+0.6 3+1 1+1 1091 + 63
Apt06rc 14.8+0.7 38+2 9+3 1+£1 1589 + 120
Apt07rc 109+0.3 29+1 41 1+1 881+ 59

Apt08rc 11.2+0.5 28.9 0.7 10+3 4+2 1957 + 126
Apt09rc 11.4+0.6 2742 4+1 2+1 981+ 81
Aptl0rc 16.0+0.2 42,6 +0.6 1+1 0£0 401 £ 135

An analysis of the hydrogen bonds established between CatB and the aptamers showed

that several amino acids are involved in at least one hydrogen bond with an aptamer for
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more than 50% of the simulation time (Table S2), with Thrisg being the one that appears
more in the interactions. Moreover, the amino acids involved in the top 5 longest hydrogen

bonds established between CatB and the aptamers are presented in Table S1.

The binding free energy calculations predicted by the MM-GBSA method showed that all
CatB-aptamer complexes herein generated have a favourable total AG,;,,4, except for the
complex with Apt09. Nonetheless, considering the best total AGp;,q values, three
aptamers stand out: Apt04, AptO6rc, and Apt08rc, with -71.5 + 0.5, -78.0 = 0.6, and
-72.2 + 0.4 kcal.mol™, respectively (Table 7, 4" column). Interestingly, these complexes
are among those displaying a higher number of hydrogen bonds and salt bridges between
the protein and the aptamer (Table 8, 4" and 5" columns). Considering the different
energetic terms, non-polar energies favour the binding over polar energies. In order to
select an aptamer for experimental validation, both the Haddock score and the total
binding free energy were considered (Figure 53). Since the total AG,;,4 is generally taken
as a good indication of the binding affinity in a complex (460,461,466), it was first used to
select the best aptamers (Apt04, AptO6rc, and Apt0O8rtc). From those, we picked Apt08rc
as it has a considerably lower Haddock score (-110.2 vs —90.3 for Apt04, and vs —92.5,
for AptO6rc).

Haddock Score (au)
-160 -140 -120 -100 -80 -60
20
WORST
@APt09 .
.Apt1 0
.A'MOA8 t01
..pAptOSrc -20 B
g
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Figure 53. Comparison of the Haddock score and total binding free energy (in kcal.mol-') obtained
using the MM-GBSA method for the 20 aptamers under study. The aptamer that was tested
experimentally is highlighted with a grey circle (Apt08rc).
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A detailed analysis of the Apt08rc and CatB complex revealed that the interaction
between this aptamer and CatB occurs mainly through electrostatic interactions.
Considering all the residues within 3.5 A from the Apt08rc, it is clear that the interface
between CatB and AptO8rc consists mainly of positively charged residues, with a few
polar residues with uncharged side groups, one non-polar residue, and one negatively
charged one, as seen on Figure 54A and B. Of note, the near absence of negatively
charged residues is expected due to the polyanionic nature of DNA as a result of the
negatively charged phosphate groups that are part of its backbone. The RMSD analysis of
the MD simulation of the CatB-Apt08rc complex is depicted in Figure 54C and D and
shows that the complex is relatively stable throughout the simulation, with no significant
changes in conformation, with an RMSD no higher than 10 A, contrasting with some of the
other aptamers tested (Supplementary S5-S8). Moreover, as seen in Figure 54D, the
aptamer seems to be the major contributor for a high RMSD value since it accounts for
the majority of the RMSD value of the entire complex, while the CatB protein maintains its

RMSD low throughout the simulation, meaning that its overall structure is well maintained.

The number of hydrogen bonds and salt bridges established between CatB and the
Apt08rc aptamer is the highest among all the 20 aptamers (Table 8, 4" and 5" columns),
slightly increasing during the MD simulation of the complex, as seen in Figure 55,
reaching a mean of 10 hydrogen bonds and 4 salt bridges. The longest hydrogen bond
established between CatB and all the aptamers occurs between the amino acid Sergs and
the Apt08rc, with a maximum lifetime of 31.0 ns. This hydrogen bond is established for
64% of the simulation time (Table S1).



206

FMUP

Innovative Approach to Fight Tuberculosis and Malaria Targeting
the Extraordinary PLP Synthase Macromolecular Complex

Figure 54. Analysis of the molecular dynamics simulation of the CatB-Apt0O8rc complex. (A)
Representative structure of the CatB-Apt08rc complex obtained by K-means clustering of the
molecular dynamics simulation observed from the side (left) and from below (right). CatB is
represented in surface and coloured according to its residue type. Blue, positively charged side
groups; red, negatively charged side groups; white, non-polar with aliphatic or aromatic side
groups; Grey, polar with uncharged side groups. (B) Representative structure of the CatB-Apt08rc
complex with CatB represented in NewCartoon, with all the residues within 3.5 A from the Apt08rc
represented in Licorice and coloured according to its residue type. (C) Pairwise RMSD of the
trajectory of the CatB-Apt08rc complex. The colour scale is represented on the right going from a
dark purple (0 A) to yellow (30 A). (D) RMSD representation of either the entire complex, Apt08rc,
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Figure 55. Hydrogen bonds and salt bridges established between CatB and Apt08rc. (A) Number
of hydrogen bonds established between the CatB and Apt08rc, as a function of time for the 100 ns
of the MD simulation. (B) Number of salt bridges established between CatB and Apt08rc, as a

function of time for the 100 ns of MD simulation.

Taking these results into account, both Apt01 (aptamer with the highest number of copies
after 8 rounds of selection) and AptO8rc (aptamer with the best performance in the

computational study) were chosen for further experimental validation.

4.1.3.5. Calculation of the aptamer’s affinity properties

First, calibration curves and kinetic assays were conducted for the two selected aptamers
to evaluate the fluorescence signal change and to calculate the K, values, respectively.
Apt08rc displayed a linear fluorescent signal with the increase of aptamer concentration
(Figure 56A). This result allowed to choose a suitable concentration for the kinetic assay,
where Apt08rc was fixed at 50 nM, and CatB's concentration increased up to 100 nM
(Figure 56B). The same assessment was performed for Apt01, and Figure 56C and D
show the results for the calibration curve and kinetics assay, respectively, of this aptamer

in solution.
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Figure 56. Calibration curve (A) and kinetic assay (B) for Apt08rc, and calibration curve (C) and
kinetic assay (D) for Apt01. Experiments were conducted in duplicate, and results correspond to
the mean + standard deviation.

Regarding the calibration curves, for AptO8rc, the linear regression returned y =
(4.0 +0.1)x- (1.8 £ 1.8) with a correlation factor > 0.98 and for Apt01, the linear
regression returned y = (12.2 + 0.4)x- (46.3 £ 17.5) with a correlation factor > 0.99.

Fitting to Langmuir isotherm, the calculations were determined using the model Hill 1

(end—start) xx™
kT +xm

equation y = start + , with start = 175.95 + 1.24, end = 29.23 + 2.67 and n

3.07 +£0.57 for AptO8rc and start =533.79 +23.95, end =193.86+ 18.03 and n =
3.38 + 0.75 for AptO1. The calculated apparent K,; for AptO8rc was 10.4 £ 0.3 nM, and for
Apt01 was 9.0 £ 2.1 nM, showing both high affinity towards the CatB.
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4.1.3.6. Binding assays of the selected aptamers against CatB-overexpressing

prostate cancer cells

SELEX is a successful technique to generate specific oligonucleotide sequences towards
a purified protein. However, it is well known that the selected aptamers may not recognize
the same protein in conditions different from those selected or in their native conformation
in a cell (467). Therefore, we investigate whether Apt01 and AptO8rc possess the ability to
recognize CatB using a prostate cell line (PC-3), which is described in the literature as a
cell line with secretion of CatB at the cellular membrane (468-470). PC-3 cells were
incubated with increasing concentrations of FAM-labelled Apt01 or AptO8rc for 1 h at room

temperature. The initial library was used as a negative control.

4001
- Aptl
<
S 300 =C- Apt8RC
= P ] A+ Library
_EIJ ” whkkk
Z 200+ PR |
- .
% ’13’ ’.’ ’_..'E
S 100 Pg _§a
i &?:ﬁro-----f”
0 I rrrrrrriria I rrrrrrorri I rrrrrrriria I
0 200 400 600

[Aptamer] nM

Figure 57. Binding assays with PC-3 cells (cellular density of 1x10* cells per well) and increased
concentrations of library (grey), Apt01 (red), and AptO8rc (blue) at room temperature. ****p <
0.0001.

Figure 57 shows that, for higher concentrations of aptamer, 250 nM and 500 nM, Apt08rc
displays a significantly higher affinity for PC-3 cells in comparison with Apt01 (p < 0.0001).
Moreover, the fluorescent signal difference between the library and each aptamer also
showed statistical significance, with a p-value <0.005 for Apt01 and a p-value <0.0001 for
Apt08rc, confirming the enrichment of the selected aptamers to the target CatB. These
results corroborate the bioinformatics data, where AptO8rc showed a much more
favourable AGy;,q than Apt01 (-72.2 £ 0.4 vs. -19.8 £ 0.6).

As previously mentioned in the Introduction section, aptamers represent a valuable tool

with high potential in cancer therapy. The use of SELEX, combined with the prediction
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competence of the in silico tools, provides a powerful approach for the selection of
aptamers with high affinity towards a target of interest. The Apt08rc, as the preliminary
binding assays suggest, shows increased affinity when compared to Apt01 or the library,

recognizing CatB-overexpressing PC-3 cells.

