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Abstract

Advanced computational strategies for metalloenzyme design

by Laura Tiessler Sala

Nature is abundant with proteins that contain metals, ranging from
metalloenzymes serving crucial catalytic reactions to proteins that storage and
transport metals. The molecular study of metalloproteins allows to find solutions
to a wide range of chemical problems and provides insights into their recognition
processes. Researchers have seized the opportunity to copy nature by create new
catalysts, Artificial metalloenzymes (ArM). These ArMs are designed by
combining natural protein scaffolds with metallic moieties, enabling them to
carry out new reactions in nature. In the recent years, molecular modeling has

become an essential tool in these fields, though certain challenges still need to be
addressed.

This PhD thesis aims to apply molecular modeling to understand the behavior of
metal containing proteins, focusing on natural metallic proteins and ArMs. The
first part of this thesis encompasses the study of proteins containing the
prototypical metallic cofactor heme. A molecular modeling protocol based on
enhanced molecular dynamics techniques is applied to unravel different binding
mechanism of heme on protein hemophore HasA. Furthermore, a software is
developed for detecting heme binding sites based only on structural information.
The second part of this thesis focuses on the computational-aided design of ArM.
Integrative approaches combining various techniques, such as quantum
mechanics, molecular docking, and classical molecular dynamics simulations are
applied to obtain a deeper understanding of two different ArMs: one based on
single or dual gold hydroamination and the other a Suzuki-Miyaura reaction
involving palladium.
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CHAPTER

Introduction

Metal ions are essential to maintain all types of living organisms, going from
animals and plants to bacteria. Metals, when associated with biomolecules, can
perform many fundamental biological processes thanks to their unique catalytic
and structural properties. The relevance of the functions of metals is reflected in
many organisms’ genomes, in which metal-containing proteins represent more
than one-third of the proteome.'~> Metallic ions are involved in a broad range of
biological processes including structural, acid-base or redox catalysis, signalling,
electron transfer or energy storage. In metalloproteins, metals are usually bound
to amino acids from the protein, inorganic anions or organic cofactors.
Depending on the nature of the metal, they tend to bind to different residues
(Glu/ Asp for hard metals and Cys/Met for soft metals).*

Because numerous biological functions depend on the presence of metal ions,
any disruptions in their homeostasis can lead to a broad range of physiological
disorders or even death. For example, the deficiency of Fe causes anaemia, while
alterations the concentration of in Cu or Al can cause heart problems and brain
diseases like Alzheimer’s.”® The presence of essential metals is fundamental for
survival, inversely, the excess of these metals can also be toxic. A clear example is

the excess of cobalt which can lead to lethal cardiomyopathies.”™

In consequence, the homeostasis of metal ions is of importance, the concentration
of metal ions has to be maintained strictly in cells and tissues to avoid either
excess or deficiency of metals. Metals also have an important role in medicine, Li
has been used to treat depression in the form of Lithium carbonate for more than

50 years. Au compounds are used to treat Rheumatoid Arthritis and several
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anticancer drugs contain metals, like wide used Pt-cisplatin or potential future

Ru-anticancer drugs.'*-4

For the two last decades, an array of bioinspired metal-containing systems has
emerged. Among these families of non-natural systems are Artificial
Metalloenzymes (ArMs). Those systems are obtained by introducing a catalytic
organometallic compound into a compatible biomolecular scaffold. This leads to
enzyme displaying new-to-nature reactions as well as substrate selectivity and
catalytic specificity. Amongst successful ArMs designs we can count on enzymes
able to perform enantioselective cyclopropanation, Suzuki-Miyaura, imine
reductions, or epoxidation.!” In this chapter, we will get deeper into the
properties of metals that make them indispensable for life and understand which
types of reactions are carried out by the most common natural metalloenzymes.
Then, we will look at non-natural ones by focusing on how ArM are designed,
how they diverge from natural metalloenzymes and how molecular modeling

can be used in this field.

1.1. Metals in all life forms

Currently, twenty elements are currently considered as essential for all living
organisms on earth. First, essential elements should be defined as elements that
are present on all tissues and crucial for survival. If an essential element is
removed from the diet, its deficiency or absence causes irreversible damages, that
can only be prevented or cured by supplementing the element itself.'® Essential
elements should be differentiated from beneficial elements, which serve limited
functions or only provide some health benefits, as in the case of fluorine or
silicon.!” Figure 1.1 highlights the twenty essential elements, five essential
elements for several species, and lastly, Cr, which is still under consideration as

an essential element.!8

In terms of the human’s body composition, the most abundant elements are C, H,
O, N, which together with P and S, constitute the non-metallic bulk elements
(Figure 1.2a). These six elements constitute all intermediates of metabolism and
all essential building blocks to synthesize proteins, DNA, polysaccharide and
membranes. However, living cells need additional functionalities beyond these
building blocks. For example, DNA or protein charges need to be neutralized

with metallic ions and metals are better suited to carry out redox or catalyze
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Figure 1.1: Periodic table indicating essential elements in green, essential elements for some species in
orange and possible essential element in blue. Adapted from [18].

reactions than purely organic molecules. Therefore, another fourteen more
elements are required in most living systems to carry out these functions, ten of

which are metals.'?

Four alkaline and alkaline earth metals represent the 99% of human metal
content: Na, K, Mg, Ca They are classified as macronutrients or bulk elements
because they are found in the human body in large quantities (in the gram
range). The other six metals (Zn, Mn, Fe, Mo, Co, Cu) are transition metals (TM)
and are considered trace elements as they are found in the milligram range in the
human body. Although their dietary intake requirements are much lower, it does
not imply that they are less essential.'® The essential nature of Cr is still very
controversial, but nowadays, evidence suggests that it is not an essential trace
element.?%2! Five more elements are also essential in several species V, W, Ni, B

and Si, three being transition metals.'®

To understand why these metallic elements have been selected by nature, two
aspects need to be considered: 1) the abundance of the element on earth and
oceans and 2) the function that they carry out. The abundance of elements in the
earth’s crust and the oceans is relevant to know their bioavailability and
consequent use.”!” Figure 1.2b representes the concentration of all essential

metallic elements in the crust, ocean, blood plasma and tissue.
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Figure 1.2: a) Distribution of essential elements in human human body of 70kg. b) Concentration of
essential metals in crust, sea water, plasma and cell/tissue. Adapted from [19, 22].

Six of the ten essential elements are in the top 10 regarding abundance in the
earth’s crust. A minimal concentration of an element on earth is always required,
but the availability of the soluble form in soil/water is relevant for an organism’s
acquisition. Organisms have developed mechanisms to adsorb and maintain the
concentration of inorganic elements constant inside cells, either to avoid toxic
concentrations or because of its low abundance. This is illustrated by the
difference of concentration between sea water and cells.  Despite low
concentration of certain metals in sea water, cells are able to maintain higher

concentrations due to its uptake and regulating mechanisms.!???

Lastly, the most important criteria for the essential character of a metal it is the
function that it fulfills in an organism. The suitability of a metal for a certain
function is determined by the properties of the metal. There is not a specific
property that defines which metals are essential.'” However, it has been found
that one of the best ways to understand the relationship between function and
properties of metals is through the Hard and Soft Acid and Base theory, which
divides Lewis acids and bases as Hard and Soft categories depending on size,
oxidation state and polarizability. Hard acids are characterized by their small
size, high oxidation state and low polarizability, therefore, they tend to interact
stronger with hard bases through ionic interactions. Contrarily, Soft acids have
large size, low oxidation state and high polarizability, making them interact with
soft bases. In between are borderline acids, which have intermediate

properties.”> Main properties and functions are summarized in Table 1.1.
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Metal Hard or Soft Binding Mobility Function
Nat, K+ Hard Weak High Charge carriers
Mg?+, Ca?t Hard Moderate Semi-mobile Structural
Zn?t Borderline Moderate\Strong Intermidiate Lewis acid
Co, Cu, Fe, Mn, Mo Borderline Strong Low Redox
Pd*t, Cd?t , Hg?t Soft Strong Low Toxic

Table 1.1: General properties and functions of essential metal ions. Adapted from [19].

On the one hand, Soft metals are usually not essential to life, they are mostly toxic
when present in the body, like Pd?*, Cd** or Hg?*. As they interact more
strongly with soft bases, in a biological context that means that they tend to break
hydrogen or disulfide bonds or displace essential metals from their binding site.
Even in low concentrations, they can disrupt the structure of crucial enzymes
and, consequently, their function. The only exception in this group is Cu* that
collaborates with Cu?* in redox reactions.'®?* On the other hand, Hard metals
like Na*, K*, Mg?* and Ca* are essential to life. Due to its low charge and large
size, K" and Na* have weak binding to organic ligands, resulting in a higher
mobility. They generate gradients across membranes to maintain osmotic balance
and transmit nerve signals. Additionally, they act as counter ions to neutralize
negative charges from proteins. As Ca?* and Mg?* have a higher charge, their
binding strength to organic ligands is slightly higher, but still low compared to
borderline metals. Therefore, they play an important structural role, in special
Ca?*, which binding can induce structural protein changes that act as triggers of

signal transmission.!®!%%

In between Hard and Soft metals are borderline metals, which are mainly transition
metals and many of them are essential. These have a higher binding strength for
ligands than Hard metals and a lower mobility, making them good candidates to
coordinate ligands, improve its reactivity or acidity.”> Zn?" is the only one that
has only one oxidation state and has the lowest binding affinity. In consequence,
it also plays structural roles like Ca?* and Mg?*, however, it has a more important
role as Lewis acid in catalytic reactions. The remaining transition metals (Co, Cu,
Fe, Mn and Mo) have a stronger binding to organic ligands and have a wide range
of oxidation states available due to its unfilled d orbitals. Consequently, these are

involved in a wide range of enzymatic reactions, mainly redox reactions.'®!
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In the following section the specific roles of each one of these transition metals

will be explained in terms of metalloproteins in detail.

1.2. Metalloproteins

Proteins, the most abundant macromolecule in all living organisms, directly
express genetic information. Their relevance relies on the fact that they have a
very wide heterogeneous range of functions, from structural or regulation to

being the catalysts of most biological reactions.?®

From a structural point of view, proteins are built up from twenty canonical
amino acids, which are joined through peptide bonds, constituting a unique
polypeptide chains. Each amino acid is constituted by a a-carbon connected to a
hydrogen, a carbonyl group, an amino group and a variable side chain that
defines its physicochemical properties.”””” The amino acid sequence can be
arranged into different patterns, a-helices, B-sheets or coiled-coils (secondary
structure) due to local hydrogen bonds established between amino acids. As a
result of the interactions between amino acids, these secondary structures are
folded into three-dimensional structures (tertiary structures).  These 3D
conformations are mainly maintained through weak hydrophobic VdW
interactions, but hydrogen bonds and ionic interactions also contribute. Some
proteins contain more than one subunit, the arrangement between subunits

constitutes the quaternary structure (Figure 1.3).->

X-ray crystallography, Cryogenic Electron microscopy (cryo-EM) or Nuclear
Magnetic Resonance (NMR) are techniques that elucidate the 3D structure of
proteins experimentally. These reveal structural features of a protein, such as
shape, motifs or domains and possible binding sites of ligands, substrates or
cofactors. The structure is directly correlated with the protein’s function, which
include a wide range of roles from structural, regulatory and hormonal to
transport or storage of molecules. Most notably, proteins can also be enzymes

that catalyze chemical reactions.”®?’

Enzymes are catalyst that accelerate reactions rates in order to occur in
biologically relevant timescales without being consumed in the process.”®
Considering the Transition State Theory, the rate enhancement of enzymes

principally arises from lowering the free energy of activation (AGY) (Figure 1.4a).
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Terciary

Figure 1.3: Four levels of protein structure: primary, secondary, tertiary and quaternary.

The enzymatic reaction takes place in the active site, region containing a
pre-organized environment that favors catalysis with groups that stabilize the
transition state (TS), rather than the substrate, through non-covalent
interactions.’’*! However, how the dynamical nature of enzymes influence

catalysis is still in debate.?>~**

Initially, the lock-and-key model described the need of the substrate’s shape to
match the active site, assuming a rigid enzyme structure.’® Currently, molecular
recognition events are understood as dynamical processes in which proteins
undergo conformational changes. Two possible binding mechanisms seem to
exist (Figure 1.4b). Conformational selection is based on the assumption that
several unbound states of the protein exist in equilibrium and the ligand binds
preferably to one or several preorganized ones.’® Induced fit implies that the
conformational change of the receptor is a product of the entrance of the ligand.*’
Still, in many cases both mechanism may be occurring or one may prevail over

the other depending on the concentration of the ligand and protein.**~*?
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Constant rate of Transition State Theory (TST)

K, T AGt
k= &) -%(c")l-"- e RT

According to TST the rate enhancement of enzymes
can arise from lowering the free energy of activation
(AG ") or altering the transmission coefficient
(v(T)). Computational studies show that the
predominant factor is the lowering the AG ™,
produces an acceleration of the reaction rate over
101 vs 10° for v(T).

Gibbs free energy

Kp=Boltzmann’s constant h=Planck’s constant T=temperature
R=gas constant C’=standard state concentration n=order reaction

b) @.Qf‘. tg‘ :>.

Conformational selection Induced fit
Figure 1.4: a) Free energy profile of catalyzed reaction by enzymes (green) and uncatalyzed
reaction (orange). Constant rate defined by Transition State Theory (TST). b) Molecular recognition
mechanisms: conformational selection and induced fit.

On most occasions residues of the active site alone are not able to catalyze all
chemical reactions by themselves, requiring organic or metallic cofactors to carry
out specific reactions. Proteins that incorporate at least one metallic cofactor,
either as metal ion or as metal-containing cofactor, are known as
metalloproteins.*> When the protein does not contain the cofactor is known as
the apo-protein, the bound form is known as holo-protein.*> In coordination
chemistry, a ligand is a group of atoms that surrounds a central metal ion via
coordinate covalent bonds. The number of atoms involved is called coordination
number and different geometrical geometries can be adopted depending on this
number. The most common ligands in proteins are Asp, Glu, His, Trp, Cys, Met,
Ser, Thr, Tyr, Asn, Gln and backbone, but artificial amino acids or exogenous
ligands can also be ligands.** Each metal presents different amino acid and
geometric propensities depending on its characteristics (Figure 1.5a).*

Commonly, the first coordination sphere of the metal is the group of ligands that
are directly bonded to the metallic atom. The second coordination sphere refers
to the ligands that are interacting with the first coordination sphere, like protein
residues, molecules or ions. It seems surprising that residues far away from the
metal can impact the catalysis, however, it has been demonstrated that this
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second coordination sphere impact catalysis through non-covalent interactions.
Consequently, the second coordination sphere can influence reactivity and
selectivity by different ways: altering the redox potential of the metal, the pKa of
certain residues or influencing the positioning of the substrate. The influence of
the second coordination sphere has been studied in several types of
metalloenzymes, containing Fe, Cu or heme for example.*® Therefore, the range
of the reactions that an metalloenzyme catalyses expands beyond the properties
of the metal ion, as reactivity is not only defined by the metal.

Metal ions play essential roles in metalloproteins, with two principal functions:
1) enhance structural stability of the protein in order to reach a functional
conformation 2) participate in catalysis either directly or as cofactors.*> The latter
function applies to metalloenzymes, which are present in the 76% subclasses of
enzymes, indicating their ubiquitousness and involvement in nearly all catalytic
reactions. According to database Metal-MaiCE, 30% of metalloenzymes are
involved in redox reactions, where the metal can be directly intervening in the
redox catalysis or assisting it. In metalloenzymes that are not redox, metals tend
to act as activators of the reacting species or stabilize electrostatically the TS or
intermediates (increasing electrophilicity or acidity).! As mentioned in the
previous section, the metal homeostasis and concentration of metals need to be
controlled to avoid toxicity or deficiency. Therefore, metalloproteins are also

involved in metal transport, storage, detoxification and delivery.

@ ! Mn

Octahedral — Asp/His/Glu

Octahedral- His Octahedral- His/Asp/Glu Triagonal plane - His

Figure 1.5: Most common coordinating residues and coordination geometries of essential TM metals.
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1.2.1. Common metals in metalloproteins

In this section, by studying the diverse roles of the most important
metalloproteins, we aim to understand the significance and impact of

metalloproteins on different biological systems.

Zinc is the second most abundant metal in enzymes. Biologically it has only one
redox state, Zn (I), and due to its filled d-shell orbitals it is redox inert.*” Zn
catalytic sites rely on the ability of Zn to act as a Lewis acid and usually
coordinates 3-4 residues and at least one water molecule. This water molecule is
critical for catalysis and can be activated by ionization, polarization by
surrounding protein residues or displacement by the substrate. This is the case of
carbonic anhydrase (Figure 1.6a), carboxypeptidase A or alkaline phosphatase.
Other Zn-enzymes like aminopeptidase or B-lactamase contain co-catalytic sites,
in which several Zn ions are in close proximity (connected by amino acids), one
is catalytic and the other enhances the catalysis by stabilizing the active site

conformation directly or indirectly.**=>

Zn can also have a pure structural function by stabilizing the 3D structure of
proteins and DNA. In these cases, Zn is coordinated to four residues in a
tetrahedral geometry, usually Cys and His, unlike in catalytic roles where it
coordinates water. A very common domain is zinc-finger, which is structured
around one or two zinc ions bonded to His/Cys stabilizing the fold of the
motif.’! Initially, they were only considered DNA binding motif, but nowadays,
they are also considered for proteins.**°’ Zn-fingers are one of the most common
DNA-binding motif found in transcriptional factors, such as TFIIIA.>? Structural
Zn can also be found in enzymes like alcohol dehydrogenase or endonucleases.
Zn can also have a regulatory or signaling role like in glyceraldehyde
3-phosphatase or cathepsin B.”

Nickel is only required by a limited group of enzymes. However, they play
important roles in bacteria and archaea and few higher eukaryotes.”>> Ni sites
have flexible coordination geometry, and Ni exhibits versatile redox properties

due to allowing several oxidation states.'??>

The nine Ni enzymes known to date
are divided into redox and non-redox, all related to energetic metabolism and
production of gases (CO,, CHy, CO, Hy) and oxygen, nitrogen and carbon cycles.
These roles were crucial at the beginning of life, particularly in the pre-oxygen

era, suggesting that nickel enzymes were essential then. However, as time
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progressed, these roles have been acquired by much more bioavailable metals
like Fe or Zn, which can carry out the same functions.”® In bacteria and
archaea, redox Ni-enzymes like hydrogenase, CO-dehydrogenase and
acetyl-CoA synthase are more prominent. In eukaryote Ni can only be found in
ureases, in which Ni acts as a Lewis acid catalyst (Figure 1.6b).”%>”

While not used as widely as other metals, cobalt can be found in vitamin
B12-containing enzymes. Vitamin B12 is an essential dietary intake for humans,
however, only a fraction of bacteria can synthesize it and supply it to other
organisms. Vitamin B12 contains a cobalt atom in a corrin macrocycle (derived
tetrapyrrole), a nucleotide loop with a base (dimethylbenzimidazole) that
coordinates with Co and with cyanide as sixth coordinating residue. In
eukaryotes, the bioactive forms of B12 are Methylcobalamin, which contains a
methyl group as a third component, and coenzyme B12 (adenosylcobalamin)
which contains an adenosine.”® All reactions are possible due to
homolytic/heterolytic formation-cleavage of the (Co—C)-bond of B12 derivatives,
which allows transfer of different functional groups. Coenzyme B12 participates
in isomerase reactions, as in methylmalonyl CoA mutase (Figure 1.6c), while
Methylcobalamin in methyl transferases. In prokaryotes, B12 enzyme are
involved in a lot of reactions.”” Co can also be found in non-corrin enzymes like
Methionine aminopeptidase or nitrile hydratase. These have applications in

industry.®0¢!

Copper enzymes are associated with important biological processes like electron
transport, redox reactions, oxygen binding and transport and copper storage. Cu
has two main oxidation states: Cu(I) and Cu(Il). Cu(l) is Soft and Cu(Il) is Hard,
therefore, they have different properties and propensities for ligands. Cu
enzymes are classified into three different types depending on their structural
and spectroscopic properties.'” Type I are characterized by having a single Cu
center in distorted geometry with 2His and 1Cys in a triagonal planar geometry
and weaker amino acid ligand. These are involved in reversible electron transfer
and include enzymes like azurin, plastocyanin, nitrite reductase or laccase.®”
Type II have a square planar conformation with N or O ligands. This type of
enzymes are able to bind O, and in consequence function as oxidases (amine
oxidases or galactose oxidase) and oxidoreductases (monooxygenases and
dioxygenases).®”®> Type III enzymes contain dinuclear Cu centers, each

coordinated to 3His, that bind oxygen. This group includes O, carriers like
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hemocyanin (Figure 1.6d) or enzymes involved in oxidation like Tyrosinase or
catechol oxidase. A part from the three types, binuclear CuA and CuB centers
can be found in cytochrome C oxidase. The CuA site is in charge for electron
transfer, while the CuB site binds oxygen and transforms it into water during

cellular respiration.®

Molybdenum is the only second row transition metals essential for most living
organism, except for thermophilic anaerobes and archaea, which contain
tungsten. Mo and W enzymes do not incorporate the metal by itself, instead the
catalytic cofactor molybdenum pyranopterindithiolate (MoCo) is required,
except for the nitrogenase that contains the FeMo cofactor.!” Its biological
relevance is attributed to its range of oxidation states from IV to VI, with its
intermediate state V that allows to catalyze several oxo-transfer reactions.
Therefore, Mo and W enzymes catalyze oxidation and reduction of substrates
involved in the nitrogen, carbon and sulfur cycles. Some of the most known
enzymes are xanthine dehydrogenase or sulfite oxidase (Figure 1.6e).%*

Manganese is employed by few enzymes, usually found in oxidated state Mn(II),
either as a Lewis catalyst or as redox catalyst due to the possibility to oxidate to
Mn(III) or Mn(IV). Mn enzymes are mainly involved in oxygenic photosynthesis
in plants, algae and cyanobacteria. Specifically, the most studied one is the
tetra-Mn cluster found in photosystem II that catalyzes the oxidation of water to
dioxygen powered by solar energy.” Mn can also be found in superoxide
dismutase, which is an antioxidating enzyme that catalyzes the dismutation of

ROS into dioxygen (Figure 1.6f).%

Iron is indispensable for life, its fitness for several catalysis reactions is related to
the variability of the redox potential between Fe(Il) and Fe(Ill), that changes
depending on the ligands bound. Fe(IIl) is considered a Hard metal, while Fe(II)
is borderline, this difference implies that they have different ligands and
geometries, which define the characteristics of the metal center. In addition, Fe is
also involved in electron transfer, acid-base reactions, structural functions,
oxygen binding, metal storage and transport.!” One important class of Fe
proteins are Fe-S cluster proteins, which contain iron atoms bound to sulphur
from thiols from Cys or inorganic sulfide in different forms. These are known to
be involved in electron transfer in crucial processes, like photosynthesis or
mitochondrial respiration like NADH dehydrogenase or succinate
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dehydrogenase (Figure 1.6g). Still, Fe-S clusters are also involved in assisting in

Lewis acid reactions like aconitase or have regulatory roles like SoxR.!?%°

Another class of proteins is non-heme mononuclear or dinuclar iron proteins that
catalyze a wide range of reactions, including dioxygenases, hydroxylases or
oxidases. Lastly, there are the proteins in charge of the transport of Fe in blood
and fluids like transferrin or ferritin that store Fe in the cells. One of the most
prominent groups of Fe metalloproteins is heme containing proteins, like
myoglobin or haemoglobin, involved in the binding of oxygen (Figure 1.6h).'%%
As this thesis is heavily centered on heme, this is explained in more detail in the

next section.
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Figure 1.6: Active site of different metalloproteins.
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1.2.1.1 Heme binding proteins

Heme is a prosthetic group that comprises two parts: a porphyrin and an iron
atom. The porphyrin is composed of four pyrrole rings connected by methene
bridges at the alpha carbons. The iron can exist in two states: ferrous (Fe?") and
ferric (Fe3*). The iron is ligated to four nitrogen atoms from the pyrrole rings and
can coordinate to two more groups at its axial positions. The fifth coordination
site, known as the proximal residue, is typically occupied by a His, Cys, or Met
residue. A residue or a small molecule can occupy the sixth coordination site.
Several important types of heme are defined by the substituents found on the
pyrroles. The nature of the substituents determines specific chemical and physical

properties that define each type of heme (Figure 1.7).°7-%
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Figure 1.7: Chemical structure of different types of heme.

Biologically speaking, the most common type of naturally occurring heme
systems are heme b and c. Heme b is the prototype and the precursor of all other
types of heme. Heme b contains four methyl groups, two vinyl groups and two
carboxylic sidechains and is usually non-covalently bound to proteins. Heme c is
obtained by addition of two cysteine-sulphur groups to the 2, 4-vinyl groups
from heme b and is covalently bound to proteins through these Cys residues as in
cytochrome c. Compared to heme b, heme c has a wider range of redox potentials
and suffers more distortions. Additionally, the covalent attachment impacts

protein stability, vibrational coupling or electronic structure, and its function.”"”!
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Less common types of heme include heme 4, 0 or d. Both heme a and o have a
large isoprenoid chain attached to carbon 2, and heme a also has a formyl group
on carbon 8 instead of a methyl. Finally, in the case of heme d, one pyrrole is
reduced and hydroxylated, therefore it is less aromatic than others.”” Despite its
differences, all types of heme share common features. Heme molecules have an
aromatic character and contain a very hydrophobic part that corresponds to
porphyrin ring and its substituents. However, the propionates and the metal
exhibit hydrophilic nature. Despite being a small molecule, heme presents these
properties that contribute to a high chemical and biological versatility, making
heme an excellent candidate to carry out a wide range of functions in the body.

Given the unique characteristics of heme, heme binding proteins can have four
general functions as represented in Figure 1.8). The following section, we will
delve into each function and provide the most relevant examples.

7

S A\
CJ’tochromeS a, b, &

Figure 1.8: Summary of heme functions in proteins and examples of hemoproteins for each function.

On the one hand, the ability of heme to bind small molecules at its sixth
coordinating position makes heme an excellent candidate for transport, binding

and sensing of small molecules like O, or NO. Usually, heme in a five-coordinate
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state is involved in these functions, as one axial ligand is a residue and the vacant
site is available for coordination of a small molecule. The prototypical example of
these are hemoglobin and myoglobin. These globular proteins contain heme b in
ferrous state bound to a His residue. Both proteins exist in two forms depending
on if oxygen is serving as a sixth ligand or not. In the oxy form oxygen is bond to
iron, whereas in the deoxygenated form the sixth coordination site is vacant.
Differences in heme planarity and spin state of iron between forms are depicted
in Figure 1.9a. While both proteins are designed to bind oxygen, their functions
are not the same. Hemoglobin transports oxygen from the lung to all the tissues
of the body, whereas myoglobin takes oxygen from hemoglobin and storage it in

the muscles, where is used to produce ATP in the mitochondria.

Another crucial characteristic of heme is the ability of Fe to change its oxidation
state between +2 and +3, which give rise to two types of heme proteins: 1)
Enzymes that bind oxygen and are able to catalyze a wide range of reactions and
2) Proteins that do not bind oxygen and function as electron carriers. The former
group includes enzymes such as peroxidases and catalases, which use hydrogen
peroxide as oxidating agent. The former one catalyzes the oxidation of a wide
range of substrates, whereas catalases neutralize hydrogen peroxide formed by
other enzymes. Another class these enzymes are oxygenases, which catalyze the
oxidation of substrates by transferring oxygen from O;. Depending on the
number of oxygen inserted on the substrate, they are divided in two groups:

monooxygenases and dioxygenases.

The most common monooxygenases are cytochromes P450 (CYP), which are one
of the largest families of that can be found in all plants, mammals, bacteria or
insects.”> CYP are classified into two large classes based on their roles. The first
class are enzyme involved in the metabolism of xenobiotics like drugs,
pesticides, natural products or toxins, whereas the second are related to the
regulation/biosynthesis of endogenous compounds like hormones, steroids or
fatty acids. The main activity that carried out by P450s is monooxygenase,
however, they can also have an oxidase, reductase, desaturase or isomerases
activity. P450s contain a heme-thiolate group and in the resting form Fe(IIl) is
coordinated in a six way with a water molecule and a Cys or Met residue as are

represented in Figure 1.9b.”*
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Figure 1.9: a) Erythrocytes contain hemoglobin to transport O, Tetrameric structure of hemoglobin

contains four heme molecules, which can have two forms. The oxy form is planar with low spin Fe(II)

and O; bound to Fe. Deoxy form is non-planar with high-spin Fe(Il) out of the plane. b) CYP450
structure contains one heme molecule and mostly function as monooxygenases (catalytic cycle).

Electron carriers correspond to cytochromes, which can transfer single electrons
due to the oxidation state change from ferrous to ferric. Cytochromes vary
depending on the heme molecule present (a, b, ¢ or d). Cytochromes function as
electron transporters across different cellular locations, from mitochondria,

chloroplasts, endoplasmic reticulum or bacterial redox chains.'*”?

Apart from these three prototypical and well-studied functions of heme, new
roles have emerged in the field of regulation: 1) sensor of gas molecules and 2)
regulation of transcription, translation and protein assembly.”> The mechanism
of action of this type of heme proteins involves binding the heme into the sensing
domain of the protein, inducing a structural change that is transduced into the
responsive/functional unit. This unit is the one that has a catalytic function or
can regulate important physiological processes.”>’® In the case of gas sensor
heme proteins, it is the binding of gas molecule (NO, CO or O,) into a
heme-containing sensor domain that starts the transduction process (Figure
1.10a). This would be the case of soluble guanylate cyclase, for which the binding
of NO increases synthesis of cGMP, messenger involved in vasodilation or
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platelet aggregation.”®’” Regarding the other case, heme binding into the sensor
domain starts the transduction process (Figure 1.10b). For example, heme
binding to protein transcription regulators like Hapl or NPAS2, promotes the
binding to DNA and regulates transcription of respiration genes in yeast and
circadian rhythm mammals, respectively. Other transcription factors like Bachl,
p53 or Rev-erba are also regulated by heme. Heme binding to sensor proteins
like HRI regulates protein synthesis, whereas ALAS1 or Bach2 regulate protein

degradation via ubiquitination.”®

a) b)
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Sensor domain

Sensor domain Functional
domain
@Structural change @ Structural change

Functional
domain

Sensor domain

Functional
ﬁ domain

Sensor domain

Functional
:& domain

Regulation function Regulation function
or catalysis or catalysis

Figure 1.10: Mechanism of action of: a) Gas censor b) heme regulated proteins. Adapted from [79].

Aside from the functionality of heme, it is important to understand the
complexity of its metabolism from synthesis, transport and degradation.’® The
relevance of this is evident by the severance of diseases that are caused by heme
depletion like anemia or alterations of heme synthesis, such as porphyrias. Heme
is mainly synthesized in erythrocytes and hepatocytes, but it can also be acquired
through the diet. Although extensive research has been performed on the
mechanism of iron acquisition, that is not the case of heme. Initially, a heme
carrier known as HCP1 was identified in the small intestines. However, further
investigation revealed that HCP1 is in fact a high affinity folate transporter. The
study of heme binding on HCP1 will be examined in this thesis. Another
potential candidate for heme acquisition is HRG1, a transmembrane transporter

found in macrophages, which is also expressed in the small intestine.®
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The de novo synthesis of heme consists of a series of highly conserved steps
performed by eight enzymes. The synthesis begins at the mitochondrial matrix,
where the precursor ALA is made via the C4 or C5 pathway. Subsequently, ALA
molecules are transported to the cytosol, where they are condensed to form
porphobilinogen (PBG). PBG is the building unit of tetrapyrrole, therefore, four
BPG are assembled to form a lineal tetrapyrrole. The next enzymatic reaction
involves the rearrangement and cyclization of this product, followed by a
descarboxilation that leads to coproporphyrinogen III (CPP III). This product is
transported again into the mitochondria, which undergoes aromatization to form
protoporphyrin IX (PP IX). Finally, the incorporation of iron takes place to

73,80 In

complete heme synthesis. Figure 1.11 are represented all intermediates

and enzymes involved in this process, which differ depending on the cell type.

Once heme is synthesized in the mitochondria it is transported to the cytosol
through FLVCR1b. From the cytosol it can be transported to the nucleus to bind
transcription factors or to Endoplasmic Reticulum (RE) and Golgi Apparatus
(GA) to be incorporated into synthesized proteins (Figure 1.11). As mentioned
previously, the concentration of metals has to be controlled; this is also the case of
heme. Free heme can be toxic thought two mechanisms: it can induce the
production of ROS (reactive oxygen species) or it can induce cell lysis by
inserting itself into the phospholipid bilayer due to its amphipathic property.

Consequently, there are strategies in order to detoxify free heme:*’%!

¢ Extracellular toxicity is solved by soluble scavengers like hemopexin or
albumin, which bind free heme in the plasma, particularly heme that is
released from the hemolysis of red cells.

* Extracelular heme can be imported into the cytosol through transporters
HGR1 and FLVCR2. In the cytosol heme can be detoxified by two
processes. Heme oxygenase (HO) degrades heme in order to reduce its
toxicity. HO is an enzyme that degrades free heme by catalyzing the
conversion of heme to biliverdin IX-a (BVIX-a), iron and CO (Figure 1.11).

¢ Heme binding proteins (HBP) in the cytosol, like HBP22, fatty acid binding
protein or glutathione S-transferase bind heme and contribute to its
detoxification.®

* Antioxidant enzymes like catalases (CAT), peroxidases (POD) or superoxide

dismutase (SOD) are also present to prevent oxidative stress.
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It is important to emphasize that this is the case of humans. However, pathogens
have additional heme acquisition pathways to sequester heme from its host.
Pathogenic bacteria contain extracellular membrane receptors that can directly
capture heme or indirectly through a family of secreted proteins called
hemophores.®> These hemoproteins capture extracellular heme and transport it
to membrane receptors, gram-negative bacteria heme is transported across the
outer and inner membrane, while positive gram bacteria only through the inner
membrane.?*85 This is the case of hemophores HasA, which have been identified

in several species of bacteria and will be treated in this thesis.

Membrane

HCP1

HRGI BVIX-o (—%
FLVR2 CO + Fe? ;g%:‘

FLVCR1b

Heme
Cytosol Gly + Succinyl CoA F92+TFE(,'II
PPO
PHS PPIX «—CP IX

ALA
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Figure 1.11: Heme transport and synthesis inside mammalian cell. Enzymes are in italics and

transporters in bold. Abbreviations: ALA, -aminolevulinic acid; ALAD, ALA dehydratase; ALAS,

ALA synthase; PBG, porphobilinogen; PBGD, PBG deaminase; HMB, hydroxymethylbilane; URO,

uroporphyrinogen; UROS, URO III synthase; UROD, URO decarboxylase; CPP, coproporphyrinogen;

CPO, CPP oxidase; PPO, protoporphyrinogen oxidase; PP IX, protoporphyrin IX; FECH,

ferrochelatase, HO-1, heme oxygenase, BVIX-#, biliverdin IX-a; CO, carbon monoxide, Endoplasmic
Reticulum (RE) and Golgi Apparatus (GA).
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1.2.1.2 Relevance of heme binding processes

In view of the relevance of heme and its regulation, several studies have been
performed in the field of predicting the binding of ligands or heme itself and its
structural consequences. As explained previously in section 1.2, it is important to
emphasize that there are two possible molecular binding mechanisms:
conformational selection and induced fit.

When focusing on heme proteins, the cooperative binding of oxygen and
conformational changes of hemoglobin have been studied through the past 50
years.%*%® At the beginning it was though that hemoglobin followed either the
induce fit or the conformational selection model. However, the current
understanding is that both phenomena are likely to participate.®” Overall,
hemoglobin follows a conformational selection model. It has two states in
equilibrium, the relaxed (R) with high affinity for dioxygen and the tense (T)
with low affinity. In the deoxy form the five-coordinated iron is out of plane,
however, when oxygen binds to heme iron acquires an in-plane disposition that
causes the movement of a helix that results in breaking salt bridges between
subunits and the consequent transition to the relaxed form.” The Tertiary Two
State model states that the induced local transitions of the tertiary structure is

what in reality is coupled to these quaternary transitions.”!

Research of the different molecular binding mechanism to hemoproteins as CYP
through kinetics or computational modeling has been performed over the years.
The binding of substrates to P450s 2C8, 2D6, 3A4, 4A11, 17A1 and 21A2 was
predicted to be conformational selection, whereas in the case of P450 3A4 it was
assigned to induce fit.9294 Therefore, in the case of P450, for the current state of
the art seems that conformational selection may prevail over induce fit, however,

in some cases like P450 2E1 both mechanisms appear to be a good fit.”

Nonetheless, the molecular mechanism under which the heme binds to its
receptor has yet been rarely explored. Spectroscopic and crystallographic data on
heme proteins have shown that the tertiary structure of the apo and holo forms
are in general similar.”® Two different mechanisms seem to irrupt depending on
the heme protein.”’ Systems that bind heme permanently like Myoglobine,
Cytochrome b5 or Cytochrome b562, the binding of heme causes some secondary
structure rearrangement and folding, commonly in the proximal region of the

98-101

heme. . In the case of cytochrome c, the covalent attachment of heme to the
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protein is what initiates the folding process.'’? In others cases where heme binds
transiently, only subtle change in the relative orientation of the secondary
structure are observed, those systems are heme-chaperones, like HemS systems
or hemophores from the HasA family.!"*!?* Recently, heme binding to
transcription regulators has been studied by different experimental

105-107

techniques. Comparison of two heme binding mechanism with

cytochrome b562 and HemS are represented in Figure 1.12.

Even though that there are some experimental studies for heme binding for the
mentioned systems, there is no clear molecular description of heme uptake.
Therefore, molecular modeling approaches would be ideal candidates to study in
more depth the molecular processes that lead to conformational changes upon
heme binding. In the case of ligand binding, there are computational studies that
describe the molecular processes related to oxygen binding to hemoglobin or
ligand binding to P450.7%19%:10% Stil] few studies have been performed related to
heme binding, this is a field that is explored in this thesis.
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Figure 1.12: Heme binding mechanism for a) proteins that bind heme permanently and b) Heme
transient proteins. Adapted from [97].
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1.3. Artificial metalloenzymes (ArM)

The preceding sections have established the relevance of metals in nature, their
fundamental properties, and their role in providing natural enzymes with the
ability to catalyze a wide range of chemical reactions. Transition metals are
versatile species and their complex with organic moieties provide a wide
spectrum of chemical reactions. Therefore, the combination of transition metals
with proteins led to the field of Artificial Metalloenzymes (ArMs) able to catalyze

reactions absent from nature.