4.1.4. Conclusion

This work identifies for the first time an aptamer that can efficiently bind to CatB-
overexpressing cancer cells. To our knowledge, this is the first aptamer identified for this
protein. SELEX, combined with NGS, allowed the identification of 10 aptamer candidates
that, along with their respective reverse complementary sequences, were further studied
using bioinformatics tools. In silico predictions pointed to AptO8rc as the best aptamer
candidate, then chosen for further characterization, along with aptamer AptO1. Kinetic
studies provided similar results for both aptamers with free purified CatB, with apparent K,
values of 10.4 £ 0.3 nM and 9.0 £ 2.1 nM for AptO8rc and Apt01, respectively. Binding
studies with the PC-3 cells, known to produce high levels of CatB at the surface,
confirmed the bioinformatics predictions as Apt08rc was more efficient in binding PC-3
cells than Apt01. Future studies should aim to fully characterize the selected aptamer and
validate it with other cell lines. Ultimately, this novel ligand could be a helpful tool for CatB
monitoring in cancer diagnosis, as growing evidence supports this protein as a predictive
biomarker in cancer progression or for targeting nanoformulations for CatB-

overexpressing cancer cells.
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D. FINAL REMARKS
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This PhD thesis is entitled “Innovative approach to fight tuberculosis and malaria targeting
the extraordinary PLP synthase macromolecular complex.” However, a PhD is not a
sprint; it is more akin to hiking, where there are ups and downs, and sometimes detours
must be taken to reach the final destination. That is how | felt regarding this PhD project.
Even though it was not possible to complete all the defined milestones (i.e., fully
characterize the catalytic mechanism of PLP synthase and its interactions), other
objectives were achieved. As in hiking, it is not the destination that matters, but the
journey along the way. As such, this PhD project was grounded in two main pillars:
proteins and DNA. Moreover, as this work is based on computational methodologies, a
brief discussion about the advantages and limitations of the methods used is also

presented at the end of this chapter.

1. Proteins

Regarding the study of proteins, particularly enzymes, the focus was pyridoxal 5'-
phosphate (PLP). Here the focus resided on two aspects of PLP, its synthesis and its

role as a cofactor.

1.1. Pdx2 — a key enzyme in PLP biosynthesis

Starting with the synthesis of PLP, the focus was PLP synthase, the sole enzyme required
for the de novo synthesis of PLP, the ubiquitous pathway present in most life forms,
especially pathogens like Plasmodium falciparum and Mycobacterium tuberculosis.
However, there is a notable exception. Most mammals, in particular humans, cannot
synthesize PLP, resorting to acquiring it from their diets in the form of other Be¢ vitamers.
This makes PLP synthase a promising drug target against diseases like Malaria and
Tuberculosis caused by the pathogens mentioned above. In short, PLP synthase is a 24-
meric complex composed of 12 synthase subunits, Pdx1, and 12 glutaminase subunits,
Pdx2. Only when fully assembled is this complex capable of synthesizing PLP in vivo.
Therefore, the two key aspects regarded as having the best inhibitory potential are
interfering with the catalytic mechanism of Pdx1, specific to this enzyme, or hindering
complex formation. Unfortunately, neither Pdx1’s catalytic mechanism nor the residues
contributing the most to Pdx1:Pdx1 and Pdx1:Pdx2 interfaces could be characterized
during this PhD thesis. Nevertheless, they are two relevant topics that should be

addressed in the future.
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However, the same is not true regarding Pdx2, whose catalytic mechanism was
thoroughly studied. Pdx2 is the sole provider of ammonia to the Pdx1 in vivo, and without

it, the catalytic mechanism cannot proceed, so its importance must not be neglected.

Furthermore, the fact that it employs a non-canonical Cys-His-Glu catalytic triad for its
catalysis highlights the importance of its study even more, as contrary to Ser-His-Asp/Glu
catalytic triads, whose catalytic mechanism is well established, there is less information
about it. Therefore, due to this work, the following general conclusions could be taken
about the Cys-His-Glu catalytic triad, whose mechanism is very similar but not equal to
other catalytic triads such as Ser-His-Asp/Glu or Ser-(cis)Ser-Lys, mostly because it

employs a different nucleophile:
e The catalytic process involves two main stages:

i) Formation of an acyl-enzyme intermediate (i.e., adduct) in which the

enzyme becomes covalently bonded to the enzyme.

i)  Hydrolysis of the adduct resulting in the reaction product’s formation and

enzymatic turnover.

¢ In the process of forming the acyl-enzyme intermediate, it is typically observed the
formation of an anionic tetrahedral reaction intermediate upon the nucleophilic
attack of the Cys/Ser. However, this is only possible due to the existence of an
oxyanion hole that stabilizes the negative charge that forms in the oxygen of the
carbonyl group. The oxyanion hole is typically formed by the backbone amino

group of some residues in the enzyme’s active site.

e The catalytic Glu does not have a direct key role in the mechanism (i.e., it does not
receive a proton from the catalytic His) as observed in other Ser-His-Asp/Glu
enzymes. Nonetheless, Glu is required to maintain the correct alignment and

orientation of His imidazole ring in relation to Cys and the substrate.

However, due to the nature of the cysteine residue, whose side chain has a pK, of 8-9,

there are also some key differences:

e The first step of the catalytic process of an enzyme employing a Cys-His-Glu
catalytic triad is the activation of the Cys residue. This involves the abstraction of
its proton by the catalytic His, forming a Cys™:His* ionic pair. This is required since
only the thiolate form of Cys (R—S-) is a good enough nucleophile. Contrary, in
other catalytic triads, such as the ones that employ Ser as the nucleophile, the

proton abstraction is concomitant with the nucleophilic attack (50).
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e No tetrahedral reaction intermediary was observed during the hydrolytic stage.
Contrary to what is suggested for Ser- catalytic triads, the nucleophilic attack of a
water molecule to the acyl intermediate resulted in the immediate collapse of the

structure, with the reformation of the Cys™:His" ionic pair.

e Lastly, the rate-limiting step of this catalytic process was the hydrolysis (which
requires 18.2 kcal.mol' and agrees very well with the experimental ket of ~19
kcal.mol™"), contrarily to other enzymes employing the catalytic triads Ser-His-
Asp/Glu (e.g., Subtilisin (471)) or Ser-(cis)Ser-Lys (e.g., Malonamidase E2 (307))
whose rate-limiting step is the first one (i.e., formation of the tetrahedral reaction

intermediate).

All the collected information can be used to develop new drugs (i.e., inhibitors) targeting
Pdx2. Due to the nature of the catalytic process, the inhibitor could either be reversible or
irreversible. In the case of an irreversible inhibitor, it would have to react more favourably
with the enzyme than its natural substrate, glutamine, i.e., it should have a lower Gibbs
free energy of activation and be very exergonic. This would form a reaction intermediate
that would block the catalytic cycle by making it virtually impossible for the reaction to
proceed or for the reverse reaction to occur. On the other hand, a competitive, reversible
inhibitor would only have to compete with the natural substrate for the enzyme’s active
site, preferably having a lower Ku. Since Pdx2 is not present in humans, this could seem a
good strategy; however, its similarities with other glutaminases could raise problems by

off-target toxicity.

1.2. XometC - role of PLP as a cofactor

Moreover, apart from Pdx2, the catalytic mechanism of a PLP-dependent enzyme was
also studied, highlighting the importance and versatility of PLP as a cofactor. The enzyme
in question is XometC, present in the pathogenic bacteria Xanthomonas oryzae pv.
oryzae, commonly abbreviated as Xoo, which is the causing agent of a destructive
disease that affects rice crops worldwide, having a substantial environmental and financial
impact. As such, XometC has often been regarded as a potential drug target in developing
new bactericides against this disease. XometC is a promiscuous enzyme with two
catalytic activities, cystathionine y-lyase and L-serine ammonia-lyase. Our studies focused
their attention on the latter, a B-elimination reaction, where the hydroxyl group of the

substrate L-serine is eliminated in the form of water, with the formation of 2-aminoacrylate.
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This study entailed the complete catalytic mechanism, from the formation of the external

aldimine with the substrate until the enzymatic turnover, with the product’s release and re-

formation of the internal aldimine. From this, some key points were observed regarding

XometC’s L-serine ammonia-lyase activity:

The entire catalytic process requires 14 sequential steps since the attack of the
substrate to the internal aldimine, until the formation of the product of the reaction

and enzymatic turnover.

The rate-limiting step of this catalytic process is the result of the proton abstraction
by the catalytic Lys immediately followed by the B-elimination of the hydroxyl group
of L-serine. This has a total activation free energy barrier of 19.1 kcal.mol"!, which
closely agrees with the experimental kinetic data available, whose activation
barrier is 18.9 kcal.mol™ (72).

The conversion of 2-aminoacrylate into the final product, pyruvate, is impossible to
occur inside the enzyme’s active site. Nevertheless, we have shown that it can
occur in the cytosol with a rate-limiting step whose activation barrier (22.6 kcal.mol
) closely agrees with the experimental data described in the literature (21
kcal.mol™) (342).

Lastly, we observed that the dissociated product, 2-aminoacrylate, can work as a
proton shuttle between the phosphate group and the catalytic Tyr, reestablishing

enzymatic turnover.

In a more generalized manner, this study also allows us to understand better some key

roles played by the PLP cofactor in most PLP-dependent enzymes. It was found that each

structural feature of the PLP cofactor plays a key and different role in different stages of

the catalytic process. Some of the most important are described below:

The phosphate group of PLP plays a key role in anchoring the cofactor to the
enzyme’s active site. Nevertheless, its role goes beyond that, also working as a
base, removing a proton from catalytic Lys, activating it to form the second gem-
diamine, ultimately leading to product release and enzymatic turnover. As such,
PLP’s phosphate group also has a role in proton storage during the catalytic

process.

Oxygen O3 of the PLP’s pyridine ring works as a proton shuttle between the
catalytic Lys and the amino group of the substrate/product when in the gem-

diamine form.
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e A positively charged residue, Argszs in XometC, guarantees the correct orientation
and alignment of the substrate in the active site in relation to the PLP cofactor.
Furthermore, by interacting with the carboxylate group of the substrate, Argszs
constrains the bond that will be cleaved perpendicularly to the plane of the PLP
cofactor, which is fundamental for catalysis to occur, as proposed by the Dunathan

hypothesis.

e This is only possible due to the role played by the pyridinium ring of PLP in
delocalizing the excess negative charge formed during bond cleavage across the
cofactor. This delocalization is favoured by the presence of a negatively charged

residue below the pyridinium ring of PLP, Asp1ss in XometC.

e The free energy profile reveals that the external aldimine formation is very
favourable, suggesting that there may be a shift towards this structure under

physiological conditions.

Furthermore, since XometC is important for Xoo virulence, all the gathered knowledge
about its catalytic process can be used to develop novel bactericides targeting it (308). As
previously mentioned, these inhibitors can be either reversible or irreversible. In the case
of an irreversible inhibitor, it must be designed to become covalently bonded to the PLP
cofactor, efficiently inactivating the enzyme. The best inhibitor would result in an extra
stabilization of the quinonoid reaction intermediate, impeding the reaction from proceeding
either backwards, towards the external aldimine, or forward, resulting in the reaction’s

product.
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2. DNA

Regarding DNA, two collaborations provided the opportunity to study its role besides
storing genetic information. DNA is a highly flexible molecule capable of acquiring different
conformations (i.e., non-B DNA conformations) and selectively interacting with other
proteins (i.e., DNA aptamers), which makes them promising candidates as new
therapeutic agents against several diseases, with cancer as the prominent example. This
also constituted an opportunity to acquire proficiency in the application of molecular
dynamics simulations, particularly in the study of nucleic acids in a highly emerging area

of development.

When we hear the word DNA, we are often led to think of the double-helix B-DNA
structure as initially described by Watson and Crick, based on the work of Rosalind
Franklin and Raymond Gosling, among others. However, that is not the only conformation
that DNA can acquire. We now know that although B-DNA is the most common form
under physiological conditions, DNA can also acquire other conformations, such as
hairpins and G-quadruplexes, collectively known as non-B DNA conformations. Although
their roles are still not completely understood, there is evidence that non-B DNA
conformations may have implications in cellular functions, such as transcription regulation.
However, these conformations have also been linked with diseases due to increased
replication errors, repair errors, and genomic instability in regions of the DNA where these
structures are more prone to form. A bioinformatic analysis of the mtDNA found a 93-nt
stretch of DNA more prone to suffer alterations, which they named Structure A. This work
was a proof of concept, aiming to study the stability of Structure A compared to the
conformation acquired by other 93-nt mtDNA stretches. The rationale was that if Structure
A non-B DNA conformation was more stable than the rest, then its 3D structure must be
related to the mutagenic instability that it causes. With this work, we developed a pipeline
that allows us to consistently predict the 3D conformation of any stretch of ssSDNA/RNA,
simulate it under physiological conditions, and analyze those simulations. Using this
workflow, our results showed that the conformation acquired by Structure A is highly

stable and presents low flexibility, contrary to the rest of the structures studied.

However, DNA is not only a naturally occurring molecule, be it B- or non-B DNA. DNA can
be synthesized with the length and nucleotide composition of our liking. That has been the
idea behind synthesizing DNA aptamers, DNA molecules that are selected for their high
affinity towards a specific target, therefore promising in the development of target
therapies against several diseases, especially tumour cells. However, synthesizing and

selecting those aptamers, a process known as SELEX, can be very time-consuming and
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expensive, especially as one selects between better and better aptamers. For that reason,
in silico methods have been regarded as a useful tool helping to identify the best ones. In
collaboration with a research group from the University of Minho, Braga, Portugal, we
aimed to select the aptamer with the highest affinity towards Cathepsin B, a protein
overexpressed in several cancers, especially prostate cancer. Our part in the collaboration
was to, using computational methods, identify the best from 20 aptamers previously
obtained with SELEX. Therefore, by making some modifications to the workflow used in
the non-B DNA conformations prediction, this was achieved with great success, with the in
silico prediction corroborated experimentally. Moreover, this workflow cannot only predict
the best aptamers but also rationalize their affinity by identifying where they bind to the
target and the type of interactions they make. These data can then be used to improve the

aptamers even further.
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3. Methodology

3.1. Model preparation

Computational methods are invaluable for describing chemical reactions with atomistic
detail since, even nowadays, it is still almost impossible to accomplish this task using
experimental methodologies. In any case, we must have a 3D structure of our system
(e.g., protein, DNA, or ligand) to which those methods can be applied. Unfortunately, until
a few years ago, we were entirely dependent upon the availability of X-ray
crystallography, NMR, or cryo-EM structures. When those were unavailable, we had to
resort to homology modelling, with all the problems it may entail. However, with the rise of
artificial intelligence-based methods, modelling enzyme structures have become

increasingly reliable due to tools like AlphaFold.

Moreover, in the case of nucleic acids, there are not many 3D structures experimentally
determined, especially of single-stranded DNA (ssDNA) or RNA, so we must resort to
their prediction. However, while tools like UNAFold can predict the secondary structure of
DNA and RNA, the same does not apply to 3D structures, which currently only have tools
available for the prediction of RNA. Therefore, our only option is to generate a 3D RNA
structure and then manually convert it to an analogous 3D ssDNA structure, with all the
oversimplifications and assumptions it may entail. Nonetheless, in the case of proteins,
most 3D structures still result from X-ray crystallography, as has been done for decades.
The only problem with X-ray structures is that the conditions needed for crystal formation
are often entirely different from physiological conditions, which may lead to a 3D structure
that does not resemble the one found in natural conditions. Moreover, special attention
must be given to structures with poor resolution, especially regarding ligands, as those
may be incorrectly modelled into the density map, leading to incorrect structures and,

ultimately, incorrect conclusions (9).

3.2. Molecular mechanics

Molecular mechanics methods like molecular dynamics (MD), molecular docking, and
binding free energy calculations (using the MM-GBSA approach) were employed
throughout this PhD project, mainly in research involving DNA molecules. Most force
fields commonly used in biomolecular simulations, like the AMBER ff14SB for proteins, or
the bsc1 for nucleic acids, are additive, as we have seen in Chapter B. Although they

have been successfully employed in many works throughout the years, they present some
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known deficiencies, primarily regarding the description of electrostatic interactions, an
aspect of particular importance in the case of a highly polyanionic molecule like DNA. To
solve this problem, polarizable force fields specially designed for DNA have been
developed (472). Nevertheless, they still present two main problems: i) they are much
more computationally demanding than additive force fields, and ii) related to the first point,
there are not enough studies employing these force fields which would truly solidify their
claims. Do not forget, “No matter how effective or powerful a new software solution is, it is

only as good as the number of people using it.” — Philip Kushmaro, CIO

Moreover, the exploration of the molecular conformational space of highly flexible
molecules like ssDNA structures is very limited. In an attempt to fully explore every
possible conformation, we would have to extend our simulations closer to the second
scale, which is simply unfeasible. Other methods, such as Monte Carlo simulations or
Metadynamics simulations, could help, but even those do not allow the full exploration of
the conformational space. As such, the methodology used in the works presented in this

thesis seems the most sensible.

Regarding the protein-DNA docking studies, some questions can be raised. For many
years the focus of molecular docking was centred on protein-small ligands. Then, more
and more software started to surge for protein-protein docking. What happened was that
most of that software was then adapted also to accept nucleic acids, as was the case of
HADDOCK (172). By being an afterthought, one might argue that they were not prepared
for such a use case. Nevertheless, several benchmarks and improvements have been
made over the years, demonstrating that HADDOCK can deal with this type of system
accurately (173,177,178,473).

The last point regarding molecular mechanics is the calculation of binding free energy
calculations using the MM-GBSA approach. Although performing these calculations is
already a huge step up in comparison with estimating the best complexes solely based on
the docking score, there are still some approximations that should be considered, as the
absence of the entropic contribution (not considered in our calculations since the
approximation used for its determination is not very accurate), or the low accuracy of the
SASA model used for the calculation of the nonpolar contribution of the solvation energy
(458). Nevertheless, in comparison with more rigorous methods, MM-GBSA is still the one

with the best compromise between accuracy and computational cost.
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3.3. Quantum mechanics

Despite all the computational power we have at hand, the study of an entire biomolecular
system using ab initio methods is still not feasible. Nevertheless, some approaches allow
us to balance speed and accuracy well, as is the case of the hybrid methodology,
QM/MM, which led to the attribution of the Nobel Prize in Chemistry in 2013. Using
QM/MM, one can separate a molecular system into the QM and MM regions. The
chemical species most relevant for a particular reaction will be included in the QM region,
while the rest is part of the MM region. However, one cannot be too greedy. For example,
if we do not consider species relevant for the catalysis, even if they are not directly
involved, our results may not be correct. On the other hand, if our QM region is too big,
our calculations will not finish in a reasonable time frame. Therefore, our goal is to achieve
a perfect balance between the size of the QM region and the computational cost it will
require, which is a form of art on its own. Nonetheless, applying QM/MM methods makes
the computational study of biomolecular systems relevant to health and the environment

possible.

Moreover, the experimental data about a catalytic mechanism or the enzyme that
performs it is often limited or nonexistent. In those situations, ensuring an adequate
exploration of the reactional space is even more critical. This means that, in practice,
several mechanistic hypotheses must be tested until we find the one most likely to occur
in vivo. We know from experience that a wrong mechanistic proposal results in energy
barriers incompatible with life as it is inside a cell. Therefore, we always aim to find the
most kinetically and thermodynamically favourable proposal. Another alternative would be
using QM/MM MD methods, which are often used to explore the conformational space of
proteins and ligands more efficiently, however, at the expense of much higher
computational costs (474). Therefore, people tend to use less accurate semi-empirical
methods or lower-rung DFT functionals to describe the QM region to balance this cost out.
This matter is still a question of debate among the scientific community, but for now, with
the computational power we have available, we consider that using static QM/MM

methods with a higher theoretical level leads to more accurate results.

This is especially true when we are fortunate to have experimental kinetic data at our
disposal, which serves as an essential checkpoint to validate the energy values we
computationally determined. However, we can only do so if high theoretical levels are
used to calculate the final energies, as those values must be accurate. Consider the
following example. The Gibbs free energy of activation determined for the reaction we

consider to be the rate-limiting step is 18 kcal.mol", which according to the Eyring
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equation, at 37 °C, corresponds to a turnover number of 1.3 s™'. Now imagine that the real
Gibbs free energy of activation is not 18 but 17 kcal.mol, only 1 kcal.mol! lower. That
means that the real turnover number of this reaction is 6.8 s, which is a considerable
difference. This is why the final energy values determined for every reaction step were
obtained using the DLPNO-CCSD(T) approach, as mentioned in the methodological
chapter. Using this methodology, we can reduce the energy error to less than 1 kcal.mol™

while maintaining an affordable computational cost.

Lastly, | would like to point out the fact that throughout this PhD project, novel
methodologies have been developed by the scientific community. At first, as seen in the
work regarding the catalytic mechanism of Pdx2, we used Gaussian 09 software,
employing a subtractive QM/MM scheme (i.e., ONIOM), using the hybrid functional B3LYP
together with the 6-31G(d,p) basis set to describe the QM region. However, in version 4.2,
the free ORCA software implemented several desirable features, like a native QM/MM
module and the quick and relatively accurate semi-empirical GFN2-xTB method. This new
method allowed for quick geometry optimizations, ideal for an initial optimization or

exploring the reactional space by performing several relaxed scans.