ArM are hybrid catalysts that are obtained by integrating a catalytic
organometallic compound into a protein scaffold.''’ Those biohybrids can
catalyze new-to-nature reactions (defined by the metallic center) as well as
substrate selectivity and catalytic specificity (controlled by the biological
environment). This section of the manuscript will focus on the concept of ArMs,
explore their design strategies, and their applications. First, a brief historical
overview will be provided to understand how the field of ArM has been growing
over the past few decades.

1.3.1. Overview of ArM history

Considering a generic definition of ArM, the first occurrence was reported in
1956 by Fuijii et al. They described how the adsorption of palladium chloride into
silk fibers catalyzed the asymmetric hydrogenation of amino acid precursors.'!!
In the 1960s, several studies focused on substituting natural metal ions with
non-biological ones. Although the enzymatic reaction was preserved, exchange
of natural metals led to changes of selectivity, alterations of activity or Ky of
natural metalloenzymes. For example, exchange of Zn(Il) for Co(Il) in carbonic
anhydrase enhanced/decreased certain activities, exchange of Ca(II) for Sr(Il) in
staphylococcal nuclease change the selectivity of the reaction and exchange of
Ca(I) for NA(I) accelerated the rate of activation.''>''® It was not until
mid-1970’s that first ArMs based on the interaction of organometallic complexes

with proteins with new-to-nature reactivity were reported.

In 1976, K. Yamamura and E.T. Kaiser, reported that the exchange of Zn(II) for
Cu(l) in Carboxypeptidase A resulted in an alternative catalysis function,
changing from native peptidase activity to oxidation of ascorbic acid.''® This
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finding revealed the potential of metal substitution in enzymes to introduce new
catalytic capabilities. Two years later, Wilson and Whitesides pioneered the
strategy of anchoring a synthetic metallic cofactor to a protein scaffold. Using
avidin’s high affinity for biotin, researchers complexed avidin with a biotinylated
Rhodium(I) homogeneous catalyst. This hybrid performed the enantioselective

hydrogenation of a-acetamidoacrylic acid.!'®

Despite these promising results, the true potential of ArM was not exploited until
the beginning of the XXI® century. Initially, the focus was on developing
non-natural metallic cofactors because it was easier to synthesize enantiopure
metallic ligands than expressing, purifying, and engineering proteins. However,
the field of ArM was further expanded thanks to the rise of structural biology
and bioengineering including new technologies like directed evolution. These
methods based on random mutagenesis allow for a more efficient optimization of

ArM and reduce the screening efforts '

1.3.2. Development of ArM

The motivation for designing ArM is to combine the best of both homogeneous
catalyzes and enzymology in one entity. The homogeneous catalyst provides the
chemical reaction, while the biological scaffold provides selectivity under mild
conditions. When working with a conventional transition-metal catalyst, the
catalytic activity, specificity, as well as the selectivity, are all determined by the
first coordination sphere. The challenge resides in designing ligands for the

metal able to control the reaction profile and the selectivity.!!”/!18

In ArM, only the reaction is controlled by the first coordination sphere of the
metal; all other variables regarding activity, specificity, and selectivity are
controlled mainly by the second sphere of coordination of the metal provided by
the biological environment (Figure 1.13). This control can be handled with many
tools available in bioengineering like the introduction of mutations in the protein
that could impact on hydrogen bonds, hydrophobic contacts or electrostatic
bridges between the biological host and the cofactor or the substrate.'!” Some of
these modifications aim to accommodate better the catalytic cofactor, both

kinetically and catalytically.'!”
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Figure 1.13: 1st and second coordination sphere of ArM and conventional homogeneous catalyst.

The biomolecular scaffold defines a specific micro-environment, including
certain chirality. As a result, by changing the second coordination sphere, certain
regio- or enantiospecificity can be favored.'?”!?! Furthermore, modifying the
second coordination sphere can lead to kinetic changes, like the increase of the

reaction rate, even in rare cases, reaching the rate of natural enzymes.lzz'123

The mentioned characteristics clearly showcase that the potential to optimize the
reaction in increased in ArM compared to homogeneous catalysts.'!” Among
other advantages of ArMs is the ability to work under mild conditions.
Furthermore, enzymes have extended catalyst lifetime and higher in wvivo
compatibility, resulting in better candidates for biocompatible applications. Even
though, compared to homogeneous catalysts, ArMs have narrow substrate scope

and a limited choice in the first coordination sphere.' 124

The process of developing ArM can be divided into two key steps. The first step
is the discovery of the ArM, where the focus is on identifying the adequate initial
substrate, metal, and protein scaffold and how to combine them. Once a first
ArM with the desired activity has been identified, the next step is its optimization,
where the interplay between all components is improved (i.e. enantioselective
profiles). The following two subsections will focus on each step.
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1.3.3. Discovery of ArM

At the discovery stage, three essential elements need to be considered: the
scaffold, the metallic cofactor and the strategy to assemble these two
components. These play an essential role in determining the performance and
catalytic capabilities of the ArM.

1) Metallic cofactor

The selection of a specific metallic cofactor is crucial, and the choice usually
depends on the desired reaction that is going to take place in the ArM. It is
essential to understand the nature of the reaction to determine the optimal
metallic cofactor to be employed. Still, there are some specific characteristics that
all metallic cofactors should have. The most important requirement is to be
orthogonal to the protein scaffold, meaning that it must be selective and avoid
reacting with any of the functional groups of the protein. Furthermore, cofactors
should exhibit tolerance to water as the experimental methodology of ArM
involves working with aqueous solvent.'”

2) Scaffold

The selection of the protein scaffold is a critical aspect of the design of ArM, as
protein residues serve as ligands and determine the catalytic micro-environment.
According to a recent review of Thomas Ward, 83 different scaffolds have been
used so far for the design of ArM.!”> They can be classified into two families
depending on their biological scaffold: those with pre-existing protein folds and
those with de novo (new-to-nature) scaffolds. By far, most of them are constructed
on the first concept, using pre-existing protein scaffolds. The challenge resides in
foreseeing a good match between the protein and the cofactor. In general, this is
mainly performed by identifying cavities in each protein environment and
assessing, sometimes with help of molecular modeling, the most interesting
complementarities. Figure 1.14 illustrates the most common protein scaffolds
and their main characteristics that makes them suitable for ArM.

When designing an ArM using an existing protein scaffold, a relevant aspect
to consider is the selection of the protein pocket for the binding of the metallic
moiety. Two main approaches exist: using an already existing pocket or a new
one. Using an existing pocket relies on the principle of taking advantage of the

native high binding affinities of certain proteins for specific ligands and modify
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Figure 1.14: Most common existing scaffold for the design of ArM.

them to incorporate metals. The advantage is that the second sphere is already
adapted for binding the compound and can be further optimized. Examples of
this family are streptavidin (Sav) or carbonic anhydrase, which are very common
scaffolds. Another option is repurposing proteins that already harbor metal ions
or complexes, which are good candidates for exchange metal methodology, like

heme binding proteins.lw'125

On the other hand, designing a new site in a natural protein, the ideal protein
scaffold would need to naturally possess a big empty cavity that could be easily
adapted to incorporate a metallic cofactor through bioconjugation or unnatural
residues. Examples of this series are Adipocyte Lipid Binding Protein (ALBP),
Sterol carrier protein type 2 (SCP-2L) or multidrug resistance regulator LmrR,
which contain large hydrophobic cavities. Another approach would be to look
for non-metallic proteins that contain pre-organized residues that could
coordinate metals.!!”!% For instance, screening have been performed to look for

1'%6 or for facial two-histidines one-carboxylate

possible binding sites of urany
(FTM) binding motif'?” in PDB to find new protein scaffolds. Applying metal
binding predictors based on preorganization would also be handy for the search
for new ArM scaffold. This is one of the software that has been developed in this

thesis.
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In all cases, there are some factors need to be considered when identifying the best
possible scaffold. Protein stability is essential as it allows experiments in different
conditions and allows mutations without compromising the function. Others to
consider include the total charge, pH and temperature stability, availability in the
market or resistance to organic solvent. As a result, protein scaffolds that fulfil
these requirements, like lysozyme, bovine serum albumin (BSA) or lipase, have
been widely employed for ArM’s design. When extreme thermal stability is a
requirement, proteins from thermophile organisms can be utilized, such as tHisF

from Thermotog maritima.'1%'%

De novo scaffolds represent the most changeling option as it consists of building
a polypeptide sequence from scratch without any natural protein equivalent. The
difficulty of this approach relies on the fact that the designed protein should fold
into a specific 3D structure capable of accommodating the metallic cofactor.
Predicting the final folded structure and its stability presents a challenge.'?®
textitDe novo approaches involve building from scratch using naturally
occurring scaffolds as 4-helical bundles, coiled coils or TIM barrels and
incorporating a metallic cofactor into these frameworks.'?’~13? Successful

examples involve a combination of computation and experimental work.

Several groups have focused on assembling 4-helical bundles (called ‘maquettes’)
and placing residues at strategic positions to bind different metallic cofactors like
heme, flavins, chlorins or iron-sulfur clusters. The presence of different cofactors
dictated the different possible oxidoreductase functions, that can range from
electron transfer, O, binding or peroxidase.”**!** A very successful project
involves the de novo design of 4-helix bundles that mimic natural di-Fe proteins,
which were tuned to perform oxidase, oxygenase or ferroxidase activities. Using
a computational approach, first the backbone is defined by the di-metallic center
geometry, which then dictates the position of the anti-parallel four helices.
Algorithms are then used to improve the design with second shell hydrogen
bonds interactions and the addition of interhelical loops or a stabilizing apolar
cores. The methods described were shown to be suitable to design highly stable

and robust artificial catalysts.'*

Other de novo scaffolds based on a-helices are a-Rep proteins, which derive from
a sub-class of HEAT-like repeat thermostable proteins. An homodimeric form,
o-Rep A3, presents a wide cavity that has been used to covalently bound metal
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complexes.'® Ricoux et al. designed a Diels-Alderase by anchoring covalently
Cu-phenanthroline or Cu-terpyridine to previously mutated Cys residues. Results
show that the systems are able to catalyze Diels-Alderreaction of azachalcone with

cyclopentadiene with up 52% enantiomeric excess, but low yield.!3

3) Assembly

The last aspect that should be considered when designing ArM is how to
assemble the metallic cofactor and the protein scaffold. There are four main
approaches for assembling ArMs: a) metal exchange b) dative anchoring, c)
covalent anchoring and d) supramolecular anchoring. In the following section,
they will be explained, along with examples to illustrate the process. Figure 1.15
represents different assembling strategies.

Dative
Supramolecular anchoring
anchoring

Metal .C 0‘\}’21 lgntv
exchange anchoring

Figure 1.15: Four approaches for assembly of ArM: a) metal exchange b) dative, ¢) covalent and d)
supramolecular anchoring. Adapted from [118].
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The metal exchange approach is based on substituting the native metal ion or
metal complex from a natural metalloprotein with a different metal ion or
complex. As a result of this substitution, the ArM has a different catalytic
function compared to the original natural form. The key advantages of this
technique are that the non-natural metal provides a new reactivity, and the
second coordination sphere is already customized for binding a metal. There are
two distinct candidates in this approach: one would correspond to a system in
which the metal is in the form of a metal ion, and it directly coordinates with the
residues of the protein. while in the other case the metal can be part of a
prosthetic group, like heme.''® This method requires that the apo form of the
protein is stable and exhibits promiscuity for other metals besides its natural one.
Additionally, it is desirable that the non-natural metal shares some properties
with the natural metal like the coordination geometry or its character (Soft or

Hard) in order to interact as optimal as possible with the protein.'?

The first ArM developed by this approach was reported in 1976 and over the
next 50 years this approach has been used by several groups. For example,
exchanging the native Zn?* in carbonic anhydrase (CA) for Mn?* resulted in
peroxidase activity instead of hydrolase activity. Specifically, this ArM catalyzed
an enantioselective epoxidation of styrene with a maximum of 67% ee, a value
comparable to natural peroxidases.'*’ Another example involves the enzyme
laccase, in which the native Cu?* was substituted by osmate. This metal
exchange led to a new activity, the dihydroxylation of alkenes with a high
enantiomeric excess of 92%. Additionally, the laccase was conjugated with
poly(2-methyloxazoline), allowing the reaction to occur in organic solvent.'®
The most common examples include repurposing heme proteins; this will be
treated in detail at section 1.3.6.

The dative anchoring method involves a dative bond between an unsaturated
metal and a functional protein group, such as Cys, Glu, Asp or Ser. The dative
interaction can also be established between the metal and an unnatural amino
acid.!'”!?* Using this methodology, Ward et al. were able to design an ArM for
olefin dihydroxylation by combining Streptiavidin (Sav) with OsO4. Using
directed site mutagenesis, they were able to increase selectivity and change its
enantiopreference.'® Roelfles et al. were able to create ArM by introducing in
vivo BpyAla (unnatural amino acid) in protein LmrR. This system successfully
catalyzes asymmetric Friedel-Crafts alkylation with 83% of enantioselectivity.!*’
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The covalent anchoring approach is achieved through a process known as
bioconjugation. This method involves an irreversible reaction between the
metallic cofactor and a functional group the protein scaffold. In this process, it is
required that the metallic cofactor contains a functional group compatible with
condensation with the residue of choice. These modifications constrain the
cofactor at a given location in the protein. However, if there are other residues
with the same properties, they need to be removed to avoid several active metal
species. Among the most common residues of choice is cysteine (Cys) due to its
nucleophilic character, high reactivity and low abundance in proteins. Other
residues employed are Lys and Ser, but less commonly due to the difficulties of
derivatizing them. The main advantage of this approach is that a broader range
of scaffolds can be used, as the only requirements are a big empty cavity and a

single suitable residue for bioconjugation.''®

The large protein cavity and the presence of a unique Cys makes adipocyte lipid
binding protein (ALBP) the perfect candidate to attach cofactors covalently. In a
pioneer study, DiStefano group took advantage of ALBP to covalently attach a
phenanthroline-Cu(Il) moiety. The resulting ArM catalyzed the hydrolysis of
amino acids with a 86%ee.'*! B-barrels with large cavities, such as nitrobidin or
FhuA are also good candidates for covalent anchoring. However, in these cases
both require specific mutations to Cys before the bioconjugation.'*>!*> ArM

designed by anchoring to Ser or Lys has also been developed.!'*!4>

The supramolecular anchoring approach takes advantage of the fact that certain
proteins have a strong affinity for specific cofactors, inhibitors or substrates. By
modifying these cofactors to incorporate metallic moieties, their properties are
altered, enabling them to catalyze a desired reactions. The success of this
approach relies on the robust non-covalent interactions between the protein and
the metallic cofactor, which guarantee the specific location into an already known
binding site. Consequently, this allows modification of the specific binding site
and have more control over the reaction. Compared to covalent anchoring, the
synthesis of the metallic cofactor is easier as it does not require specific reactive
functional groups or bioconjugation. The main drawback of this approach is that
the range of scaffolds is more limited as there are not many cases of these strong
non-covalent interactions. One of the most reliable combinations for ArM design
is the streptavidin-biotin systems, as the streptavidin-biotin interaction is one of

the strongest interactions known. 8117
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As mentioned in the introduction of this section, Whitesides was the first to use
this approach to design a hydrogenase ArM using an avidin-biotin strategy.
Inspired by this work, Ward’s group reported an ArM based on
biotin-streptavidin technology for the hydrogenation of amino acids with high
substrate specificity and selectivity. Instead of avidin, streptavidin was used as
the affinity with the [Rh(cod)-(biot-1)]+ cofactor was higher. This system was
optimized by combining genetic mutagenesis on position 5112 with a collection
of different metallic cofactors with two different substrates. From this study it
was revealed that changes in the metallic cofactor contributed to more diversity
that genetic changes, although different mutations at specific positions inverted
selectivity.!*® This is one example of this methodology that has successfully
employed the biton-Sav technology, but, from this point up until now, 12 ArMs
based on this strategy have been successful to carry out a wide range of
synthetically relevant reactions that include: hydrogenation, alcohol oxidation,
sulfoxidation, dihydroxylation, hydroamination, allylic alkylation, transfer

hydrogenation, Suzuki cross-coupling, C-H activation and metathesis.'*’

1.3.4. Optimization of ArM

In ArM, the scaffold and the metallic cofactor can be optimized independently or
combined, which is considered a chemogenetic exploration. The metallic cofactor
is normally optimized by rational design, by analyzing the structural data
available in the ArM system. On the other hand, the scaffold can be optimized by
two different techniques: rational design or directed evolution (Figure 1.16).

Rational design consists of optimizing the scaffold by consciously performing
specific binding site changes. Structural or biochemical knowledge is needed to
allow the binding site and detect which residues should be mutated. If an X-ray
or NMR is available, visual inspection of the binding site-specific residues can be
pinpointed for site-mutagenesis to alter the anchoring or activity of the metallic
cofactor. In this approach, computational resources are usually involved as they
can shed light on the most important interactions or dynamics of the protein, as
the crystal is static. This approach can only be successful if there is enough
knowledge of the system. However, when this is not the case, directed evolution
can be of interest.! /148
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Directed evolution is based of Darwin theory of how enzymes have evolved
through the introduction of mutations. A library of ArM is obtained by the
introduction of random and massive mutagenesis. Screening and selecting the
most active variants are performed on several iterative processes until the
desired activity or selectivity is achieved. This approach does not require
previous structural knowledge, but an initial minimum activity is required''*/'4%

The more recent studies on ArM design tend to incorporate both strategies,
rational design and directed evolution, in an iterative way until the system has
been optimized. Furthermore, both experimental and computational methods

are performed to improve the optimization process.
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Figure 1.16: Rational design strategy vs directed evolution approaches.

1.3.5. Reaction scope of ArM

Several reviews have tackled the reaction scope of ArM.!>!18149 To see a general
overview of all the reactions that ArM can carry out, Table 1.2 summarizes most
important reactions that have been carried out so far. For each ArM, the scaffold,
metallic cofactor and assembly strategies are indicated to see the variety of
techniques and systems that have been developed over the years.
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Table 1.2: Reaction scope of ArM developed over the years.
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1.3.6. ArM containing porphyrin

As introduced in section 1.2, heme can carry out a wide range of functions.
Consequently, incorporating heme into proteins to design ArM expands the
scope of reactions that the ArM can catalyze due to the versatility of heme. Over
the last few years, directed evolution has been performed on heme-containing
enzymes, mainly P450, cytochrome ¢ or myoglobin to obtain evolved species
with new activities, stereoselectivities or new-to-nature reactions.'” Examples
include enzymes that catalyze C-H, N-H or Si-H insertion'®=!>%, alkene
cyclopropanation'® between others. These repurposed natural hemeproteins
studies significantly impacted the design of ArM. Another common approach
that provides an easy and reliable way to obtain new catalytic activities in
heme-reconstituted ArM is the metal exchange. Heme enzymes’ catalytic
activities can be altered by modifying the heme moiety, either by substituting the
type protoporphyrin or certain functional group, or by exchanging the metal ion.

For instance, Hartwig’s group designed ArMs based on a CYP119 from a
thermophile organism. The native Fe was exchanged for Ir, resulting in an ArM
that catalyzed the enantioselective insertion of carbenes into C-H bond. To
optimize the ArM performance, directed evolution was applied, which lead to an
ArM with high selectivity (up to 98% enantiomeric excess) and high productivity
(activities similar to natural enzymes).!>> Directed evolution with the same
system has lead to different variants with other activities.'”*'>” In the alternative
approach of changing the scaffold of heme, there are several examples using a
simple scaffold as myoglobin (Mb). Hayashi et al. replaced protoporphytin IX for
porphycene, maintaining Fe as the metal center and not introducing any
mutation. This change allowed Mb to catalyze the cyclopropanation of sterene

and demonstrated the impact of the heme scaffold to the enzyme activity.'*®

Another very popular approach with heme are ArM obtained by inclusion of
heme to de novo scaffolds. The ‘maquette” approach has been used to incorporate
up to four heme molecules into 4-helical bundle proteins for O, binding or
electron transfer.””1° This initial works led to nowadays the design of
cytochrome ¢ type maquettes with peroxidase, cyclopropanation activity or N-H
insertion. C45 is produced in vivo and one heme molecule is covalently
attached.'®’ However, the first crystallographic evidence was obtained recently.
Computational studies on 'maquette’ PS1 led to a de novo ArM based in
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Mn-porphyrin (MPP1), which catalyzes the oxidation of thioanisole!®” Ricoux’s
group has also contributed to the design ArM based on de novo scaffold with
porphyrins. The ArM was obtained by covalently attaching MnTPP into a-Rep
A3 bidomain protein. The biohydrid did not display any catalytic activity by
itself, but peroxidase and monooxygenase activities were detected in the
presence of imidazole or certain protein domains (bA3-2 or His6-bA3-2). Best
catalyst was obtained in presence of His6-bA3-2, as bA3-2 opens the bidomain
and His-tag coordinates to metallic center favoring the reaction. Computational

approaches were used to shed light on this ArM mechanism'®

Heme-based ArM have also been obtained by embedding heme moieties into non-
heme containing scaffolds. On the one hand, heme can be introduced directly into
scaffold without any modifications, as in the case of LmrR, which has been shown
to catalyze cyclopropanation reactions when loaded with heme.'®* On the other
hand, heme can be modified to have higher affinity for a certain scaffold. This is
the case of Ricoux study, in which heme was synthesized with testosterone to bind

to neocarzinostatin protein to obtain an ArM that catalyzed oxidation reactions.'®

It can clearly be observed how the field of heme-based ArM has been exploited
over the past year due to the catalytic versatility of heme. Still, there are few
examples of heme-based ArM obtained using non heme scaffolds and the
necessity of developing this type of ArM that can incorporate heme in novel
scaffolds has not been resolved. One of the objectives of this thesis is to develop
new computational tools that can be used to predict heme binding site and in
order to design heme-based ArM.

1.4. Molecular modeling for metalloproteins

Molecular modeling is essential for understanding both structural and functional
role of metalloproteins. In this section first we will focus on the different molecular
modeling techniques that are available to study metalloproteins in general. Then,
we will focus on two pivotal contributions that are important for ArM design:
multiscale approaches and predicting metallic binding sites.
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1.4.1. Overview of molecular modeling in metallic biomolecules

In a general way, molecular modeling comprises various computational methods
that aim to mimic or simulate molecular systems. These methods rely on
powerful computers to solve complex equations to study atoms and molecules’
behavior. Molecular modeling aims to solve different kinds of problems that
range from conformational exploration of molecules, energetic evaluation,
reactivity or the interaction between proteins and ligands. Different levels of
theory can be employed depending on the system’s size and complexity, the
desired accuracy and the research goal in question. These levels of theory are
mostly either based on quantum mechanics (QM) or molecular mechanics (MM),
each offering a different balance between accuracy and system size (Figure 1.17).
Accurate methods as QM require more computational power and time, while

low accuracy methods as MM are faster and require less resources.

MM
& "&
\ \
\};) @; ﬁ QM/MM
/
Q
Q&% p‘u’
<1\ !4\ >
g <4 ( Q)J"” v 2ol QM
n
& (W\ f
( “ F =
4 Y i
\'\._-f’nt
Classical mechanics :
E = Ebond + Eangle + Etors + Evdw + Eel Quantum + classical mechanics ‘

E = Eyy + Eyr +Eoguunr g
aa MAL QM Quantum mechanics

fig = Ep

Accuracy / computation time

Figure 1.17: Computational techniques depending on system’s size and accuracy requirements.

Molecular mechanics describes molecular systems via classical Newton physics,
where electrons are not treated explicitly. Instead, molecules are represented as
collection of balls (atoms) connected by springs (bonds). The force field
comprises a set mathematical functions and parameters that are used to compute
the system’s potential energy based only on the nuclear positions.'*® The energy
functions of the force field consist of the sum of bonded terms (bonds, angle,
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torsion) and non-bonded terms (VAW and electrostatics). Due to their intrinsic
simplifications, this methodology cannot provide information about the
electronic properties of the systems. Consequently, phenomena like bond
breaking /formation or chemical reaction cannot be studied. However, these
simplifications allow working with large systems (up to 10° atoms) at high
computational speed, which makes it a very attractive method for simulating
large time scale events in proteins or DNA. In general, MM provides accurate
results regarding relative energies between conformers, interconversion

pathways between them or predicting equilibrium geometries.'®”

Despite the advantages of MM mentioned above, this method depends on the
ability of the force field to describe the parameters of the biomolecules. When
working with metalloproteins the problem is that most common force fields do
not include metal parameters. The parameterization of metals is not trivial due
to their unique characteristics, such as the ability to change their coordination
geometry during a dynamical event like a binding process or interaction with a
substrate. In MM methods, the nature of the interaction of the metal ion and its
surrounding ligands can be represented by different models: 1) The non-bonded
model only considers the non-bonded interactions, electrostatic and VAW terms,
using the Coloumbic and the 12-6 Lennard-Jones (L]) potential respectively. 2)
The bonded model adds a covalent bond between the metal and the surrounding
ligands, considering bond, angle, dihedral, the electrostatic and VAW terms. 3)
The cationic dummy atom model involves placing cationic dummy atoms

between the metal and the ligands in a specific initial geometry.'®5-170

Depending on the system’s characteristics and the type of study to perform, the
model of choice can be different. Furthermore, it must be considered that each
model has disadvantages that need to be considered. The non-bonded models
are the simplest approach because they do not consider any bonding terms. Due
to their simplicity, the accuracy is higher for monovalent ions like alkali metals,
but not for complex multinuclear centers or for transition metals.'”'~1”*> The main
problem of bonded model is that as the metals are covalently bonded and, in
current state-of-the-art, it is therefore impossible to consider ligand exchange or
geometry changes in the simulations.  This approach requires careful
parameterization, and the transferability of the parameters is difficult, not like in
the case of non-bonded models. Still, this is an effective approach when the
ligand exchange process does not occur at computational time scale and
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nowadays parameterization can be speed up with scripts like MCPB.py.'%® Lastly,
the main drawback of the dummy model is the requirement of an elaborated
parameterization process, but, like non-bonded models, it allows transition

between different geometries.'”*
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Figure 1.18: Approaches to model metals in molecular mechanics.

The other family of modeling approaches are based on quantum mechanics
(QM). QM methods aim to solve Schrodinger’s equation to describe electron
distribution in detail, considering both nuclei and electrons. However, in
practice, approximations are needed as Schrodinger’s equation cannot be solved
for systems with more than one electron.'”> Compared to MM, QM methods are
restricted to small systems (less than 10° atoms) and are computationally more
expensive. Yet, they can provide accurate information regarding the chemical
reactivity, potential energy surfaces, electronic excitation and charge transfers.
Several approaches are included in this group, from very accurate and expensive
post-Hartree Fock methods to fast and feasible DFT or even semi-empirical

approaches. !

Because of their cost, ab initio methods and especially post-Hartree Fock ones,
have been applied to biomolecules in a limited way. In this field, DFT and
semi-empirical methods are prevalent. The former presents a better accuracy and
require little or no parameterization when compared to the latter. When it comes
to bioinorganics though, DFT is the most recommended approach since the
presence of metal is almost inaccessible via semi-empiricial methods.!””!78
However, with DFT is not possible to study the reaction mechanism of an
enzyme and sample the conformational space of an entire protein at the same
time. Between QM and MM are hybrid methods, which solve the

aforementioned problems and are the method of choice for metalloenzymes.
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QM/MM approaches combine the best qualities of computational techniques by
dividing the system into two regions (Figure 1.19a). QM is applied to a group of
selected residues from active site as well as the metal or small molecules (if any),
while the rest of the enzyme that is not directly involved in the reaction is treated
with MM.!7180 These methods afford a good balance between accuracy and
computational cost. However, its applicability depends on three crucial
considerations: how to treat the interactions between the MM and the QM region
or the covalent bonds that cross the QM/MM interface region and how to

calculate the total energy of the system.!®!

Additionally, the sampling of the
protein’s conformational space is limited too since the cost of the calculation of

the energy of a unique structure still depends on the QM approach .

With metalloenzymes it is also frequent to perform QM calculations on cluster
models, in which only the residues of active site and atoms involved in the
reaction are considered in a QM level. This approach limits the calculation to a
few hundred of atoms as the rest of the enzyme is not considered, but the
surrounding protein environment is modeled by continuum solvation implicit
model with specific dielectric constant. This method requires an X-ray structure,
and the steric effects of the protein are usually simulated by constraining the
atoms where the system has been truncated (Figure 1.19b). The accuracy of the
results depends on the residues included and the choice of the dielectric constant.
Studies to compare both QM/MM and QM cluster have been performed.!'8%15%
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Figure 1.19: Representation of bybrid methods a) QM /MM b) cluster QM.
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1.4.2. Molecular modeling in ArM

Over the past few years, molecular modeling techniques have made a significant
progress, leading to several examples of ArMs obtained with the help of
computation. In this regard, there are two families of methodologies that seem to

have erupted over the last decade: theozyme and multiscale approaches.

1.4.2.1 Theozyme approaches

A theozyme is defined as a computational model of the transition state (TS) with
a minimal active site of the enzyme containing specific functional groups. First,
the theozyme is computed by QM and subsequently its docked it into an inert

184185 Most popular

protein, which is optimized to favor the stability of the TS.
software is RosettaMatch, which identifies the adequate scaffold protein to match
the theozyme. Finally, the active site is optimized with RossetaDesign (Figure
1.20a).'%® One group that has made remarkable contributions in this field is the
Baker and coworkers. By combining computational approaches (Rosetta
software) and directed evolution, they have successfully design of de novo ArM,
including a Kemp eliminase and a Diels-Alderase.'*1% However, design of de

novo ArM represents a more difficult challenge and few examples can be found.

One of the few examples is the design a de novo metalloenzyme with unnatural
amino acid (BpyA). In their approach, the theozyme (BypA, Fe, substrate and
two coordinating residues) was optimized by QM and then introduced to a
protein scaffold using RossetaMatch, which found possible scaffolds that could
match the theozyme. In the next step the second coordination sphere was
optimized by inserting additional residues to improve the stability of the
theozyme using RossetaDesign. After two round of this process, crystallographic
evidence revealed structures bound to divalent metals with only small deviations
from the designed models. Due to the high affinity for Zn?*, this could be a
starting point for future hydrolases and other related enzymes.'®’ A very similar
protocol using Rosetta software has also been used to redesign ArMs, such as the
case of mononuclear Zn that catalyzed organophosphate hydrolysis.'”’ Besides
this applications, Rosetta design has also been employed to identify mutations to
improve the activity and enantioselectivity of ArMs.!”! Despite the importance of

the theozyme approach, limited success has been obtained for the design of ArM.
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1.4.2.2 Multiscale approaches for ArMs

The molecular modeling of ArM is especially challenging because it needs to
account for the scaffold’s conformational sampling without overlooking the
metallic center’s electronics. By such, multiscale approaches are particularly
relevant. These are based on the statement that efficient ArMs provide a better
secondary coordination sphere environment to stabilize the TS structure. Because
the interactions between the cofactor, the substrate and the scaffold are purely
based on non-natural interactions (the triad complementarity is far from optimal
since they lack years of evolution), the identification of such TS structures is very
difficult. To do so, different variables need to be considered that range from
protein-ligand interactions, dynamical effects by MM approaches and simulation
of the catalytic mechanism by QM-based ones. This protocol has been reinforced,
updated and adapted for computer aided design of ArM. It can be divided in the
following steps (Figure 1.20b):

1. Identification of the conformation of pseudo-reactive forms: This first step
stands on the initial identification of the most likely pseudo-reactive form,
either an intermediate state or pseudo-TS of interest from the reaction with
the cofactor, the substrate and eventually a few amino acids models isolated
from the receptor (reminiscent to the theozyme ).

2. Flexible docking into several protein conformations: Then, through
docking the pseudo-reactive are introduced into the binding site of the
receptor considering its different conformations. The complexity relies in
adequately describing the metallic species under the classical force fields
that are the grounds of molecular mechanics.

3. Structure refinement of pseudo-reactive forms: Finally, the best possible
structural candidates of these pseudo-reactive structures of the entire system
is filtered then refined with QM /MM calculations or Molecular dynamics
(MD) depending on the system of study. This involves a major four de force
in term of system preparation and conformational exploration since force

field that could handle metal ions and coordination rules are needed.

These approaches have been applied very successfully to guide the design of ArM
in different steps of the process, rationalize its selectivity or functionality. One of
the objectives of this thesis is to apply multiscale approaches to rationalize and
guide the design of different ArM.
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Figure 1.20: Computational approaches for ArM design: a) Theozyme b) Multiscale.
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A very successful case is the design of an enantioselective hydratase. The
computational workflow developed in our group started with QM cluster of
Cu™—(2,2’-bipyridine) complex with substrate and an aspartate (acting as base)
to favor the reaction. This was followed by dockings and MD simulations of the
complex into LmrR proteins which revealed that there were no general bases in
the vicinity to favor the reaction. Subsequently, upon inspection of the docking
results, certain residues were identified for mutation to serve as bases. MD
simulations we again employed to find which mutant displayed optimal
distances and qualitative predictions about the enantioselectivity of the reaction.
Experimental validation of the selected mutant agreed with computational

predictions, showing the potential of multiscale approaches.'*?

In the study of an ArM POP-Rh; cyclopropanase, the inclusion of GPathFinder
calculations as a last step of the multiscale workflow revealed how the entrance
and diffusion of the substrates can also be the origin of the enantioselectivity of the
ArM.'”® On other works, the combination of dockings and MD simulations have
shed light on the importance of the dynamics of protein and how these can affect
the activity of the ArM.!?* For example, MDs revealed that LmrR protein is able
to tightly bound heme for cyclopropanation reactions. However, the flexibility of
its helices allows to open up facilitating the entrance of substrates and reaching

the pre-catalytic stage.'**
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1.4.3. Predicting the binding of metals ions and heme to proteins

Binding processes and interactions between proteins and metal moieties are
essential for understanding physiological roles or for designing new ArMs. The
prediction of binding of metal moieties to proteins is of high relevance, especially
when there is not an available protein structure with the metal bound. Metal
binding sites can be detected individually using experiment methods like X-ray
crystallography, NMR or X-Ray Absorption Spectroscopy (XAS).!”>"1%® These
techniques are time-consuming and have high costs associated with them.
Therefore, computational tools are a good alternative for predicting metal
binding sites and they offer better insight into protein-metal interactions.

Computational prediction of metal ions binding sites is based on either sequence
or structural 3D information, sometimes even the combination of both. Sequence
based methods include MetalDetector, which detects binding sites for transition
metals that involve His and Cys using machine learning.'”” On the other hand,
there are predictors only based on structure like TEMPS, that predicts Zn binding

sites.200

MetSite or MIB are metal site predictor that combines both sequence and
structure information. MIB uses fragment transformation method, but recently
included AlphaFold and (PS)?> to improve the prediction.?’!=>®> Recently,
predictor based solely on machine learning have been developed based on

sequence like DeepMBS or based 3D structure like MetalSiteHunter.?/4?%

Regarding the prediction of metallic cofactors, the prototypical case is heme due
to its biological relevance. Compared to the prediction of metal ions, less
software has been developed for detecting heme binding sites. So far, most
programs tfor heme rely principally on sequence information. SCMHBP is a
heme predictor that is only based on sequence and is based on scoring card
method (SCM), whereas HemeBIND prediction is based on structural attributes

6207 Bven

combined with sequence information using machine learning (SVM).*
though that structure-based predictors for heme and metals ions have been
developed, predictors that take only into account the geometrical predisposition
of the binding sites and backbone atoms have not been produced yet. The
advantage of this approach is that it could be applied to develop either new ArM
based on heme or metal ions, because no sequence pattern would be needed, just
the preorganization of the binding site and mutation of residues. This is the main

objective of software development in this thesis.
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CHAPTER

Methodology

This chapter aims to provide an overview of the theorical background of the
techniques used in this PhD thesis. Section 1.4.1 has already covered the general
applicability, context, and purpose of the different techniques. This chapter aims
to describe in more detail the key principles of each method focusing on its

advantages or inconvenience, without doing an extensive explanation.

2.1. Quantum Mechanics (QM)

Quantum mechanics (QM) are based on the postulate that the wave function
contains all the physical properties that characterize a system. The wave function
is a probabilistic descriptor, with its square determining the probability of
particle being at a certain region. QM employs mathematical operators that,
when applied to the wave function, return observable properties. In most
chemical applications, the aim of QM is to solve the time-independent
Schrodinger’s equation 1, where H is the Hamiltonian operator, ¥ is the wave

function and E the energy.”%®

HY = EY (1)

This equation is an eigenvalue equation, in which the Hamiltonian operator
extracts all the energy (eigenvalue) of the system of interest from the wave
function (eigenfunction). For a system of N electrons and M nuclei, the
Hamiltonian is an energy operator that is composed of two parts, the kinetic (T)

and the potential energy (V).
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~

H:T-l-f}: n+fe+‘7en+‘7@e+‘7nn (2)

The kinetic energy comprises two terms, the kinetic energy of the nuclei (TN) and
the electrons (T,), while the potential energy includes three terms: the coulomb
attractive interactions between electrons and nuclei (V,;) and the coulomb
repulsive interaction between electrons (\766) and between nuclei (Vnn).

Schrodinger’s equation has a limitation, it can only be solved for systems with
less than two electrons, as in the case of the simplest molecule H2*. For other
systems, the exact solution of the Schrodinger’s can not be obtained, and the
solution will only approximate the real solution. The problem arises from fact
that equation 2 contains pairwise attraction and repulsions terms, thereby
introducing a correlation between the motion of particles.’’”® To address this
problem, the Born-Oppenheimer approximation is applied; the motion of the
electrons is separated from the motion of the nuclei. Since the mass of the nuclei
is approximately 1800 higher than the electrons, it can be assumed that electrons
adapt almost immediately to the movement of the nuclei. Therefore, this
approximation assumes that electrons move in a field generated by a fixed nuclei
because the motions of electrons and nuclei are decoupled.’’” This simplification
leads to two principles:

1. The total wave function can be expressed as a product of electronic and
nuclear wave functions, where r are electron coordinates and R are nuclei
coordinates.!”®

Yiot(r,R) = ¥e(r; R)¥n(R) (3)

2. Since the electronic wave function depends parametrically on the nuclear
coordinates, the kinetic energy of the nuclei is neglected and the coulomb
interaction between nuclei is a constant. The semi-colon indicates a
parametric dependence, by varying the values of R different electronic
equtions are obtained. Therefore, the Schrodinger equation that describes
the motions of electrons at fixed position of the nuclei can be expressed as

in equation 4.17°

~

He(rr'R)lee(r;R) = EE(R)TE(T’;R) (4)

He = +Te + Ven + Vee (5)
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When the electronic Schrodinger equation is solved, the pure electronic energy
(Ee) of the system is obtained for a certain nuclear disposition of the nuclei R. This
is related to the potential energy function (U}), which can be obtained by adding

the constant Vj,,, term to the electronic energy.'”®

un - Ee + Vnn (6)

Furthermore, when the electronic Schrodinger equation is solved for different
nuclear coordinates, a set of values of U,, can obtained. These values lead to the
Potential Energy Surface (PES), which indicate the variation of the potential
energy as the positions of the nuclei change. This is a crucial concept in
computational chemistry for finding stationary points, especially minima and
transition states. From the PES, effective potential energy functions for the
nuclear motion can be derived and applied to the nuclear Schrodinger equation
7.167.176 By solving this equation, it will lead to the vibrational, rotational and

translational states of nuclei.'®”

[To + Un]¥u(R) = Etor'¥u(R) )

No analytical solution exists for the electronic equation 3, approximate
mathematical techniques such as variational principle or perturbation are
needed. The former states that the calculated approximated energy will equal or
higher than the system’s exact energy, while the latter is based on adding a small

perturbation to a known solution.'®

Moreover, more approximations are required to solve the electronic equation
when dealing with many-body systems. This comes from the fact that the V,,
term implies estimating electron-electron interactions which is a
multidimensional problem without a solution. These methods are divided into
wave function-based and density functional theory-based (DFT) methods. The
calculations performed in this thesis are based on DFT methods, consequently,

this will be explained in more detail.
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2.1.1. Hartree Fock

The main challenge of studying multielectronic systems using QM approaches is
obtaining an approximated value for the V,, term. The first methods are based on
electronic wave function and are encompassed to the Hartree Fock (HF)
formalism. The many-electron wave function of a system can be approximated as
a product of individual one-electron wave functions, called orbitals.

¥ =90)p2)p3)..p(n) (®)

These orbitals are expressed as spin orbitals (¢), the product of spatial orbitals
and spin function (¢ or B) to satisfy the Pauli principle. To fulfill the
antisymmetric principle and the indistinguishability of electrons, the wave
function is expressed as a unique determinant composed of one spin-orbital per
electron, called Slater determinant. To describe the space for each electron of the
systems, those spin-orbital can be written using either Slater functions (STO) or a
combination of gaussian ones (GTO). The HF method determines variationally
the lowest energy determinant in an iterative way (SCF).

¥(1,2..N) =

2

¢n(1) on(2) .. ¢n(N)
One of the main disadvantages of HF is that it does not consider electron
correlation. This implies that it only accounts for the average electron repulsion,
as it considers that each electron moves in an average electronic field generated
by all other electrons. Therefore, the electron-electron repulsion is not treated
explicitly, reducing the accuracy of geometry and energy calculation. Despite HF
provides with a first approximation to deal with electron-electron interactions,
the electron-cloud model is a rough solution that appears often as a limiter. On
the ground of HF formalism, numerous approaches have been built to increase
the quality. Some use perturbative approaches as Moller-Plesset (MP), variational
ones or even coupled cluster CCSD(T). Still, post-HF calculations are expensive

computationally and can only be applied to small systems.'®°
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2.1.2. DFT

DFT is based on the premise that the energy can be calculated from the electron
density rather than the wave function. This fundamental idea originated from
two theorems enunciated by of Hohenberg and Kohn. Both theorems rely on the

concept of a functional, which is a function that has a function as an argument.”’®

The first theorem defines that the ground state energy from Schrodinger
equation of a system is a unique functional of the electron density p(r) that only
depends on three spatial coordinates. Given the ground state electron density,
the Hamiltionian operator can be determined and therefore the wave functions

and all the properties of the system can be computed.!°%?1

E = Elp(r)] ©)

The second theorem states that using a variational approach the functional will
give the lowest energy of the ground state energy if the provided density is in
fact the ground state density. If not, it will give an energy higher than the true
value. The electron density that gives the minimum energy of the functional is
the ground state electron density derived from the solution of Schrédinger’s
equation. If the true functional were known, the electron density could be

166,210 From the electronic

adjusted until the energy reached its minimum value.
Schrodinger equation, the energy functional can be written as the sum of three
terms:

E[p] = T[o] + Vaelp] + Vee[p] (10)

The second term V;,.[p] corresponds to the interaction between electrons and the
external potential created by the nuclei, which functional can be defined.
Contrarily, the energy functionals of the first and third term, the kinetic energy
T[p] and electron-electron interaction energy Ve.[p] are not known. The success of
DFT is based on the Kohn-Sham theory (KS), which solves this problem. The
premise is that a set of fictious N non-interacting electrons can have the same
ground state electron density that a set of N interacting electrons. The energy of

the ground state is expressed as an energy functional of the density:*"”

E[o(r)] = Ts[p(r)] + Venlo(r)] + Vo (r)] + Exc[p(7)] (11)
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The first term of equation 12 represents the kinetic energy of the non-interacting
system with the same density as the real system, which corresponds to the sum of
the individual kinetic energies.

2/4% ( )4%() (12)

The second term corresponds to the nuclear-electron interactions, while the third
corresponds to the classical energetic repulsion between the electrons.

2 / |r_RA|P 2//p|r1— 22| dridry (13)

The last term is the exchange correlational energy functional, which accounts for
all the energy contributions that were not accounted in the other terms. The Exc
includes all the corrections regarding the difference in kinetic energy between the
non-interacting systems with the real interacting system, effect of quantum

electron exchange and correlation and energy for electron self-interaction.?’’

The KS theory represents the electron density as the sum of the square of a set of
one-electron orbitals (KS orbitals), which are described by a single Slater
determinant. =~ As in HF Kohn-Sham orbitals are represented as linear

combinations of basis sets.20%:210

z

p(r) = Zlqbz( r)? (14)

By applying the variational principle and density expression from equation 11 it
leads to the Kohn-Sham equations.

2 M r
{Zl_ (Z ZA) +/p£122)d72+ch[71]}¢i(71)=€i4’i(rl) (15)

A=1 714l

These equations are solved in a self-consistent approach by first making an initial
guess of the density. Then, using this trial density the Kohn-Sham equations are

solved, and a set of wave function orbitals are derived. The electron density is
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calculated from these orbitals, which is used in a new iteration and so on. This is
performed until convergence is reached.?’”!"

One of the most important points of DFT calculations is that they include
correlation energy. The idea is that electrons move in a way that maximizes the
attraction to the nuclei and minimizes the repulsion with other electrons.
Therefore, there are regions around the electrons that are considered XC-holes,
regions that other electrons are not allowed to penetrate. Exchange functionals
can be divided into exchange and correlation, corresponding the exchange part

to the Pauli principle and the correlation to the repulsion of electrons.'”®

The exchange correlation functional is defined as the functional derivative of the
exchange-correlation energy as in equation 13.

Viclr) = 22560 )
Each type of exchange functional defines this differently. The problem that we
have is that to solve the Kohn-Sham equations the exchange-correlation
functional has to be specified. If this functional was known, the Kohn-Sham
equations would lead to the exact energy. Therefore, different classes of
exchange-correlations functionals have been approximated over the years, some
of them including empirical parameters and other experimental. Perdew stated
that the different types of functionals can be classified in a ladder way (Jacob’s
ladder), if you move up the ladder it increases the chemical accuracy, however, it

also increases the computational time Figure 2.1.%!!

2.1.2.1 Exchange correlation functionals

The Local Density Approximation (LDA) is based on the idea of a uniform
electron gas, meaning that the functional only considers local values of density to
describe exchange-correlation energy. LDA has to be replaced for LSDA (Local
Spin Density Approximation) in systems in which there is spin polarization.
Despite the simple idea behind this functional, it gives good results for
calculating geometries or when working with metals, but it does not predict well
bond energies or thermodynamics.

In the second step of the ladder, instead of only depending on the local values of
density, it also depends on the derivatives of the density. These correspond to



52 Chapter 2. Methodology

Jacob’s Ladder

hyperGGA

metaGGA

GGA
Vp(r) PBE, BLYP, BP86

Accuracy / Computational cost

] v

Figure 2.1: Types of functionals classified according to Jacob’s ladder.

Generalized Gradient Approximation (GGA) functionals, which basically add
the gradient of the local density, typically separated into exchange and
correlation contributions. One of the earliest popular GGA exchange functionals
is Becke’s (B), which corrects LDA functional with a mathematical form and
empirical parameters. On the other hand, Lee, Yang and Parr (LYP) correlation
functional is also very popular, which is usually combined with Becke’s and
defined as BLYP.

The extension of GGA is metaGGA, which depends on the second derivatives of
the electron density, the Laplacian. Additionally, the functional can also depend
on the orbital kinetic energy density. Both carry the same information, but the
latter is more numerically stable. Becke and Roussel were one of the first to
propose metaGGA exchange functional (BR), which also depended on

kinetic-energy density.
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The last step of the ladder corresponds to the method used in this thesis, hybrid
methods, which consists in combining the exchange energy from HF and the
correlation energy from DFI. This approach is based on the Adiabatic
Connection Formula (ACF), in which the exchange-correlation energy is coupled
to a A parameter that relates the fictitious non-interacting system with the real
one.

Exclr) = [ (¥O) Vacl¥ (1) )

On one end, we have the non-interacting fictitious system, where there is no
correlation part because it’s non-interacting. Therefore, since the wave function
is a Slater determinant of the Kohn-Sham functions, the exchange energy
corresponds to the exact exchange energy of HE. On the other end, we have the
real interacting system and the exchange energy can be approximated by the
LSDA functional, resulting in a half-and-half method. This idea was improved
by expressing it as a linear combination of the exact exchange energy, exchange
energy approximated by LSDA and exchange and gradient correction terms.

ERIYP = (1— a)ELSPA 4 qEZ™ + DAES® 4 (1 — ¢)EFPA + cERP (18)

Expression 17 is the form that takes B3LYP, which is the most widely used hybrid
functional. B3LYP combines 20% Hartree-Fock exchange with 80% DFT exchange-
correlation functional. In the expression, a, b and c are determined by fitting to
experimental data. Other popular hybrid functionals include PBEO, HSE06 and
MO6.

2.1.2.2 Overview of DFT

One advantage of DFT is that the electron density is a function that only depends
on three spatial variables, which is independent on the number of electrons and
scales at N3. On the other hand, in HF, the many-electron wave-function depends
on 4N variables, three special variables and one spin coordinate for each electron
and scales at N*. Consequently, DFT calculations are substantially faster than
HEF. More importantly, DFT solves one of the disadvantages of HF, at the same
computational cost, in DFT electron correlation is included. The main difference

with HF is that it incorporates correlation energy.
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One of the main disadvantages of DFT is that is does not accurately model VdW
interactions (London dispersion), which are long-range weak interactions
between non-bonded atoms. These interactions are important in large systems,
and it is not well treated especially in the semi-local functionals and hybrid
functionals as they do not represent correctly the C¢/ R4 dependence. Currently,
there are several approaches that include dispersion for DFT, one group of them
being the semiclassical corrections (DFI-D). The idea is that the dispersion
correction energy is added to the DFT energy: Eprr+p = Eprr + Egisp

The general form of DFT-D takes all atoms pairs in a system and applies London’s

formula in the following expression:

-1 C
E,?lpr b2 = = 5% Z R6 fl,)ﬂ,; Dz(RAB) (19)
AZB

Where Cg‘B is dispersion coefficient for atom pair, s is a global scaling parameter
and fg4mp is a damping function. One of the most popular corrections are
Grimme’s D3, which is a refined version of DFT-D2 that is more accurate as it

includes both two-body and three-body term in a more complex form.?!?

Nat N
EDFT-D2 _ 1iiz Fuolr
disp 2 < L d6 1]L
j=

i=1

Ca::
+fd8<rl]L>r81) (20)
1],

1],

2.1.3. Metals in QM

Molecular modeling of systems containing transition metals represent a challenge
due to the difficulty of handling some of transition metals (TMs) characteristics
in computation, like the presence of d or f orbitals, its multiple oxidation states
or its complicated chemical bonding and multiple coordination numbers. When
modeling TM, DFT are the methods of choice, as they consider electron density
and dynamic correlation effectively, apart from its accuracy and high scalability
for large systems compared to HE.?!® The choice of the functional depends a lot
on the property and the system; when working with enzyme reactions containing
TMs the functional of choice is usually hybrid functional B3LYP, as in general with

TMs HF exchange can improve accuracy, but too much is not recommended.?!421°
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Heavy elements like TMs have many core electrons, which implies the use of a
large number of basis sets and high computational cost. As core electrons usually
do not have a significant impact in chemical behavior, Effective Core Potentials
(ECP) are employed in order to reduce the computational costs of calculations.
ECP are a set of potential functions that replace core electrons and their
associated density. By replacing core electrons, only the valence electrons are
considered explicitly in QM calculations. Consequently, the basis set size is
decreased, and computation costs are reduced. Large-core ECP only consider
explicitly valence electrons and Small-core ECP also consider the lower shell
above the valence electrons (Figure 2.2). Apart from that, in heavy elements,
relativistic effects are particularly significant. Therefore, Effect Core Potentials
also solve this problem by including relativistic terms. The benefits of working
with ECP increase as the we go towards the lower site of the periodic table.'®”
Some frequently used ECP are LANL2 ECPs or Stuttgart-Dresden-Bonn
ECPs 216217

1s 2s 3s 3p 3d

All electrons . . | L‘ ML| . | ‘ | I | ‘
s 2s 2p 3s 3d

Small-core ECP 11111 M . [0 ls]8] |1 ‘ 1
1s 2s 3p 3d

Large-core ECP . .‘ I .‘ .‘ H | ‘ I

Figure 2.2: Small-core and large-core ECP exemplified for Br atom.
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2.2. Molecular Mechanics (MM)

Quantum methods are suitable when dealing with electrons of small systems up
to 10° atoms, but most biological macromolecular systems are unfortunately too
large to be treated with full QM. In this context, interest is focused on Molecular
Mechanics (MM) or force field methods, which ignore the electronic motions and
the energy is only calculated as a function of the nuclear positions using
empirically parameterized force fields. MM considers the system as a group of
masses connected by springs and the different interactions between particles are
treated through classical mechanics laws, specifically Newton’s second law. MM

methods are based on a series of assumptions.

As the Born-Oppenheimer is implicitly assumed, the energy of the system only
depends on the position of the nuclei. In consequence, the potential energy of the
force field is defined as a sum of bonded and non-bonded terms. All force fields
contains the five invariable terms from equation 21, but they can contain more
additional terms.

Etot = Estr + Ebend + Etors + Evdw + Eel

\ ) ) (21)
Y Y

E

covalent noncovalent

In MM, atoms are considered particles defined by an atom type, which depends
on the atomic number and contains information of the hybridization (type of
chemical bond involved) and local environment of the atom. Each force field
parameter used to calculate the potential energy equation is expressed in terms
of the atom type. Consequently, every atom type has a set of specific force field
parameters associated, which are defined by the force field of use. Transferability
is a crucial aspect; the basis of MM is to derive the parameters from small
molecules and then transfer them to large systems. The same parameters can be
used to model different molecules, which expands the applicability of MM across

different scales.!¢7:209
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The first term of equation 21, Eg, represents the energy function for elongating a
bond. It models the interaction between two atoms that are bonded. The second
term is Epe,4, which represents the energy required to bend an angle between 3
atoms A-B-C (considering that A and C are bonded to B) as represented in Figure
2.3. Esty and Ep,,4E are usually modeled using a harmonic potential or Hooke’s
Law. This function gives the variation of energy as the bond or angle displaces
from its reference value. Therefore, each contribution is characterized by a force
constant (Kj or Ky) and a reference value (ly/6p).The accuracy of the force field
can be improved by introducing higher-order terms (Taylor expansion).'06-20%,218

Eqr =Kp(I—1p)* (22 Epend = Ko(0 —00)*  (23)

Etors, is the energy associated to the rotation of a bond B-C found between four
consecutive bonded atoms A-B-C-D. To correctly represent its periodicity, Eors
is expressed as a cosine series expansion, where w is the torsion angle Figure
2.3. For most cases, more terms are needed to correctly represent the rotation of a
bond, when there are minima with different energy. In the expression, V# constant
determines the barrier height around the rotation, n represents the multiplicity
(n=1 periodicity every 360, n=2 every 180...) and A represents the phase factor

(determines at which point is a minimum).'%2%?

N
Etors = Y V[l + cos(nw — ] (24)
N=0

In the case of sp?-hybridized atoms, an additional term called out-of-plane
bending or improper torsion is added in most force fields to keep the sp? atom
and three bonded atoms in the same plane. This term can be incorporated as
different functions. One approach is to consider an improper torsion between the
four atoms and use a torsion potential to maintain the angle 0° or 180°. The other
approach is to describe as a quadratic function depending on the angle or
distance between the bond and the plane with other atoms are represented in
equation 25.2%
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Eimp = 5(9)2 Eimp = E(h)Z h (25)

Non-bonded interactions include E,;,, and E,;, which play an important role in
the final structure of the molecules. These interactions are between atoms that are
not directly bonded and are usually represented as a function of the inverse of the
distance. E,4, is a function that represents the non-polar interaction (attraction or
repulsion) between atoms that are not bonded. The E,;, is zero at large distances,
but as distance is reduced the energy decreases until a minimum, point at which
it increases drastically due to repulsion. A function that describes this behavior
is a Leonard-Jones 12-6 function, characterized by an attractive part that changes
as r® and repulsive part that changes as r'!? Figure 2.3. This function depends
on two parameters, the well-depth (€) and the collision diameter (¢), which is the
distance it becomes 0.2

On the other hand, E,;, represents the electrostatic interactions between two
molecules and these are best described by the sum of the interactions through
Coloumb’s Law Figure 2.3. This applied under the assumption that each atom
has a partial charge assigned, represented by ¢; and g;, placed in a medium at
certain dielectric constant €.’ There are different approaches to calculate point
charges, they can be assigned by fitting to empirical properties or by fitting the
calculated electrostatic potential to the structure. A common practice of the latter
is Restrained Electrostatic Potential (RESP). In this approach, the charges are
obtained from fitting electrostatic potentials derived from QM. This method uses
hyperbolic restrains on non-hydrogen atoms to reduces the charges on
problematic non-surface atoms. This is used commonly used as it balances
computational cost and accuracy.’"’
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Figure 2.3: Schematic and graphic representation of main five terms of force fields: a) stretch, b) bend,
¢) torsion, d) VAW and e) electronic.

Some force fields contain an additional the last term, cross-coupling, is only
present in some force fields and it represents the coupling between two or more
bonded terms. Egetch/pend is the most important one and represent the coupling
between bond stretching and the bending of an angle. For example, if an angle is
decreased, the lengths of the bonds involved are increased. The Eyss term can
include different corrections like Egpeten/stretchs Estretch/torss Evendpend, but distinct
force fields usually include different types of cross-terms. In general, few
cross-terms are considered necessary to reproduce structural properties

167

accurately, except for when reproducing vibrational properties."®” Some of the

most relevant cross-terms are represented in Figure 2.4

a) b) c)

N\ /
Ny % R

Figure 2.4: Schematic representation of some cross-terms of a force field: a) stretch-torsion, b) stretch-
stretch and ¢) bend-torsion.



60 Chapter 2. Methodology

2.2.1. Force fields and metals for biomolecules

For biomolecular systems like proteins, DNA, lipids or carbohydrates, several
forcefields are available, being the most widely used AMBER, GROMOS and
CHARMM. Both AMBER and CHARMM contain a general force field, GAFF and
GenFF, respectively, that can be used to parameterize organic small ligands.!'®°
Still, when working with metals, AMBER or CHARMM only include parameters
for common metallic cofactors as heme, but they lack to consider all possible
coordination residues, geometries or different spin states related to the metal.
Generally, most force fields do not include parameters for the interactions with
metals, except for specialized force fields tailored to organometallic systems such
as LFMM*, SIBFA??! or VALBOND*??* These force fields have been
implemented successfully in some cases, metallic complexes containing Ga or
Mn even Copper-proteins.”?* However, their application and availability in MD

simulation packages is limited.?!

As explained in section 1.4.1, there are three models to represent metals: bonded,
non-bonded and dummy. The parameterization of metals is not trivial neither is
the model choice. Within the scope of this thesis, the bonded model is the most
adequate choice because the focus of interest is on the metallic interaction rather
than the alteration of the coordination mode. Bonded metals parameters can be
derived, either empirically, from NMR or X-ray values or computationally by

quantum calculations.

Lin et al demonstrated that the force constants derived by Seminario method
combined with RESP fitting for partial charges showed very good performance
on Zn-proteins.’> This initial work led to MCPB.py, which is program integrated
in AMBER that facilitates obtaining metal force field parameters based on QM
calculations. MCPB.py uses two different model schemes of the metal binding
site to improve accuracy and speed. A smaller model is used to obtain the
bonded parameters and a larger model to derive the partial charges. The small
model is optimized through QM calculations and then the Seminario’s Method
uses the Cartesian Hessian matrix to calculate the force constants. In the large
model only the hydrogens are optimized for speed and the RESP calculation is
performed. All these parameters are extracted by MCPB.py and saved in frcmod
and mol2 files to run in AMBER.
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2.2.2. Molecular Dynamics (MD)

One of the major simulation techniques to obtain sampling of a system at specific
temperature is Molecular Dynamics (MD). As MM ignores electrons motions and
nuclei are large enough, it is considered that nuclei behave as classical particles.
Therefore, MD simulate the behavior of a molecular system along time by solving

the classical second law of Newton F = m - a.2?

The results of MD are trajectories that display how the position and velocities of
particles of the system change over time at a finite trajectory. These trajectories are

obtained by solving the differential form of Newton’s equation 28.2"”

The premise is that the force is assumed to be constant at each time-step, then
at each time step the total force is calculated as the potential by summing all the
interactions. This is always the most demanding step in and MD simulation. From

the force, the acceleration of the particles can be determined as in 29.2"
—dv d2r F 10V
4 . =—=——_ 29
=M (28) a=_ p_— (29)

Given the initial position of the system, which can be obtained from experimental
data or from models, the initial velocities are assigned randomly from Maxwell-
Boltzmann distribution. The force on each atom is calculated and the acceleration
is obtained. Given the acceleration of the particles combined with the position
and velocity of particles at time t, new velocities and positions can be determined
at time t + At. The positions and velocity are updated, and new forces need to
be calculated in these new positions. Finally, acceleration, positions and velocities
are determined at new time, and this is repeated until simulation has finished.”’” A
scheme of this process is represented in Figure 2.5.

All approaches consider that the position, velocity and acceleration of particles at
certain time can be estimated by a Taylor Series expansion.

r(t+ At) = r(t) +o(t)(At) + %a(t)(Azt) +...

1 (30)
o(t+ At) = o(t) +a(t)(At) + Eb(t)(A2t) +...
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Repeat for n
steps

i

Figure 2.5: General scheme of MD simulations.

One of the most common finite methods is Verlet algorithm, which is able to
predict the new positions at time t+At from the current position and acceleration
at time t and the previous position at t-At. Given the positions at t+At and t-At as:

81‘ 1 azr 2 1 331’ 3
(b= A = r(6) — T (at) — 187 a2~ 127 ppy3 (32)
4 =7 ot 2 of2 6 ot

Verlet algorithm solves the equations numerically by adding these two terms:

r(t+ At) = 2r(t) — r(t — At) 4 a(t) (A%t (33)

In this equation the velocities do not appear explicitly, however, they can be
calculated easily by either of these two ways:

o(F) = [F(E+ AE) — r(t— A /2AE (G2 o(t+ %At) — [r(E+ AE—r(8)]/AE (35)
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Verlet is not a self-starting algorithm as in the initial point the positions of the
previous step are not available. Still, these can be solved by approximating the
Taylor series equation until the first term as r(_; = 1o — voAt. Although this
algorithm is straightforward, one of its main drawbacks is this lack of explicit
velocities, as the velocities are not available until the positions are computed,
which can be a problem when working with ensembles of constant temperature.
Lastly, this algorithm has low precision as a very small term a(t)(At?) is added to

the difference of positions, which is a quite larger term 2r(t) — r(t — At).?"”

To improve the problems of the Verlet algorithm, variations have been
developed. The leap-frog algorithm is based on the premise that the velocity and
the positions are updated out of phase by half time-step.

Ftran =T+ 0anBt - (36) Vierlan = V- iar T A At (37)

The leap-frog algorithm improves the main two problems of Verlet, it includes
the velocity implicitly and it has better numerical accuracy as it does not calculate
large differences. Still, the main disadvantage of leap-frog is that the velocities
and positions are not synchronized. The velocity Verlet algorithm resolves this
last issue by calculating acceleration, velocity and positions all at the same time

without compromising precision using equations 38 and 39.2%
1
Ttrar) = 1) T U(t)At + Ea(t)At (38)
1
U(+an =0 T 5 (“(t) + a(t+At) At (39)

In addition to the already mentioned algorithms, there are more complex
integration schemes, like Beeman’s algorithm. This one includes more accurate
velocities and gives better energy conservation. =~ When performing MD
simulations, the choice of algorithm should factor in its computational efficiency
and memory requirement. However, there are additional aspects that also need

to be considered, which we explore in detail in the next section.!”70
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2.2.2.1 Setting up MD simulations

Choosing the right time step is crucial when performing MD simulations. The
smaller the time step the better or more realistic the trajectory will be. However,
it comes with a high computational cost, and it will not cover a large proportion
of the phase space. On the other hand, if the time-step is too large, it can cause
problems with the integration algorithm. The maximum value of a time-step is
determined by the fastest frequency oscillation. In general, the time-step should
be one order of magnitude smaller than the fastest process. Therefore, time-steps
are usually of the order of fs. In most systems, this process corresponds to the
stretching vibration of hydrogen bonds. As these motions are not usually of
interest, one approach is to freeze all the vibrations of hydrogen bonds using the
SHAKE algorithm to use a larger time-step and obtain more simulation time at
the same computational cost.'®/*"

MD simulations are usually performed under periodic boundary conditions (PBC)
to reduce surface effects and avoid outer solvent molecules to flying off into space.
The system that is being modeled is situated in the center of a solvent box that
is duplicated in all directions in space forming a lattice. Under PBC if an atom
or solvent molecule leaves the solvent box, its image will enter the box in the

opposite site, with this way making sure that the system does not see vacuum

(Figure 2.6).167,209
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Figure 2.6: Schematic representation of periodic boundary conditions.
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One of the main problems of PBC is that non-bonded interactions usually extend
further than the simulation box. In the case of VAW, a cut-off is usually used
because the Leonard-Jones potential decays with distance. The cut-off function
can introduce some discontinuities, in most cases, a switching function is used.
In both cases it requires updating a pair-list with all the atoms that should be
accounted. In the case of coulombic electrostatics, a cut-off would introduce

2

artifacts, consequently Ewald sum??° or Particle Mesh Ewald”?’ is normally used.

Usually starting structures are probably not realistic, consequently, before
performing MD simulations, optimization algorithms are used to obtain
minimized conformations. A minimization is performed to relax the system and
avoid steric clashes that would lead to problems in the MD simulations. The
main optimization algorithms are steepest descent and conjugate gradient. This
is usually followed by an equilibration step in which the system is slowly heated
until it reaches standard temperature (300K). Systems can be further equilibrated
into different ensembles and finally the system runs under production state,
usually under constant pressure, for the length that is desired depending on the
objective MD simulations can be performed in different constant

ensembles. 167,209

Most common ensembles are NVT and NPT. The temperature of the system can
be controlled to achieve certain constant temperature. As instant temperature
depends on average kinetic energy, velocities can be modified at each time step
to achieve certain temperature. Temperature can be modified either by scaling
the velocities by a factor to achieve certain temperature or by coupling to an
external a bath at certain temperature. The heat bath adds or removes energy by
a thermostat couple to a term (Berendsen)*?®. As these methods introduce some
fluctuations to the systems, the most widely used method is the
Nosé-Hoover?2?230  that is much more accurate because the bath is a part of the
system. In NPT the pressure of the system is controlled by a pressure bath, in
which instead of the velocities, the coordinates are scaled to modify the volume

of the system. Usually, Nosé-Hoover is used to maintain the pressure.'®’*%’
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2.2.3. Enhanced sampling methods

As mentioned in the introduction, proteins do not have a unique structure, they
exist in a dynamic ensemble and able to visit different conformations across the
potential energy surface (PES). To understand the function of proteins it is
essential to study the transitions between conformations of the landscape, which
depend on the energy barrier between them. The problem is that if the energy
barriers are large these transitions may happen at large time scales, around ms.
Nowadays, even though GPU and parallelization have increased the speed of
MD simulations, usually they are limited up to ps. One possible solution to this
challenge is the application of enhanced sampling algorithms, which accelerate

the dynamics and the sampling of rare conformations.”*!

The basis of these methods is to bias the PES of biomolecules and enhance the
sampling of the conformational space by overcoming high energy barriers.?*?
These methods are divided in two.  Methods like umbrella sampling,
metadynamics or adaptative biased force (ABF) use predefined collective
variables (CVs) or reaction coordinates like RSMD (Root-mean-square deviation),
distances or angles to guide the simulations. However, identification of the
collective variables is not easy and the CVs can limit the sampling. Therefore,
there are methods that do not use predefined reaction coordinates, like replica
exchange molecular dynamics, temperature-accelerated dynamics or gaussian
accelerated molecular dynamics.”**> This latter method is the one that has been

used in some of the works of this thesis.

2.2.3.1 Gaussian accelerated molecular dynamics (GaMD)

The predecessor of GaMD, are accelerated molecular dynamics (aMD), which
were first implemented by Hamereld et al. on biomolecular systems.”** aMD
modifies the PES by applying a non-negative boost potential function to the true
potential when the energy is lower than certain energy threshold, decreasing the
energy barriers and accelerating the sampling of other conformations. Despite its
advantages and showing good results for small systems, when applied to larger
systems aMD reweighting has a lot of statistical noise. In GaMD, a harmonic
boost that follows a Gaussian distribution is applied, which solves the
reweighting problem because the original PES can be recovered by Gaussian

approximation (cumulant expansion to the second order).?*
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The fundamental principle of GaMD is that when the energy potential of a system
at positions 7 is below a specific threshold energy E, the PES is smoothed by the
application of a harmonic boost potential AV(,). When the potential is higher than
the threshold, the boost is set to zero, AV(;) = 0) , and the potential remains the

same as the original >*

When V(7) <E: 0"(F) =0(F) + AV, (40)
When V(¥) > E: 0" (¥) = v(7)

The harmonic boost potential is defined as in equation 41, where Ky and E are

determined automatically applying three criteria.

1 1
AV, = kg
(r) 2 0 Vmux - Vmin

(E—Vip)* (41)
There are two possibilities for value reference E: either E can be set to the lower
bound (E = Vjuux) or to the upper bound (E = V,;;,, + 1/k), depending on the
user input, iE=1 or iE=2, respectively. For each case, the value of Ky is obtained
differently.

When E = Viax : ko = min(1,ky) = min <1-0/ % me_vmm) (42)

ov Vinax — Vavg

00 Vinax — Vmin) (43)

When E = Vyyiy +1/k: ko= ky = (1 oy Ve Vo
Vavg is the average and oy is the standard deviation of the potential energy of the
system (V). The user specified the oy, for example, it can be 10kgT for accurate
reweighting. The value of Ky should always be between 0 and 1. For equation
43, if Kg is lower than 0 or higher than 1, Ky is calculated using 42. The Ky value
is what determines how big the boost that is going to be applied. The higher the
Kp, the higher is going to be the boost, as displayed in Figure 2.7a. Whenever the
potential value is lower than E, the boost is applied according to the value of Kg
in all the wells. In large systems, the bigger the standard deviation of AV is, the
smaller the Kj should be to obtain a correct reweighting.”*°
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b)
Classical MD

Collection of V statistics

|

Equlibration GaMD
Apply AV + update V statistics

|

Production GaMD

Apply AV

Figure 2.7: a) Representation of different PES obtained by adding a harmonic boost potential with
different values of Ky. b) Steps of GaMD simulations.

GaMD simulations include the option to apply the boost potential to the total
potential energy, to the dihedral energy, or to both simultaneously. The latter is
known as dual-boost and provides higher accelerations. Recently, the option to
boost the non-bonded potential alone or with dihedral energy has been added.
Before GaMD simulation, energy minimization and a short cMD are performed to

obtain initial well-balanced and minimized conformation.?>”

GaMD simulations are divided into three stages: 1) cMD 2) GaMD equilibration
and 3) GaMD production (Figure 2.7b). The cMD comprises a preparatory stage
in which the system is equilibrated and a second stage in which the potential
statistics are collected (Viuax, Vinin, Vavg and o0,). These statistics are used to
calculate the boost potential parameter, applied in the GaMD pre-equilibration
stage. In the second stage of the GaMD equilibration, the boost potential is
applied while at the same time the potential statistics are updated. After the
GaMD equilibration it is assumed that the collected statistics accurately represent
the PES. Consequently, the potential statistics are fixed and the boost potential is
calculated. In the GaMD production, the boost potential is applied and the boost

parameters remain constant without further updates.?>’

Based on GaMD, two other algorithms have been recently developed: LiGaMD
and Pep-GaMD. These simulations are used to simulate binding and unbinding
of ligands/peptides to proteins. This is achieved by applying boost on the non-
bonded potential of the ligand alone or potential of the peptide, respectively, or

this in combination with remaining total potential energy of system.?*%23
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2.2.4. Analysis of molecular dynamics simulation

As many programs have increased their user-friendliness and computer power
has dramatically improved, performing a simulation has become a lot straight
forward. Moreover, simulations lead to conformational spaces far wider than
years ago. One of the challenges of these areas becomes therefore how to analyze
and get relevant values for key questions on the systems. In this PhD, we took a
particular concern to find practical solutions for extensive and relevant analysis.

One of the most crucial aspect to consider when performing a simulation is
determining if a good conformational sampling has been achieved. It is essential
to assess if the length of the simulation is enough to reached convergence.
Convergence refers to the point in which enough data points have been collected
that accurately sample the system phase space, where all states have been
visited.””® However, the concept of convergence is itself ambiguous, as MD
simulations cannot be considered completely converged due to the intrinsically
statistical uncertainty of them. Still, there are qualitative indicators that can
address the quality of the convergence of simulations and more importantly, they

indicate if all the conformational space has been sampled.?*

Specifically, the methods should be able to ascertain whether the conformational
space of the system has been completely explored in order to determine if the
MD simulation has reached a length where statistical analysis can be extracted,
or certain event can be observed. The set of tools used in this thesis including
RMSD, all-to-all RMSD, counting clustering method, RMSF and PCA analysis.
These methods have been tested to assess the convergence and conformational
exploration of MD simulations in previous studies.'”* In Figure 2.8 are

represented all set of measures used in this thesis.

The most common strategy to analyze an MD trajectory is to perform RMSD
analysis, which consist of computing the root mean square deviation (RMSD) of
each frame against the initial reference structure.

1 N
RMSD = N ;(x,g — Xpef)? (44)

The presence of fluctuations in the RMSD indicates that the system has not
converged, although its absence is not an indication of convergence. The main
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application of RMSD is to know if the system is systematically changing.
However, this method is limited because it does not provide information about
the exploration of the conformational space during the simulation, or the states
sampled during simulation. This limitation comes from the fact that the RSMD
condenses a wide of structural information (3N dimensions of conformational

space) to a unique number®*’

A more powerful indicator is all-to-all RMSD. This analysis consists of
calculating the RMSD against all structures along the simulation instead of only
the initial structure. The diagonal will always be zero, but low RSMD values
along the diagonal indicate the occupation of a certain state. This is a better
measure for the exploration of the system because low RMSD away from the

diagonal indicate that the system is visiting an already sampled state.”*!

Another metric implemented by Daura et al is cluster counting.”*> A clustering
algorithm groups data points based on a distance metric.”*! In the context of
biomolecules, the clustering divides an ensemble of structures into sets of similar

structures and the distance metric is RSMD.240

. For convergence analysis cluster
counting is used to evaluate the rate of discovery of new clusters during the
simulation using a RMSD cut-off set accordingly to each structure. When the rate
of cluster counting is low it is assumed that the simulation has reached

convergence.’*?

The PCA is another tool that has been used extensively for analysis of simulations.
PCA analysis aims to extract the essential motions from a a set of conformations
by plotting the two principal PCA modes over time. This measure is an indication
of the collective motions of the protein, but it is used to know how the system
suffers a series of dynamic transitions through the simulation to visit different
conformations. By convention, if the system returns to the starting point it means
that the trajectory has converged.?*0-?43

Finally, a similar measure to RMSD is RSMF (root mean square fluctuation),
which indicates the fluctuation of an atom over a simulation. It can also be used
to extrapolate the involvement of certain residues or regions in protein

motions.2*

RMSF = y/(x; — (x;))? (x;) = ensemble average position (45)
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Related to convergence and conformational sampling, there is another
controversial topic, performing replica simulations. Running multiple replicas in
MD simulations is advised as it can provide better statistical sampling and
improves the accuracy of results. More importantly, performing multiple replicas
allows the exploration of different regions of the conformational space.
Therefore, in cases in which new conformations want to be visited, replicas are
highly advised.?*>
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Figure 2.8: Examples of MD analysis: RMSD, all-to-all RMSD, counting clustering, PCA and RMSE.

2.2.5. Protein-ligand dockings

Protein-ligand dockings are a MM method that intends to predict the favored
orientation and interactions of a ligand in a protein binding site. Docking
algorithms are divided in two: 1) A sampling algorithm performs an exploration
of the conformational space and generates all possible orientations of the ligand
in the protein binding site. 2) All poses are evaluated using a scoring function,
which approximates the binding energy of the complex.

2.2.5.1 Sampling algorithm

Docking a ligand into a protein binding site involves many degrees of freedom.
On the one hand, there are 3 degrees of translational and 3 degrees of rotational
freedom of one molecule relative to the other. On the other hand, there are the

degrees of freedom of each molecule by itself, the ligand and the protein.
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Dockings are classified depending on how many degrees of freedom are
considered of each the protein and ligand. Initial docking programs considered
both the protein and ligand as rigid entities, these are rigid docking, which only
account for the six translational and rotational degrees of freedom, no
conformational degrees of freedom are considered. However, through the years
flexibility has been incorporated to either the ligand (flexible-ligand docking)
or/and the protein (flexible-protein docking).