Then, with version 5.0, ORCA implemented r’SCAN-3c, a composite electronic-structure
method tailor-made for structure optimization. Optimizations with r’SCAN-3c are not only
faster than with B3LYP/6-31G(d,p) but also more accurate. This paradigm shift
revolutionized the way we worked. Therefore, | developed a new protocol, used for the
first time in the study of XometC, based on the advantages of GFN2-xTB and r2’SCAN-3c
(described in more detail in Chapter B, and summarized in Figure 58), which allowed the
characterization of a reactional step in a fraction of the time of the original protocol. From
personal experience, while before, it took weeks to characterize a single reactional step,
now, using this new protocol, | can achieve it in under three days. With better hardware
coming out every year and new, more efficient methods being developed at this rate, who

knows what could be possible in the next four years?
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Gaussian09 protocol

TOTAL TIME (1i%\$vudcg¥3 Initial OPT
3-4 weeks l BILYPIG-31G(d,p)
~1 week
(16 CPU cores) Scan

l B3LYPIE-31G(d,p)

Few days Opt TS

(16 CPU cores)
l B3LYPI6-31G(d,p)

Few hours
(16 CPU cores) Freq TS
/ B3LYPI6-31G(d,p)
Few days
dids @ IRC SP TS
/ B3LYPI6-31G(d,p) DLPNO-CCSD(T)CES
Few days
(16 CPU corZs) OPt R OPt P
l B3LYP/6-31G(d,p) l B3LYPI6-31G(d,p)
Few hours
(16 CPU cores) Freq R Freq P
l BILYPI6-31G(d,p) l BILYPI6-31G(d,p)
~1 da) @
(64 CPU coresy) SP R SP P
Performed in ORCA DLPNO-CCSD(T)/CBS DLPNO-CCSD(T)/CBS

ORCA 5.0.3 protocol

Initial OPT Few min TOTAL TIME
l GFN2xTB 3-4 days
Few h
Scan i
~1-2h
Opt R OPt P @ (1 CPU core)
opt R opt P e,
NEB-TS D @i,
Freq R Freq TS Freq P ;;‘c?,.ﬂ'(‘,f,',‘es)
SP R SP TS SP P @ 2o, )

Figure 58. Schematic representation of each protocol with the respective duration time for each

reaction step. This excludes any exploration of the reactional space by performing multiple scans.
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1.1. Application of molecular dynamics simulations in the study of the PLP

synthase macrocomplex

BImBS school 2019 — Biolnformatics meets BioSimulations in protein and DNA studies:

from theory to practice, 2019, Lugano, Switzerland

B Application of molecular dynamics simulations in
the study of the PLP synthase macrocomplex

Biomolecular SIMulations Research Group

i@k icsiptiiemwicbiosinps André F. Pina*, Sérgio F. Sousa, and Nuno M.F.S.A. Cerqueira
MPORTO ¥ é) UCIBIO@REQUIMTE, BioSIM, Department of Biomedicine - Facullty of Medicine, University of Porto, Porto, Portugal
[ N VERsioap: b6 orto  UCIBIO * g apina@med.up.pt [ in/andrefpina W @andrefpina

INTRODUCTION

Tuberculosis and malaria are responsible for the annual death of millions
of people worldwide. A major factor hindering the control of these diseases
is the high degree of resi developed by these p: o] against the
currently available drugs."”

The de novo DXP-independent biosynthesis of vitamin By is usually seen
as a possible therapeutic target since, while it is absent in humans, its
inhibition impairs the development of Mycobacterium tuberculosis and
Plasmodium falciparum.**

This pathway is macr Jlar complex, the
PLP synthase, a cogwheel-| I|ke protein formed by 12 synthase subunits to
which 12 glutaminase subunits attach, the Pdx1 and Pdx2, respectively.
Alone, it can synthesize the cofactor pyridoxal 5-phosphate (PLP) directly
from glyceraldehyde 3-phosphate, ribose 5-phosphate, and glutamine.”

In this work, we aim to study the conformational dynamics underlying the
function of PLP synthase, through the use of molecular dynamics
simulations.

Glotal Goneva 2018) o
Geneva 2018)
ST, Dick, U, Morjunata, 5. Kappes, M. Gengonbacher, ol Microil. 78, 680 (2010)
61 Gusez, K Hipp. V. Windasen, . Do, M. Gangerbachar B.Botchor, 1. S, B Kappes | Tows, Sueure, 20, 172 2012)
5114 Rooraves, . Winian. Y Zang, G, Gusdez. . 16, Bege. . Tevs,
[Ehches e e

METHODOLOGY

The crystallographic structure of ial PLP b ited on
Protein Data Bank with the code 4ADS" was used to prepare the model
for the molecular dynamics simulation. The PLP synthase system consists
of 12 Pdx1 monomers, 12 Pdx2 monomers, 12 L-glutamine molecules, 12
ribose 5-phosphate molecules covalently bonded to the protein, water, and
150 mM NaCl.

The procedure used is described in the image below:

The system minimizations and
equilibration phase were performed
in AmberTools 18 with the force field
ff15FB in combination with TIP3P-
FB water molecules.” The topology
files were then converted to
GROMACS format using ParmEd.
The molecular dynamics simulation
was performed using GROMACS
2019.1." An integration time step of
2 fs was used with Verlet algorithm."”

The PME algorithm was used for O N G O l N G Wo R K
electrostatic  interactions."” The

Verlet cutoff-scheme with 1.0 nm

was used for short range Currently, the molecular dynamics simulation is running
electrostatic and van der Waals on a cluster of dual CPU sockets, AMD EPYC™ 7301,
interactions. The V-rescale” and in the FLASH HPC at BioSIM Research Group, Porto,
the Parrinello-Rahman‘® algorithms Portugal.

were used for temperature and
pressure coupling.

1,0A. G I benSraom, SR Bl of o, 2010, AVBER 201,
Univariy o Colfoia, S Francs

i) oz Gory
18 A, © v dor S € L . e and o GROWICS
Sovscsmant o, GRN v verson | 20791

| A e FUTURE PERSPECTIVES

MOLECULAR DYNAMICS
GROMACS 2019.1

This knowledge will help us to understand the tight influence that the
quaternary structure of PLP synthase has in its catalytic process, guiding
us in the construction of representative QW/MM models for the study of its
catalytic mechanism.

This work was supported by national funds from Fundagdo para a Ciéncia e a Tecnologia (SFRH/BD/136594/2018, IF/00052/2014, FCT PORTUGAL LS
PTDC/QUI-QFI/31689/2017, and UID/Multi/04378/2019) and co-financed by the ERDF under the PT2020 Partnership Agreement (POCI-01- 2 020 POCH ..m
B A et

0145-FEDER-007728),
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1.2. 3D prediction of non-B DNA conformations associated with mtDNA

genomic instability

Bioinformatics Open Days, 2021, online

3D Prediction of Non-B DNA Conformations
» Associated with MtDNA Genomic Instability

André F. Pina', Sérgio F. Sousa’, and Jodo Carneiro**

Biomolecular SIMulations Research Group
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INTRODUCTION

Non-B DNA conformation are molecules that do not follow the canonical
double helix DNA structure.[1] This type of molecules, which can assume
both simple (e.g. hairpins) and complex (e.g. G-quadruplexes)
conformations, are highly related with mutagenetic instability in both nuclear
and mitochondrial DNA (mtDNA).[2,3] We have previously detected a
cloverleaf-like non-B conformation (Structure A) predicted for a 93-nt
(nucleotide) stretch of the mtDNA control region 5'-peripheral domain. The
Structure A occurs in a hot spot for the 3' end of human mtDNA deletions.[4]
To better characterize the Structure A we predicted its 3D conformation using
state-of-art algorithms and methods.

UNAFold LEaP

prediction

RNAComposer Convertion

RNA to DNA

3D prediction

1UCIBIO@REQUIMTE, BioSIM, Department of Biomedicine - Faculty of Medicine, University of Porto, Porto, Portugal
2Interdisciplinary Centre of Marine and Environmental Research (CIIMAR), University of Porto, Porto, Portugal

‘= joaomiguelsov@gmail.com

METHODS

The 3D model was built in RNAComposer using as input the UNAFold
predictions. Then the 3D RNA structure was converted to DNA using LEaP
part of the AmberTools software package. The molecular dynamics
simulations were made considering three control structures (93 nt Structure
A linear single strand, 93 nt Structure A mono-nucleotide shuffle sequence,
93 nt sequences with highest and lowest folding potential in mtDNA). MD
simulations were performed with the bsc1 force field, developed for atomistic
simulations of nucleic acids. Initial simulations were run for 100 ns at 310.15
K and 1 bar, in a box of TIP3P waters, under periodic boundary conditions.
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CONCLUSIONS

These results illustrate the stability and level of base pairing of the different non-
B conformation structures and open the door for an atomic level understanding
of non-B DNA stability. MIDNA mutagenic instability related with different
polymorphisms and deletion breakpoints can be studied using this methodology.

MD structure
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1.3. A computational study on the catalytic mechanism of Pdx2: a

glutaminase containing the Cys-His-Glu triad

VIIl EJIBCE — Encontro De Jovens Investigadores Em Biologia Computacional Estrutural,
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A computational study on the catalytic mechanism of
Pdx2: a glutaminase containing the Cys-His-Glu triad
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INTRODUCTION

Pdx2, the glutaminase subunit of the pyridoxal 5'-phosphate (PLP)
g synthase, is a key enzyme in the synthesis of PLP. It employs a non-
canonical Cys-His-Glu triad to catalyze the deamination of
glutamine to glutamate and ammonia — the source of the nitrogen of
PLP. For this reason, Pdx2 is considered a novel and promising
drug target against diseases such as Malaria and Tuberculosis,
whose pathogens rely on this enzyme to obtain PLP.

METHODS
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Pina, AF., Sousa, S.F. and Cerqueira, NMF:S.A. (2021), The Catalytic Mechanism of Pdx2 Glutaminase Driven by a Cys-His-Glu Triad: Reaction Coordinate

A Computational Study. ChemBioChem. DOI: 10.1002/cbic. 202100555
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1.4. A computational study on the catalytic mechanism of pyridoxal 5’-

phosphate synthase
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INTRODUCTION . RESULTS

Pyridoxal 5’-phosphate (PLP) synthase is a key enzyme in the

synthesis of PLP. It consists of two subunits: Pdx1, the synthase domain,

and Pdx2, the glutaminase domain. The catalysis starts in Pdx2, which uses a
Cys-His-Glu triad to catalyze the deamination of glutamine to glutamate and
ammonia. The ammonia is then tunneled to the Pdx1 active site, where it will be
the nitrogen source of PLP. Despite the ubiquity of PLP synthase among

most domains of life, it is absent in humans. On the other hand,

Malaria and Tuberculosis pathogens rely on this enzyme to

synthesize PLP, making it a potential drug target
against these diseases. This work focuses on

understanding the catalytic mechanism of PLP ez ’ \‘z? b
§

synthase, starting with the Pdx2 domain.