Three different sampling algorithms are able to identify different poses of a ligand

around a chosen binding site:'32246247

* Shape matching is one of the simplest methods as it is based on structural
shape complementarity of the ligand and protein. A negative image of the
binding site is constructed as a set of spheres the algorithm tries to match to
the ligand atoms. This is usually performed as rigid docking. To
contemplate flexibility a set pre-generated ligand conformations can be
used as input. Examples of this include DOCK software.

* Systematic search algorithms consist of generating all possible
conformations of the ligand by different methods and then each
conformation is docked. Glide or Fred are algorithms that use exhaustive
search method, in which all conformations are generated by rotating all
bonds of the ligand. Ludi software uses fragmentation method as the
ligand is divided in fragments, each fragment is place on the binding site

and augmented gradually.

* Stochastic methods are based on generating random changes to the ligand,
both in conformation and translation/rotation. In total four algorithms can
be included in this category: Monte Carlo (MC), evolutionary algorithms
(EA), Tabu search and swarm optimization (SO).

GOLD and GaudiMM, the programs used to perform docking on this thesis are
based on EA, specifically on Genetic Algorithms (GA), which try to mimic the
concept of evolution?*?* A random initial population of individuals is
generated, each individual object characterized by a series of genes that describe
the conformation of the ligand and protein. This set of individuals are allowed to
recombine and mutate, specifically the crossover operator copies genes from the
parents to a new child individuals, while the mutation operator mutates genes at
randomly individuals. The best individuals will be selected according to the
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scoring function and will propagate to the next generation and after a number of

iterations the population will have evolved, surviving only the best.””"

One of the main problems of dockings is that proteins have many degrees of
freedom due to its large size. Current algorithms consider protein flexibility in
different forms: 1) flexibility is applied only on the side chains as means of a

rotamer library 2) using an ensemble of protein conformations or use Normal

Modes calculations to account for different protein conformations. 3)
protein-ligand complexes can be minimized by MD or MC 4) application of soft
docking. 32246

2.2.5.2 Scoring functions

The scoring functions are a key element as they evaluate the docking poses,
determining the quality and accuracy of the results. Scoring functions try to
estimate the binding affinity between ligand and protein with a series of
physicochemical parameters like intramolecular interactions, electrostatic
effects... The accuracy of the scoring function increases with the number of
parameters included, but at the cost of computational speed. Therefore, scoring
functions must balance speed and accuracy to be reliable. The key benefit of
scoring functions is their ability to evaluate rapidly and efficiently the energy,
which is a mandatory requirement when dealing with a large conformation

space to explore.

Scoring functions can be classified into three different groups:*>!>>>

* Force field: estimate the energy of binding based only on the sum of
non-bonded interactions derived from force-field parameters.  The
electrostatic terms are modelled by the Coulomb equation, while the VAW
term is described by the Leonard-Jones potential. One challenge for FF
functions is to incorporate solvent effects. To account for this some FF
scoring functions incorporate distance-dependent dielectric constant. The
main limitation of this is that it does not account for entropic effect. An

example is Goldscore function, which accounts for the following terms:*>

Gold fitness = Spy, , + Sodw,, + Shb,, + Svdw,, (46)

int
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* Empirical: energy is decomposed into weighted energetic terms: VdW,
hydrogen bonds, electrostatics, entropy of solvation or hydrophobicity. A
training set of protein-ligands complexes with known affinities is used to
determine the weight of each term. Docking programs commonly use
empirical functions because they are more computationally efficient than
others due to their simple energetic terms. The function Chemscore is

implemented in Gold as:***

AGpinding = BGo + AGppSpp + AGumet Smet + AGiipoSiipo + BGrotHrot  (47)

* Knowledge-based: based on statistical potentials, specifically, potential
mean force (PMF), directly derived from structural information. PMF is the
inverse of the Boltzmann relation using the frequency of interactions in a
protein-ligand complex.

* Machine learning: employ different machine learning algorithm like
random forest, and vector machine to learn how to predict the binding
affinity using a training data set. Some machine learning scoring functions
have outperformed classical scoring functions, but as they are difficult to
incorporate on docking software they have been used as rescoring

functions.?>®

During the past few decades, a lot of effort has been put into scoring functions to
consider ligand solvation and entropic changes, but still, protein flexibility is not
fully considered in most cases, and when it is considered, it is at a high
computational cost. There is still room for improvement in the field of molecular
dockings.

2.2.5.3 Metals in dockings

In most docking software, metal coordination is not considered; precise docking
predictions, including metallic ligands, are still a work in progress, mainly due to
the absence of metallic contribution in most scoring functions. This thesis
implements the methodology used to consider metal coordination in metals in
GOLD. The premise of this method is that, computationally, coordination bonds

can be treated with hydrogen bond like functions.
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In this model, the acceptor is a fictitious hydrogen that is added to the vacant sites
of the metal to preserve the coordination geometry, and the electron donors are
protein side-chains. A parameter file containing all pseudo-covalent interaction
parameters for each metal and the metal interaction can be evaluated in the hbond

intermolecular term in the Goldscore function.>®

2.2.6. Python language in science

In this final section of the methods chapter, we will explore the development of
new software for scientific applications and the primary languages and packages
employed. This is particularly relevant, as two projects of this thesis involve the
development of new software.

Until the mid-1980s, scientific programming was dominated by Fortran.
However, nowadays, a wide range of programming languages and libraries are
applied to different fields depending on their applications. In numerical
computing, MATLAB dominates, whereas R is widely employed in statistics.
Nevertheless, the use of Python has grown exponentially in computational
chemistry and bioinformatics. According to the TIOBE index””, Python has
grown in popularity in data science, surpassing C++ and Java over the last
decades (Figure 2.9).
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Figure 2.9: Popularity of popularity of programming languages over the years with Pyhthon
highlighted. Obtained from: https://wwuw.tiobe.com/tiobe-index/

Python was released in 1991 as an easy-to-use programming language. It is free
and open source, it is a high-level and general purposed, object-oriented
programming language. One of the greatest strengths of python is its flexibility
thanks to its large set of packages and libraries. Its competitor, C++, is more
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difficult to learn and has a slower learning curve. It is, required compilation and
lacks built-in support and interactive execution. However, C++ is also widely
used in software development as it is very fast. Therefore, in a lot of cases, C++ is
combined with Python or sometimes Python includes libraries that are written in

C++ to be faster.28

In scientific programming the packages that are commonly used include: NumPy
(numerical arrays and mathematical functions), panda (tabular data), SciPy (high
level numerical functions), matplotlib (visualization and plotting) or scikit-learn
(machine learning). Apart from these general packages, several chemistry
packages have been developed over the years: RDKit, pyChimera or pyPDB
between others. In this thesis all software and scripts have been developed in
Python due to all its advantages and the availability of packages dedicated to
chemistry and biology.
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CHAPTER

Objectives

Molecular modeling techniques play essential roles in exploring the
conformations of molecular structures and understanding their behavior at the
atomic level. = The upstanding computational methodologies, especially
multiscale ones, have matured enough to comprehensively study molecular
entities containing metal moieties, including both natural and Artificial
Metalloenzymes (ArM). Indeed, despite advances in the last decade,
computational methods focused on metallic biomolecules still face some barriers

and challenges.

This PhD aims to overcome some of the main computational challenges in
metalloproteins, focusing on two particular fields of research: the study of
heme-containing proteins and the design of ArM. This research is divided into

two general objectives, each with its respective sub-objectives:
1) Study of heme binding proteins:

The main objective of Chapter 4 is to unravel the complex binding processes of
heme and its corresponding protein counterpart. This is dealt in two ways:

1. Establish an integrative computational workflow tailored to decode heme-
binding processes for hemoproteins. This work focuses on hemophore HasA
from two species that present different heme binding mechanisms.

2. Development of software for identification of heme binding sites. Apply this
software to detect natural heme binding sites in proteins and find new sites

to design novel heme-ArM.
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2) Computer-aided design of ArMs:
The second objective revolves around the study and design of new ArMs.

1. The objective of Chapter 5 is to apply updated integrative molecular
modeling techniques to investigate and design ArM. The work is focused
on guiding or rationalizing two ArM based on streptavidin. The first study
encompasses optimizing a family of Au-containing ArMs for
heterocyclization, while the second focuses on the rationalization of ArM

catalyzing a Suzuki-Miyaura reaction.

2. The objective of Chapter 6 is to develop software for predicting metal
binding sites focusing on its application on ArM design. As a case study,

we employ o-Reps proteins to validate the utility of this software.
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CHAPTER

The relevance of heme binding

processes and their prediction

Decoding the interactions between inorganic moieties and biological partners is a
crucial aspect for gaining insights into the origin of life and exploring new
biotechnological routes like designing ArMs. The study of metal-mediated
binding processes is one of the most complex questions that could be addressed.
The interplay between biology and inorganic chemistry surpasses standard
knowledge of both chemical and biological sciences and assessing the relative
influence of both partners in the recognition process is extremely challenging.

Heme b is one of the most ubiquitous metal containing ligands in nature and the
introduction of this thesis has already highlighted its biological relevance in
several biological functions, from transport of Oy, redox catalysis to gene
regulation. Therefore, heme b is a prototypical system to study the binding of
metallic cofactors to proteins. In metalPDB, a curated structural database for
biometallic species, in 2023 5.315 PDBs correspond to proteins that bind heme
groups (9.24%). Despite the importance of heme, the binding of heme to proteins
and its prediction has not been studied extensively.

In this chapter, we will study different aspects related to heme binding processes.
The first section will focus on the preorganisation of heme binding sites and the
mechanisms of heme binding of a family of heme proteins. The second section is
dedicated to developing a new heme binding predictor for natural heme binding
sites and exploring potential new heme binding locations for the design of new
ArM based on heme.
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4.1. Exploring the molecular events of heme binding

mechanisms

In bioinorganic chemistry, heme binding mechanisms have gained a lot of
attention. As introduced in section 1.2, these can be divided into two distinct
modes: 1) Transient heme binding proteins require a fast heme binding and
unbinding process to allow a rapid response as usually they are related to heme
recruitment, transport or regulation.””’ Generally speaking, these systems
contain a bidominial structure connected by a flexible loop that allows rapid
association. This suggests that no big conformational changes should occur at a
molecular level.®® 2) Proteins that bind heme strongly and permanently
correspond to catalytic, electron transfer, and any system requiring a strong
metal-protein bond. In these cases, a stronger affinity is expected, and at the
molecular level one would expect to observe folding induced by the binding of
the heme.””

Data available at the structural level has revealed that proteins that bind heme
permanently have apo structures similar to its holo form, but the heme binding
region is disordered as in cytochrome bse. %Y. In other cases as P450cam, the apo
form exhibits a generally more disordered structure.”® Contrarily, both apo and
holo forms of transient heme proteins are completely folded, but there structural

differences as in HemS or HasA. 103261

How the binding of metals impacts the apo protein remains a highly debated
question. Nonetheless, in transient heme proteins, certain crystallographic
structures highlight the ambiguity between the necessity of a conformational
change or not. In fact, there are structures of transient systems that display
significant variations between the apo and the holo form, as in the case of
bacterial Hemophore HasA.?! The main questions posed by these systems are
whether these movements are necessary for binding or a consequence of the
binding, and how they occur in certain species or under different circumstances.

Until now, computational studies regarding heme recognition processes by its
binding partners have been limited. In most studies, simulations have been
targeted in a way that the binding of the cofactor always induced the
conformational change. These approaches do not allow us to see whether the apo

form is naturally suitable for heme binding. It is impossible to determine
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whether the heme binding mechanism follows an induced fit model, a
conformational selection model, or a combination of both. The challenge here lies
in the need for a theoretical protocol capable of studying the possible heme
binding mechanisms (conformational selection or induced fit) and the potential
preorganization or reorganization of the system. This is where the significance

dockings and GaMD (Gaussian accelerated MD) combined comes into play.

Before exploring the heme binding mechanisms with GaMD and dockings, we
explored the correlation between the conformational variation of the heme
binding pocket and the ability to bind the heme with molecular dockings. At the
same time, this study allows us to validate whether the molecular docking
technique that we use can correctly capture metal interactions.

4.1.1. Conformational variation study of heme binding sites

To test if our docking approaches are valid for studying heme binding
complexes, ten pairs of apo-holo structures of transient heme proteins with
different behaviors were chosen. Some have similar apo and holo structures,
while other have completely different structures (though not loosing their
secondary structures). The objective of this work is also to use molecular
dockings to get a first glimp of the preorganization of heme binding sites by
determining if heme is able to bind in the apo form and how different is this
binding compared to the holo form. Performing these docking into apo-holo
pairs that have different heme binding mechanism allow to validate if the
preorganization of the apo binding site is present in all heme binding
mechanism. At the same time, it could validate that the employed dockings have

the capability to capture cofactor-protein interactions.

Rigid dockings were carried out on both the crystallized apo and holo forms of
the heme proteins. Results are represented in table 4.1. The third and fourth
column indicate the RSMD between apo-holo structure and whether there is a
conformational change in the heme binding site. The fifth column indicates how
many coordinating residues are detected for the heme. These results demonstrate
the accuracy of our molecular docking approach, it is able to correctly detect all
metal-protein interactions. In most cases heme coordination is observed through
rigid docking, except for two cases where flexibility is needed in the coordinating
residue.
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Conformational Docking found

Heme binding protein Holo-Apo PDB  RMSD (A g
g P p A) change coordination
bindine protei
Heme-binding protein Phu$§ 4mf9 - 4mgf 0.365 No 1 out of 1
(Pseudomonas aeruginosa)
H hore HasA; . s .
(‘(“;:]r)::;; p::i_s)yp 4jet - 4jer 0.536 No 1 out of 1
Anthrax hes hore IsdX1 - P .
. (l;;;l.;;l;“;[;;};;{.;) 3sik - 3sz6 0.675 No 1 out of 1
Heme oxygenase HO-1 :n 3
 Home sapions) 1nd5 - 1ni6 0.619 No 1 out of 1
Hemoglobin binding hemophore Hbp2 . .
(Listeria monocytogens) 4myp - 4nla 1.130 No L out of 1
Periplasmic Heme-Binding Protein ShuT N . . 0 out of 1
(Shigella dysenteriae) 2r7a - 2rg7 1.019 Yes *(1 out of 1)
Haem-chaperone Proteobacteria-protein HemS . . -
(Yersinia enterocolitica) 2j0p - 2j0r 1.363 Yes L out of 1
latex clearing protein LCP .
‘((;;e;t:::ii’:(‘:]: ";{_m) 501lm - 501l 1.534 Yes 1 out of 2
Heme-regulated transporter regulator HrtR q q N
(Lactococcus lactis subsp. lactis 111403) 3vp5 - 3vox 3.679 Yes 1 out of 2
Hemophore HasAsm . 3 . 0 out of 2
(Serratia marcescens) 1dkh - 1ybj 5.612 Yes *(1 out of 2)

* Result with flexibility on coordinating residues

Table 4.1: Dockings results for apo-holo pairs of heme proteins.

When the conformation of the apo form is essentially the same as the holo like
HasAyp, HO-1, Hbp2, PhuS or IsdX1, the apo dockings reproduce the
crystallographic holo structure. In all five cases, heme binds and coordinates
with its corresponding coordinating residues. Therefore, these cases could
correspond to rigid binding (lock and key) mechanisms with a slight
conformational change needed for the binding of heme, either minor
conformational selection or minor induce-fit mechanisms are needed.

On the other hand, there are cases in which the overall structure of the apo form
is similar to the holo form except for some parts of the heme-binding site helices
like in LCP, ShuT, HrtR, HemS or HasAgsm,.Docking calculations for most of these
cases indicate that heme can bind to its binding site and establish coordination
with at least one of its possible coordinating residues. In two cases (ShuT and
HasA), rigid docking fails to find coordination, but coordination is achieved when
flexibility is introduced to the coordinating residue. When the coordination of
the second residue is not obtained in the docking’s calculations, it is indicative
that the second coordination is only possible after a conformational change. In
some cases, the change needed is small, but in other cases, like HasAgpy, it is a
considerably change. These cases could correspond to an induce-fit effect or to a
conformational selection phenomenon.
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From this initial study it can clearly be concluded that the docking approaches as
they were improved in our lab are viable for heme binding complexes. Moreover,
the study concludes that there is a preorganization of the heme binding site, even
though in some cases there are conformational changes, heme is still able to bind
in all cases with at least one coordinating residue. It suggests that in most cases,
the apo form can be used to predict heme binding sites. This premise led to the
idea of developing software for detecting heme binding sites based only on the
structure and preorganization of the heme binding site, which will be further
developed on the 4.2. section.

Based on these results though, it also appears that some amount of dynamic
behavior could exist, depending on the cases. In those cases, docking
calculations on apo structures may be unreliable and some amount of molecular
motions need to be considered. In the following section we will study the heme
binding mechanism, two opposite cases (HasAy, and HasAyp). The former
corresponds to a slight conformational change upon heme binding and the latter
to a major one. These are particularly interesting cases because they correspond
to very close analogs from two pathogenic bacteria. The previous docking
calculations suggest that this unique structural difference could describe very
different heme binding modes.

As there is no clear molecular description of heme uptake and only a limited
number of studies regarding heme binding mechanisms exist, this computational
study pretends to give further insight by focusing on hemophores HasA. The
challenge of this work lies in comprehending the precise nature of the
interactions between heme and hemophore HasA and their dynamic nature. It
requires combining different computational approaches, including enhanced MD
simulations and molecular dockings.

4.1.2. Heme binding processes in hemophore HasA

HasAs are extracellular heme-binding proteins that gram-negative bacteria use
as heme uptake system. They can acquire free heme or extract heme from
hemoglobin and deliver it to a specific receptor at the cell surface, HasR.?%>%%%
Heme is transported across the outer membrane to the periplasm by HasR,
whose active transport is dependent on the energy provided by TonB or HasB

complex.”®* Once in the periplasm, periplasmic binding proteins transfer heme
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to an ABC transporter to be internalized to the cytosol, where the heme is

).265

degraded and used as an iron source (Figure 4.1 HasA uptake systems have

been identified in different negative gram bacteria organisms, including S.

marcescens, P. aeruginosa, P. fluorescens and Y. pestis.266‘268

K\ Heme /_\ ’ Free heme
HasA K/ ‘

Hemoglobin

Outer
membrane

Periplasmic
space

Inner
membrane

Cytosol

Degradation . .

Figure 4.1: HasA mechanism of heme transport into cytosol for gram negative bacteria.

Interestingly, some hemophores from this family seem to have very distinctive
heme binding mechanisms as already showcased by the previous docking
studies, HasA from Yersenia pestis (HasAyp) and HasA from Serratia marcens
(HasAgm). The HasA family contains a « + 8 fold structure, within which the
heme is found between two large loops at the interface of the a and the B
domain: L1 and L2.2°1?%° The overall structure of the heme-bound form of both
HasAyp and HasAgy is similar, and the sequence identity is 31% (Figure 4.2),

with the less conserved part being located at loop L1.7”
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Figure 4.2: a) Structure of HasA with secondary structure regions and heme coordinators indicated.
b) Alignment sequences HasAyp-HasAsm. Reprinted from [271].

Despite this, experimental structures of both species” apo and holo forms show
striking differences (Figure 4.3). In HasAyp, L1 loop position is almost invariant
in apo and holo forms with a closed conformation, whereas in HasAgy, a very
large conformational change is observed between apo and holo form. The L1 loop
displays an opened form in the apo structure and a closed form in the holo one,
a motion of about 15 A. The difference is the axial coordination of the iron in the
two holo forms; the heme is bound to Tyr75 for the L2 loop in HasAyp,, whereas in
HasAgm it coordinates to both Tyr75 (L2) and His32 (L1).

Even though the spectroscopic data and the comparison between the apo and
holo structures does not provide a clear molecular understanding, it can be
deduced that very distinct heme binding mechanisms could occur. In this regard,
computational tools could be a very valuable asset. Computational studies have
been previously performed on HasA from Pseudomonas aeruginosa (HasAp),
which displays similar geometrical features to HasAgy. Targeted molecular
dynamics simulations (TMD) were applied to study the behavior of apo-HasA,
upon heme binding. This led to the identification of a series of interactions and
motions in helices #2 and a3 that could participate in the closing of loop L1.!%*
Classical MD have not been able to simulate the transition from apo to the holo
in HasA,, these have been used with mutant forms to pinpoint the residues that
could be important for the closing of loop L1, such as Arg33.””? However, Arg33
is not present in HasAgm and the residues involved in this species are not known.
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apo
loop L1

Figure 4.3: Structure overlap between apo (1ybj) and holo (1dkh) forms of hemophore HasA from
Serratia marcens (left) and apo (4jes) and holo (4jet) form from Yersinia pestis (right). Shifts between
apo and holo form in loop L1 are indicated. Reprinted from [271].

So far, the only computational study conducted on HasAgn, also involves TMD
simulations. This study unravelled a funnel mechanism for the transfer of heme
from HasA to HasR.?” Regarding HasAyp, no computational simulations have
been reported. It is important to emphasize that TMD?* simulations are
informative for molecular mechanisms, but they are inherently biased as the
steering forces are always defined to force the system towards a defined final.
Such restraints restrict the ability to assess the conformational space that the
protein explores. In this context, the evaluation of the conformational exploration
of the apo form under standard conditions is biased by the restraints, making it
difficult to determine the extend to which this exploration can be related to the

heme binding mechanism.

The aim of this project is to apply a methodology that allows a wide
conformational exploration of the apo-hemophore structures and long-range
motions without imposing specific geometric restraints. The chosen method for
this purpose is Gaussian accelerated MD (GaMD)?*, methodology previously
described in 2.2. Using a combination of GaMD simulations, the apo structures,
intermediate heme-bound complexes, and the final complex were simulated to

identify possible heme binding mechanisms, for both HasAy, and HasAgsm. The
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findings of this study give interesting insights into different heme binding
mechanisms that could better envision protein engineering processes for heme

containing enzymes and for artificial enzymes.

4.1.3. Methodology

The computational framework for this work combines two techniques: molecular
dockings and GaMD simulations. The protocol starts with obtaining the

)>’>, which is

crystallographic apo form available at the Protein Data Bank (PDB
used as starting point to run the initial GaMD simulation. The trajectories are
analyzed, and the most representative cluster is used as input for dockings
calculation of heme. From the docking results, GaMD simulations on
heme-bound intermediates are performed to study the effect of heme binding to

the protein conformation (Figure 4.4).

Step 2
Heme
Docking

Figure 4.4: Multi-level computational protocol followed. Reprinted from [271].

System Set up: The X-ray structures of the apo forms of heme containing

276

proteins were retrieved from the Protein Data Bank (PDB), 1ybj~"® was used for

the apo form of HasAsm and 4jes”®” for HasAyp. Any crystallographic waters and
small molecules present in structures were eliminated using UCSF Chimera®’”.
Hydrogen atoms were added using Chimera. To ensure accurate prediction of
protonation states of ionizable groups, the webserver H++ was employed to

double-check.?’8
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Docking calculations: Dockings were carried out with GOLD5.2%* using a
simulation box of 10-15A, centered at the heme binding site. When necessary,
side chain flexibility was applied on specific residues using the default rotamer
library. The minimum number of operations was set to 100.000 and the number
of the Genetic Algorithm (GA) runs to 50 for higher accuracy. For evaluating the
solutions, the optimized version of Goldscore discussed in section 2.2, capable of
predicting metal-protein interactions, was used.2%¢

GaMD simulations: Unconstrained enhanced sampling was performed with the
GaMD method.” As starting point for GaMD calculations, the coordinates
derived from a classical MD after 10-20ns were used. In GaMD calculations,
igamd was set to 3, applying force to dihedrals and to the total potential energy,
while the threshold energy was set to the lower bound with a value of IE=1.

All systems were prepared with the xleap?”’. The force field ff14SB was applied
for proteins, GAFF for non-standard residues, ions94.lid for ions and TIP3P for
water.’®) For metalloproteins, metal parameters were obtained using the
MCPB.py approach.'®® In MCPB.py, the charges were calculated using RESP?®!
and the force constants and equilibrium parameters between the metal and the
residues were calculated using the Seminario method.”®? Gaussian09°%* was used
for optimization and frequency calculations at DFT level in water solvent (SMD
continuum model).?%* The B3LYP hybrid functional, with Grimme’s dispersion
D3?!2, was employed with SDD+F (Fe) + 6-31G(d,p)*®. Different Fe oxidation
states (Fe?* and Fe3*) and multiplicity (low and high) were considered. Final

calculations were performed with Fe** and the multiplicity at sextet spin state.

For all GaMD simulations, the protein was solvated using an explicit solvent
approach, in which the protein was embedded into a cubic box with a neutral

charge. All simulations were performed using AMBER18%”

and periodic
boundary conditions. Before the GaMD, preparatory classical MD simulations
were performed. For these, an energy minimization was carried out to avoid
steric clashes and relax the system, followed by equilibration steps that gradually
heated the system from 100K to 300K. Finally, a production run of 10-20ns was
performed. GaMD simulations started from coordinates of preceding classical
MD. A GaMD equilibration of 50ns was performed followed by a production run
of 800ns. In all cases, to ensure convergence and complete exploration of the

conformational space, three replicas of each calculation were performed.
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Analysis of GaMDs: All GaMD trajectories were processed using cpptraj

implemented in Ambertools””’

and cluster analysis was performed with
MDtraj.”*® The convergence of trajectories was assessed by evaluating the
following factors: RMSD with respect to the initial structure, all-to-all RMSD,
RSMF, PCA and a clustering counting method. These analyzes were performed
using only the a-carbons. For interaction analysis, the getContacts.py”®’ script
was used and modified accordingly to analyze all interaction types along the
GaMDs simulations. The results from different replicas were combined to
determine the mean frequency of contacts across all replicates. To study the
differences between the apo and holo simulations, the variation of interactions
was calculated and normalized. To calculate free energies, GaMD reweighting

was performed with the PyReweighting toolkit and the Maclaurin method.”

In the following sections, HasAy, and HasAgy results are discussed separately
and then a comparison between the two hemophores is presented.

4.1.4. Results of Hemophore HasAy,

As represented before in (Figure 4.3b), the difference between the apo and the
holo crystallographic forms of hemophore HasAy,, is minimal, loop L1 remains
in similar disposition in both forms. The objective of this part of the study was
to assess the conformational space to see if changes in L1 could exist with respect
to the X-ray structures. The main question to answer is: would it be possible
that the loop could eventually reach conformation like HasAgy, in the absence
of heme? Three replicas of 800 ns GaMD simulations were performed to solve
this question. The combination of five analysis tools revealed that after 800ns, all
three replica simulations had converged, and the conformational space sampled
minimal changes in the overall structure of the protein (Figure 4.5a and B.1).

The visual inspection of the trajectory and clusters of the GaMD simulations
revealed how the tertiary structure of the protein, the pB-sheet, and a-helices
displays very little conformational changes (Figure 4.5b). The loop and hairpin
regions show some degree of flexibility, in particular hairpin H3 and loop L1
have an average RMSF of 2.86 and 1.87 A respectively (Figure 4.5c). The latest
oscillated during the simulation around its resting position although with only
small changes in its rearrangement and could partially acquire the conformation
of a small turn or helix.
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a) Cartesian coordinate PCA b) /
6
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Figure 4.5: GaMD simulation of apo HasAy, a) PCA extracted from one replica. b) Main cluster
represented in red and remaining in gray. ¢) RMSF average of three replicas. Reprinted from [271].

Within the MD trajectory, only in punctual sections of the MD trajectory loop L1
reaches two slightly distinct conformations, highlighted in Figure 4.5b. The first
conformation reflects a more closed arrangement, in which it could be expected
that the heme could not bound. The second corresponds to a slightly more open
disposition, but it never reaches the open conformation observed in the apo
structure of HasAgy. To investigate the factors that influence this system to
remain in general in a close conformation, an analysis on the interactions during
GaMD simulations was performed. The aim of this analysis is to find which are
the most relevant interactions that keep loop L1 in this “closed” arrangement.
Hydrophobic interactions and hydrogen bonds were observed as preponderant
during the whole simulation (>75%) in between the a-helices and B-sheets, which

keep the general structure invariable during GaMD simulation.

The heme binding regions is maintained in the same conformation due to a
network of several 7-contacts between aromatic residues of the pocket (Tyr55,
Phe43, Phe83, Tyr75, Phe50, and Phe77) (Figure 4.6a). These interactions also
contribute to keeping the stability of the overall protein structure in the absence
of heme. Upon closer examination on loop L1, it was observed that several
interactions could be responsible for maintaining it in the crystallographic
arrangement and preventing it from reaching an open form. Throughout the
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entire simulation, strong salt bridges and hydrogen bonds between residues
Lys148 and Argl44 from helix-o« A2 and residues Asp29 and 31 situated at the
Nter of loop L1 were detected (Figure 4.6a). In addition, during 25-50% of the
GaMD, hydrogen bonds between polar residues of loop L1 (Lys38, Arg40, Ser60),
and the backbone or side chains of the same loop were found, which kept the
small helix and loop conformation. Overall, the hairpin H3 exhibited highest
flexibility due to the lack of strong interactions.
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Figure 4.6: Interactions from HasAy, GaMD simulations. Hydrogen bonds in blue and hydrophobic
contacts in orange. a) Interactions from GaMD apo.b) Interactions with heme from GaMD holo.
Reprinted from [271].

To gain a deeper understanding into the heme binding process, protein-ligand
docking of the heme cofactor was performed using the most representative
protein conformations of the apo GaMD trajectory. Given the substantial
resemblance between the apo form and the holo structures, it was not surprising
that the dockings showed excellent scoring values (90 GoldScore units) for heme
binding. The resulting complexes showed a structural arrangement similar to the
experimental structure, featuring in all solutions the presence of a coordination
bound between the metal and the Tyr75.

GaMD simulations with the heme bound were performed to validate the
structural integrity and stability of the heme-HasAy, complexes predicted by the
dockings. The hypothesis was that these complexes may differ from the X-ray
structure and the aim of these simulations was to see how the presence of the

heme affects the overall structure of the protein. Three replicas of GaMD
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simulations starting from the heme-docking position were undertaken. No
significant conformational changes were observed in the analysis of the GaMD
trajectories of the holo forms of HasAy,,. In the three replicas, the systems tend to
reach convergence after 100 ns only. This is reflected in the stability of RMSD,
cluster counting, and PCA analysis (Figure B.2). Neither the entire tertiary
structure nor secondary motives, including loop L1, presented significant

variations.

As in the apo GaMD, the core structure of the protein showed again low
flexibility and high stability, differences could only be found in loops L1, L2 and
helix a-2. These appeared to have more flexibility in the apo than in the holo
form, specifically loop L1, which showed the highest difference (average RMSF
difference of 0.79 A) (Figure 4.7). The only region that was slightly more flexible
in the holo form was the hairpin H3 (average difference RMSF 0.13 A). Therefore,
it can be concluded that the presence of heme restricts the movement of loop L1.
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Figure 4.7: RMSF difference between apo and holo from GaMD of HasAy,,. Represented in blue are
regions with RMSF higher in the apo form, and in red, regions with RMSF higher in the holo form. No
significant RMSF differences in yellow. Reprinted from [271].

When comparing the network of interactions of the amino acids between the
holo and apo forms, it was observed that most hydrogen bond interactions are
preserved in both systems. In general, the holo form shows less interactions than
the apo within the loop L1 and between the loop and the rest of protein, as these
residues are now interacting with the heme. Despite the absence of direct
coordination between heme and any residue of loop L1, strong interactions
appear between the prosthetic group and the loop, reducing its flexibility.
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The heme moiety forms crucial hydrogen bond and salt bridge interactions
between the propionates and residues Argl44, Arg40, and His135 (Figure 4.6b).
These interactions are maintained throughout most of the simulations. Therefore,
they may be responsible for maintaining loop L1 in a closed disposition even in
the presence of heme bound. In addition, the hydrophobic interactions involving
Phe43, Phe83, and Tyr55 observed in the apo system now are directly interacting
with the heme instead of between themselves. Overall, the calculations revealed
that the hydrophobic residues Tyr and Phe43,83,50,77 within the binding site
serve as a platform for the binding of heme. On the other hand, positively
charged residues Arg144,40 and His135 stabilize heme through salt bridges and
also force the propionates to face the solvent.

4.1.5. Results of Hemophore HasAgy,

As introduced before, the apo and the holo form of HasAgy, present different
conformations regarding loop L1, the opposite case of HasAyp. The apo form of
HasAgsn presents an open conformation, while the heme-bound form adopts a
close conformation (Figure 4.3a). The objective of this part of the study was to
investigate the nature of the interactions occurring in both the holo and apo
forms of HasAsy and understanding the differences for heme uptake with
respect to the HasAy,, system. Specifically, to see if loop L1 in the open apo form
can shift towards the close conformation or if the binding of heme induces the
conformational change of loop L1. Following the same protocol, GaMD
simulations were carried out on the apo form of HasAgy. His32, which is the
heme axial ligand, could be in different protonation states and influenciate the
flexibility of loop L1. Therefore, simulations were performed with different
protonation states of this residue, but no significant differences were observed. In

this work, the system with His32 with monoprotonation at Né will be described.

The analysis of PCA and clustering counting showed that the GaMDs reached
convergence by the end of the 800ns simulations (Figure B.3). The a-helix or
B-sheets of the system did not show any major conformational changes.
However, some variations were observed in the loop and hairpin regions (Figure
4.8a). The RMSF analysis showed the highest values for loop L1, L2 and hairpin
H1, H3 (Figure 4.8b). Despite the considerable flexibility of loop L1 (average
RMSF about 1.84 A), no major movement of loop L1 was observed in any of the
replicas. Throughout the entire simulations, loop L1 always remained close to
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the initial open conformation without transitioning toward more closed
conformations. Therefore, nothing in the three converged replica simulations of
800ns suggests that the apo form of HasAgm could naturally move toward a more
closed conformation without the presence of the heme cofactor.
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Figure 4.8: GaMD simulation from apo HasAy, a) Main cluster and two extreme positions of loop L1.
b) RMSF extracted from GaMD with most relevant regions. Reprinted from [271].

Analysis of the interactions during the GaMD simulations was performed to
better understand why L1 is not able to escape its open conformation and to
reach the close heme-bound like states (Figure 4.9a). It seems that a network of
hydrogen bonds between loop L1 and three other regions contribute on keeping
the loop L1 fixed. The N-terminal part of loop L1 is fixed by interactions between
Val30, Asn36, and Thr38 with hairpin H2 (Asn62 and GIn63). The central
residues, Thr38 and Ser39, mainly interact with B-sheets B5-6 (Ser99 or GIn109),
ensuring that the most flexible part of the loop is fixed. The C-terminal part
presents interactions of the backbone 4044 with B-sheet B3 and the side chains
of Ser42 with Ser58-59. All these interactions seem to prevent loop L1 from
transitioning into heme-bound conformations and keep it fixed to the initial close
position. This is reinforced by a network of hydrogen bonds in the heme binding
regions involving His83, 128, and 133.

In terms of the hydrophobic interactions, hairpin H3 is involved in rr—stacking
interactions that stabilize close contacts with S-sheets B2-3 and loop L1. Key
residues in these regions are Tyrd6 and Ala56 from B-sheet B2, which interact
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with hairpin H3 or -sheets B5-6 with Pro105, Tyr106, and Leu98. However, it is
important to highlight that the most relevant hydrophobic interactions are not
related directly to loop L1 but rather to the heme binding region. There is a very
robust network of several rr—stacking contacts between the aromatic residues
Phe45, Tyr75, Leu85, and Tyr55 (Figure 4.9b).

As the GaMD simulations of the apo-HasAgy, did not show any conformational
changes of loop L1 consistent with the heme-bound structure, the most plausible
explanation would be that the conformational change is induced by the binding of
the heme. Therefore, heme dockings followed by GaMD simulations with heme

bound were performed.

Similar to HasAy,, dockings predicted good binding affinities (GoldScore values
of 68) and similar binding poses as observed in the X-ray structure of the
heme-bound form, with a coordination bond between the heme and the oxygen
of the side chain of Tyr75. These finding suggest that binding of the heme to
HasAgm could perfectly happen without requiring loop L1 to transit to the X-ray
position and the His32 to coordinate the remaining axial site. Interestingly, the
propionate groups from heme were facing the inner part of the protein in the best
docking solutions. However, after 10-20ns of a classical MD simulation, the heme
rotated toward the external part of the binding pocket and ended with a
structure with excellent matching with the experimental holo form. These
simulations were followed by three replicas of 800ns GaMD simulations.

The statistical analysis of the GaMD simulations (clustering, PCA, RMSD)
revealed that convergence is reached after 100-400ns depending on the replica
(Figure B.4). The system visited distinct conformations according to PCA
analysis as depicted by the presence of several wells (Figure 4.10a). On the other
hand, the RMSF analysis showed that the loops and hairpin regions were the
most flexible part of the protein, specifically, it is in fact loop L1 the most flexible
one. When comparing the RMSF with the apo form, once again the rigid core
structure displayed very low flexibility and no changes in the tertiary structure
were observed, except for loop L1 (RMSF difference of 4.1 A) and the -sheets B3
(RMSF difference 0.98 A) (Figure 4.10b. In general, the apo form has less
flexibility, except for loop L2, which is more flexible in the apo form.
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b) Apo HP

c) Holo HB

e) Normalized diff. ) Normalized diff.
Apo HB
Holo HB

Figure 4.9: Representation of hydrogen bonds (HB) and hydrophobic (HP) interactions during GaMD

of HasAgm in apo (a,b) and heme-bound before loop closing (c,d) . Normalized difference between apo

and holo forms of both hydrogen bonds (e) and hydrophobic interactions (f) is represented. Reprinted
from [271].
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Figure 4.10: a) PCA of replica from holo GaMD of HasAsy,. b) RMSF difference between apo in blue
and holo in orange extracted from apo and holo GaMD of HasAgp,. Reprinted from [271].

Upon visual inspection of the trajectory of the three GaMD replicas, a mechanism
for loop L1 closing was observed. Detailed analysis revealed that at the
beginning of the GaMD simulation, loop L1 tends to acquire an open
conformation, separating from the region of hairpin H3 and p-sheets B5-6.
Depending on the replica simulation, from 40ns up to 700ns, the loop adopts a
turn or small helix conformation and moves toward the heme binding site,
acquiring a more closed disposition (Figure 4.11a). This result support the notion
that the binding of heme at its pocket, which is at the opposite site of loop L1,
induces a conformational change at loop L1, initiating its closing mechanism.

In all GaMDs, it appears that once the heme has bound to the apo form, the
system did not maintain a stable holo structure with His32 as the 6th ligand of
the iron. Loop L1 oscillated between different states, at some points His32 was
facing the heme at distances consistent with coordination to the metal, while in
other instances His32 faces outside of the binding site preventing the
coordination with the metal. The distance of the coordinating nitrogen of His32
to the iron fluctuates between 3 and 12 A depending on the replica. This
behavior arises from the fact that the force field for the metal is bonded and only
allows one coordination state at a time. Since these simulations start with only
Tyr75 bound and the corresponding parameters of a pentacoordinated first
coordination sphere, no coordination with His32 is contemplated. Some Fe(III)
simulations show shorter distances than in Fe(Il) calculations, but the absence of
an explicit Fe-His bond in the parameterization is the origin of the fluctuation.
Additional GaMD simulations were performed to investigate further this point.
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On one side, the holo X-ray structure (IDKH)* was subjected to GaMD
simulations, with the same parameters, Fe-Tyr coordination and no coordination
term for the Fe-His bond. In these simulations the His32 separates from heme
binding pocket and fluctuates around 7.43 A (going from 2.7 to 17.9 A). However,
loop L1 remains mostly in a closed geometry (Figure 4.12). Furthermore, GaMD
simulations starting from the snapshot with the heme bound to Tyr75 with the
smallest Fe-Ny;s distance (2.9 A) were performed. For these simulations
parameters for the hexacoordinated metal with axial His-Fe-Tyr configuration
were applied. In this case, loop L1 quickly reaches a conformation close to the
experimental holo form (RMSD of 0.78 A), and a stable His—Fe bond is observed
during the simulation. This data emphasizes that reaching the final
hexacoordinated structure requires the His coordination to be properly modeled.
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Figure 4.11: GaMD simulation of HasAg, with heme—-Fe(III) bound. (a) Frames of GaMD showing the
loop L1 closing process colored according to the distance between Fe and His32 during GaMD. Graphic
of distance Fe-His32 represented. (b) PCA analysis colored according to the distance between Fe and
His32 during GaMD. (c) Reweighted PMF calculations in front of PCA1 and distance Fe-His32. (b,c)
are obtained using the fragment of the trajectory in which the loop is closing. Reprinted from [271].

The fluctuations of the protein following heme binding is the major determinant
in the loop L1 closure motion. PCA analysis of fragment trajectory where loop L1
closes with respect to the Fe-His32 distance reveals how PC1 involves the
movement of loop L1 (Figure 4.11b). Furthermore, reweighted PMF calculations
based on the PCA1 distance Fe-His32 show that the barrier of the system
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between the two different states is less than 8 kcal/mol (Figure 4.11c and B.5).
This relatively low energetic barriers suggest that the transition between the
open and close states is energetically feasible.

Examination of the interactions reveals the changes caused by the binding of the
heme in the network of hydrophobic and stacking interactions (Figure 4.10c,d).
Essentially, the binding of heme disrupts all the previously mentioned
rt-stacking and hydrophobic interactions within aromatic residues of the heme
binding site (Tyr75, Tyr137, His83, Tyr55, and Phe45). These residues instead of
interacting between themselves, now interact with the heme molecule itself.
Moreover, the interaction between Tyr46 and Tyr106 weakens, resulting in an
increased flexibility of hairpin H3. Consequently, hairpin H3 separates from
B-sheets B2-3 and from loop L1, which in fact impacts loop L1 and its hydrogen
bond interactions. In the initial stages of the simulations, all hydrogen bonds
between L1 and hairpin H3 drastically weaken, making it more flexible. Instead,
loop L1 establishes more hydrogen bonds with B-sheets B5-6 and hairpin H2,
mainly with Thr60, Asn62, and GIn63.

a)

Distance Fe-His during GaMD
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Figure 4.12: GaMD simulation of X-ray holo (1dkh) from HasAsy, with heme-Fe(III) bound and only
Tyr coordination a) Distance between Fe and His32 during GaMD b) Most representative cluster of
GaMD simulation with distance between Fe and His32 displayed. Reprinted from [271].

As previously mentioned, the binding of the heme decreases the m—stacking
interactions in the heme binding site. For instance, interaction between Phe4b
from loop L1 and the residues of the heme binding site decrease, consequently,
Phe45 interacts with residues Leu50 and Leu77 from hairpin H1. This change of

interactions triggers conformational changes in the region of hairpin H1 and
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C-terminal of loop L1, potentially resulting in the formation of a turn or
semi-helix in disposition on loop L1. As a results of this, the previously
mentioned interactions with pB-sheet B3 and H2 are replaced by a series of
hydrogen bonds within the loop L1 itself. Consequently, this causes the
separation of loop L1 from B-sheets B5-6, and loop L1 starts to move toward the
heme binding site. Simultaneously, a-helix A1 moves closer toward a-helix A2.
Once loop L1 adopts a closed disposition, a series of hydrogen bond interactions
between Asn31 and Val30 from loop L1 and Ser141 from a-helix A2 maintain
loop L1 in a close conformation. More clear tendencies can be observed when
comparing and normalizing the frequency of these interactions with the apo
form (Figure 4.10e,f).

4.1.6. Conclusions: comparison of both systems

In this study, the combination of GaMD simulations and docking highlights
differing patterns of heme binding mechanisms between the hemophores HasA
from Y. pestis and S. marcescens. Simulations on the HasAy, clearly demonstrate
that the apo form remains in a geometry like that of the holo form. The transition
between a close and open conformation resulting from the movement of loop L1,
as in HasAgm, is never observed despite GaMD simulations allowing extensive
conformational sampling. Calculations show that this is due to specific salt
bridges and hydrogen bonds between negatively charged residues of loop L1
(Asp30 and Asp31) and positive residues from helix from the core (Lys148 and
Argl44). It can be concluded that the mechanism of heme binding would
correspond to a very light conformational selection as the binding of the heme
only slightly impacts hydrophobic interactions, but not sufficiently to disrupt the
geometry of loop L1.

Simulations performed on HasAgy show that both apo and holo structures exhibit
remarkable stability and no structural rearrangement of loop L1 is observed in
either case. Apo simulations demonstrate that the binding site of the heme is
well pre-organized and that binding should occur naturally. Despite the open
conformation of loop L1 and no coordination with His32, heme successfully binds
to its cavity and coordinates with Tyr75 from loop L2. A crucial finding of this
study is that the movements of loop L1 are only observed after the heme process
occurs. Analysis of contacts shows that the binding of heme disrupts the network
of hydrophobic and rr—stacking interactions at the heme binding site and that this
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information is propagated to the other extreme of the protein. As a consequence
hairpin H3 acquires more flexibility and loses interactions with residues of loop
L1, leading to a disruption of the interactions between the C-terminal part of loop
L1. Both hydrogen bonds and hydrophobic contacts with hairpin H2 and B-sheets
B5-6 are broken, which causes loop L1 to be more flexible and move up to the

heme binding site.

From this work it can be concluded that in both cases, the apo forms are very
stable and well pre-organized for the binding of the heme. In both cases, the
binding of the heme occurs without any previous major conformational changes
including the loop transition. These findings suggest that the binding of heme
can be predicted in the apo forms of heme proteins. The main differences
between both species come from the cascade of molecular events happening after
the heme binds and the conformational changes associated to them. While very
little perturbation of the overall map of contacts and interactions happens in Y.
pestis, a series of changes take place in S. marcescens, which cause the closing of

loop L1.

Compared to previous studies, here we can simulate the transition from apo to
holo without forcing or constraining the system. Long GaMD simulations of 800
ns simulations have been performed, which have allowed all systems to
converge and observe significant conformational changes.  Furthermore,
performing three replicas for each case assured that these events are not casual.
This study completes our knowledge on heme binding complexity and how
long-range interactions could be crucial for defining the heme-bound geometry
and the mechanism of acquisition.
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4.2. Development of software for the identification of

heme binding sites

The prediction and identification of heme binding sites plays a crucial role in
understanding better natural heme binding processes, but also provides insight
in the design of ArM based on heme. Around 2010, several research groups
started to dig into heme-protein interactions. Schneider et al identified the main
structural motifs and interactions between heme and proteins.’®’ Smith et al
performed an in-depth study of binding sites of 34 heme-associated binding
proteins belonging to different families and reported how specific structural
characteristics of heme binding sites lead to different heme functions.”” In 2010 Li
et al conducted research focused on studying different aspects on heme binding
site properties. The binding site environment of a non-redundant set of 125 heme
binding was analyzed and revealed that heme binding pockets contain mainly
residues with aromatic and non-polar properties. Interestingly, a visual
comparison of ten apo-holo heme binding structures revealed that in 90% of the
cases proteins suffer very small conformational changes upon heme binding,
suggesting that in most cases, apo form can be used to predict heme binding.”®

Based on these works and as experimental determination is time-consuming and
expensive, development of computational methods for predicting heme binding
sites have emerged over the past years. HemeBIND was the first to predict heme
binding residues integrating structural attributes like solvent accessibility, depth,
and protrusion with sequence information like residue evolutionary
conservation. This software is based on the supervised machine learning method
Support Vector Machine (SVM) that was trained on a dataset of 141

non-redundant proteins.”’”

The same group developed a second version,
HemeNET, which uses residue interaction network as input. The prediction of
heme binding residues was improved by combining topological features of the
residue network like degree or closeness with structure/sequence
information.””” HEMEsPred also combines structural and sequence information
to predict specific heme B or heme C binding sites using an adaptive ensemble

learning method to enhance the prediction.?’!
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On the other hand, there are heme predictors based purely on sequence
information, as in the case of SCMHBP?"® or Xiong et al predictor.””> The former
exclusively relies on sequence information, while the latter combines sequence
evolutionary and physicochemical properties. The most recent heme predictor
algorithm SeqD-HBM is based on experimental analysis of heme-peptides that
lead to a set of sequence features to heme predicting motif.””’ This algorithm is
now implemented on HeMoQuest, a predictor that is aimed at transient heme

binding sites.>”

So far, heme predictors are sequence based or hybrid structure / sequence
methods.  Although these approaches are particularly relevant for natural
enzymes, they can be a limitation for de novo systems which have not yet evolved
for heme binding processes. That would be the case of heme-based artificial
metalloenzymes. The aim of this work is precisely to provide a new piece of
software for detecting heme binding sites based exclusively on the protein
structure and the geometrical predisposition of heme binding sites. Furthermore,
due to the principles of this software, a novel functionality is implemented,

designing new heme binding site for ArM.

4.2.1. Conceptualization of the software

124 which is a

This program was conceptualized from the idea of BioMetAl
predictor of metal binding sites based only on the preorganization of the
backbone. It uses three geometrical criteria from the backbone to make the
predictions: the distance from the metal to the a-carbon dist(a-M), the distance
between the metal and the -carbon dist(-M) and the angle between the metal,
the a-carbon, and the B-carbon angle(a-B-M). Despite the success of BioMetAll in
predicting metal binding sites, it is not entirely suitable for detecting heme
binding sites because it does not consider the real dimension of the prosthetic
group including the volume of the binding site, or the properties of the
surrounding residues. Moreover, BioMetAll does not account for the possibility
of axial coordination by either one or two amino acids.

Here we present a new program called HemeFinder that has the central
philosophy of BioMetAll, but includes additional descriptors of heme binding
(Figure 4.13). HemeFinder aims to predict heme binding sites considering only
structural information in a fast approach relying on two assumptions:
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1. All heme binding sites shared common geometrical properties for a well
pre-organized binding site.

2. The coordination of the metal by axial amino acids is determined by the
preorganization of the backbone of the same coordinating residues.

HemeFinder workflow is based on first detecting cavities within the protein,
calculating its volume and storing them as grid points (probes) using a
pyKVFinder.””” Then, for each of the probes of the cavity it is determined which
surrounding residues fulfill these three geometric criteria (dist(x-M), dist(B-M)
and angle(x-B-M)) and could coordinate heme. At this point, feasible mutations
can also be suggested. After calculating the centroid of all the coordinating
probes, an ellipsoid is defined with all the probes at certain distance. The size of
the ellipsoid and the properties of surrounding residues are calculated to assess
the suitability of the binding site to bind a heme moiety.
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Figure 4.13: Basis of HemeFinder prediction.
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4.2.2. Statistical analysis

To establish the foundation of HemeFinder, an initial statistical analysis of all
heme-containing protein structures from MetalPDB was conducted. It served to
extract the principal properties associated with heme binding sites. The analysis
focused on three main properties: volume and shape of the binding site and the
types of residues surrounding the heme binding site. Additionally, the three
geometrical descriptors from the backbone that define coordination and the
proportion of Fe-coordinating residues were analyzed.

In 2022, MetalPDB reported a total of 5.164 PDB entries containing a total 13.133
heme binding sites. To perform the statistical analysis, 90% of these entries, were
selected randomly using function train_test_split from sklearn and the other 10%
of the entries were saved for the benchmark. However, due to poor annotations
of the coordinating residues or heme name in MetalPDB or inconsistencies in
PDB structures, the final number of entries analyzed was lower. Consequently,
3.812 PDB structures (9.229 heme sites) were used for the analysis of geometrical
descriptors and the analysis of the properties of binding site was performed on
4.570 PDB structures (11.490 heme sites).

For the analysis of the main physical properties of the binding site, all PDB were
downloaded, and each heme moiety was removed from the binding site. This
analysis was performed using an in-house script including PyKVFinder’”
module to define the heme cavity, obtain the volume and save all cavities as a
grid of probes. From the cavity files, the shape of the binding site was
characterized using a series of functions as an ellipsoid with its principal axes.
The environment of the binding site was defined by the different types of
residues, all residues that were considered should be at a distance lower than
6.5A from carbon « and 5 A from carbon B from any point of the cavity. This
analysis revealed how the distribution of the volume of an average heme binding
follows a gaussian distribution with a mean of 612.58+194.39 A3 (Figure 4.14a).
The shape of the principal axes of the ellipsoid shape are a=9.26+1.5 A,
b=7.64+1.2 A and ¢=3.12+0.52 A (Figure 4.14b).

When examining the residue environment of a heme binding site, the
composition that was obtained is represented in Figure 4.15a. Most residues
found in heme binding site are hydrophobic (57.05%) and contain large chains
(60.16%), being Leu and Phe the most common residues. Additionally, polar
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a) Volume heme binding site b) Size axes ellipsoid characterizing heme binding site

— Adjusted Principal axes ellipsoid
Histogram

0.0025

c

0.0020

Size (A)

0.0015

Density

0.0010

0.0005

0.0000

0 250 500 750 1000 1250 1500 1750

Figure 4.14: Statistical analysis of characteristics of heme binding site: a) Volume distribution with
Gaussian fitting in red b) Sizes of three principal ellipsoid axes.

aromatic and positive residues are also quite common, 36.38% and 14.22%
respectively. The presence of large hydrophobic residues can be explained by the
apolar and aromatic character of the heme. The polar and negative nature of
heme propionates can be related to the presence of polar and positive residues,
especially Arg. Negative residues are almost not present in heme binding site
(4%). It is important to emphasize that the classification of residues around the
heme binding site is not exclusive, as some residues may belong to more than
one category due to its properties (classification in Figure B.6). Regarding the
types of heme present in nature, most heme binding sites correspond to heme B
(23.72%) followed by heme C (22.96%) displayed in Figure 4.15b.
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Figure 4.15: Composition of a) different types of residues in environment of heme binding site b) Most
common types of heme.
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A pychimera?”® script was used to go through all the entries of the XML file from
MetalPDB and calculate the three geometric descriptors and the prevalence of
each coordinating residue. Results of this analysis show that the average
coordination number to the protein is 1.35 and the coordinating residues are His
(65.95%), Cys (18.65%), Met (9.94%) and Tyr (4.43%), which represent the 99% of
the whole database (Figure 4.16a). In consequence, as default, HemeFinder
considers these four main residues as coordinating and coordination number as
one. This analysis only accounts for protein residues, ligands are not accounted.
If ligands are accounted, the predominant geometry of Fe is octahedral, followed
by square pyramid (Figure 4.16b).
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Figure 4.16: Percentage of a) Coordinating residues and b) Fe geometries.

All three geometric features are represented in Figure B.7. Distributions depend
on the residue, but in all cases, individual residue distributions can be fitted to a
bimodal function. An additional analysis was carried out for entries with two
coordinating residues. Four descriptors were analyzed: the distances between
a-carbons/B-carbons of both coordinating residues, the angle between
a-carbons/ B-carbons and the metal of both coordinating residues. Results reveal
that distances follow a gaussian distribution (Figure B.8a), whereas angles follow
a bimodal distribution. The most common type of coordination is His-His and
His-Met (Figure B.8b).
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4.2.3. Workflow of software

With all the descriptors fitted from the previous steps, Hemefinder was set up. It
was entirely developed in Python3, containing as few dependencies as possible.
The overall workflow of HemeFinder is divided into six different steps that are

summarized graphically in Figure 4.17.

Protein cavity
detection

Geometric - Ellipsoid
criteria < 2 detection

Clustering - Clustering 9 Residues
cavities probes detection

Figure 4.17: Main six steps of HemeFinder workflow.

Protein cavity detection: Input protein file must be provided in pdb format, or
PDB ID can be specified, and its structure is directly downloaded from PDB
database. The protein is parsed using pyKVFinder module read_pdb and then all
residues are parsed only to retain coordinates and residue names of Ca and CS.
Protein cavities are detected using module defect from pyKVFinder and the
volume is extracted with the spatial module. Default parameters for pyKVFinder
calculations are established, but the user can modify the most decisive
parameters, like grid spacing of probes or the radius of the probes from
pyKVFinder that detect the cavity. Cavities smaller than the lower threshold of
2.5 standard deviation (SD) of our statistics study (1303) are discarded as they
would not be able to fit a heme molecule.

Clustering cavities: Cavities that have a volume higher than the upper threshold
of 2.5SD of our statistics study (10893) are split into smaller cavities. In big heme
binding proteins, cavities are connected by tunnels or may contain more than one
heme moiety. Consequently, when the volume is higher than the threshold,
clustering is performed to obtain the cavities of the mean size of heme.

297

Kmeans~"’ is used to perform the clustering with the number of clusters set to
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the proportion between calculated volume of cavity and the statistical median
value of a heme cavity. Each cavity is saved as a grid of probes separated by a
grid spacing of 0.6 A as default and they are saved in XYZ format. In cases in
which there are two coordinating residues, the distance between them is very
small and pyKVFinder leaves an empty hole where the iron is found. To avoid
this problem, a function for detecting these regions based on the density of
probes is applied and the mentioned holes are filled with probes.

Geometric criteria: For each probe of each cavity, the three geometric criteria are
checked. For each probe the software checks that dist(a-M), dist(f-M) and
angle(a-B-M) are within the range that is established by our statistic study for all
residues that could be coordinating. For the probes that fulfill all three criteria a
scoring is assigned depending on how good the possible coordination is
(explained in more details in following section). The output of this part is for
each probe, the coordinates of the probe, the residue number of the possible
coordinating residues and its score. At this point, if there are none possible
coordinating residues in the protein, the user can also request for mutations, as

the geometric criteria only depends on the backbone.

Clustering of probes: Once each probe has a score assigned and the possible
coordinating residues, all the probes that have the same possible coordinating
residues are grouped together and the scores are added. This provides a list with
the possible coordinating residues associated with all the coordinating probes

and a weighted geometric centroid with the scores.

Detection of the ellipsoid: From the centroid of the coordinating probes, all the
probes around a sphere with size 7.63A (mean size of second ellipsoid axes from
statistic study) are selected. The selected probes are modeled into an ellipsoid
using a function, characterized by its three axes and center. If the three axes have
a value lower than 2.5 standard deviation (SD) of the statistical study, this result
is discarded. This means that in these cases there would be coordination, but the
heme would not be able to bind in this binding site. For each ellipsoid, a score is
assigned depending on the centrality of the centroid against the ellipsoid center
(explained in scoring section).

Residue environment: To detect the residue composition of the cavity, a distance
matrix is calculated between all the probes of the ellipsoid and the a-carbon and
B-carbon from all residues. Residues that its a-carbon and p-carbon are within
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a distance of 6.5 A and 5.5 A (respectively) from an ellipsoid probe are stored.
The proportion of each type of residue is calculated and evaluated fitting it to the
statistical values obtained (explained in scoring section). This is used to obtain a
score that represents how adequate is the environment of the ellipsoid.

Sorting and scoring: Results from different clusters are integrated together. For
results where there are two possible coordinating residues, an additional
geometrical check is performed. The distances and angle between the two
a-carbon and the angle between the B-carbons and the centroid of the
coordinating probes needs to be lower than the values obtained at the statistical
analysis. If the values are higher, this result is discarded as the coordinating
residues are also separated for coordination. Finally, each of the three scores
(coordination, ellipsoid and residues) is normalized and the final score is
obtained as the sum of the three normalized scores, which can be found between
0 and 3, being 3 the highest score possible.

Output: The output of the HemeFinder is a pdb file that contains the centroid of
the coordinating probes, all the probes that make up the ellipsoid and the
coordinating probes (Figure 4.18). This file can be visualized with any
visualization program and each result is represented by different atom types
(Centroid = He, ellipsoid = Xe and coordinating probes = Ne). The software also
prints all the results and exports them into a json file, which contains all the
possible heme binding sites sorted by score and with its corresponding
coordinating residues.

Elipsoid probes

Coordinating
probes

Coordinating residues

Figure 4.18: Example of output obtained by HemeFinder.
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4.2.4. Scoring

The scoring of HemeFinder aims to assess the suitability of a cavity for the
binding heme considering three different items: geometrical criteria of backbone,
residue composition of environment and metal centrality in ellipsoid.
Geometrical criteria and residue composition scorings were developed
considering the statistical study.

Geometrical criteria of backbone:

This fitness function measures how close the preorganization of a certain
residues is to the ideal geometry required for binding of heme. To approximate
these ideal values, the previous statistical analysis of three geometrical
descriptors of coordinating residues: dist(a-M), dist(8-M) and angle(x-B-M) was
performed. The probability density function of the distribution of each
parameter was approximated as a bimodal function, both for its mathematical
simplicity and for the shape of the distributions observed. Thus, the likelihood
that a given residue will be able to coordinate given the set of geometrical
parameters x=dist(a-M), dist(3-M), angle(x-$-M) is approximated as the union of
the three distributions.

N=3
p(coordination|residue, x) = % 1:21 po(x;|residue) (1)

po(xi|residue) = Ayexp <_01;(;;;)2> + Atexp (_M) )

)
1 2-09

The score of the residue is defined by a bimodal distribution with a set of 6
parameters 6 = Ay, A, 1, p2, 01, 02. y; are the centers of the distributions; o; the
deviations; and A; a correction factor that accounts for the relative contributions
of each component of the distribution. To find the most appropriate set of
parameters ¥, the empirical data distributions were smoothen with a Kernel
Density Estimation (KDE)’**® with gaussian kernel and then the curves
po(x;i|residue) were adjusted to the smooth distribution using the

Levenberg-Marquadt algorithm?” for non-linear least-squares adjustment.
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As an example, in (Figure 4.19) are represented the distribution of the three
geometrical descriptors of residue His, fitted to a bimodal function in orange.
Distributions from Tyr, Lys, Met and Cys are represented in (Figure B.9).

a) dist(a-M) His b) dist(B-M) His C) angle(a- B -M) His
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Approximate POF Approximate POF \ Approximate POF

Figure 4.19: Bimodal distribution fitting for His. a) dist(x-M) b) dist(3-M) c) angle(x-3-M).

Furthermore, it is expected that some coordinating residues have more tendency
to coordinate heme than others. Therefore, this tendency is modeled as the
proportion of coordinations that each residue establishes with heme in the
database (N,,;4,.) OVer the total number of coordinations documented for heme
(Nheme,o0ord)- This allows coordinations involving a more common coordinating
residue to be scored higher than coordinations involving fewer common

residues. This is included as default, but can be excluded if the user desires.

Nresidue (9))

p(residue) ~
Nhemegoord

Combining the two previous expressions, the final scoring function is obtained as

following equation 4:

p(coordination) ~ p(coordination|residue, x) - p(residue) (4)

Residue composition:

This scoring function asses the environment of the heme binding site. The
statistical analysis of amino acid composition of heme binding sites was
performed in order to determine what is the most suitable environment for
stabilizing the heme group. The idea was to model the ideal environment
composition. Residues were divided into 5 groups attending to their chemical

nature as specified in (Figure B.6).
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Then, the proportions of each group within each binding site in our training set
was evaluated. The density function for each of the distributions generated was
approximated with a bimodal function as in the geometric criteria. Thus, given
a set c=aromatic,polar,... of features of the chemical environment of a possible
heme binding site. The probability of that environment being suitable for heme

binding is approximated as:

N2 d — i : d — i
o e () rer (52))

where the individual score for each of chemical features i is defined by a bimodal

distribution with 6 parameters i = {/\i, )\é, U{, (Té, yg, ylz} These parameters
are approximated as explained in the geometrical criteria. Distributions for each

group of residues are represented in (Figure B.10).
Metal centrality in ellipsoid:

The aim of this score is to measure the centrality of the calculated centroid of the
coordinating probes against the ellipsoid, which will give an indication of how
deviated from the center of the ellipsoid is the centroid. This is modelled as the
distance between the centroid of the coordinating probes (C;) and the center of the
ellipsoid (C,) divided by the mean length of the three axes of the ellipsoid (a,b,c).

\/(ch — Xeo)* + (Ycp — Ye)? + (Zep — Zc.)?
a+l39+c ©)

score ellipsoid =

4.2.5. Benchmark

To analyze how well is HemeFinder able to predict heme binding sites first we
tested its performance by conducting two different benchmarks. Benchmark 1
contained the remaining 10% of PDB entries from the MetalPDB that were not
used in the statistical study. Benchmark 2 includes all PDB entries that have been
added to PDB over the course of 2023 and was cleaned manually to avoid
redundancy. Both datasets were prepared by downloading all structures,
removing all cofactors/solvent and selecting only monomeric structure.

HemeFinder was applied to all systems with default parameters.
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In Table 4.2 are results for both benchmarks, with success rate referring to the %
in which HemeFinder was able to detect at least one of the coordinating residue.
In between brackets are results referring to the % for which HemeFinder was
able to detect the exact solution. In both benchmarks HemeFinder can find the
crystallographic heme in more than 90% of cases. In table 2 are also indicated the
ranking of solutions, which % was found in the top 1, top 3, or top 10 solutions.
For entries containing more than one binding site, the average was considered.
In both benchmarks, solution can be found in the top 3 solutions in more than
80% of cases. In general, the average time per calculations was 73.63s per entry,
48.78s if an outlier (very large protein that took more than 3h) is not considered.
The average rank position is between 2 and 3 in both benchmarks and in general
between 10 and 20 solutions are obtain for each run.

Success rate Top 1 Top 3 Top 10 Average Average num.
(%) (%) (%) (%) rank solutions
94.30 49.37 80.80 95.36 2.59 -
Bermdiment 1 (91.35) (30.03) (73.21) (90.93) (3.47) 11.33
96.43 44.64 82.14 92.86 2.81
ienches 32 (91.07) (32.14) (67.86) (89.29) (5.69) 21.50

Table 4.2: Results obtained for Benchmark 1 and Benchmark 2.

As the conceptualization of this software is different from the currently available
ones, no comparison with others has been performed. Still, the success rate that
we have shown is around current state-of-the-art programs. The idea of
HemeFinder is not to only find heme binding sites, but to find additional heme
binding sites that could make up possible heme pathways. It can also be used as
a fast ‘docking’” approach to be performed on several structures to find new heme
binding sites or design new ones. To show the uses of HemeFinder in the next
sections we present two practical studies that show its potentiality.

4.2.6. Case study 1: Detection of natural heme binding sites

The system of interest of this case study is Proton-Coupled Folate Transporter
(PCFT) or Heme carrier protein 1 (HCP1). Initially, this transporter was
identified as a low-affinity heme carrier found in the small intestine, specifically
in the duodenum.>”’ However, it is now established that this protein acts as a
high-affinity proton-coupled folate transporter.’’!*"? Specifically, it has a higher
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affinity for folate (Ky; = 1.67 uM) when compared to heme (K = 125 uM).3%
Currently, evidence suggest that PCFT/HCP1 acts primarily as a folate
transporter, but it is also involved in heme transport. Still, more research has to
be performed to understand its mechanism of heme uptake. The main missing

piece of information is where and how the heme binds to the receptor.’’+*%

So far one structure has been determined for HCP1, which was obatained by
cryo-EM from Gallus gallus (PDB 7BC7)*". This structure is in its apo form and in
open conformation towards the extracellular site of the transporter (HCP1-extra).
Additionally, an AlphaFold structure is available with open conformation
towards the cytosolic site (HCP1l-cyto). Comparison of both structures is
depicted in Figure 4.20. The objective of this case study is to use HemeFinder to
determinate where heme would bind, which would be the path of heme entrance
in both protein conformations and with which residues would heme coordinate.
The protein structures were downloaded from PDB and AlphaFold and prepared
to contain only HCP1 structure. HemeFinder was applied at default, all four
possible coordinating residues and a minimum of one coordinating residue.

a) HCP1l-extra b) Extracelullar side

Cytosolic side m
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Figure 4.20: Superposition of structures HCP1-extra (gray) and HCP1-cyto (blue) from a) a lateral view
b) the extracellular side and c) the cytosolic side.
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HemeFinder calculations reveal that in the open conformation toward the
extracellular site there is one possible binding site in between His70 and Tyr422,
whereas in the open conformation towards cytosol site there are two possible
binding sites, His255 and Cys405 (Figure 4.21). These two heme binding regions
would correspond to entrance or exit path for each site of the transporter.
However, calculations in both conformations suggest the same heme binding
regions on the center of the transporter.

There are three main binding heme regions in the center of the helix barrel: 1)
region of Tyrl65 and His289, best scored in both systems, 2) region in which
heme could coordinate with either Tyr296 or Tyr320, 3) In HCP1-cyto, there is a
site that has good score in conformation open towards cytosol, in which heme
could coordinate with Tyr323. Results reveal how most heme coordinating
residues would correspond to Tyr, which are known have low affinity for heme.
This could explain the low affinity for heme of this receptor and higher affinity
for folate. In figure 22a are represented all the residues that are involved in the
possible heme binding pathway, indicating in which of the two forms they

appear.

Figure 4.21: HemeFinder results obtained for a) HCP1-extra and b) HCP1-cyto.

Using Morphing tool implemented in UCSF Chimera, nine intermediate states
between both conformations were obtained and HemeFinder was used to find
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heme binding sites for all intermediates.?””2% In

Figure 4.22 are represented the
scoring for each binding site for all intermediates, number one representing the
closest to HCP1-extra and number 9 to HCP1-cyto. In this representation it can
be observed how His70 and Tyr422 disappear as the structures move towards
the open cytosolic form (represented in blue), whereas His225, Tyr323 and Tyr405
start to appear (represented in green). The binding sites found in the center of the
transporter (colored in red) are maintained in all states, but their scoring fluctuate
in the different intermediate states. This clearly shows that this central region
corresponds to the heme binding site and there are several possible coordinating

residues and 70-422 and 255-405 are two possible pathways that lead there.
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Figure 4.22: All possible heme coordinating residues obtained by HemeFinder in each intermediate
with evolution of scoring over intermediates HCP1-extra and HCP1-cyto.

In order to validate these solutions, molecular dockings were performed to
confirm that heme is able to bind in all these regions. Docking results reveal that
in some cases Tyr coordination could not be observed, maybe due to rotamer
restrictions. However, results show how both Tyr422 in the extracellular site and
His255 in the cytosolic site would be able to bind heme and coordinate it.

To compare the performance with other programs, calculations were performed
with the only two other heme predictors currently accessible, which are
HEMEsPred?! and HemoQuest.>”?> In both cases, calculations took 14 and 30
minutes respectively, whereas HemeFinder took 20s. HEMEsPred was used with
a threshold of 0.6 and 14 possible coordinating residues were found. As it uses
sequence as input and generates the structure, structure obtained is no similar to
crystallographic, consequently the reliability of the results can be questioned.
Most results correspond to residues that usually do not coordinate heme, except
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for M143, H289, C306 and C405. Met143 and C306 are found in the extracellular
region and are completely exposed to the solvent. Two of them, H289 and C405
were also suggested by HemeFinder and are found in the central region and
cytosolic part, respectively. HemoQuest looks for transient hemes and found 4
possible binding residues C23, H255, H289 and Y460. From these residues, the
only one that in the crystal structure are H255 and H289, both were also
suggested by HemeFinder, found in the cytosolic and central part respectively.

It can be concluded that HemeFinder is the fastest option available and as it is
able to offer the whole heme binding pathway. All software suggested H289 as a
possible heme binding site, which reinforces the validity of HemeFinder results.
Still, all other software available depend on sequence, therefore the two different
conformations of HCP1 can not be accounted for and neither HemoQuest nor
HemePred was able to find heme binding pathways.

4.2.7. Case study 2: Application in design of ArM

The system of interest of this study is a de novo protein that belongs to a family of
artificial proteins that are derived from a-helicoidal HEAT-like repeat protein
scaffold, named a-Rep. These systems contain variable positions that can be
mutated without implying any structural changes. a-Rep dimeric system has
been used previously to design ArM with Mn-protoporhyrin trough conjugation,

as explained in section 1.3.6.'%°

The aim of this part on the study it to assess if the
heme would be able to bind inside a-Rep directly and if not, which residues

could be mutated to have an ArM.

HemeFinder detects 5 possible heme binding sites, but only two amino acids can
bind heme: Tyr209 and Tyr24. Nonetheless, those residues are not the most prone
to give hemoproteins with good oxidative profiles, one would expect His or Cys
to provide better activity. The second part of the study was to assess if some
positions in the cavity could be mutated to these amino acids. Two calculations
were performed, using His or Cys as possible mutating residues. Regarding the
results of the His calculation, HemeFinder finds 52 possible residues that could
be mutated and coordinate with heme. From these, 41 correspond to variable
positions from a-Rep, residues that can be mutated without expecting structural

changes.
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On the other hand, 24 residues are suggested to be mutated for Cys, all of the
belonging to position that are variable. The five residues with the highest scores
are all in the middle of the helices, three of them in common between His and Cys.
In Figure 4.23 are represented the results obtained for His mutations.
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Figure 4.23: Results from HemeFinder with residues that could be mutated to His to coordinate heme
and its respective scorings.

To check the validity of these results, docking calculations were performed.
Residues suggested by HemeFinder were mutated to either His or Cys and
dockings were performed with this residue with free rotation to allow
coordination. Results for His and Cys are in table 3:

H240 2.62 80.84 Yes C240 1.58 68.61 No
H302 2.53 76.44 No C55 2.17 69.66 No
H117 2.38 74.65 No C302 2.14 79.57 No
H330 1.93 68.69 No C117 2.13 78.52 No
H209 1.75 48.55 Yes C236 1.83 68.94 No

Table 4.3: Results of dockings for His and Cys mutations.
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Visually analyzing the results and considering the score from HemeFinder and
dockings, the best solution appears to be the one with coordination at His240
(Figure 4.24). The docking results display very good coordination and several
contacts between surrounding residues. Furthermore, there is an empty volume
left next to the heme, which would be necessary for substrate binding.

Figure 4.24: Results of docking for mutation His at position 240.

If the same calculations are performed with HEMEsPred, some of the suggested
residues are Glu252, Glu256 or Asp326. All these are found in the interface of the
two monomers, however, the coordinators are Glu or Asp are not relevant in heme
chemistry. HemoQuest suggests residues which are facing the external part of the
protein, not favorable for the design of ArM. Neither of the two programs can
suggest mutations as HemeFinder, therefore all binding sites suggested by other
programs are not feasible for ArM design.



4.2. Development of software for the identification of heme binding sites 121

4.2.8. Conclusions

Despite the importance of heme, the binding of heme to proteins and its
prediction has not been widely studied. So far, most programs are based on
sequence-based predictions which could be valuable for proteins from the
natural realm but could be limitative for de novo ones. In this work we present,
HemeFinder, a new program that allows detecting heme binding sites and
designing new hemo-enzymes based only on the protein structure and the
geometrical predisposition of the backbone.

HemeFinder has been able to predict more than 95% of crystallographic
structures from benchmark, ranking possible heme binding sites considering
how preorganized is the backbone of the coordinating residues, the
characteristics of the environment and the shape of the binding site. HemeFinder
shows great potential for detecting pathways of natural heme binding sites, but
also for the design of new ArM. For example, due to the high speed of the
program it can be used to screen possible scaffolds for the design of ArM.
Compared to other software for heme prediction, HemeFinder offers a fast
approach to detect heme binding site that can be further validated by molecular
dockings or it could even be combined with other docking tools.
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CHAPTER

Applicative cases of computational
aided design of ArM

5.1. Overview

The aim of this chapter is to use molecular modelling tools to rationalize the
design of two ArM. Both projects are based on experimental studies of T.R. Ward
group, known for being the pioneer on biotin-streptavidin ArM technology.'*”/*"8
This is an ArM supramolecular anchoring technique that relies on the high
affinity between protein streptavidin (Sav) and its cofactor biotin.  The
dissociation constant between biotin and Sav is in the order of 4-10"“M, which
makes this interaction almost irreversible.*’” Sav is a homo-tetrameric protein
composed of two dimers of dimers, each of the four monomers is an
eight-stranded p-barrel that binds a biotin molecule, which interacts through
strong hydrogen bonds and VAW interactions with residues from Sav. The loops
connecting the B-stands have certain flexibility and some can acquire either an

open or close disposition.*'"

The biotin-Sav strategy consists of incorporating a biotinylated cofactor,
composed of a biotin an anchor, a linker, and a metallic moiety, into Sav (Figure
5.1a). This strategy is based on the ability to localize a biotinylated metallic
cofactor on the biotin-binding site of Sav due to the presence of strong hydrogen
bonds between the biotin anchor and surrounding Sav residues (Figure 5.1b).
The optimization of this type of ArM is usually achieved through a chemogenetic
strategy, which involves screening different variants of biotinylated metallic
cofactors against several mutated variants of Sav, obtained either by rational



124 Chapter 5. Applicative cases of computational aided design of ArM

design or by directed evolution. Due to the rigidity of Sav it is difficult to
optimize the binding site. However, two residues, Ser 112 and Lys 121, have been
identified as potential positions to mutate due to the proximity to the biotin
vestibule (Figure 5.1c).>'! The biotin-Sav strategy has been used to catalyze a
wide range of chemical reactions over the years: hydrogenation, allylic
alkylation, dihydroxylation, alcohol oxidation, transfer hydrogenation of ketones
and imines, Suzuki cross-coupling or CH activation.!” Very recently, the design

and assembly of an artificial [Fe4S4]-containing Fischer-Tropschase relying on
d.312

the biotin-Sav technology has been reporte

a) Organometalic
moiety
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Figure 5.1: a) Parts of biotinylated metallic cofactor b) Vestibule of biotin-binding site with hydrogen
bonds with close-by residues. ¢) Sav tetrameric structure with biotinylated metallic cofactor with 5112
and K121 highlighted in black.