METHODS

2= 4ADS

L-glutamine

7‘»; y d
o Ao

L-glutamate

9
COMPLEX BUILD

[ tmzanons
©020

am:
@ 80/81 atoms
-

5509 5A

Gaussian0s
O Barisaiciniiass ORCA421
oeNo-cosomicasiise

}‘uur( ‘% o \b‘ ‘:‘Q m P 50l

FUTURE

AG (keal.mol)

Ammonia Glyceraldehyde PLP
3-phosphate

This work was sup o PORTUGAL

FCT (UIDP/04378/2020, UIDB/04378) /0140/2020 s y F Bundagio

AFP acknowled; SFRH/BD/ Y < . para a Ciéncia P
yFC 0 3 5 eaTecnologia fg

with the support



FMUP 267

Innovative Approach to Fight Tuberculosis and Malaria Targeting
the Extraordinary PLP Synthase Macromolecular Complex

1.5. Development of computational methods for aptamer design for

biomedical applications
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different molecular targets, including small molecules, peptides and specific
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PLP-dependent enzymes as important biocatalysts
for the pharmaceutical, chemical and food
industries: a structural and mechanistic
perspective

i '.) Check for updates ‘

Cite this: Catal Sci. Technol., 2019,
9, 4864

Juliana F. Rocha, @ André F. Pina, ©
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Enzymes catalyze a plethora of chemical reactions in nature. These biocatalysts offer a variety of benefits
that no other synthetic catalyst can offer: high turnover, regio- and stereoselectivity, and ability to work un-
der mild conditions and to react in environmentally friendly manufacturing processes. However, enzymes
are not normally optimally suited for industrial applications. It is important to improve their properties to
enable their more efficient application in an industrial setting, while also expanding the range of potential
chemical reactions that they can catalyze. In this review, we focus our analysis on structural features and
mechanisms of different enzymes that contain a pyridoxal-5'-phosphate (PLP) cofactor and that have note-
worthy potential as biocatalysts in a variety of industries and applications. The selected PLP enzymes are

Received 19th June 2019,
Accepted 9th August 2019

o-transaminases, lysine decarboxylase, threonine aldolase, L-tyrosine phenol-lyase, a-amino-¢-
caprolactam racemases, and cystathionine B-lyase. For each of these enzymes, the catalytic mechanism,
industrial application, and the advantages and disadvantages of their application are reviewed in detail. In
general, this review highlights the immense biocatalytic potential, rich chemistry and diverse set of applica-
tions that different enzymes sharing a common element (PLP) can offer.

DOI: 10.1039/c9cy01210a

rsc.li/catalysis
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Introduction

Enzymes are perhaps the primary biocatalysts used by indus-
trial biotechnology (IB) since they can increase the rate of a
reaction by several orders of magnitude. Their production is
readily available from renewable sources. In addition, en-
zymes are also biodegradable and essentially nontoxic and
non-hazardous. Furthermore, the reactions catalyzed by en-
zymes are normally performed under mild conditions (ambi-
ent temperature and atmospheric pressure) in an aqueous en-
vironment, contrasting markedly with the typical chemical
industrial processes, which require high operating tempera-
tures and pressures, or potentially toxic organic solvents, and
are expensive. In addition, the use of enzymes often reduces
the number of steps required in the reactions, avoiding pro-
tection and deprotection steps. The application of enzymes as
biocatalysts represents, therefore, a more cost-effective, envi-
ronmentally friendly and sustainable alternative, with poten-
tial application in a wide range of chemical diverse industrial
problems.*?*

UCIBIO/REQUIMTE, BioSIM, Departamento de Biomedicina, Faculdade de
Medicina, Universidade do Porto, Alameda Professor Herndni Monteiro, 4200-319
Porto, Portugal. E-mail: nunoscerqueira@med.up.pt

4864 | Catal Sci. Technol, 2019, 9, 4864-4876

Despite the potential offered by enzymes as biocatalysts,
there is still hesitation on their use since they are not opti-
mally suited for industrial applications. Additionally, their
products compete with products from the petroleum-based
industry. This industry is one of the most important sources
for chemical products and energy. However, the finite nature
of oil reserves, coupled with increasing concerns about the
environmental damage caused by man, urges us to develop
more sustainable ways of securing these chemicals and en-
ergy.” It is therefore important to expand the range of chemi-
cal reactions that enzymes can catalyze and improve their
properties. The optimization of the activity and substrate
specificity of enzymes is still expensive and difficult to
achieve by experimental means, as this involves understand-
ing at the atomic level the catalytic mechanism of these
enzymes® ® and rationally designing new ones®'° with the de-
sired properties and activities.

PLP-dependent enzymes have an unequalled catalytic ver-
satility, making them extraordinary biocatalysts. They use
pyridoxal-5-phosphate (PLP) as a cofactor to catalyze a di-
verse range of reactions that are specifically controlled by the
active site of the enzyme that contains it."* PLP resembles
benzaldehyde in its structure. However, the properties of the
carbonyl group are modified by the presence both of an

This journal is © The Royal Society of Chemistry 2019
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adjacent hydroxyl group and ring nitrogen in the para posi-
tion. This allows PLP to very easily form imines with primary
amino groups through its aldehyde group, and to stabilize
carbanionic intermediates formed by the heterolytic cleavage
of chemical bonds. A wide range of reactions has already
been found, such as racemization, decarboxylation, beta ad-
dition, beta-elimination, retro-aldol cleavage, transamination,
and alpha-elimination, among others.">** Despite the diver-
sity of reactions that are catalyzed by PLP-dependent en-
zymes, it is possible to envisage a series of common mecha-
nistic features characteristic of PLP-catalyzed reactions.

Structurally, PLP-dependent enzymes can be classified into
7 different fold-types: fold-types I to V as suggested by
Grishin et al.** (Fig. 1), and two additional fold-types VI and
VII that contain some enzyme families that could not be cate-
gorized into the original fold-types.’> A recent detailed up-
date regarding the diversity of fold-types of PLP-dependent
enzymes has been presented by Liang et al.'® The enzymes
reviewed in this article belong to fold types I to IV.

These enzymes are only active when the PLP cofactor is co-
valently bonded to a lysine residue in the active site, generating
what is commonly known as internal aldimine.’”'® When the
substrate is available, the transimination reaction occurs, in
which PLP becomes covalently bonded to the substrate,
forming what is commonly known as external aldimine."® From
this point, the reaction diverges, and it is different for different
types of PLP-dependent enzymes. Once the product of the reac-
tion is formed, it remains covalently bonded to the PLP cofac-
tor as the external aldimine. The product of the reaction is only
released from the active site to the solvent, after the trans-
imination reaction (the reverse of the first step), from which
the PLP cofactor becomes again covalently bonded to the active
site lysine residue and forms an internal aldimine. From this
point, the PLP enzymes are ready for a new turnover.

In this context, the PLP-dependent enzymes selected as ex-
amples in this review - o-transaminases, lysine decarboxyl-
ase, threonine aldolase, r-tyrosine phenol-lyase, o-amino-e-
caprolactam racemase, and cystathionine f-lyase — have be-

Fold-type Il

Fold-type | Fold-type Il
Aspartate transaminase Tryptophan synthase Alanine racemase
superfamil (subunit B) superfamily superfamily
PDB: 5T4L PDB: 5CGQ PDB: 2VD8
- o O
O -
<
iy s o
+ 2
N
H

PLP-dependent
enzymes

Fold-type IV o Fold-type V
D-amino acid superfamlhes Glycogen phosphorylase

aminotransferase superfamily
superfamily PDB: 50WY

PDB: 3LQS

Fig. 1 3D structures representative of the main fold-types of each
PLP-dependent superfamily.
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come interesting targets for different industrial fields
(Scheme 1), due to the chemical versatility of PLP-dependent
enzymes in the catalysis of a wide variety of chemical reac-
tions, with high regio- and stereoselectivity. This makes them
powerful tools in the semi-synthetic production of natural
amino acids, non-canonical amino acids and their related
compounds, which are required in many industrial pro-
cesses. How different members of the PLP enzyme family are
able to accept a variety of substrates is vitally important to
understand the use of these enzymes in industrial applica-
tions, a fundamental feature to improve their activity.

Transaminases (TAms)

Chiral amines are valuable and versatile building blocks for the
pharmaceutical industry since it is estimated that 40% of all
pharmaceuticals contain an amine functionality.”® Due to in-
creasing environmental awareness, the development of new bio-
catalysts for the production of optically active amines is of the
utmost interest. One group of enzymes that has been showing
great potential for the asymmetric synthesis of chiral amines is
transaminases (TAms).”*">* As biocatalysts, they offer a green
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Scheme 1 Schematic representation of industrial applications of the
different PLP-dependent enzymes presented in this review. In blue,
LDC and ACLR are presented which have application in the chemical
industry; in purple, Tams, TA and TPL are presented which have appli-
cation in the pharmaceutical industry; and in yellow, CBL is presented
which has application in the food industry.
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and economically viable alternative to transition metal catalysts
in the stereoselective amination of prochiral ketones.>*

Transaminases (EC 2.6.1.X), also known as aminotransfer-
ases, are PLP-dependent enzymes responsible for the trans-
ference of an amino group from an amino donor to an accep-
tor (Fig. 2). PLP, the cofactor, acts as the transient keeper of
the amino group, being bound as a Schiff-base to a lysine res-
idue in the active site (the internal aldimine)."®

The transamination reaction can be considered as two
different half-reactions (Scheme 2). In the first half-reaction,
the amine group of an amine donor (either an amino acid
or another amine) replaces the lysine residue in the internal
aldimine, originating from the external aldimine. Then, the
first half of the reaction culminates in the generation of pyr-
idoxamine 5-phosphate (PMP) and the corresponding ke-
tone. In the second half-reaction, the amine group now pres-
ent in PMP is transferred to an amine acceptor (ketone, keto
acid or aldehyde) with the regeneration of the internal
aldimine and formation of the corresponding amine, com-
pleting the catalytic cycle.