The aim of the first study of this chapter is to guide with molecular modeling the
design of an ArM based on Sav that catalyzes the hydroamination of alkynes by
either single or dual gold catalysis. The premise here is to use computational
tools to rationalize the experimental results of the different Sav mutated systems
and guide the experimental design by proposing new mutations to improve the
regioselectivity of the ArM. The second study is focused on an enantioselective
ArM that embraces a palladium catalyst for the synthesis biaryls. The objective
of this project is to use computational tools to rationalize how mutations and
changes in the linker influence the enantioselectivity of the reaction.
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5.2. Methodology and computational details

Both projects presented herein are based in a multilevel strategy built on
integrating quantum mechanics (QM), molecular dockings and molecular
dynamics (MD) approaches. This methodology enables to deal with different
aspects of the ArM related to subtle electronic effects and the study of the impact
of the protein environment on the embedded non-natural chemical reaction. The
overall methodology for ArM design has been described in section 1.4, here we
will proceed to explain the details for these two projects.

The general workflow was composed by four steps: 1) characterization of the full
reaction mechanism and identification of key intermediates and transition states
(TS) using DFT, 2) building protein models and exploration of the
conformational landscape of the different systems through MD simulations, 3)
insertion of the different intermediates or TS structures into the proteins by
protein-ligand approaches, 4) conducting MD simulations to evaluate the overall
interaction between the protein and the intermediates or TS leading to the
different stereospecific products. The overall methodology is schematized in
(Figure 5.2), followed by a detailed explanation of each step in both projects.
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Figure 5.2: Multistep strategy followed for ArM design.
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1) DFT calculations:

DFT calculations in water solvent were performed with biotinylated metallic
cofactors and substrates to scrutinize the reaction mechanisms by computing
reaction barriers and the relative stabilities of the possible reaction products. In
this way, cofactor-optimized reaction intermediates or transition state (TS)
structures were located and characterized by frequency calculations. These
structures were then docked into the protein to assess the impact of the protein
environment.

All geometry and frequency DFT calculations were performed with the
Gaussian09?*® and Gaussian16°'® programs using B3LYP8 functional including
Grimme’s dispersion D3 (B3LYP-D3).?!? Calculations were carried out in water

solvent (SMD continuum model)?%

with e= 78.35, except for calculations in
which the effect of the medium polarity was tested using other solvents with
different dielectric constant. The basis set 6-31G(d,p)*'* was used for
non-metallic atoms and SDD for metals (including f polarization functions).’®
Energies in water were refined using an extended basis set, including
Def2QZVP?'® for metals and Def2TZVP for non-metallic atoms. Gibbs energies
in water solvent were calculated using equation 1. In this way, an additional
correction of 1.9 kcal/mol was applied to the Gibbs energies to change the
standard state from the gas phase (1 atm) to the condensed phase (1 M) at

298.15K (AGatm—1M)

quter = Ewuter(BSZ) + (quter(B51) - Ewater(851)) + AGlatm_)lM (])

2) Protein modeling:

Starting from available X-ray structures or by building homology models, Sav
systems were modeled in order to later perform the dockings of the relevant
reaction intermediates or TSs. For the modeling of Sav, calculations were carried
out using as initial structure the X-ray crystal structure of Sav available in PDB
(BRY2 or 5CSE).?!%%1¢ The systems were prepared by removing waters, ions and
small ligands (except biotin) present in the X-ray structure. Duplicate conformers
of amino acids were removed and subsequently hydrogen atoms were added

F 277 k3]7

using Chimera UCS Mutated systems were obtained using the Dunbrac

rotamer library implemented in Chimera UCSE.
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In cases in which the full structure was not be fully solved by X-ray, an homology
model was using Modeller9.21 program.’'® Next, docking was performed to
introduce the optimized biotinylated metallic cofactor into the modeled systems.
After parameterization, MD simulations of Sav in its resting state, with the
biotinylated cofactor, were carried out to explore the conformational space
accessible (see subsection 4 for details of MD). Clustering analysis was
performed to obtain the structure of the most populated cluster with a binding

site wide enough to accommodate the intermediates or TSs in the dockings.
3) Protein-ligand docking:

Protein-ligand docking approaches allowed to incorporate QM-optimized
reaction intermediates or TSs structures into the binding site of the different
protein systems. These molecular dockings were performed in order to take into
account the influence of the protein environment and to assess the effect of
mutations. Docking simulations were performed following a covalent docking
protocol in which the biotin moiety was fixed, and the rest of the intermediate or
TS was covalently attached to this moiety. Two different software were used

depending on the objective of the project:

e GaudiMM17%*: the calculations were performed with a population of 100
individuals that evolved for 200 generations. Torsions (flexibility) were
applied on the ligand (except for the biotin moiety). Solutions were

319 and minimization of

evaluated considering scoring function Ligscore
steric clashes. GaudiMM allows simultaneous dockings of two biotinylated

entities with distance restriction, while GOLD does not.

e GOLD5.8°%: the calculations were performed with an evaluation sphere
of 15 Aand considering side-chain flexibility in key residues and the ligand
(except the biotin bicyclic moiety). Genetic algorithm parameters were set to
50 GA runs, a minimum of 100.000 operations and the rest of the parameters
were left to default. The Goldscore function was used as scoring function.

All results were visualized and analyzed using GaudiView.?*’

4) Molecular Dynamics (MD) refinement and analysis:

Taking into account visual structural analysis and docking scores, the best results
from docking were refined by MD simulations in order to assess the

complementarity between the binding site of the Sav vestibule and the
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biotinylated TSs or intermediates. Comparison of residue interactions with
different TSs or intermediates was performed to identify the key residues for the
catalysis and possible residue candidates for directed evolution.

The best docking results were employed as starting points for the MD
simulations. ~ All MD simulations were prepared with the xleap from
AMBER18%*”’ or Amber20?!. Each system was solvated using an explicit solvent
approach by embedding it into a cubic box with a neutral charge (neutralization
with Na* and CI"). The AMBER14SB or AMBER19SB*?? force field was used for
proteins, GAFF*? for non-standard residues, ions94.lif for ions and TIP3P*** for
water. The parameters to characterize both biof-Au-2 and TSs were calculated
using MCPB.py.!®® Charges were calculated using RESP** (Restrained
ElectroStatic Potential) model and force constants and equilibrium parameters
between metal and residues were obtained through the Seminario”®” method.
Basis sets and parameters employed for these DFT calculations were the same as
specified previously in section 1).

The AMBER or OMMprotocol’”®, depending on the project, were used to
perform the MD simulations following a standard simulation protocol. The

Langevin integrator®?’%

was used with a time step of 1 fs with periodic box
conditions. The simulation was performed at constant temperature and pressure
by using a barostat coupled to a bath of 1.01325 bar. A cut-off of 1 nm was used
for non-bonded interactions (short-range electrostatic and van der Waals
interactions) and the PME?” method was applied for long-range electrostatic
interactions. Additionally, SHAKE®? algorithm was used to constrain bonds that
involve hydrogen and the rigid model was used to represent the water
molecules. To avoid steric clashes and relax the system energy minimizations
were performed, followed by several equilibration steps to heat the system from
100 K to 300 K in order to allow thermalization of water and side-chains. Finally,

production runs of 200-300 ns were carried out.

All MD trajectories were processed using cpptraj implemented in
Ambertools18?7? and MDtraj’®® was used to characterize the most populated
structural clusters.  The trajectory was considered converged when full
exploration of the conformational space was reached according to a set of
analysis as explained previously in section 2.2.5: RMSD, all-to-all RMSD, RMSE,
PCA and clustering counting method.'**
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5.3. Molecular modeling to optimize an Au-ArM for

heterocyclization

5.3.1. Context and experimental background

Biorthogonal ‘click’ reactions are a class of chemoselective, fast and high-yielding
chemical reactions that occur in biological environments without any side
reactions that might alter the endogenous biological system. These reactions
have several fields of application, including biomedical bioimaging/labeling,
polymer science or drug delivery.**-3> The importance of this field is reflected
on the fact that the Nobel Prize of 2022 was awarded to K. Barry Sharpless,
Morten Meldal, and Carolyn R. Bertozzi for their contributions on biorthogonal

click chemistry.

Among the classes of biorthogonal reactions are alkynes reactions. They can be
catalyzed by copper in the case of azide-alkyne cycloadditions or catalyzed by
ruthenium or palladium as in Suzuki-Miyaura cross-coupling reactions.’" Yet,
gold has recently risen as one of the most effective catalyst for the activation of

alkynes under mild conditions.?*3%

Gold(I) complexes typically activate
reactions trough n-activation. However, dual gold activation through
o,m-activation has also been reported.’*® Gold precatalyst are not very reactive,
they require prior transformation by chloride abstraction.’*> Recent studies have
demonstrated that gold catalysis can be performed in biological environments,
but no dual gold catalysis had been reported so far.>*”*3% Upon this premise, T.R.
Ward set up to design the first ArM that catalyses an hydromination reaction

based on either single or dual gold activation of an alkyne.

The reaction of interest carried out by the ArM is the gold-catalyzed
hydroamination of ethynylphenylurea. The regioselectivity of this reaction was
studied previously in organic solvent by Asensio’s group, reporting that
depending on the gold catalyst employed the reaction affords either the
6-exo-dig (quinazolinone) or 5-endo-dig (indole) product, which are the
Markovnikov and Anti-Markovnikov products respectively.>* Following studies
revealed the competition between n- and dual o,r-activation modes of gold,
which depend on the gold complex of choice. Labeling experiments with
deuterate terminal alkyne reported that the n-activation mode leads to the
6-exo-dig product, while the dual o,n-activation mode lead to the 5-endo-dig
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(Figure 5.3).>*" In the latter case, the initial m-activation mode increases the
acidity of the alkyne’s C-H, promoting its deprotonation and allowing the
formation o,m-gold complex.>*’ Subsequent research by van der Vlugt's group
demonstrated that a well-defined and preorganized dinuclear gold center
enforces the o,n-activation.’*! These precedents set the basis to design a dual
gold hydroaminase ArM (HAMase).

m-activation
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Figure 5.3: Hydroamination of ethynylphenylurea with gold(I) can proceed through n-activation and
afford the 6-exo-dig product (Markovnikov addition) or through o,n-activation to provide the 5-endo-
dig product (Anti-Markovnikov addition).

To perform the dual gold activation of alkynes, Sav was selected due to the
possibility of placing of two gold catalyst at close distances. Five different gold
complexes were synthesized and tested for the hydroamination of
ethynylphenylurea, in both buffer solutions and in the presence of different
variants of Sav. In the presence of Sav-wt the catalytic activity increased up to 12
TON, revealing that the ArM accelerates the catalytic activity compared to the
cofactor alone. However, only the 6-exo-dig product was obtained.

Gold complex biot-Au-2 was selected as the best cofactor and Sav mutants in
positions K121 and S112 were screened. The different variants revealed that
almost all mutations improved the TON, but only mutation in K121A produced
TON of 5-endo-dig product. Still, even in this case the ratio between products
was mainly displaced towards the 6-exo, indicating that two different modes of

gold activation were occurring, but one was the predominant one (Figure 5.4).
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With the aim of shielding the biotin-binding site, a Sav-K121A chimeric protein
was engineered by inserting a two Greek key B-barrel domain refered as SOD
from superoxide dismutase C. It was hypothesized that this lid may provide a
hydrophobic environment and more stability, which was reflected in the increase
of the TON of the 5-endo-dig product to similar ratios of the 6-exo-dig product.
(Figure 5.4)

TON 5-endo-dig TON 6-exo-dig )J\ biot-Au-2
N N
N H H
o vou A :
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Figure 5.4: Experimental results with biot-Au-2 biotinylated cofactor and three different Sav variants.
Structure of biotinylated cofactor biot-Au-2 employed.

5.3.2. Objectives and methodology

At this point, a multiscale computational study was carried out in order to gain
more insight into the catalysis and guide the design of the ArM to afford the dual
gold catalysis and its 5-endo-dig product. The objectives set for this part of the
work were: 1) establish most stable product in water solvent using DFT, 2)
Determine the behavior of each protein system using Docking and MD, 3)
Analysis of MD to suggest mutations to improve the ratio of the 5-endo-dig
product. In order to fulfill these objectives, the workflow represented in (Figure
5.5) was employed. Detailed methodology was described previously, but briefly
we will go through the specific steps of this project.

First, DFT calculations in water solvent were performed in order to establish the
reaction mechanism for both o- and o,n-activation modes and to compute
reaction barriers that lead to both reaction products (5-endo-dig and 6-exo-dig).
The N-heterocyclic carbene gold(I) complex [(IMes)AuCl]* (IMes =
1,3-dimesitylimidazol-2-ylidene), its biotinylated version biot-Au-2 and
ethynilurea substrate were all employed in the DFT calculations.
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Regarding the protein part, first the apo form of the protein was modeled. For
Sav-WT and Sav-K121A, calculations were performed using X-ray structure
(3RY2)>!°. Since the full structure of Sav-SOD-K121A could not be fully solved by
X-ray, i.e. the SOD region was disordered, an homology model was built for
Sav-SOD-K121A. The structure of the region of interest of SOD (Ala37-Lys71
from PDB:1PZS)14 was positioned above the X-ray structure of Sav-SOD-K121A.
Loop modeling was performed to link both protein ends and the best model was
selected according to the energy score from Modeller®'® (DOPE). This structure
was subjected to a MD simulation of 200 ns with Sav region constrained to allow
SOD stabilization and accommodation into Sav. Once the apo form was
modeled, the optimized biotinylated cofactors were introduced into the protein
structure by molecular docking and refined by MD simulations of 300ns.

Molecular dockings were performed in order to take into account the influence of
the protein environment and to assess the effect of mutation K121A and the
presence of the SOD cap. DFT optimized structures of transition states 1TS-2Au
(o,m-activation) and 1TS-1Au (rn-activation), leading to 5-endo-dig and 6-exo-dig
products, respectively, were docked into most populated clusters from the
previous MD simulations for all three systems (Sav-WT, Sav-K121A,
Sav-SOD-K121A). MD simulations were performed in order to assess the
complementarity between the binding site of the Sav vestibule and the number
of biot-Au-2 catalysts involved. Comparison of residue interactions with different
TSs was performed to identify the key residues for the catalysis and possible
residue candidates for directed evolution.

Residues contribution analysis was performed using StructureViz, a plug-in that
links Cytoscape®*? and Chimera UCSF. Van der Waals (VdW) contacts and
hydrogen bonds were analyzed using the Chimera default parameters every 200
ps of the trajectory. The contributions of the residues to the binding Gibbs energy
were analyzed with the MMGBSA method implemented in the module
MMPBSA.py**? using igb = 0 and an ionic strength = 0.1M. The calculations were
carried out using the most stable fractions of the trajectory and the most relevant
residues determined through network interaction analysis were considered.
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Figure 5.5: Steps followed during molecular modeling workflow for optimization of HAMase.
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5.3.3. Learning from the organometallic side: DFT calculations

In a hydroamination reaction, a nucleophilic nitrogen is added to an unsaturated
carbon center, resulting in a new unsaturaded C-N bond. The focus of our study
is the hydroamination reaction of ethynylphenylurea, which in principle can yield
four different products. The outcome depends on which of the two N centers is
added and to which sp carbon is added. Two of these products are Markovnikov
(N is added to the most substituted carbon) and other two Anti-Markovnikov (N
is added to the less substituted carbon). Initially, the relative stability of all four
products was calculated (Figure 5.6). These results reveal the low stability of the
4-exo-dig product, leading us to exclude it from further calculations.
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Figure 5.6: Four main possible products of intramolecular hydroamination of ethynylphenylurea and
their calculated relative stability in Kcal/mol.

Then, DFT calculations were conducted in order to study the competition
between the two mechanistic pathways: single gold n-activation and dual gold
o,m-activation modes, for 5-endo, 6-exo-dig and 7-endo products. The reaction
pathways calculations were performed in water solvent considering two
different systems as represented in Figure 5.7a: a) non-biotinylated IMes ligand
b) catalytic cofactor biot-Au-2. The Gibbs energies of activation for both systems
and both activation modes are represented in Figure 5.7b.
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Regarding the biotinylated system, the 7-endo-dig product has the highest Gibbs
energy barrier for both n- and o,r-activation activating modes, explaining the
absence of this product in the ArM experiment. With one gold(I) complex in the
n-activation mode the formation of 6-exo-dig dig product is clearly favored, as
the Gibbs energy barrier is 3 kcal/mol lower for 6-exo-dig than the 5-endo-did
product (19.5 vs 22.5). Contrarily, the 5-endo-dig product has a lower Gibbs
barrier than the 6-exo-dig product (24.3 vs 21.5) in the o,n-activation mode, when
there are two gold(I) complexes interacting. Transition states for 6-exo-dig
n-activated and 5-endo-digo,n-activated biotinylated complexes are represented
in Figure 5.7c,d. Both calculations with non-biotinylated IMes and full biot-Au-2
cofactor show the same tendency, indicating that the presence of biotin does not
change the regioselectivity of the reaction. All calculated TS for biotinylated
systems are represented in Figure C.1.

a) b, b) [Au(Imes)]+ biot-Au-2
(kcal/mol) (kcal/mol)
5-endo 23.8 225
| 6-exo 18.8 19.5
activation
W 7-endo 23.5 23.9
° ﬁ 5-endo 23.6 21.5
o,n-
6- 24.8 24.3
[ Au(Tmes) ] + activation exo
biot-Au-2 7-endo 24.3 30.5
C) d) o,n-activation mode

m-activation mode

5-endo-dig
N-1 attack

% 2.13A )
% 6-exo-dig

N-3 attack

Figure 5.7: a) Structure of non-biotinylated IMes ligand and catalytic cofactor biot-Au-2. b) The Gibbs

energies of activation of non-biotinylated IMes and biot-Au-2 for both n- and o,r-activation modes. c)

Optimized structure of favored TS for 6-exo-dig product by n-activation mode. d) Optimized structure
of favored TS for 5-endo-dig o,t-activation mode. Reprinted from [344].
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Overall, these results indicate that the competition between n-and dual
o,m-activation modes operates in water and the difference between the Gibbs
energy barriers for both activation modes is about 2 kcal/mol (19.5 vs 21.5). This
low difference suggests that subtle changes in the first or second coordination
sphere of the metal in the protein environment may change the ratio between
both products. Still, as the reaction takes place in a more hydrophobic
environment in the protein, Gibbs energy barriers were calculated in solvents
with different dielectric constants. From Figure 5.8a it can be clearly observed
how the energy barriers of the o,rt-activation change considerably with the
dielectric constant of the solvent, whereas that of the m-activation mode is less
affected by the polarization of the medium. Interestingly, the tendency of the
6-exo-dig product being more favorable in the n-activation and the 5-endo-dig in
o,m-activation is not affected by the polarity of the medium (Figure 5.8b).
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Figure 5.8: a) Gibbs energy barriers for the reactions yielding the 6-exo-dig and 5-endo-dig products by

both activation modes in water (= 78.39) and in solvents of varying dielectric constant. b) Difference

between the barriers (AAGHY) for the 6-exo-dig and 5-endo-dig products for both activation modes in
water (e= 78.39) and in solvents of different dielectric constant. Reprinted from [344].
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Fom these findings it can be hypothesized that the regioselectivity of the reaction
is not considerably affected by polarity of the medium, but the protein
environment or residues could induce a shift in the regioselectivity. Another
aspect to consider is the protein environment is the alkyne’s C-H deprotonation.
As was mentioned in the introduction, a deprotonation of the alkyne’s C-H
proton is required to form the o,n-activation mode. Therefore, the transition state
and the Gibbs energy barrier was computed for the deprotonation of alkyne’s
C-H either by an aspartate, or through an activated water molecule activated by
an aspartate (Figure 5.7). Both pathways have feasible Gibbs barriers of 5.7 and
9.5 kcal/mol respectively, meaning that in presence of a suitable base the
deprotonation can happen in a protein environment. Once the n-activation
complex has formed, the formation of the o,t-activation is exergonic with a AG
of -7.3 kcal /mol.

SN

Figure 5.9: DFT computed transition states in water for the alkyne’s C-H deprotonation, either by a)
an aspartate residue or b) through a water molecule activated by Asp. Reprinted from [344].

The final aspect from the reaction we investigated was the dissociation of the
chloride ligand from metal complex biot-Au-2, which is the precursor step of the
catalytic reaction. In water solvent, chloride dissociation can take place with a
cost of about 15 kcal/mol. However it yields to species in which the biotin is
coordinated to the gold center either through the O, N or S. These coordinated
structures are 24 kcal/mol more stable than the linear form and they may explain

the inactivity of the free form of the catalytic cofactor.
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0.0 Kcal/mol 12.4 Kcal/mol 15.3 Kcal/mol
[Au(IMes-biotin)Cl] [Au(IMes-N-biotin)] + [Cl] ion-pair [Au(IMes-N-biotin)] + [CI] dissociated

Figure 5.10: Extration of chloride from biotinylated cofactor biot-Au-2 in water.

In a protein environment the biotin is fixed in the binding site adopting a linear
conformation and consequently the previous coordinated species is not feasible.
Calculations for the extraction of chloride were performed using a lineal
biotinylated cofactor and the dielectric constant was set to four, which has been
reported to be the approximate dielectric constant in Sav environment.**> Results
revealed that the extraction of chloride was only feasible when chloride is
solvated by two water molecules, and it is substituted by urea. All other options
represented at Table 5.1 have higher Gibbs energies.

Different reactions Elect BS1 Gibbs BS1
BTN_AuCl + H,0 - BTN_Au + Cl_H.0 48.1 48.8
BTN_ A uCl 4+ 2H,0 —» BTN_ At + Cl_2H.0 48.7 49.0
BTN__AuCl + 2H,0 — BTN_Au + ClL_2H,0 46.3 42.2
BTN__AuCl_2H,0 — CI_2H,0 + BTN__ 57.7 42.7
BTN__AuCl_2H,0 + H,0 — Cl_2H,0+ BTN__Au_H,0 16.3 11.6
BTN__AuCl + 2H.0 — Cl_H:0 + BTN_ Au_H.0 13.3 15.0
BTN_ AuCl_2H:0 + Urea — CI_2H>0+ BTN_ Au_Urea -1.3 -0.5
BTN_ AuCl+ Urea + 2H,O0— Cl_2H,0+ BTN_ Au_ Urea -12.2 3.9

Table 5.1: Different reactions tested for extraction of chloride.
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5.3.4. Modeling of protein systems

With no X-ray structure available for the Sav-SOD-K121A system, structural
modeling was carried out followed by classical MD simulations constraining Sav
to accommodate the SOD region. MD analysis reveals that convergence of the
SOD regions is achieved after 200ns according to PCA and RMSD analysis
(Figure C.2). The flexibility of the SOD region is high, with an average RMSF of
2.7 A, but reaching 5-6 Ain the loops corresponding to most external part of the
SOD region and the a-helices (Figure 5.11a). The structural integrity of SOD
regions remains intact during the MD simulation, with the upper two B-sheets
interacting and maintaining the two subunits of SOD close. However, the
o-helices from each subunit separate, resulting in the expansion of the
biotin-binding vestibule. This is clearly demonstrated by analyzing the volume
of the binding site, which increases from 774.15 A3 in the initial frame to 1614.81
A3 at the last frame of the simulation (Figure 5.11b). The expansion of the
biotin-binding vestibule allows the inclusion of cofactor biot-Au-2.

b)

Initial frame MD

RMSF

RMSF (Angstrom)

residue

Figure 5.11: a) Structure of Sav-SOD-K121A and RMSF with blue representing Sav and pink the SOD
region. b) Initial and final frame of MD with volume of biotin-binding vestibule.

Then, after inclusion of biot-Au-2 into the protein vestibule by dockings, MD
simulations on the three Sav scaffolds (Sav WT, Sav-K121A, Sav-SOD-K121A) in
its ground state (bound to biot-Au-2) were performed to determine the
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conformational space available for the TSs binding. In the case of Sav-WT and
Sav-K121A, MD simulations converge only after 200ns, revealing the stability of
the systems with the catalytic complexes bounded. The core of Sav is not flexible
and the RMSF values are low, except for the loops that connect the S-barrels.

In the case of Sav-SOD-K121A, MD converged after 300ns, with a larger
exploration of the conformational space compared to two previous systems
according to PCA analysis (Figure C.2). The RSMF of the SOD region decreased
to 1.94 Afrom the the previous MD simulation value (2.7 A), indicating that the
presence of the biot-Au-2 lowers the flexibility of the SOD region. Superposition
of most representative clusters of this MD with cofactors and without them
highlights that the structure of the SOD region remains unchanged, but has
moved slightly (Figure 5.12a). The SOD relevant loops are quite flexible and
move significantly at the beginning of MD to adapt to the presence of biot-Au-2.

Analysis of the RMSD during MD of biot-Au-2 reveals that in Sav-SOD-K121A
both cofactors remain fluctuating in the same disposition in the binding site, while
in the other Sav systems there are rearrangements, probably due to the exposition
of biot-Au-2 to the solvent. Analysis of the distances between two gold atoms from
each binding site during the MD was performed to assess proximity of the two
catalytic cofactors. From the three systems, the smallest distance corresponds to
Sav-SOD-K121A, even at some points of this MD the distances reaches 6.5 A. Sav-
WT presents the largest gold distances, while Sav-K121A at some points reaches
shorter distances (Figure 5.12b).

Wﬁ»‘v‘»ﬁuw,‘.hw{ ey W"‘WW

Sav-WT Sav-K121A Sav-K121A-SOD

9.86 A 9.20 A 8.44 A

Figure 5.12: a) Superposition of most representative cluster from MD with cofactors (light blue) and
without them (gray) with SOD relevant loops highlighted. b) Average values and distance between
gold(I) centers during MD simulations of protein systems in their ground state. Reprinted from [344].
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5.3.5. Molecular dockings and MD simulations of TSs

Clustering analysis was performed to obtain the structure of the most populated
cluster with a binding site wide enough to accommodate the pseudo-TSs.
Having identified by QM the TSs structures in water for the isolated cofactor and
modeled the different protein systems, three different dockings approaches were
considered to incorporate the different pseudo-TSs into the proteins: 1TS-1Au,
2TS-2Au and 1TS-2Au (Figure 5.13). 1TS-1Au contains only one n-activated
transition state with one gold complex and one alkaline substrate occupying one
biotin-binding vestibule and with a second biot-Au-2 occupying the neighboring
biotin-binding site. Similarly, 2TS-2Au contains two rn-activated TS, which
occupy both biotin-binding sites at the same time. Finally, 1TS-2Au corresponds
the o,n-activated transition state with two gold complexes, one in each
biotin-binding vestibule interacting with only one alkyne substrate .

I(‘NH_R C’NH;RJ QNj_rj
Au-C /_'; AL f‘u-| IJ)HR
£ 2 (g2 2. @8
1TS-1Au 2TS-2Au 1TS-2Au

Figure 5.13: Schematic representation of dockings performed: 1TS-1Au, 2TS-2Au and 1TS-2Au.

Before performing the dockings, a DFT rotational study was performed to assess if
certain bonds of the pseudo-TSs should rotate during the calculations. The amide
bonds from the alkyne substrate have a rotational barrier of 8-18 kcal/mol, barrier
that is feasible to overcome in a protein environment (Figure C.3). On the other
hand, the bond between Au and the alkyne is completely rotatable as the barriers
calculated are between 1-3 kcal/mol.

Molecular docking were performed for three different protein systems (Sav-WT,
Sav-K121A and Sav-SOD-K121A) with TSs for both 5-endo-dig (TS5) and
6-exo-dig (TS6). GaudiMM scoring values obtained using scoring function
Ligscore are summarized in Table 5.2, in which lower scores highlight a better
complementarity. To compare scoring values for systems with one and two Au
centers, the energy of interaction by gold complex are presented (bold values).
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TS5 TS6 TS5 TS6 TS5 TS6
1TS-1Au2 -71.83 -72.22 -62.74 -61.17 -65.5 -62.54
-118.04 -119.78 -94.99 -80.55 -31.44 -19.99

2TS-1Au2
-59.02 -59.89 -47.50 -40.28 -15.72 -10.00
-83.25 -82.01 -109.94 -81.68 -98.99 -60.70

TS-2Au2
-41.63 -41.00 -54.97 -40.84 -49.50 -30.35

Table 5.2: GaudiMM scoring values (Ligscore) for TS5 and TS6. Three docking calculations (1TS-1Au,
2TS-2Au and 1TS-2Au) are performed for each Sav system. Energy of interaction by gold complex is
presented in bold to compare different calculations. Adapted from [344].

Docking of Sav-WT display best complementarities for model 1TS-1Au, with
docking scores similar for both 1TS5-1Au and 1TS6-1Au, but with different
dispositions. In the best scored solutions, 1TS6-1Au is situated in one side of the
binding site, interacting with residues Asn118 and Lys121 (Figure 5.14a), while
1TS5-1Au is situated in the center of the binding site. Worse complementarities
are obtained for both 2TS-2Au and 1TS-2Au systems, specifically for the latter, as
there are several clashes with Sav. Mainly there are clashes with K121, which is
situated in the center of the binding site not allowing the two gold complexes to

get close enough to make the o,n-interaction Figure 5.14b.

From the docking calculations it can be determined that pseudo-TSs are
completely exposed to the solvent, without making many interactions with the
secondary coordination sphere. Docking scores show no significant differences
and since it is completely exposed to the solvent, the Gibbs energy barriers are
expected to those calculated for the free cofactor. Therefore, in the case of
Sav-WT the 6-exo-dig product is favored instead of the 5-endo.

A MD simulation of 300ns was performed of 1TS6-1Au (r-activation mode) in one
biotin vestibule and with biot-Au-2 occupying the other to verify the stability of the
docked pose. During the first 100ns the substrate pasrt of 1TS6-1Au is interacting
through a hydrogen bond with the backbone of K121. However, during the MD
1TS6-1Au rotates and establishes another hydrogen bond with the lateral chain
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1TS6-1Au

Figure 5.14: Computed TS docked within Sav-WT: a) 1TS6-1Au and b) 1TS5-2Au.

of K121. Due to this movement, the biot-Au-2 from the other subunit rotates 90
degrees to accommodate this change. This interaction is maintained through the
rest of the simulation revealing its strength.

In Sav-K121A, differences are observed due to the substitution of Lys (big and
positively charged residue), for Ala (small and apolar) in position 121. Similar or
worse fitting scores are obtained for this mutated system compared to Sav-WT
for all pseudo-TSs, except for 1TS-2Au. In the case of 1TS6-1Au, the docking
position closely resembles that of Sav-WT. However, the hydrogen bond and
VdW interactions between K121 and the substrate are lost due to the mutation to
Ala Figure 5.15a. This loss is reflected in the decrease of the docking scores. In
contrast, for the o,n-activated system for TS5 (1TS5-2Au), the docking scores
obtained are higher compared to Sav-WT. This is attributed to the single
mutation A121, which makes the binding site bigger due to the smaller size of
Ala. In consequence, the two biotinylated gold complexes are able to approach
each other and get close enough to make the o,n-interaction (Figure 5.15b). There
are less clashes between the gold complexes and residues from Sav. Docking
scores are similar for 1TS5-2Au and 1TS6-2Au, which indicates that both

activation modes are possible in this system.

From the DFT calculations it was determined that electronics favor the 5-endo-dig
product in o,r-activation mode and the dockings results support the idea that the

disposition of the cofactors to achieve the this activation mode is better for the
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TS5 than TS6. Still, as the biotinylated gold cofactors are completely exposed to
the solvent and they are quite flexible, it can be hypothesized that the likelihood
of the o-interaction is not very high. This hypothesis aligns with the experimental
results, which show a modest shift in favor of the 5-endo-dig product.

1TS5-2Au
a)
1TS6-1Au

Figure 5.15: Computed TS docked within Sav-K121A: a) 1TS6-1Au and b) 1TS5-2Au.

MD simulations of Sav-K121A for both 1TS6-1Au and 1TS5-2Au were performed.
In the former, the 1TS6-1Au moves away from A121 and positions at the center of
the binding site. The TS is not directly interacting with any residues from Sav,
but instead establishes n-stacking interactions with biot-Au-2 that is occupying
the other biotin-binding vestibule. In the case of the 1TS5-2Au, as the two gold
cofactors are involved in the o, t-interaction, the movement of this TS is restrained

and remains in the center of the binding site.

For Sav-SOD-K121A the best complementarities are obtained for both 1TS-1Au
and 1TS-2Au. Scoring values for 2TS-2Au were extremely low as in the presence
of the SOD lid there is limited space in the binding site for two pseudo-TSs.
These results suggest that the possibility of a second substrate approaching
1TS-2Au to form 2TS-2Au is very unlikely in chimeric Sav-SOD-K121A. From
this docking calculations what can be clearly determined is that the presence of
SOD lid restricts the possible dispositions of the gold complexes. The docking
solutions from Sav-WT and Sav-K121A were quite varied and very different
dispositions of pseudo-TSs were obtained, whereas in the chimeric form of
Sav-SOD-K121A one main clear disposition was obtained. For the c,n-activation
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mode with TS5, the mutation K121A allows the two gold complexes to interact
and the presence of the SOD lid restricts the movement of the gold complexes,
increasing the probability of the c-interaction. The distance between Au and C
from triple bond is the lowest compared to Sav-WT and Sav-K121A (2.91 A).
Depending on the TS, the substrate or substrates occupy different positions
within the active site. The most notable difference is a 180-degree rotation of the
substrate between 1TS6-1Au and 1TS5-2Au (Figure 5.16).

Figure 5.16: Computed TS docked within Sav-SOD-K121A: a) 1TS6-1Au and b) 1TS5-2Au.

Docking calculations suggest that both 1TS6-1Au and 1TS5-2Au are feasible in
Sav-SOD-K121A. In consequence, MD simulations of both systems were
performed to decipher the most important interactions for each mode and
determine which mutations can shift the regioselectivity towards the 5-endo-dig
or 6-exo-dig product. MD simulations converge after 300ns (Figure C.4) and a
qualitative analysis of the main interactions along the MD simulations was
performed using Cytoscape. The interactions along the MD simulations are
represented as interaction maps (Figure C.5). The node at the center of the map is
the TS, the edges represent the interactions, and the nodes are the residues with
whom its interacting. Dotted blue edges represent hydrogen bond interactions,
whereas continuous edges are VAW interactions. The width of the edges is
proportional to the presence of the interactions during MD simulation. Both
interaction maps (1TS6-1Au and 1TS5-2AU) were combined in order to clearly
determine which residues are common in both pseudo-transition states and
which are critical for only one (Figure 5.17).
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Figure 5.17: Residues contribution network extracted from MD simulations of Sav-SOD K121A
comparing 1TS5-2Au and 1TS-1Au interactions. Common interacting residues colored in grey, 1TS-
1Au interactions in orange and 1TS-2Au interactions in yellow. Reprinted from [344].

From the comparison map it can be clearly identified that the 1TS6-1Au has
much more additional contacts: from Sav-S112 to S122, especially T114. The
increased number of contacts is related to the higher level of flexibility of the
1TS-1Au versus the 1TS-2Au. As mentioned previously, the involvement of two
gold cofactors in the 1TS-2Au restricts the flexibility of the cofactors. Both
pseudo-TSs structures have few common interactions, only SOD-N8, SOD-I9,
SOD-A3 and Sav-N118. Furthermore, most direct interactions of Au with
close-lying amino acids are very weak, purely VAW contacts, with few residues.
To assess quantitatively these interactions, MMGBSA was performed to obtain
indicative energetic values (Figure C.6).

As the SOD lid is highly flexible (and disordered in the X-ray structure), we
selected only close-lying residues belonging to Sav rather than the SOD region.
Accordingly, the amino acids that had a different impact in either of the two TSs
were selected for the directed evolution campaign: S112, T114, T115, N118, K121
and S122. Several rounds of directed evolution were performed on the five
suggested positions until two chimeric Sav-SOD affording different regioisomers
were obtained: favoring the 5-endo-dig product (4:96) and favoring the 6-exo-dig
product (99:1) as reflected in Figure 5.18.
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Figure 5.18: Directed evolution trajectory of ArM for hydromination reaction. Reprinted from [344].

5.3.6. Additional studies: Longer linker

Over the course of this study other approaches were tested in order to improve
the ratio of the 5-endo-dig product. The most promising hypothesis was that
biotinylated gold complexes with longer linker would be better for the
o,m-activation mode. Consequently, biot-GlyAu-2 was synthesized by
incorporating a glycine linker between the biotin and the NHC-gold moiety
(Figure 5.19a). This resulted in a much higher selectivity for the 5-endo-dig
product in most Sav systems (Figure 5.19b). We set up to study computationally
if the change in regioselectivity towards the 5-endo-dig product was caused by

the electronics or by the disposition of the cofactors in Sav.

DFT calculations with biot-GlyAu-2 complex suggest that there some differences
with biot-Au-2 regarding the TSs and the calculated energy barriers. The Gibbs
energy barrier for the 6-exo-dig mn-activated system is slightly higher (20.9
Kcal/mol) than the barrier for the 5-endo-digo,n-activated system (20.6
Kcal/mol). These results indicate that the Gibbs energy barrier difference
between two systems is 0.3Kcal/mol, instead of 2Kcal/mol as in biot-Au-2 case.
In terms of reactivity, this 0.3kcal/mol in favor of the 5-endo-digproduct are not
significant enough to explain the experimental results. Therefore, dockings and
MD simulations were performed to see if biot-GlyAu-2 positions in a more

favorable position in the binding pocket for the o,n-interaction
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Figure 5.19: a) structure biot-GlyAu-2 b) Experimental results with biot-GlyAu-2.