According to the type of substrate that is converted, trans-
aminases (TAms) can be divided into two groups:
o-transaminases (o-TAms) and o-transaminases (o-TAms).
o-TAms require the presence of a carboxylic group in the
a-position with respect to the carbonyl functionality.>® They
are involved in the biosynthesis of a-amino acids, performing
the transamination of the corresponding o-keto acids.”> On
the other hand, o-TAms are able to accept aliphatic ketones
and amines as their substrates (i.e. not only o-keto acids and
amino acids), representing all the remaining TAms.**
®-TAms have been further subdivided into two subgroups,
B-TAms>® and amine transaminases (ATAms), the latter often
used erroneously as a synonym for all ®-TAms. This terminol-

Fig. 2 3D structure of -TAm from Chromobacterium violaceum (PDB
code: 4A6T). Some of the important residues in the active site are
highlighted in the circle, together with the internal aldimine which is
represented in green.
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Scheme 2 Representation of the overall reaction catalyzed by
o-transaminases.

ogy can be misleading as although ATAms can convert any
amine substrate independently of the presence of a carboxylic
group, not all ®-TAms are able to do so.>’

As PLP-dependent enzymes, TAms can also be classified
based on their fold-type, belonging to fold-type I (aspartate
transaminase superfamily) and fold-type IV (p-amino acid
aminotransferase superfamily).>® In addition to their classifi-
cation based on their fold type, transaminases are addition-
ally divided into six classes according to their similarity.>”

One of the main characteristics of ®-TAms is their high
enantiospecificity and relatively broad substrate range—use-
ful properties in an industrial context. As previously men-
tioned, ®-TAms are important tools in the synthesis of valu-
able building blocks for pharmaceutical production, such as
chiral amines. It has been shown that o-TAms can be used as
catalysts in kinetic resolution and asymmetric synthesis of
optically pure amines.”*

In nature, (S)-selective TAms are more abundant than the
(R)-selective ones, so, for a very long time, mainly (S)-selective
©-TAms were known and extensively studied.>® Thus, in order
to prepare (R)-amines, the only green method available was
the kinetic resolution of racemic amines by (S)-selective
TAms, a method that only allows a maximum yield of 50 per-
cent.’® Hence, there was an urgent need for the discovery of
(R)-selective TAms to access a broad range of (R)-amines by
the efficient asymmetric synthesis, a method that can reach a
theoretical yield of 100 percent and has become the preferred
method for the pharmaceutical industry.

In the last decade, several (R)-selective o-TAms have been
described and are being studied in regard to their substrate
scope.>*?'%® Several engineering approaches have been ap-
plied in the expansion of the substrate scope of (R)-selective
©-TAms towards bulky substrates.**™** The synthetic potential
of (R)-selective TAms has been highlighted by the success of
its application in the large-scale production of the anti-
diabetic drug sitagliptin in 2010. The use of an engineered
(R)-selective TAm from Arthrobacter sp. (ATA 117) came to re-
place the previously applied asymmetric chemical hydrogena-
tion, a rhodium-catalyzed process, in the conversion of a
bulky ketone.**"*® This new biocatalytic route led to a drastic
increase in yield (10-13%) and productivity (53%, measured

This journal is © The Royal Society of Chemistry 2019
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in kg L™" per day), being also responsible for the decrease of
total waste (19%), and the need for heavy metals, while re-
ducing the total manufacturing costs.*' This was a milestone
that has inspired others to put their hands to new engineer-
ing projects.*®*>*”

The determination of more and more structures of (S)-selec-
tive TAms and (R)-selective TAms has enabled a deeper investi-
gation about the underlying mechanism of these enzymes, as
well as their substrate specificity and/or stereospecificity.

Their active site consists of a large-binding pocket and a
small-binding pocket, that together form the substrate-
binding site, achieved by dimerization of the two monomers
that compose the enzyme.’® Commonly, the small binding
pocket is able to accommodate only a methyl group, thus re-
vealing the extreme relevance of the engineered TAms to ac-
cept bulkier substituents.*?

A unique ability that characterizes TAms is the capacity to
accept both hydrophilic and hydrophobic substrates in the
same active site. It was found that, in (S)-selective TAms, the
cause for this is due to the presence of a “flipping” arginine
residue in a loop near the active site. Its guanidinium group
is able to move in the active site and can interact either with
the carboxylate group of the substrate or move towards the
outside, providing a hydrophobic space for the bulkier sub-
strate in that active site region.*® Moreover, Guan et al. found
that in (R)-selective TAms, the arginine residue is present in
only one conformation, contrary to what happens in (S)-selec-
tive TAms. Nevertheless, the whole loop containing the argi-
nine residue is able to move, thus acting as a substrate-
specificity determinant, making it a key area when
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attempting to modify the substrate specificity through pro-
tein engineering.*’

The detailed mechanism of ®-TAms has not been
completely established. However, it has been assumed in the
literature that their mechanism must be similar to that of as-
partate transaminase.”®>> A common first step in all PLP-
dependent enzymes is the formation of a Schiff-base of PLP
and an amino substrate, called the external aldimine, which
replaces the lysine residue in the internal aldimine.

One study of a ©-TAm reaction mechanism (Scheme 3)
was performed computationally by Cassimjee et al. through
the application of density functional theory calculations.’
The crystallographic structure used (PDB 4A6T) is an (S)-se-
lective w-TAm purified from the bacteria Chromobacterium
violaceum. The work focused on the half-transamination of
(S)-1-phenylethylamine to acetophenone. The results suggest
that the amino substrate forms an external aldimine with the
cofactor pyridoxal 5’-phosphate (PLP) through geminal di-
amine intermediates. The rate-limiting step of the reaction is
the deprotonation of the external aldimine, with an energy
barrier of 19.3 kcal mol ™, culminating in the formation of a
planar quinonoid intermediate. Then, a ketimine is formed,
followed by the production of a hemiaminal through the ad-
dition of a water molecule. Finally, a ketone product is
obtained together with the formation of pyridoxamine 5'-
phosphate (PMP). Upon dissociation of the ketone from the
active site, it becomes available for the binding of the second
substrate, thus becoming ready for the next half-reaction,
with the reformation of the internal aldimine (enzyme-PLP)
and the completion of the catalytic cycle. These results
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indicate that o»-TAms might follow the same overall mecha-
nism as other transaminases.

There is an ever-growing demand for the development of
new biocatalysts for the synthesis of enantiopure amines, an
important role that can be played by «o-TAms. Successful
cases such as the application of an engineered TAm in the in-
dustrial synthesis of sitagliptin only validate the power and
efficiency of this biocatalyst. However, the full potential of
TAms is still hampered by a restricted substrate scope, co-
product inhibition, and difficulties in displacing reaction
equilibria. For these reasons, o-TAms still do not have the
impact as a synthetic approach for the pharmaceutical
industry. Nevertheless, the accelerated rate of discovery of
new o-TAms, especially the (R)-selective ones, and the in-
creasing protein engineering approaches towards these en-
zymes are a clear sign that o-TAms will continue to develop
as a competitive alternative technology to the conventional
synthesis methods currently used.

Lysine decarboxylase (LDC)

Cadaverine is a molecule of great interest for industrial appli-
cations since it has a similar structure to the synthesized pet-
rochemical polymers, most notably hexamethylenediamine. It
can, therefore, be used as an alternative to such compounds
in the production of polyamides or polyurethanes.”*”* Cadav-
erine has already been used successfully as a precursor for
the production of alkaloids, polyamides, polyurethanes, che-
lating agents, and additives.>>™>” As classical petrochemical
polymers have a global market of approximately 7 million
tons per year, their replacement by bio-polymers would be an
important step forward in the implementation of IB.”®

One way to produce cadaverine is by using the enzyme ly-
sine decarboxylase (LDC). LDC catalyzes the decarboxylation
of 1-lysine to produce cadaverine with the capture of a proton
and the release of carbon dioxide.’®”® Lysine decarboxylase
(EC 4.1.1.18) is a fold-type I PLP-dependent enzyme (Fig. 3)
that is widely distributed in prokaryotes and eukaryotes.>® In
the literature, it is possible to identify two types of lysine de-
carboxylase: a constitutive and an inducible one.>**® They
have very similar amino acid sequences despite having differ-
ence in the optimum pH and thermal stability.® The most
used for cadaverine production is the inducible form since it
exhibits higher thermal and catalytic stability.>*

The efficient use of LDC on an industrial scale has been
hampered mainly due to the inhibition of this enzyme by its
end-product,®® and its limited efficiency outside a narrow pH
range.®® When the concentration of cadaverine is at 3 g L™,
the catalytic activity of the enzyme drops to half.>® The de-
pendence of the catalytic activity on the pH is related to
structural conformations. While a decamer is the favorable
structural conformation at an optimum pH of 6, when the re-
action proceeds, the pH of the medium increases since hy-
drogen ions are being consumed. At a lower pH, the enzyme
usually forms oligomers and, at higher pH values, decamers
and dimers are formed, with the percentage of dimers in-
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Fig. 3 3D structure of LDC (PDB code: 3N75). In the bottom, the
active site of the enzyme is presented. The internal aldimine is
represented in green.

creasing with pH. Dimers have a lower specific activity than
decamers.

Hence, the control of the structure of the enzyme, and
of the pH of the medium can be used as methods to im-
prove the biosynthesis of cadaverine. One solution to this
problem is the development of an engineered enzyme. In
order to stabilize the structure of the enzyme, Park et al
tried to immobilize it.® This study showed some improve-
ments since the free enzyme cannot be recovered after be-
ing used, while the immobilized one was recovered and,
after 10 cycles, still showed 53 percent residual activity.>®
The immobilization rate was, however, very low, so, fur-
ther studies are needed.

Although the mechanism of this enzyme is not described
in the literature, it is thought to be very similar to that of
other decarboxylases. A recent study on histidine decarboxyl-
ase'” suggests that the mechanism occurs in two sequential
steps: in the first step, the decarboxylation of r-lysine occurs,
followed by a second step where the protonation takes place.
By extrapolating, we can suggest a mechanism for lysine de-
carboxylase (Scheme 4), in which this whole process is only
possible due to the presence of PLP. Initially, PLP is linked to
a lysine residue (internal aldimine). In the presence of
t-lysine, PLP binds to it forming an external aldimine (step
1). Decarboxylation of r-lysine is now promoted and a quino-
noid intermediate is formed, with the release of carbon diox-
ide (step 2). Upon protonation of the quinonoid intermediate
with a proton taken from the medium (step 3), the internal
aldimine is re-established with the release of the final prod-
uct, cadaverine (step 4).