Initial MD simulation of SAV-SOD-K121A in its ground state (bound to
biot-GlyAu-2) show a conformational rearrangement after the docking. However,
the system is stable after 100ns and the overall structure of the protein is not
affected drastically by the length of the linker. Docking of 1TS6-1Au show that
there are no major changes compared to 1TS6-1Au with biot-Au-2 cofactor, except
that the new Gly part is able to establish more hydrogen bonds and the substrate
is positioned in the upper part of the binding site (Figure 5.20a).

On the other hand, in 1TS5-2Au calculations, higher dockings score and less
clashes are obtained with biot-GlyAu-2. The disposition of the cofactors for the
o,m-activation is better, there are less clashes with surrounding residues and the
distance between Au and C from alkyne achieved in dockings is lower (Figure
5.20b). This results reveal that the cofactors can acquire a more favorable position
in the binding pocket for the o,n-interactions, which implies that this activation
mode is more probable to happen due to the increased length of the linker of
biot-GlyAu-2.

MD simulations were performed starting from these two dockings (1TS6-1Au
and 1TS5-2Au). In the case of 1TS6-1Au, as the cofactor is longer the substrate is
more exposed to the solvent and has more ability to move in the binding site.
Regarding 1TS5-2Au, the simulations is very stable, 1TS5-2Au remains fixed at
the same position in the center of the binding site during all MD, but the SOD
region rearranges and moves towards one side.
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Figure 5.20: Most populated cluster of TS within Sav-SOD-K121A with longer linker cofactor biot-
GlyAu-2: a) 1TS6-1Au and b) 1TS5-2Au.

At the end, the route of the longer biot-GlyAu-2 cofactor was not persuaded
experimentally as it was discovered that it was not suitable for directed evolution
experiments due to its low sensitivity to mutations. Still, computationally it was
determined that the change in regioselectivity towards the 5-endo-dig product
could be caused by the more favorable disposition of o,n-interactions in the Sav
cavity than the reactivity itself.

5.3.7. Conclusions

In this section we have presented how in silico modeling of the resulting chimeric
HAMase provided insight into the two mechanistic manifolds and revealed close-
lying amino acid residues to target by directed evolution, to favor the preferential
formation of the anti-Markovnikov product (5-endo-dig) over the Markovnikov
product (6-exo-dig).

Specifically, the DFT calculations provided an accurate and reliable insight into
the two mechanistic pathways and its energies. Molecular dockings helped
understand experimental results and the dual gold catalysis and the MD
simulations revealed residue positions for directed evolution that favor the
preferential formation of the anti-Markovnikov (5-endo) over the Markovnikov
(6-ex0) product.
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5.4. Rationalization of a streptavidin based suzukiase

5.4.1. Context and experimental background

Carbon-carbon bond formation reactions are essential for the synthesis of natural
products, pharmacological active compounds and agrochemicals.*****/ Among
these are Suzuki-Miyaura cross-coupling (SMC) reactions, one of the most
powerful reactions for the formation of C-C bonds that has been widely used to
obtain biaryls and aromatic molecules.**® The SMC reactions are catalyzed by
palladium complexes and consist in the carbon-carbon formation between an
aryl halide (organic electrophile) and an organoboron compound (organic
nucleophile) in the presence of a base. The main advantage of this type of
reactions is that they lead C-C coupled products in very high yields, all while

operating under mild conditions.**’

Mechanistic knowledge has been difficult to obtain by experimental means
through the years, but computational chemistry has helped to elucidate a clear
mechanism. The general mechanism of SMC reactions follows a catalytic cycle
composed of three steps, as depicted in (Figure 5.21a). In the first step, the
oxidative addition (OA), the organic halide is added to Pd’, oxidating it to Pd!!
and forming the organopalladium intermediate, with Pd bound to both the
halide and the organic group. The transmetalation (TM) step is the most
characteristic step of the reaction, in which the organic group bound to the boron
species is exchanged for the halide in the coordination sphere at the palladium.
In this way, the second organic group is transferred to the Pd complex. The last
step entails the coupling between the two organic groups and the reduction of

the metal to Pd?, that why it is known as reductive elimination (RE).3#9:350

As mentioned previously, SMC are commonly used for the synthesis of biaryls,
which are defined as two aromatic rings joined through a single C-C bond. Biaryl
products possess the characteristic of exhibiting axial chirality in the single C-C
bond due to the hindered rotation of this bond. The electronic or steric effects
from the different substituents generate a significant rotational barrier around
the 0 bond, which enables the isolation of two distinct conformers. These are a
particular case of enantiomers that receive the name of atropoisomers, as

represented in (Figure 5.21b).%1%2
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Figure 5.21: a) Catalytic cycle of Suzuki-Miyaura reaction. b) Concept of atropoisiomers for biaryls.

Asymmetric SMC catalysis in water has only been reported twice
previously.**>** Due to this limited precedent, T. Ward speculated that ArM
technology could provide a well-defined second coordination sphere for SMC
catalysis. This study herein is based on biotin-sav system that is able to catalyze a
Suzuki-Miyaura reaction, in their worlds, an artificial Suzukiase.?*® The design of
the ArM consisted in anchoring a modified biotin cofactor with palladium into
Sav or avidin scaffold. Specifically, the biotin cofactor is connected with a
phosphine ligand of palladium by means of a linker. Five different biotinylated
Pd-cofactors were synthesized and evaluated with either Sav or avidin for the
synthesis of a biaryl compound, 2-methoxy-1,10-binaphthyl (Figure 5.22a).
Screening results suggested that most promising combination was wt-Sav with
catalyst C1, C2 or C3 from figure Figure 5.22b.
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Figure 5.22: a) Synthesis of 2-methoxy-1,10-binaphthyl. b) Biotinylated cofactors tested.
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Previous studies on biotin-Sav ArM suggested that position S112 and K122 could
be mutated to optimize the reaction due to its proximity to the active site.>*®
Accordingly, the three different biotinylated catalysts were screened against a
library of Sav with mutations on 5112 and K121. Results of this screening
reported in Figure 5.23a show that higher conversions are obtained for t-But
catalysts (C1 and C2) than Ph catalyst (C3). Focusing only on cofactor C1 and C2,
an important feature was elucidated: variation of the length of the linker yields

different enantiomeric products.

Mutated systems S112M and K121A with longer biotin-phosphine linker (C2) are
the ones that afford the highest enantiomeric excess (ee) for S enantiomer,
whereas system K121E with shorter linker (C1) affords the highest ee for R
enantiomer. For this reason, mutation K121E was identified as a good candidate
for the screening of double mutants with cofactor C1. The results indicate that
double mutant S112Y-K121E yields the highest ee (%) and TON for R enantiomer,
which was improved up to 90% ee by varying the experimental conditions. This
double mutant was crystallized, and the disposition of the metallic cofactor and

the mutations can be observed in Figure 5.23b
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Figure 5.23: a) Screening results of cofactors C1,C2,C3 with different mutated Sav systems. Figure
from [355]. b) Biotin-binding vestibule of X-ray structure of double mutant S112Y-K121E (PDB = 5cse).
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5.4.2. Objectives and methodology

In the experimental study they were able to afford an enantioselective artificial
Suzukiase for the synthesis of binaphthyls. However, it remains extremely
challenging to rationalize or predict how the mutations and the length of the
different cofactors leads the preferential synthesis of one atropoisomer over the
other. The main objective of this work is to try to explain rationally and
qualitatively how different enantioselectivities are obtained using an integrated
computational approach. Since it is not feasible to study all mutated systems, this
work focused on the three Sav systems with different behaviors: WT, S112M and
S112Y-K121E. The experimental results of each Sav system for cofactors C1 and
C2 are in Table 5.3.

Sav system Cofactor C1 Cofactor C2
WT 58% R 10% S
S112M 14% S 44% S
S112Y-K121E 90% R -

Table 5.3: Enantiomeric excess obtained depending on Sav system and cofactor.

The computational protocol that has been followed is consistent with the one
described in the introduction of this chapter. Still, certain specifics details for this
case and the differences will be further explained for a better understanding of
the whole computational overflow. First, a mechanistic DFT study of the full
catalytic cycle of the Suzuki-Miyaura reaction was performed in water with
biotinylated cofactor C1 wusing as substrates 1-iodonaphtalene and
2-methoxy-1-naphthaleneboronic acid. Each intermediate and TS of the reaction
step was characterized, and the Gibbs barriers were calculated to establish the
rate determining step of the reaction. Different TSs leading to either the R or the
S atropoisomer were also characterized. All functionals and bases used for

calculations have already been described in section 5.2.

The next step was to model each Sav mutated system with precatalytic cofactors
C1 or C2 bound, introduced previously by dockings using as input the structure
from PDB 5CSE.?'® The structures were refined by performing MD simulations,
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which also allowed to assess the stability of each system and the flexibility of
each cofactor. At this point, docking calculations were performed to study the
influence of the mutations on the rate-limiting TS, both proR-TS and proS-TS
were used. Due to the complexity of Suzuki-Miyaura reaction and the great
variance of dockings solutions it was not possible to draw any conclusion as will
be explained in more details in the results section. As represented in Figure 5.24,
instead of directly studying the TS of the determining step (RE-TS) (colored in
green), another approach was followed (colored in blue). The protocol that was
followed consisted on performing docking calculations and MD simulations with
the first intermediate of the reaction (OA), which only contains one of the
substrates. The intention was to study the behavior of the intermediate OA
containing only the first substrate in both proR and proS conformation and then
elucidate if the entrance of the second substrate would be feasible.

Clustering of intermediates OA was performed using cpptraj and the interactions
between the intermediates and Sav were monitored during MD simulations
using getContacts.py script. To assess the possibility of the entrance of the second
substrate, an analysis of all the possible clashes between the second substrate and
surrounding residues was performed using Chimera UCSE. This study allowed
to discern if there are favored conformations for the entry of the second substrate.
Finally, MD simulations of the RE-TS with the two substrates were performed.
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Figure 5.24: Steps followed during molecular modeling workflow. The initial protocol is indicated in
green, while the protocol that was ultimately pursued is delineated in blue.
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5.4.3. Studying the reaction with DFT

The complete Suzuki-Miyaura reaction was calculated in DFT using full
biotinylated cofactor C1. The complete Gibbs energy profile is represented in
Figure 5.25. Over this section, we will discuss in more detail the results of each of
the three steps of the reaction and provide more insights with supplementary
calculations that have been conducted for each step.
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Figure 5.25: Suzuki-Miyaura profile obtained with cofactor C1.

In a Suzuki-Miyaura reaction the first step is the Oxidative Addition (OA). This
first stage comprises the formation of the adduct between the aryl halide
(l-iodonaphtalene in this case) and the biotinylated palladium catalyst (Figure
5.26a). This step leads to the OA intermediate, which contains a Pd in a
tricoordinated form that has a T-shape. The addition of the 1-iodonaphatlene can
take place via two different pathways depending on whether the iodine
(pathway A) or the aryl (pathway B) is positioned in a trans conformation
relative to the phosphine. Both pathways A and B exhibit nearly identical Gibbs
energy barrier, measuring 1.2 kcal/mol and 1.3 kcal/mol, respectively (Figure
5.26b). However, when looking at the products of the two oxidative addition
pathways, OA_B is found to be 12.35 kcal/mol higher than OA_A (Figure 5.26c¢).
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In OA_A the iodine is trans to the phosphine and the aryl is pointing toward the
vacant position, while in OA_B the aryl is trans to the phosphine. The high trans
influence of the aryl destabilizes the OA_B, as it shows on the Pd-P distance (2.32
A in OA_A and 2.43 A in OA_B). Therefore, due to the higher stability of OA_A,
for the rest of the reaction it was decided to consider the product of pathway A
for the sake of simplicity. The results for this first step are in concordance with
DEFT study of Patel et al, in which they calculated the Gibbs energy profile for the
SMC of tetra-ortho-substituted biaryls using different ligands. Their barrier for
pathway A is 0.7 kcal/mol, the 0.5 kcal/mol difference with our study could be
attributed to the use of different ligands or substrates.®’
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Figure 5.26: a) Oxidative addition steps. b) Energetic profile of two possible OA pathways: pathway
A in blue and Pathway B in orange. ¢) Products and energy of OA for pathway A and pathway B.

In addition, the formation of OA_A can occur via two pathways depending on
orientation of the naphthalene group. The difference between the two possible
products (OA_A1 vs OA_A?2) is 0.4 kcal/mol (Figure 5.27). Since none of the
products exhibit any unfavorable contacts, the energy gap between them is
small, suggesting that both products are equally feasible in terms of energy. To
assess the energetic cost of the transition between both conformations, the
rotation around Pd — C,,; bond was analyzed. Results of this rotation scan,
depicted at figure Figure 5.27, reveal that the rotation of this bond has a barrier of

19.0 kcal/mol. Despite the minimal energetic difference between OA_A1 and
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OA_A2, the transition between the two products is hindered by a barrier that is
too high for reaction conditions. Therefore, it is assumed that once one
conformation is adopted, there will be no transition towards the other
conformation. This differentiation sets up the first layer for the enantioselectivity
of the reaction. For simplicity, calculations for the rest of the reaction were
performed for OA_A1, which is slightly more stable, and it is assumed that
values for the other pathway will be similar.

Energy vs angle dihedral P-Pd-C-C,

Energy (Kcal /mol)

OA__A1 = 0.0 keal/mol OA_A2 = 0.4 kcal/mol

Figure 5.27: Torsion scan between product OA_A1 and OA_A2.

In the transmetalation (TM) step, the second organic substrate, containing a
boronate group, is introduced and initially coordinates to the Pd through one
hydroxyl. In a three-step process, the iodine and the boric acid are removed
sequentially, =~ while the bond between the entering substrate
(2-methoxy-naphthalene) and the Pd are formed (Figure 5.28). Overall, the TM
step involves three TSs, each characterized by Gibbs energy barriers of 1.8, 8.8
and 5.7 kcal/mol, respectively. The product of the TM has both organic
substrates bound to the Pd catalyst (preRE).

It is important to note that in this step the entrance of the second substrate can
occur in two different orientations, which will be referred as cis and trans from
now on. In the cis conformation the two non-metalleted rings of the naphtalene
ligands are in the same side of the plane defined by the phosphine, palladium and
metallic carbon of the methoxy-naphthalene. In the trans conformation they are
in opposite sites. Both conformations in the preRE step are represented in Figure
5.29) However, for simplicity, only the cis conformation was only considered in the
energy profile of Figure 5.25. The stability of each conformation will be studied at
the last step of the reaction (RE).
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Figure 5.29: Representation of cis and trans conformations in preRE step.

The last step of the reaction is the reductive elimination (RE), in which the C-C
bond between the two substrates is formed leading to the biaryl product (Figure
5.30a). The Gibbs barrier of this step is 15.8 kcal /mol, making it the highest barrier
of the full reaction and therefore the rate-determining step (RDS). At the end of
the cycle, Pd" returns to initial state Pd” and the final product of RE is the biaryl,
which can exist as either R or S atropoisomer form. Figure 5.25 represents the
profile that leads to the R enantiomer, but additional TSs of possible enantiomers

were studied in this step, including both cis and trans conformations.

All RE-TS determined are characterized by a T-shape arrangement between Pd
and the two substrates. As discussed before (Figure 5.27) there are two possible
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orientations for the coordinated naphthyl (OA_A1 and OA_A2), each one can
give rise to a cis and a trans conformation as hindered rotation between both aryls
ligands is assumed. For both OA_A1 and OA_A2, the cis products are less stable,
there is a difference of 4.3-4.6 kcal/mol compared to the trans product (Figure
5.30b). This difference is hypothesized to be caused by the steric hindrance
between the naphthalene rings in the cis conformation. Considering only the
trans conformations, from these calculations it can be established that the
product from OA_A1 leads preferentially to the R atropoisomer (proR), whereas
the form A_A2 leads preferentially to the S atropoisomer (proS). The energetic
difference between the TSs in conformation proR and proS enantiomers is only
1.4 kcal/mol (Table 5.4). Calculations were performed for both catalytic cofactor

C1 and C2, but the same tendencies were observed in both cases (Table C.7).

Cofactor C1

RE-TS from RE-TS from
OA_A1 OA_A2
Trans-proR 0.0 Trans-proS 1.4
Cis-proS 4.3 Cis-proR 5.9

Table 5.4: Gibbs energies of RE-TS with cofactor C1.
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5.4.4. Molecular modeling of the protein system

Molecular docking simulations are conducted to introduce both precatalytic
cofactors, C1 (short) and C2 (long), into the three different Sav systems (WT,
S5112M and S112Y-K121E). These precatalytic cofactors contain the biotinylated
Pd catalyst saturated with chloride and a cinnamyl moiety, as previously
depicted in (Figure 5.22) Dockings solutions reveal flexibility in the position of
the cynamil and chloride moieties, attributed to the rotation of the bonds in the
linker region, which is more pronunced when linker is longer in the C2 cofactor.
Consequently, MD simulations are performed using as input the best docking
solutions, which were selected according to scoring function and similarity to

crystal structure.

The aim of the MD simulations is to explore the conformational space of the
protein and assess the behavior of the two catalytic cofactors before the
Suzuki-Miyaura reaction. Significant differences are observed among distinct
Sav systems and cofactors. Considering the protein structure, it does not suffer
significant changes across the MD simulations, except some mobility in the
flanking loops between the B-barrels, which could be relevant for the catalysis.
The biotin part of precatalytic cofactor is mainly fixed due to the presence of
several hydrogen bond interactions with Sav residues. Contrarily, the linker part
of the cofactor and the cinnamyl moiety display a remarkable flexibility by
exploring the available conformational space extensively. This observation is
supported by the x-ray structure of Sav-S112Y-K121E with the precatalytic
cofactor, the full structure is resolved except for the cinnamyl region, which
density is not determined probably due to its high flexibility.

From these simulations it can be determined that the cofactors in the resting state
of the reaction can acquire two very different conformations, which will be
referenced from now on as: biotin-up and biotin-up (Figure 5.31). In the biotin-up
conformation, the P(t-But), of the biotinylated cofactor is in the upper region of
the binding site with the chloride and cinnamyl moiety facing down towards the
inside of the active site. Contrarily, in the biotin-u disposition the P(t-But), of the
biotinylated cofactor is in the lower site of the binding site, under the Pd atom,
and the chloride and cinnamyl moiety, which are facing the solvent. Depending
on the system or the longitude of the cofactors the tendency to be on the biotin-up
or the biotin-u disposition changes.
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Figure 5.31: Conformations of precatalytic cofactor in MD: a) biotin-down b) biotin-up.

WT S112M Double
Cl-short Downl T Up (main) / Down 1 Downl
C2-long I Up (main) / Down 1 Up I -

Table 5.5: Conformations of precatalytic cofactor observed in MD simulations for each Sav system.

MD simulations with the C1 precatalytic cofactor display a tendency for the
biotin-down conformation, with the cinnamyl and the chloride moieties facing the
solvent (Table 5.5). The short length of the linker seems to favor the biotin-down
conformation, without the possibility of rotating towards the biotin-up
conformation. However, differences are observed between the three systems
related to the interactions of the cofactor and close-by mutated residues.

In the Sav-WT system, the biotin-down conformation is maintained during all MD
simulations and the cinnamyl moiety swings between the two sides of Sav. It
either interacts with loop containing Asn49 and His87 or Lys121 on the opposite
site (Figure 5.32a). In Sav-5112M, the main disposition of cofactor C1 during the
MD is biotin-down. However, at some points the biotinylated cofactor can rotate
and acquire the biotin-up conformation. The capability to acquire the up
conformation may be related to the mutation that has been introduced, close-by
residue Serl12 has been mutated to Met, a much longer and hydrophobic
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residue. Contacts during MD between the precatalytic cofactor C1 are higher
with Met than in Sav-WT with Ser (Figure 5.32a-b). Met112 mainly interacts with
the P(t-But), from the cofactor and interacts less with cinnamyl. The rest of
interactions of the cofactor and the swinging movement between regions is also
observed in this system.

In the case of Sav-5112Y-K121E, only the biotin-down conformation is observed in
the MD simulations, there is no rotation of the biotin toward the biotin-up
conformation at any moment. The mutation of Ser112 to aromatic Tyr increases
considerably the interaction with the cinnamyl, maintaining the precatalytic
cofactor in the center of the biotin vestibule. Mutation Lys121 to Glu leads to a
decrease of the interaction with cinnamyl moiety, which also causes cinnamyl to
remain in the center of the binding site (Figure 5.32c). From these analysis it can
be concluded that both mutations favor the biotin down conformation.

a) Sav-WT b) <)

Cofactor Cinnamyl Cofactor Cinnamyl Cofactor Cinnamyl
Ser112 = 61.93% Ser112 = 1.55% Met112=78.45% Met112=16.03% Tyrl12=76.98% Tyr112=46.3%
Lys121 = 14.44% Lys121 = 21.30% Lys121 = 25.9% Lys121 13.18% Glul2l = 24.6.9% Glul2l = 0.17%

Figure 5.32: Most representative cluster and frequency of contacts during MD simulation with
precatalytic cofactor C1 of three Sav systems:a) WT b) S112M and ¢) S112Y-K121E.

MD simulations with the longer precatalytic cofactor C2 tend to acquire the
biotin-up conformation, the cofactor can switch from the biotin-down to the
biotin-up (Table 4 5.4). The additional carbon atom before the P(t-But), group
provides an increased capacity for the cofactor to rotate. However, there are
some differences between Sav-WT and Sav-S112M due to the mutation
introduced. In Sav-WT, the prevalent conformation is biotin-up, but in different
monomers of Sav the transition from biotin-up to biotin-down and vice-versa can
be observed, indicating that both conformations are inter-convertible. Contrarily,
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in Sav-5112M, when the biotin-up conformation is acquired, it remains in this
disposition and makes no transition to biotin-down. Once the cofactor has rotated
toward the biotin-up conformation, Metl12 remains under the cofactor
interacting with cinnamyl hindering the transition to biotin-down. Interaction
analysis values indicates that generally Met112 interacts more with the cofactor,
especially with the cynnamyl compared to the WT (Figure 5.33). In both systems,
when in the biotin-up disposition, the cinnamyl interacts with a hydrophobic
patch found in the interface of the dimer containing Lys121, Val123 and Leul24

from both monomers.

This initial MD study reveals that the precatalytic cofactors can acquire two
different dispositions that depend both on the length of the cofactor and the
mutations introduced in the system. It can be concluded that the relevance of this
study relies on the fact that the different dispositions of the cofactor can affect the

entrance of the two substrates.

a) Sav-WT b)

. fa
Cofactor Cinnamyl Cofactor Cinnamyl
Serl12 = 57.77% Ser112 = 0.65% Met112 = 78.18% Met112 = 33.22%
Lys121 = 7.52% Lys121 = 45.75% Lys121 = 3.68% Lys121 = 41.18%

Figure 5.33: Most representative cluster and frequency of contacts during MD simulation with
precatalytic cofactor C2 of a) WT and b) S112M-C2.
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5.4.5. Docking and MD simulation of TS or intermediates

5.4.5.1 Molecular dockings of TS-RE

The next step consisted in performing docking calculations of the pseudo-TS of
the reductive elimination (RE) step for both proR and proS states. In studies
concerning the reactivity of an asymmetric ArM, it is common that the
pseudo-TS of choice is from the chirality determining step of the reaction. In this
case, RE-TS was selected as the previous DFT study indicated that it is both the
rate and chirality determining step. Therefore, our focus on studying RE-TS
inside the protein scaffold. The objective here is to assess which residues
stabilized each pseudo-TS using molecular dockings. proS and proR RE-TS
characterized by DFT were docked in the three Sav systems using as input the
most populated cluster of previous MD simulations.

Similarly to the observations from the docking of the resting state, these
calculations display a lot of variability in the disposition of the pseudo-TSs. This
does not allow to see differences between proR and proS configurations or
between any of the Sav systems (Figure 5.34). RE-TS contains both substrates
and are completely exposed to the solvent, which allows a lot of variation in the
results. Still, it is clearly observed that when the cofactor is longer, there is even
more variability due to the possibility of the biotin-up and biotin-down disposition.

Figure 5.34: Variability in docking solutions obtained by both proR and proS RE-TS.
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Despite the group uses a quite standard multi-scale approach for modeling ArM,
each system requires specific needs. For this study and at this point, another
approach was taken, instead of studying RE-TS, we figured out that another step
of the reaction could be vital: the oxidative addition (OA). The idea is to analyze
how the location of the first substrate affects the binding of the second substrate.

5.4.6. Dockings of OA intermediates

To recap, the DFT study determined that the OA intermediate can have two
conformations only involving the first substrate of the SMC reaction, OA_A1 or
OA_A2 (Figure 5.27). As discussed before, each of these OA intermediates will
lead to a trans conformation (more stable than cis) of RE-TS where the two
sustrates are present, trans-proR and trans-proS depending if they come from
pathway OA_A1 or OA_A2. Therefore, the OA intermediate is the first layer of
enantioselectivity. First, molecular docking of two possible OA intermediates,
proR-OA (OA_A1) and proS-OA (OA_A2) will be performed, followed by MD
simulations. The localization of the intermediate OA (with only the first
napthalene substrate) will allow to later superpose RE-TS and study if the
entrance of the second substrate would be possible. Instead of performing
calculations for all five selected cases, simulations are performed for WT-C1,
5112M-C2 and S112Y-121E, as they have higher ee differences.

Docking calculations are performed for both proR-OA and proS-OA for all Sav
systems using as input the most populated cluster of MD simulations with the
precatalytic cofactor. The conformation of the precatalytic cofactor is maintained
fixed and the naphthalene substrate and iodine are docked, allowing rotation. In
all cases, WT-C1, S112M-C2 and S112Y-K121E-C1, no relevant differences are
found between proR and proS docking results, the scorings values and the
disposition of the substrates are very similar (Table C.8). This means that the
probability of the first substrate to acquire proR or proS conformation is the same
at this stage of the reaction. Results of WT-C1 are represented in Figure 5.35 as an
example. The biotin vestibule has been divided in three regions that will be
referred from now on as region A, B and C. Region A includes residues Ala86
and polar residues Asn49 or His87, region B includes mutant residue Ser112 and
Lys121 and hydrophobic residues Leul10,124. Region C in the other monomer
includes Trp241, Leu245,245 and mutant Lys242. In the three cases, the substrate
is found interacting with region A of Sav, mainly with residue 112.
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Figure 5.35: Sav biotin-binding vestibule and WT-C1 results for proS and proR OA.

5.4.6.1 MD simulations of OA intermediates

MD simulations, initiated from the docking positions, are performed for the three
Sav systems with proR and proS OA. Clustering of the intermediate OA is
performed using cpptraj to find the most common conformation during the MD
simulation. The prevalence of each cluster and the tendency of the proR-OA and
proS-OA intermediates to acquire the biotin-up or biotin-down conformation are

analyzed by cluster and summarized in Table 5.6.

An additional study is conducted to see if the entrance of the second substrate
would be feasible by looking at the possible clashes that would happen between
the second substrate and the protein if it were to bind. To achieve this, the RE-
TS structure is superposed to the OA intermediate during the MD simulation to
extrapolate the position of the second substrate and the clashes are monitored
with Chimera UCSF. Mean value of clashes in each cluster are displayed in Table
5.6.
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proR proS
% Cluster Disposition Region Clashes | % Cluster Disposition Region Clashes
41.8% Down B 87.2% Up B-C
5.8 2.29
Slclsz 17.3% Down B 8.9% Up B-C
36% Up B-C 9.75
WT 70% Down B 15.26 71.4% Up B-C 12.50
C1
28% Down A 5.2 23% Down A 16.84
45% Down A 11.33 52.5% Down B
S112Y- 28.59
KI121E 35.8% Down B 15.4 27.4% Down A
C1
15.9% Up B-C 6.7

Table 5.6: Analysis results of MD simulations with proS and proR OA.

An analysis from Table 5.6 yields two observations: 1) The proR-OA intermediate
tends to acquire the biotin-down conformation preferably, whereas the proS-OA
acquires the biotin-up disposition 2) The entrance of the second substrate is more
probable for the proR-OA in the biotin-down conformation and for the proS-OA
in the biotin-up conformation. However, as we will explain in this section, these
tendencies also depend on the mutations introduced on the system and the length
of the cofactors. Now, we will comment a bit further these two aspects for each
case and relate it to the experimental results.

In the case of S112M-C2, as seen in the MD simulations with the precatalytic
cofactor, when the cofactor is longer the tendency to acquire biotin-up
conformation increases probably due to the ability to rotate thanks to the extra
carbon in the linker. Still, different behaviors are obtained for proR-OA and
proS-OA systems. In the proR-OA, during 59.1% of the simulation the cofactor
remains in the biotin-down conformation, interacting with Met112, Thr114 and
Lys121 from region A (Figure 5.36a). However, the cofactor slightly rotates, and
the substrate situates on top of Met112, acquiring the biotin up conformation
during the rest of simulation (36%). On the other hand, in the case of proS-OA,
the cofactor almost immediately acquires the biotin-up conformation and is
maintained during all simulation. In the biotin-down conformation the substrate
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is interacting with region B-C, naphthalene is found between Met112 and Lys242
and surrounded by hydrophobic residues, Trp241, Leul10-124 and Lys121. The
mutated Met112 changes its rotamer position slightly when acquiring the
biotin-up conformation, which difficulties acquiring the biotin-down conformation
again (Figure 5.36b).

The access of the second substrate is easier in the proS biotin-up conformation,
with fewer clashes (2.3) with surrounding residues compared to the proR-OA
(5.8-9.8), suggesting that more S product should be expected (Table 5.6). In the
proR-OA, the entrance of the second substrate has less clashes in the biotin-down
conformation and as the clashes are low in this conformation (5.8) for most of the
simulation (59%), the R product should also be expected, but in lesser quantities
than the S product. This is in concordance with the experimental results, 44% ee
S, indicating the predominant formation of the S atropoisiomer, though with a
minor presence of the R atropoisomer. It can be hypothesized that both the long
cofactor and mutation S112M favor the biotin-up conformation, which for the
proS form the entrance of the second substrate is more feasible as there are less
clashes. The length allows better rotation of the cofactors and Met112 mutation
keeps the naphthalene substrate in the biotin-up form interacting with Lys121 and
hydrophobic patch between monomers. Consequently, the entrance of the
second substrate and reactivity is much more probable in the proS-OA form.

In WT-C1 and S112Y-K121E-C1, when using the cofactor with the short linker,
similarities can be observed in the behavior of the proR-OA form, but difference
in the proS-OA. In both systems, for proR-OA, the biotin-down conformation is
observed all through the MD simulation and, depending on the cluster, the

naphthalene substrate is either interacting with region A or with region B.

For proS-OA, in the WT, the MD simulations proS-OA starts from the biotin-down
conformation and remains in this disposition the first 23% of simulation,
interacting with region A. However, it rotates and acquires the biotin-up
conformation for remaining 71.4%, in which is interacting it is interacting with
region B-C, mainly with Lys121, Leul10-124 and Ser112 (Figure C.9).

In S112Y-K121E, an opposite behavior is observed. ProS-OA immediately
acquires the biotin up conformation, in which the naphthalene substrate is in the
lower region of the binding site interacting with Trp241 and mutated Glu242
from region B-C. However, these interactions are not maintained as in the WT or
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proR-OA

Figure 5.36: Results of Sav-S112M-C2 for proR and proS OA. Panels: 1) Cluster of OA during MD
simulation 2) Clashes between Sav and second substrate during MD 3) Structure of OA cluster with
less clashes and 4) Interaction map between OA and Sav regions.

S112M form, in which the naphthalene is interacting with Lys121 or Met112.
Therefore, it rotates again and for the rest of the simulation the disposition is
biotin-down, facing the solvent. In this biotin-down conformation there are two
clusters. In the first cluster, the substrate is interacting with region B, while in the
second cluster the substrate is interacting also with region A, mainly with Tyr112.
Tyrl12 is precisely one of the mutated residues, it is observed that this Tyr
directly interacts with (t-But), of cofactor. Probably, this interaction keeps the
cofactor in the biotin-down conformation causing of the inability to rotate towards
the biotin-up conformation. Therefore, mutations S112Y and K121E favor the
biotin-down conformation.

Regarding the entrance of the second substrate for the WT, the proS-OA acquires
the biotin-up conformation, but in this conformation there are more clashes (12.5)
for the entrance of the second substrate than the proR in the biotin-down
conformation, in which during 28% of the simulation there are 5.2 clashes.
Therefore, in the WT the entrance of the second substrate is more probable in the

proR-OA conformation, explaining the experimental 58% ee R.

In the case of S112Y-K121E it can be observed that the entrance of the second
substrate is only possible in the biotin-up conformation as the clashes are low
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(6.7), but this conformation is only observed in 16% of simulation. In the
predominant biotin-down conformation there are too many several clashes with
all surrounding residues (28.6). Experimentally, this system affors 90% ee R,
which is demonstrated by these simulations in which only in the 16% of the
simulations the substrate would be able to enter and obtain the S form. For the
rest of the simulation of the proS the second substrate would not be able to enter
and afford the S product due to the high clashes. It can clearly be stated that the
mutation of Tyr112 and Glul21 do not favor OA in the biotin-up conformation,
which is the one that is favored in the proS-OA.

proR-OA proS-OA

Nt /
‘/F’/\ . i

Figure 5.37: Results of Sav-S112Y-K121E-C1 for proR and proS OA. Panels: 1) Cluster of OA during
MD simulation 2) Clashes between Sav and second substrate during MD 3) Structure of OA cluster
with less clashes and 4) Interaction map between OA and Sav regions.

5.4.6.2 MD simulations with RE-TS

MD simulations of the three systems with TS-RE in proR and proS conformations
were performed to see stability of final TS in protein environment. As input the
cluster from previous MD simulations with less clashes is used and the second

substrate is incorporated in the disposition of the TS-RE.

MD simulations with Sav-S112M show that this system favors the biotin-up
conformation. During most of the simulation of the proR, it remains in the

biotin-down disposition interacting region A, however, towards the end it



5.4. Rationalization of a streptavidin based suzukiase 171

acquires the biotin-up conformation and interacts mainly with Lys121-242. This
indicates that the longer cofactor and Met allows rotating and acquiring the other
conformation. In the case of proS-TS the simulation already starts from biotin-up
conformation and is also interacting with Lys121-242.

In the WT and Sav-S112Y-K12E, both TS, proR and proS remain in the same
conformation that the MD simulation starts from, biotin-down for proR and
biotin-up from proS. In both cases, the TS move from region B towards region A
to interact manly with Asn47. In proR from Sav-S112Y-K12E interacts with
Tyr112, stabilizing the TS, while is the case of WT Ser does not interact. In the
proS form from WT interaction with Lys242 is maintained during all simulations
stabilizing the TS, whereas in the double mutant there is no interaction with
E242. These differences in interactions may be related to the favor of R in double
mutant, as proR is more stabilized by Tyr and proS in the WT.

5.4.7. Conclusions

The findings of this study unravel that the enantiomeric differences found
experimentally can be rationalized by the disposition of the first intermediate
and the entrance of the second substrate.

DFT calculations reveal the overall Suzuki-Miyaura mechanism and indicate that
the oxidative addition is the first layer for the enantiomericity and the reductive
elimination is the rate and enantiomeric determining step. MD simulations of the
oxidative addition step’s with both proR and proS products shed light on how
their dispositions determine the entrance of the second product and its

regioselectivity.

From this work it can be concluded that the combination of DFT calculations,
molecular dockings and MD simulations can be used to rationalize ArM.
Furthermore it highlights that standard protocols for the design of ArM have to
be adapted to the catalytic reaction in question to understand the whole concept.
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CHAPTER

Finding metal binding sites to design

a new ArM

Metal ions play essential roles in numerous proteins. Finding the location of
metal binding sites is crucial. X-ray structures generally provide with a clear
identification of the most stable metal binding site, but many of them are
resolved without the cofactor. Assessing the position of the metal in the
biological scaffolds with other experimental methods (EPR, MS-ES], etc.) can be
time-consuming, expensive, and often remain elusive.’® Like in other fields,
computational predictions could offer a valuable alternative. Metal binding
predictors are rather rare in the current computational chemistry landscape. Few
metal binding prediction tools have been developed over the years, based on
sequence, structure patterns or a combination of both, such as IonCom, MIB2,
MetalS2 and MetalPredator, between others.203359-301 In fact, the availability of
accurate computational predictors for metal binding site in proteins extends
beyond unraveling natural roles of metalloproteins. Indeed, one particularly
promising application is the use of metal binding prediction tools for the design

or redesign of de novo ArM.>%?

14, a tool for predicting metal binding sites

In this chapter we present BioMetAl
based only on structure information and backbone preorganization, that allows
finding regions that could be mutated to become metal binding sites. Combined
with molecular modeling tools, we used BioMetAll to engineer new ArM by
finding regions to incorporate a metal ion and obtain novel functions. BioMetAll
was briefly introduced in section 4.2, but now we will provide a broader

overview, focusing on its possible applications to the design of novel ArM.
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6.1. Overview of BioMetAll

BioMetAll is based on the premise that metal binding sites can be predicted
taking into account only the preorganization of the backbone. This hypothesis is
based upon a previous study in which a statistical analysis on 400 Fe-containing
proteins revealed that a distance of 7A between Fe and a-carbons was an enough

to correctly detected possible coordinating residues.*®

Similarly, a few years
later, a script was developed to screen possible metal binding sites to narrow
down the regions for molecular docking calculations. This script probed the
protein space to look for regions in which the center of mass of the three possible
coordinating residues was within a distance of 3.5A.3%* Both works lead to the
idea that instead of focusing on the side-chains disposition for coordination,
backbone geometry could contain enough information to detect metal binding
sites. Specifically, geometric descriptors related to backbone (distance and angles
involving a-carbon and B-carbon) can be good indicators of the backbone

preorganization and can be used for the prediction of metal binding sites.

Assuming this hypothesis, a statistical analysis was carried out to obtain the
geometric descriptors for all protein structures containing metals available in the
database MetalPDB.>*> As explained before in section 4.2.1, the three geometric
descriptors that were analyzed for side-chain coordination are: the distance from
the metal to the a-carbon (M«), the distance between the metal and the B-carbon
(MB), and the angle between the metal, the a-carbon, and the S-carbon (Map).
For backbone coordination, only oxygen coordination was taken into account as
nitrogen coordination was minimal in the statistical study. Two descriptors were
considered for backbone coordination: the distance from the metal to the
backbone oxygen (MO) and the angle between the metal, the backbone oxygen,
and the backbone carbon (MOC). The two possible geometric features are
represented in Figure 6.1a,b.