Cadaverine biosynthesis through LDC is a promising
route. However, to be regarded as an efficient alternative,
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further studies are needed to overcome the limitation caused
by the fact that the product inhibits the enzyme.

Threonine aldolase (TA)

B-Hydroxy-a-amino acids (HAAs) are core building blocks of
several drugs, such as antibiotics, immunosuppressants, and
the anti-Parkinson's disease drug i-threo-3,4-dihydroxy-
phenylserine (i-threo-DOPS).**** However, the industrial pro-
duction of HAA is expensive and partly inefficient from a
chemical point of view due to the two chiral centers formed
upon synthesis, which results in a mixture of stereoisomers.**
The enzyme threonine aldolase (TA) catalyzes the retro-aldol
cleavage of threonine into glycine and acetaldehyde, and also
the reversible reaction where the condensation of acetalde-
hyde and glycine occurs to form threonine with two chiral
centers.®" Due to its reversibility, TA is a powerful catalyst for
asymmetric carbon-carbon bond formation, enabling the pro-
duction of a wide range of HAAs from glycine and aldehyde.

Threonine aldolases are PLP-dependent enzymes (Fig. 4)
which are widely distributed in nature.®® They can be classi-
fied according to their specificity at a-carbon and (-carbon.
These enzymes are highly specific at a-carbon and they can
be divided into 1-TA or p-TA. 1.-TA can be divided into three
categories according to the specificity of the B-carbon: highly
specific L-threonine aldolases (EC 4.1.2.5), which only accept
t-threonine; r-allo-threonine aldoses (EC 4.1.2.49), which ac-
cepts the rare stereoisomer i-allo-threonine; and r-low-
specificity-threonine aldolase (EC 4.1.2.48) that can accept
both 1- and ti-allo-threonine.*® Until now, only b-low-
specificity-threonine aldolase (EC 4.1.2.42) has been found in
nature and can accept both p- and p-allo-threonine.

L-TA and p-TA have distinct structures and different fold-
ing types. L-TA (fold-type I) functions as a homotetramer and
the active site is located at the dimer interface between sub-
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Fig. 4 3D structure of L-TA (PDB code: 1M6S). In the bottom, the ac-
tive site of the enzyme is presented. The internal aldimine is repre-
sented in green.

units,®® while p-TA (fold-type III) was isolated as a dimer.®”
Notwithstanding, crucial catalytic residues seem to have a
similar orientation on both TA.

The low-specificity of TA on B-carbon has hampered their
use in industrial processes. Enzyme engineering has been
attempted to overcome this limitation, including mutagene-
sis studies®*®*7> and immobilization techniques.”*’* These
attempts have tried to increase the stereospecificity and ther-
mostability of the enzyme. However, so far, the outcome is
still far from the desired goals.

Although the mechanism of TA is still not characterized, it
is proposed to occur as follows (Scheme 5): initially, PLP is
linked to a catalytic lysine residue (internal aldimine). When
glycine is available, PLP releases the lysine residue and be-
comes covalently bonded to glycine forming an external
aldimine (step 1). The external aldimine promotes the depro-
tonation of the o-carbon of glycine by a residue that acts as a
general base (step 2). This step leads to a quinonoid intermedi-
ate, with high resonance, that allows the formation of a carban-
ion ready for a nucleophilic attack. Since acetaldehyde is a
good acceptor for the nucleophilic attack, due to its electrophi-
licity, when it enters the active site, it allows the formation of a
C-C bond with the quinonoid intermediate, with the capture of
a proton from the general base (step 3). For the enzymatic turn-
over, PLP is transferred from the product to the catalytic lysine,
reestablishing the internal aldimine and releasing the final
product, threonine (step 4). This general mechanism is thought
to be followed by different TAs, resulting in similar products
with variations in stereochemistry (Scheme 5).

TAs are promising enzymes for the biosynthesis of HAAs.
However, their reaction rates and stereoselectivity continue to
be poorly optimized for industrial use. Even with several im-
provements of enzymatic engineering already achieved, fur-
ther studies are needed in order for TA to be considered,
from an industrial point of view, as an efficient alternative
for the biosynthesis of HAAs to the traditional methods.
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L-Tyrosine phenol-lyase (TPL)

3,4-Dihydroxylphenyl-i-alanine (1-DOPA) is the drug of choice
for the treatment of Parkinson's disease. Annually, more than
250 tons of 1-DOPA are produced, and half of it comes from
enzymatic processes.”” The extraction of 1-DOPA from natural
sources’® no longer satisfies the actual demand, and the
chemical route employs so extreme reaction conditions that
it is not an efficient option either.””

L-DOPA can be biosynthesized using i-tyrosine phenol-
lyase (TPL) from different organisms.””> TPL catalyzes the re-
versible cleavage of the CB-Cy bond from r-tyrosine to form
phenol, pyruvate, and ammonium.”® Since this reaction is re-
versible, TPL can be used for the production of L-DOPA in
one step from common chemicals.”®

TPL from Erwinia herbicola has been regarded, for some
years now, as the most efficient alternative for the production
of 1-DOPA. However, large-scale production of .-DOPA through
TPL is still not efficient in part due to the fact that the expres-
sion of TPL from Erwinia herbicola in E. coli decreases, signifi-
cantly, the reaction rates.*® Recently, Zheng et al. described
TPL from Fusobacterium nucleatum that has a comparable pro-
duction rate of .-DOPA,®° but is easier to express.

TPL (EC 4.1.99.2) is a bacterial PLP-dependent enzyme
(fold-type I) found in a homotetramer arrangement (Fig. 5),
with active sites located at each monomer-monomer inter-
face, totaling four active sites.*' ™ These enzymes have a
characteristic that has been revealed to be crucial for the cat-
alytic activity: a rearrangement of the domains allows the ac-
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Fig. 5 3D structure of TPL (PDB code: 1C7G). In the bottom, the
active site of the enzyme is presented. The internal aldimine is
represented in green.

tive site to adopt two different conformations - an open and
a closed conformation.®?

The proposed mechanism for TPL involves several steps
(Scheme 6), in which the formation of a “tense” form of the
quinonoid intermediate is crucial for the catalytic cycle.®>%*
Similar to other PLP-dependent enzymes, the first step in-
volves the formation of an external aldimine in the presence
of i-tyrosine, with the cleavage of the internal aldimine. The
catalytic lysine acts then as a general base, deprotonating the
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Ca of the substrate, forming a quinonoid intermediate in a
relaxed form (step 2). The quinonoid intermediate undergoes
a rearrangement, adopting a “tense” conformation which fa-
vors the protonation of Cy through a tyrosine residue and the
cleavage of the CB-Cy bond releasing the first product, phe-
nol (step 3). This rearrangement is crucial for this step but it
is still not clear if the protonation and bond cleavage occur
in a stepwise or in a concerted way (here it is represented in
a concerted way). At last, the internal aldimine is
reestablished and ammonium pyruvate is released (step 4),
completing the catalytic cycle. Additionally, the ammonium
pyruvate reacts with water leading to the formation of pyru-
vate and ammonium.

L-DOPA is a first-line treatment drug for Parkinson's dis-
ease. Nowadays, this disease affects increasingly more people
due to the aging of the population, which increases the de-
mand. Wild-type TPL is still not efficient for large-scale in-
dustrial production, but efforts are being made to find effi-
cient solutions to optimize this enzyme, in order to make it a
biocatalyst of excellence.

a-Amino-g-caprolactam racemases
(ACLRs)

p-Amino acids and their derivatives are of extreme impor-
tance in the chemical industry, being building blocks for
other compounds with biological or physiological activities,
as well as, products with direct commercial value, being ap-
plied in feed supplements, drugs, and cosmetics. However,
while proteinogenic amino acids can be easily synthesized by
microbial fermentation, other amino acids, such as
p-isoforms, require other approaches since they are scarcely
produced by fermentation.®® Therefore, there is a need for
new and efficient synthetic pathways for the production of
enantiopure amino acids in the chemical industry.

An elegant method that has been increasingly applied for
the synthesis of these compounds is the enzyme-mediated dy-
namic kinetic resolution (DKR) of amino acids and their de-
rivatives. One example is the enantioselective enzymatic hy-
drolysis of racemic amino acid amides (AAAs) by a b-
stereospecific hydrolase, such as p-amino peptidase. This en-
zyme hydrolyses all p-AAAs into p-amino acids while leaving
1-AAAs untouched. This allows a maximum theoretical yield
of 50 percent if only the hydrolase is present in the reaction
mixture. However, if an AAA racemase is also present in the
system, all the remaining 1-AAAs will be racemized into
p-AAAs, allowing the complete hydrolysis of the racemic mix-
ture into the desired product. Moreover, p-amino acids can
be produced by this method. The synthesis of L-amino acids
is also possible if the p-stereospecific hydrolase is exchanged
with an r-stereospecific one.®*™%®

An excellent racemase biocatalyst that can be used in the
DKR of AAAs is the PLP-dependent enzyme, o-amino-e-
caprolactam (ACL) racemase (ACLR, EC 5.1.1.15, Fig. 6). This
enzyme is responsible for the interconversion of 1- and p-ACL,
and has been used in the industrial synthesis of 1-lysine.®**° It
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was initially reported by Ahmed et al. that the only substrates
of ACLR were ACL, o-amino-d-valerolactam, and o-amino-3-
thio-e-caprolactam.®°" However, Asano and Yamaguchi discov-
ered that ACLR also has racemization activity, not only towards
cyclic AAAs, but towards acyclic AAAs.**® More recently, a
study published by Frese et al. described the discovery of an
ACLR enzyme with promiscuous activity towards amino acid es-
ters (AAEs). Despite its low AAE activity, it provides a robust ba-
sis for the engineering of ACLRs towards improved perfor-
mance in dynamic resolution processes.’>

Its crystallographic structure was first determined by Oka-
zaki et al. for the Achromobacter obae ACLR (A0ACLR), reveal-
ing that ACLR is a dimeric enzyme, that belongs to the fold-
type I group of PLP-dependent enzymes (Fig. 6).>° Its active
site is located at the dimeric interface, being constituted by
residues from both monomers.

ACLR catalyzes the removal of the o-hydrogen from one
face of the substrate and the addition of a proton on the op-
posite side, therefore achieving the racemization of the sub-
strate. The substrate binding site was typically located be-
tween Trp49 and Tyr137, as suggested by the position of the
e-caprolactam moiety in the complex structure obtained by
Okazaki et al. for the AoACLR.”

Two mechanisms have been proposed for this reaction: a
single-base mechanism and a two-base mechanism. The single-
base mechanism was proposed by Ahmed et al. based on a se-
ries of deuterium labelling experiments, suggesting that Lys267
was the presumable base responsible for the protonation of the
planar quinonoid intermediate from either side.”*

However, recent evidence found by Okazaki et al. suggests
that the racemization occurs through a two-base mechanism,
one in each face of the substrate (Scheme 7). The proposed
residues involved in this process are Lys267 (from the re-face)

Fig. 6 3D structure of ACLR from Achromobacter obae (PDB code:
3DXW). In the bottom, the active site of the enzyme is presented. The
internal aldimine is represented in green and the e-caprolactam moiety
in orange.
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and Tyr137 (from the si-face).”® This is emphasized by the
work performed by Awad and his co-workers where they com-
pared several fold-type I PLP-dependent enzymes with race-
mization activity, including the ACLR from Achromobacter
obae.” In fact, a mutagenic study was performed using the
enzyme cystathionine p-lyase, a fold-type I PLP-dependent en-
zyme with a structure similar to ACLR. When Tyr111 (Tyr 137
in ACLR) is mutated by phenylalanine, its racemization activ-
ity towards r-alanine is lost, backing up the hypothesis that
Lys and Tyr are the catalytic pair.”®

Nevertheless, there has been some controversy about this
matter. According to their crystallographic study, Frese et al.
suggested that the candidate acid/base catalytic residues are
Lys267 and Asp210, not Tyr137.°” Although, due to technical
reasons, they were not able to obtain the Y137 mutant, bas-
ing their conclusions only on the poor activity of the D210A
mutant, a residue that albeit its importance, may not be part
of the catalytic pair.

The growing use of chiral amino acids, as building blocks
in industry, dictates that new ways must be found to produce
them efficiently and in a single enantiomer form. A key en-
zyme involved in this process is the ACLR, achieving that
through the dynamic kinetic resolution of AAAs. The more
complete understanding of its mechanism, together with the
discovery of ACLRs with new racemization activities, opens
up the possibility for the rational design of new ACLRs with
improved catalytic activity towards non-native substrates.
This can ultimately lead to the development of improved bio-
catalysts that can meet the needs of industry.
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Scheme 7 The suggested catalytic mechanism for the reaction
catalyzed by ACLR. The two residues proposed as catalytic bases,
Tyriz7 and Djy, are represented by the letter “X”.
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Cystathionine -lyase (CBL)

Volatile sulfur compounds (VSCs) are key contributors to the
flavor of a wide range of fermented foods, being of extreme
relevance in cheese and fermented beverages, such as beer
and wine.”® These compounds are essential for the aroma of
some wines, such as “grapefruit”, “passion fruit”, and
“boxwood”, having a great impact on the desired sensorial
properties of the final product.®® In cheese, compounds such
as methanethiol, dimethyl disulfide, dimethyl trisulfide, and
hydrogen sulfide have been linked to their characteristic fla-
vor." On the other hand, some VSCs might (above a certain
concentration) induce a repulsive flavor, which has a detri-
mental effect on their quality.’® Therefore, the formation of
VSCs is a subject of great interest in the food industry, since
fine control of their levels is required to maintain the highest
quality of the manufactured products.

VSCs derive from sulfur-bearing precursors, such as me-
thionine and cysteine, being products of their catabolism by
bacteria. One enzyme that has been linked to the production
of VSCs in food is the PLP-dependent enzyme, cystathionine
B-lyase (CBL, EC 4.4.1.8).""" Commonly known as
B-cystathionase, CBL is the second enzyme involved in the
transsulfuration pathway for r-methionine biosynthesis, a
pathway present in several bacteria and plants, but absent in
humans. For this reason, CBL has been considered an attrac-
tive antibiotic target, with less chance of harmful and
unwanted side effects.'®>'*> As mentioned, CBL, belonging
to the y-family of PLP-dependent enzymes, needs PLP as a co-
factor.'* Its major function is to catalyze the cleavage of the
carbon-sulfur bond of i-cystathionine, releasing 1-
homocysteine, pyruvate and ammonia. However, CBL is not
only involved in the synthesis of methionine, but also in its
catabolism, as detected in the lactic acid bacteria Lactococcus
lactis by the conversion of methionine into methanethiol.'*®
Moreover, it was recently demonstrated that MetC, a CBL
from Escherichia coli, besides its role in the .-methionine me-
tabolism, is also able to produce non-canonical p-amino
acids and is involved in the p- and r-serine metabolism."*®

For these reasons, CBL is considered as an enzyme with
great potential for the chemical and pharmaceutical indus-
tries. Nevertheless, more knowledge about its structure and
catalytic mechanism is required.

CBL is a homotetrameric enzyme with a PLP fold-type I and
a chiral dihedral symmetry D2 (Fig. 7). Each monomer of the
enzyme is composed of three distinct domains. The N-terminal
domain (residues 1 to 60), formed by three a-helices and one
B-strand, is involved in tetramer formation and constitutes
some of the active sites of the adjacent subunit. The second do-
main (residues 61 to 256) is formed by an o/B-structure and is
the place where PLP is anchored to the enzyme. Lastly, the
C-terminal (residues 257 to 395) consists of four helices, ex-
posed to the solvent, and four-stranded antiparallel B-sheets
that are located in the central part of this domain.'®”

According to the crystallographic structure of CBL from
Escherichia coli (PDB code 1CL1), obtained by Clausen and
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Fig. 7 (A) 3D structure of CBL from Escherichia coli (PDB code: 1CL1).
In the bottom, the active site of the enzyme is presented with the
internal aldimine represented in green. (B) The three domains of this
enzyme present in each monomer are represented in different colours:
N-terminal domain (light green), second domain (cyan), and C-terminal
domain (pink).

his co-workers, there are two residues that can play a crucial
role in the catalytic mechanism of this enzyme (Scheme 8):
Lys210, and Tyr111. Lys210, the PLP-binding residue, is also
responsible for the proton transfer between Co and Sy.
Tyr111, on the other hand, is the residue responsible for sub-
strate activation, being conserved in all cystathionine utiliz-
ing enzymes. It exists in the active site in a phenolate form,
being responsible for the removal of a proton from the
o-amino group of the substrate, cystathionine. The
deprotonated amino group of the activated substrate can
then perform a nucleophilic attack, displacing the lysine
bound to PLP and forming a Schiff base designated external
aldimine. The free lysine can now abstract the proton from
the Co to form a quinonoid intermediate. Subsequently, the
protonation of Sy leads to the cleavage of the CB-Sy bond.
Then, the external aldimine is displaced by the nucleophilic
attack of the lysine, regenerating the catalytic active internal
aldimine and releasing the unstable enamine, dehydro-
alanine. This compound then tautomerizes into imine
2-iminopropanoate which undergoes hydrolytic deamination
to form pyruvate and ammonia, a step that is unlikely to oc-
cur in the active site of the enzyme."®”

Enzymes involved in the formation of VSCs are of great
interest for the food industry to produce compounds respon-
sible for the flavor of a wide range of fermented food and
beverages, such as cheese, wine, and beer. Cystathionine
B-lyase (CBL) is a PLP-dependent enzyme involved in the pro-
duction of VSCs, such as methanethiol and dimethyl disul-
fide. It is also able to synthesize p-amino acids, a characteris-
tic that is of great interest to the chemical and
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Scheme 8 Representation of the reaction catalyzed by cystathionine
B-lyase.

pharmaceutical industries. However, the role played by CBL
in the generation of these compounds is not completely un-
derstood. In order for that to happen, a thorough characteri-
zation at a molecular level of the enzyme needs to be done.
Only then can CBL be optimized for industrial purposes.

Conclusions and future perspectives

As illustrated in this review, the PLP-dependent enzymes
o-transaminases, lysine decarboxylase, threonine aldolase,
L-tyrosine phenol-lyase, a-amino-e-caprolactam racemases,
and cystathionine B-lyase are attractive targets for enzyme en-
gineering towards their application in an IB framework.
While the common element here present (i.e. PLP) plays an
important role in all these enzymes, the catalytic mecha-
nisms adopted have a variety of differences and subtleties
that render the application of atomic-level computational en-
zymatic methods necessary to fully understand the catalytic
determinants.

o-Transaminases and threonine aldolase are good exam-
ples of enzymes for IB. There is already a good body of knowl-
edge concerning their specific catalytic mechanisms and the
role of the different amino acid residues in catalysis that was
able to guide the development of a new generation of bio-
engineered enzymes with increased reaction rates and/or
specificity. The same can also be said about ATA 117 which is
employed in the catalysis of the last step of the synthesis of
the antidiabetic compound sitagliptin and was able to gener-
ate around 6 billion U.S. dollars of revenue to Merck only in
2017. This success was accomplished due to the bioengineer-
ing of the enzyme that has allowed improvement of the cata-
Iytic process in almost 13 percent while decreasing the total
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manufacturing costs. These kinds of studies have granted the
laureate Frances H. Arnold the Nobel Prize in Chemistry 2018,
“for the directed evolution of enzymes”. The expression of these
enzymes in bacterial strains is also something to recognize
since without this goal, it would be more difficult and expen-
sive to obtain desirable amounts of enzyme.**

Although the success of these enzymes in IB envisages the
potential of bioengineered enzymes for industrial applica-
tions, the same level of knowledge is not available for other
enzymes. In fact, as it was reviewed in this article, many en-
zymes have the potential to be used in industrial applica-
tions. However, there is still a lack of knowledge that pre-
cludes their current application. To date, there are more
questions about how they work than answers, representing
the need for more investment in this area. However, there is
no doubt that enzymes will be the future of IB and will be
the secret behind the success of many industries.

Hence, despite the promising results obtained, which
demonstrate the potential of these enzymes, more studies are
required to fully master the activity of PLP-dependent en-
zymes for biocatalysis.
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