66 script, resulting in

In total, 170.00 pdb entries were analyzed with a pyChimera®
total of 500.000 metal binding site analysis. The results from the statistical analysis

are summarized in Figure 6.1c.
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Figure 6.1: Geometric features analyzed for all the structures of MetalPDB. a) Geometric features
considered for coordination bonds with a side-chain donor. b) Geometric features considered for
coordination bonds with a backbone oxygen donor. c) Bar plot for the different features (Ma in blue,
M§ in orange and Mg in grey) studied in the statistical analysis. Represented values for each residue.

BioMetAll was developed in Python 3.7 language with only two required
dependencies. The workflow is divided into four sequential steps (Figure 6.1).

First, the PDB of the input protein is parsed and only the coordinates of the a-
carbons, B-carbons, backbone oxygens and carbons are stored. Then, the protein
is embedded in a sphere of equidistant probes. Probes at a distance lower than
1A from the backbone are removed. At the second step, for each of the probes the
software calculates if any of the surrounding residues fulfill the three geometrical
criteria established at the statistical analysis. At this point the user can specify
which residues, motif, mutations should be considered and if the backbone atoms

should be considered for coordination.

At the third step, each of the probes has assigned a list of possible coordinating
residues. Each possible metal binding site is defined by all the probes that share
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Figure 6.2: Schematic representation of BioMetAll workflow.

the same possible residue coordinators. Therefore, all the probes that share the
same list of coordinating residues are grouped together constituting a binding
site. Finally, the center of all the probes of the binding site is calculated, but in
reality, the metal could bind to any of the probes of the binding site. Each binding

site is ordered by the number of probes and results are saved in pdb format.

One of the unique characteristics of BioMetAll is its ability to predict potential
mutations to complete a motif and generate a metal-binding site. This capability
was tested as a tool for designing new ArM based on metals ions by revisiting a
study of T. Ward et. al>*” The protein 6-phosphogluconolactonase from
Mycobacterium smegmatis (PDB 30C6)**® was repurposed from a hydrolase to
peroxidase with CuSO, and intriduction of mutation Asn131Asp. However, in
the X-ray structure, coordination was observed only with His67-His104.

BioMetAll was employed to find the most suitable mutation when looking for
the motif His-His and mutation Asp or Glu. BioMetAll provided with a list of
possible mutations and docking calculations were performed to assess the
predictive accuracy of BioMetAll. Combination of BioMetAll and docking
suggested mutation Tyr69/Asp-Glu as the best possible binding site. Low
BioMetAll scoring was obtained for Asp131 and no docking calculation resulted
in a good coordination with Asp13, as observed in the experimental structure. In
conclusion, this study showcases the potential of combining BioMetAll with
docking calculations to predict convenient side-chain rearrangements for

mutations and design of ArM.

Upon these promising results, we set up to design a de novo ArM using BioMetAll
to predict possible mutations, which could be then validated experimentally in
collaboration with the group of Pierre Mahy.
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6.2. Applicative case of design of ArM: a-Rep

The scaffold of choice for the ArM is de novo protein a-Rep. Although this system
was previously mentioned in section 4.2.7, its most relevant characteristics are
emphasized again here. x—Rep proteins are constituted by a variable number of
a-helical repeats that give rise a protein with a solenoid shape. The four-helix
repeated motif derives from a sub-class of HEAT-like repeat thermostable
proteins. The 31 residue repeated motif contains six hyper-variable positions that
can be mutated without destabilizing the protein’s structure. This feature is
attributed to a series of conserved residues that maintain the proper folding of
the protein (Figure 6.3a). The variable positions are located at the outside surface
of the second helix of the motif. a—Rep proteins can be found in the form of
monomers or in its dimeric form (Figure 6.3b)).'*

a) b)

Consensus sequence of repeat

%ﬁgﬁ YFE-ELKEI' DED AA

——————————

o)

Conserved positions Variable positions

Figure 6.3: Structure a-Rep repeats. Monomer and dimer conformation of x-Rep.

These proteins are efficiently expressed, soluble, very stable and folded, all
characteristics that are desired for the design of ArM. The possibility of
mutations that do not alter the structure and all mentioned properties of x—Rep
make them very good candidates for ArM. In the following sections we will go
through the process of the design of an ArM based on a«—Rep with the facial
two-histidine one-carboxylate motif (FTM) using BioMetAlL



178 Chapter 6. Finding metal binding sites to design a new ArM

The FTM triad is a recurring motif within mononuclear iron enzymes that has
been characterized structurally in more than 30 enzymes. The FTM motif consists
two His and one carboxylate (either Asp or Glu), which are positioned in one
triangular face of the metal octahedron. The other three opposite sites are
available for binding substrates, dioxygen or cofactors. This arrangement
provides the enzyme a flexibility which tunes the reactivity of the metal and

allows to perform a wide range of oxidative reactions.?*""

6.2.1. Initial screening of crystallographic monomeric structures

First, an initial search for natural metal binding sites in the monomer form of a-
Rep was performed. Monomeric structures were prepared with UCSF Chimera
from the fourteen available PDB structures, from which nine were monomers and
five were dimers (Table D.1). Initial volume analysis with pyKVFinder revealed
small binding sites of an average volume of 17.74 AAS that could possibly bind
metals (Figure 6.4a)). In order to see if a natural metal binding site could be found
in these regions, BioMetAll was applied using the two different modes with a
minimum of three coordinators: searching for FTM residues = [HIS, GLU, ASP]
or searching for the specific motif [HIS, HIS, ASP/GLU] (Figure 6.4Db)).

b)

biometall $FILE --min__coordinators 3 --residues [ASP,GLU,HIS

biometall SFILE --min__coordinators 3 --motif [HIS,HIS,GLU/ASP)]

Figure 6.4: a) Structure of monomeric #-Rep with volume in between repeats. b) Two search modes.

Regarding the first search mode, most structures have metal binding sites
involving Glu or Asp residues, which are mainly found in the most external parts
of the a-helices, either in the superior part or the inferior part of the helices. In
some structures, metal binding sites were found in center of the helices as
represented in orange in Figure 6.5a. Fewer structures contained metal binding
sites involving His. These could only be found in systems which contained a
His-tag in their N-terminal or in C-terminal regions. When looking for the
specific FTM motif, metal binding site were found only on two systems, which
contain two His from the His-tag and a close-by Asp residues (Figure 6.5b).
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a)

Figure 6.5: BioMetAll results for: a) PDB 4xpv in search mode 1 b) PDB 3ltj in search mode 2.

In all cases the metal binding sites are either completely exposed to the solvent or
are found in loop regions, which usually implies a lot of not desired flexibility.
Consequently, they would not be good candidates for binding a metal for the
design of an ArM. No metal binding sites were found between the a-helices,
which as mentioned previously they would have been more appropriate. As all
the mutable residues are facing the external face of the protein, no further
calculations were performed with BioMetAll to find mutations that would fit
better the FTM motif. In light of these results, we jumped to perform calculations
with the dimeric form of a-Rep.

6.2.2. Initial screening of crystallographic dimeric structures

As mentioned before, from the fourteen available structures, five correspond to
dimeric structures. There are two different types of dimers involving a-Rep: 1)
A3_A3: two a-Rep monomers parallel to each other and 2) A3_bGFPD: a-Rep
domain perpendicular to a bGFPD domain, which also contains a-helices. The
former one has a large cavity of 2045.3 A3, while the latter has two large ones
(with volumes of 1129.25 A% and 505.44 A%). The same BioMetAll calculations
were carried out for these systems. Results reveal regions in the interface between

the two a-Rep domains that could be metal-binding sites.
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In the case of A3_A3, most metal binding sites can be found either in the most
external part of the a-helices, which are not very promising (Figure 6.6a in
yellow). However, there is a set of solutions involving two Glu and one Asp
(138,165 and 169), which are found in the center of the interface between the two
«-Rep domains (Figure 6.6a in pink). These are not exposed to the solvent and
are found in stable a-helices, indicating that they could be good metal binding
sites. Regarding the case of A3_bGFPD, possible metal binding sites are found in
the extremes of the a-helices (Figure 6.6b in yellow). Due to the disposition of the
two domains, in the interface between them, there is only one possible metal
binding site that involves Asp and Glu residues from both a-Rep domains,
specifically, 53,83 and 275 (Figure 6.6b in yellow).

Figure 6.6: BioMetAll results for dimers a) A3_A3 and b) A3_bGFPD. BioMetAll probes colored
in green. Possible coordinating residues found in the extremes of the a-helices colored in red and
coordinating residues found in the interface of the domain in pink.

From the two different types of systems, the best possible candidate for mutations
and designing an ArM would be A3_A3. The best metal binding sites involve
residues that are found in the center of interface of the two a-Rep domains, with
enough space for possible substrates to interact. Furthermore, the three residues
suggested by BioMetAll correspond to variable positions, which could be mutated
to obtain the FTM motif. On the other hand, the best candidate from A3_bGFPD
does not have a clear binding site with residues around that could accommodate
a substrate, it is very exposed to the solvent. The metal-binding sites from A3_A3
is potentially good, but they do not fulfill the FTM motif.
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Therefore, we set up to look for residues that could be mutated to HIS in
BioMetAll and obtain the HIS, HIS, GLU/ASP. To perform the following
calculations with the mutations, we decided to use A3_A3 structure containing a
loop connecting both subunits to ensure its stability, which had been previously
modeled in the group for a previous work.'®

6.2.3. MD simulation of dimer A3 A3

The original form of A3_A3 that contains the connecting loop is covalently
attached to a MnTPP, consequently this was removed and Cys26 was mutated to
its original Tyr.'®® In order to have a reliable model, MD simulations of this
system were performed prior to final BioMetAll mutation calculations. Classical
MD simulation of 300ns was performed, with convergence indicators
represented in (Figure 6.7) displaying the stability of the system. The overall
structure of the system is maintained and only the C-terminal, C-terminal
regions and the loop connecting both domains have a higher flexibility, which is
expected for these loop regions. Clustering is performed to obtain the most
representative cluster to use as input for following BioMetAll calculations

30 RMSD from the first frame Cartesian coordinate PCA
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Figure 6.7: Analysis of MD simulations apo a-Rep: rmsd, PCA, all-to-all RMSD, clustering, RMSF and
most representative cluster.
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6.2.4. Mutation calculations

To find a metal binding site that fulfills the FTM motif, two different strategies
were used with the mutation tool from BioMetAll. The first strategy that was
tested consisted of finding Glu/Asp residues and complete them with two His
mutations. Once the calculations were performed, results were filtered in order
to take into account only the hyper-variable from A3_A3. In total, 17 solutions
were obtained, but nine were discarded as they were not exactly in the cavity.
This strategy presented the problem that the search was limited to the presence of
Asp or Glu in the natural system. Therefore, a second strategy was carried out, all
variable positions from A3_A3 were mutated to Asp and all other residues were
deleted. With this strategy all hyper-variable positions can be mutated to His and
search with BioMetAll for the FTM motif (Figure 6.8).

Figure 6.8: Set-up for A3_A3 BioMetAll calculations. In orange residues to be mutated to Asp and in
blue residues to be deleted.

With this second strategy 56 possible binding site were found by BioMetAll. The
results are analyzed visually, taking into account the location of the probes and
the coordinating residues in the cavity (Figure 6.9). Represented in yellow are
the probes that are considered bad and were discarded as they would be very
exposed to the solvent. In green are represented probes that would be potentially
good, as they are found inside the binding site shielded from the solvent. In total
8 metal binding sites were selected as the best ones and are represented in pink.
These metal binding sites are all found inside the cavity and in the center, which
could facilitate the entrance of the substrate of the reaction. With the best 8 results,

docking calculations were performed.
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Figure 6.9: BioMetAll results for FTM motif in A3_A3. Best probes represented in pink, good probes
in green and bad probes in yellow.

6.2.5. Docking calculations with metal

Docking calculations were performed with a Manganese ion with three water
molecules in facial disposition and three vacant sites for coordination with the
FTM motif. Residues involved in the FTM motif were mutated and calculations
were performed with GOLD, using a radius of 8 A and free rotation for possible
coordinators. As scoring function an updated function for goldscore for metals is
used, which considers coordination explicitly. Additional rotamers were also
added in some cases for surrounding residues. Docking results are summarized
in Table 6.1.

Biometall Score Asp His

position Docking resfGe mutations Coordination

7 48.06 283 252,256 Yes
9 39.31 84 116,88 Yes
14 42.19 349 26,353 Yes
15 55.49 150 225,154 Yes
16 58.99 147 115,143 Yes

33.88 57 26,54 Yes
24 42.97 256 225,252 Yes
30 59.21 225 150,229 Yes

Table 6.1: Summary of proposed mutations and docking results.
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In all cases, a complete coordination is observed between all three residues and
high score are obtained. In general, very good complementarities are obtained
between the metal and the coordinator residues of the FTM motif. The tree
solutions highlighted in Table 6.1 were selected as the best due to the
characteristics that are beneficial for ArM design. All three metal binding sites
are situated near a Trp patch, this region would block the entrance of possible
substrates from that side of the system. This means that possible substrates
would enter by the other site, which corresponds to the face of the metal with
three vacant sites. This can be observed mainly in solution 24. On solutions
number 9 and 18, there is also an Asp residue close-by, which could be involved
in activating certain molecules and Phe residues which could also be of use for
binding of certain aromatic substrates. Lastly, in case 18, coordinating residues
involve both domains, which could be beneficial to maintain the fold of the
protein. Other cases were situated at the opposite site of Trp patch, or the vacant
site of metals were facing regions in which the binding of the substrate would
not be possible. These three solutions were proposed to experimental group of
Mahy and are being tested in the lab at the moment. Consequently, these results
have not been yet validated experimentally at the moment.

Solution 24

Figure 6.10: Best solutions from docking for the design of ArM.
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6.3. Conclusions

In this chapter we have showed an efficient predictor of metal-binding sites
based on a few geometric descriptors of the conformation of the backbone.
BioMetAll shows great potential to identify metal binding sites even with
incomplete coordination spheres and allows to predict mutations that could be
necessary to generate new metal-binding sites in a protein, for example, for
building new ArM.

Tho showecase this ability of BioMetAll we have presented an applicative study
based on de novo a-Rep proteins. BioMetAll has been able to detect possible metal
binding sites that fulfill the FTM motif that have been validated with molecular
dockings. Short-term future goals include an experimental validation of the
computational predictions of BioMetAllL






187

CHAPTER

Other works

In this chapter, we give a concise overview of different side projects related to
metallic proteins which have not been included in the main body of the thesis. The
three projects have been developed in collaboration with industrial companies or
experimental research groups, where molecular modeling played a crucial role in
the investigations. Detailed explanations are provided in Appendix A.

The first project was the core of a secondment at agrochemical company
Syngenta (Jealott’s Hill, UK, 2 months). Syngenta and our group are part of an
H2020 EU consortium aiming to develop safe and selective pesticides (RISE
project, CYPTOX). The objective of the secondment was to set a Free Energy
Perturbation (FEP) protocol in a newly acquired software by the company to
estimate the binding energies of herbicides toward the metalloprotein
4-Hydroxyphenylpyruvate Dioxygenase. Promising results were obtained with
12 ligands, resulting in a mean error of 0.61 kcal/mol and a correlation R? of 0.38.

The second project is a collaborative effort with Perez’s group from the
Universidad de Huelva. They achieved direct benzene hydroxylation with O;
using copper complexes in the presence of ascorbic acid. By applying DFT, we
identified the active species and elucidated the possible mechanism of action,

revealing similarities with natural binuclear copper monooxygenases.

Finally, in collaboration with Mahy’s group at the Université of Paris-Saclay,
molecular modeling was applied to study an ArM based on cobalt hemoprotein
to produce Hy. In the absence of X-ray data, molecular docking calculations
combined with MD simulations shed light on the flexibility and positioning of
the Co-cofactor while also allowing the detection of possible axial ligands.
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CHAPTER

Conclusions

This PhD aimed to address significant challenges associated with the
computational modeling of metalloproteins and apply newly acquired
knowledge and skills to real problems in biomedicine and biotechnology. The
primary focus of this work was placed on two fields of research: the study of
heme-binding proteins and the design of Artificial Metalloenzymes (ArM). This
main objective has been achieved by employing comprehensive multiscale
modeling workflows and developing user-friendly software. These efforts led to
the elucidation of metal recognition processes, encompassing both heme binding
processes and rationalization of ArM. For each field of study, the specific
conclusions that can be drawn are as follows:

Heme binding processes: A combination of molecular modeling tools and
software developed during the PhD has been applied to study different aspects
of the heme’s binding mechanism to its receptors.

* A computational framework incorporating enhanced sampling technique
GaMD and molecular docking optimized for metalloligands has been built
to unravel and gain insight into intricate natural heme binding
mechanisms. Its application proved valuable in elucidating the distinct
heme mechanism of Hemophore HasA from S. marcescens and Y. pestis.
This study emphasizes the importance of extensively exploring both apo
and holo states of heme-binding proteins to understand the binding
process but also underscores the relevance of the pre-organization within
the heme sites. The latter set a precedent to develop software for predicting

heme-binding sites based on the preorganization of the binding site.
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* HemeFinder has been developed to predict natural heme-binding sites and
explore the potential to design new ArM based on heme and porphyrin.
This tool relies on structural and physico-chemical characteristics of heme
sites, including shape, residue composition, and three geometric
descriptors. The application of HemeFinder on heme carrier protein 1
(HCP1), a transmembrane protein involved in heme recruitment, has given
the first structural evidence of the viability of Heme-HCP1 complexes and
unveiled possible heme pathways.  Furthermore, its application in
designing ArMs based on de novo a-Rep proteins appears promising with
the identification of convenient mutation to create sites with additional
histidine. The benchmark results show that HemeFinder’s speed does not
compromise its performance. In the future, its speed will allow for rapid
screening of possible heme proteins, uncovering novel heme-binding
proteins, or identifying new scaffolds for ArM design.

Design of Artificial Metalloenzymes: In the pursuit of designing ArM, our
research has applied multiscale strategies combining quantum mechanics,
molecular dockings, and MD simulations. This strategy has proved to give
excellent results in rationalizing and guiding the design of two ArMs.

¢ In the case of an ArM for the hydroamination of alkynes, DFT and docking
calculations have allowed us to rationalize how the catalytic mechanism
could involve single or dual gold-based catalysis and its possible impact on
regiospecificity. Integrating MD simulations with pseudo-transition states
previously optimized by DFT was pivotal in unraveling the most critical
residues for catalysis. These insights empowered experimentalists to
perform directed evolution, culminating in improved regioselectivity of the
ArM.

* In the context of the Suzukiase ArM, molecular modeling has helped
rationalize the influence of mutations and linker cofactor length on the
enantiomeric outcome. This work emphasizes the importance of adapting
the computational protocol to the specific catalytic requirements of the
ArM. In this ArM, the critical catalytic step is not the rate-determining step;
the examination of the initial intermediate, containing only the first
substrate in the protein scaffold, has shed light on how its disposition can
influence the entrance of the second substrate.
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Finally, the BioMetAll tool has been used to design a novel ArM based on de
novo scaffold a-Rep. Integrating BioMetAll and molecular dockings has led to
the creation an ArM that could bind a metallic ion with the introduced catalytic
FTM motif (His-His-Asp/Glu). This new ArM is being tested experimentally to
see its ability to bind metallic ions and perform catalysis. Further work includes
designing which catalytic activity and substrate could be used in this system.

In conclusion, this thesis brings novel insights to the bioinorganic field and lays
the foundation for further advancements in our general understanding of

metalloproteins, natural or artificial.
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APPENDIX

Other works

In this appendix, we explain other investigations developed during this thesis.
The primary emphasis is put on our contributions, details of the experimental
contributions are not explained, but short summaries are provided.
Collaborations with industrial partners have confidentiality issues. Therefore, no
structures or specific details are provided. In other cases, full articles provide all
the details:

* Borrego, E, Tiessler-Sala, L, Lazaro, ].J., Caballero, A, Pérez, PJ. & Lled¢s, A.
Direct Benzene Hydroxylation with Dioxygen Induced by Copper
Complexes:  Uncovering the Active Species by DFT Calculations.
Organometallics 41 1892-1904 (2022).

e Udry, G. A. O,, Tiessler-Sala, L., Pugliese, E., Urvoas, A., Halime, Z,
Maréchal, J.-D., Mahy, ].-P. & Ricoux, R. Photocatalytic Hydrogen
Production and Carbon Dioxide Reduction Catalyzed by an Artificial
Cobalt Hemoprotein International Journal of Molecular Sciences 23, 14640
(2022).
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A.1. Free energy studies on metalloproteins

In the agrochemical industry, there is a keen interest in accelerating the design of
new pesticides through computational tools. = A promising approach is
calculating the free energy binding to identify the most promising pesticide
candidates and reduce the number that needs to be synthesized or tested. This
work aims to perform Free Energy Perturbation (FEP) calculations to estimate
the binding affinity of pesticides to a target of interest, all while testing the Flare
software performance when applied metalloenzymes.

FEP calculates the free energy of binding of ligand A relative to teh reference
ligand B. This method is based on a thermodynamic cycle in which ligand A is
transformed to ligand B, both in water and protein environment (Figure A.1).
The alchemical transformation is performed through a set of A-windows, in
which non-physical intermediate ligands are simulated with MD simulations.
The number of A-windows has to be adequate to ensure a significant overlap of
potential energy distributions between ligands. A mapping between the two
ligands needs to be performed to establish which atoms should be mutated and

which conserved.?”!
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Figure A.1: a) The relative binding free energy between ligands A and B is calculated through a
thermodynamics cycle using A windows.
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The system of interest of this study is 4-hydroxyphenylpyruvate dioxygenase
(HPPD), an iron enzyme that catalyzes the oxygenation of HPPA to form HGA, a
crucial precursor in plants. A class of herbicides has been designed to target
HPPD, as its inhibition alters the synthesis of photoprotectant carotenoids,
leading to intense bleaching and, ultimately death. The binding site of HPPD
contains an octahedral FeZ* with two His and one Glu, a water molecule and two
additional sites, which can be either a ligand or two water molecules.”’?

MD simulations of the rat HPPD (PDB=1sqi)*’? were carried out to see the
behavior of the metal parameters in Flare. MD results show that the distances
between Fe and all six coordinators are maintained and Fe does not leave the
binding site. MD simulation without the coordinating water molecule reveals
that the ligand fluctuates, to complete the octahedral coordination, a GIn residue
relocates to coordinate with the Fe. These results demonstrate that the force field

correctly represents the metal coordination.

Similarity clustering was performed with 27 ligands from the same project to
obtain those with the highest similarity. Dockings were conducted with the 12
selected ligands belonging to the same cluster. Analysis of different scoring
functions reveals no correlation with binding energies, meaning that docking
functions are not good approximates for AG, at least for the HPPD system. To do
the FEP calculations, a map was designed automatically by Flare software.
However, this map was improved manually to include more redundancy. For
FEP calculations, initial equilibration of 500ps was performed followed by MD of
4ns for each A-windows, in average each connection had 10 A-windows.

Initial results of FEP show a mean unsigned error (MUE) of 0.88 kcal/mol and a
correlation of R2=0.07. The correlation between AAGexp and AAGggp is 0.50 and
its representation displays that three connections deviate from the general
tendency. Closer inspection of the results shows there are two subsets of results
which have very good correlation within them, meaning that the three
connections are not able to link correctly the two subsets. These links correspond
to connections involving changes in atom hybridization or transformation
between different enantiomers. The FEP map obtained is represented in Figure
A.2a, highlighting the two subgroups and problematic connections. If the
correlation between AGexp, and AGpgp is represented by subgroup, the
correlations obtained are 10 times higher if compared to the total (Figure A.2b).
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Figure A.2: a) FEP map with subsets and problematic links. b) Correlation between AGexp and AGggp.

Therefore, FEP calculations were improved by removing the problematic
connections and making new ones more conservative regarding the mapping.
Additional FEP calculations, QM torsion scans, or short MD simulations were
performed to assess specific substituents’ rotation or establish the more active
enantiomer. After studying in detail all these considerations, the results show a
much better correlation, R?=0.38, and a very low mean unsigned error (MUE) of
0.61kcal/mol. The error of FEP is usually between 1-1.5 kcal/mol, consequently
these results are very promising.

This study showed us how FEP calculations on Flare with metallic proteins
(HPPD) can correctly predict binding free energies with the error of 0.6 kcal/mol
compared to experimental values. This work highlights how these calculations
are very sensitive to initial configurations; each ligand’s binding must be
carefully studied, especially when interacting with metals.  For future
perspectives, this protocol can be implemented to work on other metalloenzymes
to determine free energies of binding of other pesticides.
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A.2. Direct benzene hydroxylation with O, induced by

copper complexes

Phenol has a pivotal role in the chemical industry due to its wide use for the
production of bisphenol A or phenolic resins, which have applications in the
automotive industry and construction sector.’” Its predominant synthetic route,
the cumene process, is a multi-step process that employs O, as the oxidant, but
has very low yields.”’* An ideal approach would consist of direct hydroxylation
using O, as an oxidant, which has been reported with heterogeneous catalysts

and vanadium complexes as homogeneous catalysts.?”>7¢

As copper is used widely in metalloenzymes to catalyze reactions, in this work
the copper complex Tpp,3Cu(NCMe) was used to perform the direct oxidation of
benzene into phenol using O, in homogeneous phase and ascorbic acid as the
source of protons and electrons (Figure A.3). Phenol was detected in a 60% yield
when the reaction was performed at room temperature under 40 bars of O,.
Prolonged reaction times led to mixtures of compounds, derived from
overoxidation processes. The most relevant aspect is that ascorbic acid seems
crucial as experiments employing other agents did not induce the oxidation of
benzene to any extent. Therefore, this work aimed to perform DFT studies to
propose the active species and mechanism for such oxidation.

a) b)
TpB3Cu(CH3CN) (5% mmol) OH
Ascorbic acid
+ 02 .
MeCN/H,0 \
PhOH

TpBsCu

Figure A.3: a) Copper-mediated hydroxylation of benzene with O, in the presence of ascorbic acid. b)
Structure of Co-complex. Reprinted from [377].

Eight mono- and binuclear copper—oxygen species were computationally tested
as potential benzene oxidants. All monomeric and most dimeric copper—oxygen
species were discarded because the products of the reactions, the TS or the
species itself were more than 30-40 kcal/mol over the reactants and these
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pathways are unfeasible. The only species that was able to perform H abstraction
from benzene with a low barrier was the Cu'l(p-O-)(u-OH)Cu! complex in a
quadruplet state (Figure A.4). The formation of this dimer form is a
thermodynamically favored process and hydrogen-atom abstraction from
ascorbic acid leads to the hydroperoxo species. Cleavage of the O-OH bond from
the hydroperoxo leads to the active species, which is more stable in quartet state
(has to go through doublet—quartet crossing).

The active species can lead to the phenol through two mechanisms (Figure A.4).
The oxygen rebound mechanism is the most commonly accepted one, in which
the active species abstracts the hydrogen from benzene, generating a phenyl
radical and a hydroxide intermediate. In the subsequent rebound step, the
phenyl radical attacks the Cu-OH center to give the phenol The
o-complex-based mechanism has been proposed mainly for P450 proteins. It
begins with an attack on the 7t system of the benzene by the active species to
produce a o complex. In the second step, a proton shuttle, mediated in P450 by
the porphyrin ring, transfers the proton from the carbon to the oxygen, yielding
the phenol. The whole reaction was calculated for the two different mechanisms,
the latter entails an overall barrier of 16.0 kcal/mol, only slightly higher than that
the former (14.3 kcal/mol). These calculations show that both mechanisms could

be competitive for benzene hydroxylation by the active species.
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Figure A.4: Possible mechanism for benzene bydroxylation by active species. Reprinted from [377].
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Very recently, a computational study has revealed a similar mechanism for O,
activation and substrate hydroxylation by binuclear copper monooxygenases.*’®
They propose the same active species for substrate hydroxylation, even though
these enzymes contain two copper(I) at a distance of 11 A. The study reveals that
in the presence of ascorbate, hydrogen-atom abstraction initially forms an inert
Cu(Il)-OOH intermediate. However, this intermediate transforms to a close
conformation (distance of 5A), which through an oxygen rebound mechanism
affords the same active species we found when working with Tpg,3Cu(NCMe).
Figure A.5 compares the key steps for the formation of such species for binuclear

copper monooxygenases with our results.

O—H Binuclear copper
/ monooxygenase o

l 0.
cd' cu Cd'/ o
open close

TpBr3Cu
H
o /
| MECP
0]
TpBr3 —cd— \Cun_TpBrS

Figure A.5: Formation of Active Species in Binuclear Copper Monooxygenases and Cu-Complex.
Reprinted from [377].

From this work it can be concluded that DFT calculations allowed us to propose
the bimetallic Cul(p-O-)(u-OH)Cu'! as active species for the oxidation process of
benzene. Ascorbic acid plays a crucial role for its formation through a hydrogen-
atom abstraction from the O-H bond of ascorbic acid. While the oxygen rebound
mechanisms is favored in this case, the o-complex based mechanism would also
be viable as there is only a 1.7 kcal/mol difference. Most importantly, this project
has demonstrated that homogenous catalyst can carry out same mechanism as

natural binuclear monooxygenases by employing the same active species.



200 Appendix A. Other works

A.3. Molecular modeling of an  artificial

Co-Hemoprotein for H, production

In the quest to transition to more sustainable sources of energy, Hy has emerged
as a good candidate because its combustion only releases water. Due to its high
demand, researchers have focused on new catalysts, such as Co-porphyrins.
These show great potential for Hy production, but they are limited by their low
solubility and instability in water. To overcome these limitations ArM have been
developed by incorporating the Co moieties into protein scaffolds. Other groups
have reported several examples, but in this work Ricoux et al have engineered an
ArM by covalent attachment of Co-porphyrin into a-Rep, showing remarkable
activity to catalyze the photoinduced production of Hy and CO; reduction.

The cofactor Co(IlI)Mal-PPIXMME was synthesized in three steps and then was
incubated with synthesized and purified (A3A3’)Y26C. This biohybrid was
characterized by MALDI-TOF, circular dichroism (CD) and UV-Visible studies.
However, with no X-ray structure available, it was not possible to identify the
cobalt axial ligand. Therefore, molecular modeling was performed to elucidate
the most stable orientation of the non-natural porphyrin into (A3A3/)Y26C and
to assess the relevant interactions between both subsystems, including possible
coordination bonds. For the protein structure, we used the representative
geometry of the most populated cluster of conformations of a 300 ns molecular
dynamics (MD) of A3A3/ with Tyr26 was mutated to cysteine.

The artificial cofactor was docked to a rigid structure of modeled a-Rep using the
covalent protocol. The porphyrin stands very well into the inter-dominial pocket
and displays good interactions with surrounding amino acids of the cavity such
as Phe318. The porphyrin establishes a hydrogen bond with Arg22 or several
contacts with hydrophobic patch constituted by Trp81, Trp310, and Trp342
(Figure A.6). Close-lying residues that could coordinate are Gln 61, 283, 291 or
Asp322. Based on this structure, further dockings with flexibility on mentioned
residues were carried out to see whether nearby lying residues could eventually
interact with the metal. From those calculations, it appears that Glu322 and
GIn291 may both reach convenient distances for coordination, though the former
needs Phe318 to be out of the way to the iron. Additionally, these docking
solutions show different degrees of rotation of the porphyrin around the linker.
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Figure A.6: Lowest energy docking solution of the (A3A3/)Y26C-Co-cofactor biohybrid. Reprinted
from [379].

To further analyze this hypothesis, classical MD was performed. The porphyrin
linker was set up by defining a non-standard amino acid and by using of the
MCPB.py algorithm for the parameterization of the metallic center and its first
coordination sphere. The results of these calculations agreed with the flexible
docking and showed a flexible cofactor in the binding site (Figure A.7a).

However, some orientations clearly dominated.

The most populated one was similar to the best-docked structure described at the
beginning of this section (Figure A.7b). One can observe a very stable r-stacking
between Phe318 and the porphyrin. Interestingly, the Phe318 side chain placed
most of the simulation just below the metal with a position that would be
occupied by an axial ligand of the metal in natural hemoenzymes. This shows
that only one face of the porphyrin is accessible for catalysis and has a
well-defined and asymmetric distal environment. Alternative orientations
correspond to geometries in which the interaction between Phe318 and
Co-cofactor is lost. When such an interaction is lost, cofactor behaves very freely
in the interface between the A3 and A3/ subdomains.

Importantly, one of the most populated geometries of these alternative
orientations showed short distances between GIn283 and the cobalt (Figure
A.7¢c), some consistent with direct Co-GIn283 coordination, and others with a
bridged water molecule between the amino acid and the metal. Such interaction
is only possible because the absence of the interaction between Phe318 and
Co-cofactor is associated with an increase in the accessibility of the metal.
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Figure A.7: a) Main clusters of cofactors extracted from MD simulation. b) Most populated cluster. c)
MD Snapshot with the closest distance between the metal and GIn283. Reprinted from [379].

In conclusion, the molecular modeling study showed that the linkage of
Co-cofactor to (A3A3/)Y26C led to a macrocycle located at the interface between
both subdomains and excluded from the solvent. Furthermore, the main
orientation of Co-cofactor in A3A3/ presented a strong contact with Phe318 that
aided in the packing of the porphyrin hydrophobically to one domain and led to
an asymmetric environment on the distal side. Finally, the only possible
coordination of the metal would only appear on transient structures with GIn283,
but no possible coordination is observed to His or Cys residues.
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B.1. Exploring the molecular events of heme binding

mechanisms
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Figure B.1: GaMD convergence analysis of HasA apo form of Yersenia pestis (800ns — three replicas):
RMSF, RMSD, PCA, all-to-all RMSD and cluster counting.
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Figure B.2: GaMD convergence analysis of HasA holo form of Yersenia pestis (800ns — three replicas):
RMSF, RMSD, PCA, all-to-all RMSD and cluster counting.
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Figure B.3: GaMD convergence analysis of HasA apo form of Serratia marcens (800ns — three replicas):
RMSF, RMSD, PCA, all-to-all RMSD and cluster counting.
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Figure B.4: GaMD convergence analysis of HasA holo form of Serratia marcens (800ns — three replicas):
RMSF, RMSD, PCA, all-to-all RMSD and cluster counting.
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Figure B.5: GaMD simulation replicas of HasAsm with heme-Fe(Ill) bound. a) Distance between
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Fe-His32. b) and c) are obtained using the fragment of the trajectory in which the loop is closing
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B.2. Development of software for the identification of

heme binding sites

Aromatic: PHE, TYR, TRP

Polar: TYR, THR, SER, CYS, MET, ASN, GLN, HIS,

Positive: HIS, LYS, ARG,

Pegative: ASP, GLU,

Hydrophobic: PHE, TRP, ALA, VAL, LEU, ILE, PRO,

Large chain: PHE, TYR, TRP, MET, GLN, GLU, ARG, LYS, HIS, LEU, ILE

Figure B.6: Classification of residues for heme binding site characterization.
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Figure B.9: Bimodal distribution fitting for Tyr, Lys, Met and Cys for dist(a-M), dist(3-M) and angle(x-
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n-activation mode

6-exo-dig 5-endo-dig
N-3 attack N-1 attack
AGHg = 19.5 keal mol! AGH ;.= 22.5 keal mol”!

o,m-activation mode
6-exo-dig

N-3 attack

5-endo-dig

N-1 attack

AGHg 5= 24.3 keal mol! AG5 5= 21.5 keal mol!

Figure C.1: Optimized structure of favored TS for 6-exo-dig product by r-activation mode and o,r-
activation mode.
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Figure C.2: MD convergence analysis (RMSD, all-to-all RMSD, PCA, cluster counting) of : a) SOD
regions of initial MD of SAV-SOD (200 ns) b) MD of SAV-SOD with cofactors biot-Au 2 (300 ns)
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Figure C.3: DFT rotational bond study of amide bonds from substrate ethynylphenylurea
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MD SAD-K121A-SOD with 1TS6-1Au
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Figure C.4: MD convergence analysis (RMSD, all-to-all RMSD, PCA, cluster counting) of SAV-K121-
SOD with: a) 1TS6-1Au b) 1TS5-2Au.
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Figure C.5: Residues contribution network extracted from MD simulations of Sav-SOD K121A with:
a) 1TS6-1Au (6-exo-dig) and b) 1TS5-2Au. Network nodes represent protein residues, biotin (BTN),
TS5/6 or atoms (Cl, Au) and edges represent VAW interactions (black-grey straight line). Edges are

color-weighted by the number of interactions in each frame.
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Figure C.6: Decomposition of total energy (kcal/mol) for most relevant residues of SOD chains using
MMGBSA and based on cytoscape analysis for encapsulated pseudo-transition states 1TS5-2Au (o, 77-
activation mode) and 1TS6-1Au (pi-activation mode).
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C.2. Rationalization of a streptavidin based suzukiase

Cofactor C2

e R

Trans-proR 0.0 Trans-proS 0.9

Cis-proS 3.4 Cis-proR 3.7

Figure C.7: Gibbs energies of RE-TS with cofactor C2.

Figure C.8: Docking results for each Sav system for proR-OA and proS-OA using Gold and goldscore
as scoring function.

proR-OA pros-OA

5 3 8 & 8 8 3

Figure C.9: Results of Sav-WT-C1 for proR and proS OA. Panels: 1) Cluster of OA during MD
simulation 2) Clashes between Sav and second substrate during MD 3) Structure of OA cluster with
less clashes and 4) Interaction map between OA and Sav regions.
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D.1. Finding metal binding sites to design a new ArM

Monomeric complex PDB Dimeric complex PDB
tubulin : alphaRep-iE5 6GWC A3 : A3 dimer 3LTJ
tubulin : alphaRep-iiH5 6GWC A3 : A3 dimer : PEG 3LTM

tubulin : CopN : alphaRep-iiiA5 6GX7 A3_A3 bidomain 6FT5H
octarellinV.1: alphaRep7 4ZV6 A3_bGFPD bidomain 6HWP
alphaRep2 : alphaRepA3 4JW2 A3_bGFPD bidomain 6FSQ

NCS3.24 : alphaRep 1JW3

GFP : bGFPA 4XL5

GFP : bGFPC 4XVP

YabT : alphaRepES8 6G4J

FNE : alphaRep 5DCQ

Figure D.1: List of pdb structures with monomeric and dimeric a-Reps.
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