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Summary

Computer-based techniques have become especially important in molecular bi-
ology, since they often represent the only viable way to understand some phe-
nomena at the molecular level and gain insights into the behaviour of a bio-
logical system as a whole. The complexity of biological systems, which usually
needs to be analyzed on different size- and time-scales and with different levels
of accuracy, requires the application of different approaches. Computational
methodologies applied to biotechnologies allow a molecular comprehension of

biological systems at different levels of depth.

Ab-initio techniques based on quantum mechanics (QM) allow the study of
enzymes and organometallic models at sub-atomic levels keeping into account
electronic effects on stereochemistry and chemical reactivity. We set to study
[FeFe|-hydrogenases, enzymes able to both produce and oxidize Hs at high
rate. The study was focused to better elucidate some redox states of the co-
factor during catalysis. The principal aim of this work was to take advantage
of hydrogenases biomimetic complexes to gain further inside on the catalysis
of the enzyme, and pinpoint the structural and stereo-electronic features nec-
essary to improve the efficiency of the synthetic models. Hs is a desirable fuel
but unfortunately, the usage of this gas is somehow problematic due to its
physical properties, leading to safety concerns and low energy density. A pos-
sible way to overcome these problems is to store Hs in safe and valued added
chemicals. In this perspective we studied the catalytic mechanism of the first
iron-containing synthetic complex able to catayze the chemical storage of Hy
and COs, converting it into HCOOH. QM methodologies were also used in a
project in collaboration with the Dept. of Forensic Medicine at the Univer-
sity of Verona, aimed at the use of carbohydrate deficient transferrin (Tf) as

marker of alcohol abuse. Tf is the protein deputed for the iron transport in the



blood stream. Low glycosylated forms are known to be associated to alcohol
abuse. Different spectroscopies were useful tools to discover the binding site of
terbium and the best experimental conditions for terbium-Tf binding. To get
more information about the active site, we optimized a method that allowed
us to determine the molecular structure of the metal environment through QM

computational techniques.

Docking techniques to study small-ligand protein binding are useful methods to
predict the binding mode of a molecule to a receptor, in order to understand its
mechanism of action and improve its activity. In addition, their combination
with high throughput virtual screening (HTVS) allow to study a huge num-
ber of molecules in a relatively small amount of time, bypassing experimental
costs. Here, we focused on pharmacological targets involved in different patho-
logical mechanisms (nociception, cancer) to understand how the ligand is able
to interact with the receptor and exert its pharmacological effect, and how to

ameliorate its structure to increase the specificity.

Since the evolution of the human species exists a struggle for survival between
host and pathogens, with measure and countermeasure to respectively infect
and defend against infections. Positively selected sites on protein genes are
the result of evolutionary pressure on certain aminoacidic residues that could
be fundamental for host and pathogen infections. Protein-protein docking is a
useful tool, together with computational stability analysis, to understand how
residues variations modify the binding among different proteins in the immune

system and how the proteins stability is affected.

In conclusion, the choice of the computational methods is what determines the
level of the description of the molecular system. The study of biotechnologically
relevant system with computational techniques is a powerful tool to gain insight
into molecular properties that are otherwise not explorable by experimental

techniques.
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Chapter 1

From quantum to molecular mechanics: different

approaches for different goals

We can still use the objectifying language of classical
physics to make statements about observable facts. [...],
but it is no longer possible to make predictions without

reference to the observer or the means of observation.

Niels Bohr

As affirmed by Richard Feynman in 1964 in his Lectures on Physics, “no subject
or field is making more progress on so many fronts at the present moment,
than biology, and if we were to name the most powerful assumption of all,
which leads one on and on in an attempt to understand life, it is that all
things are made of atoms, and that everything that living things do can be
understood in terms of the jigglings and wigglings of atoms”. This assertion,
beyond underline the highly dynamic nature of biological matter, stresses the
remarkable importance of the study of atomic, molecular and macromolecular
motions for the understanding of the fundamentals of life. Since the second
half of the 20th century, besides classical experimental techniques, machine
computations have played a critical role in science and engineering. Computer-
based techniques have become especially important in molecular biology, since
they often represent the only viable way to understand some phenomena at

the molecular level and gain insights into the behavior of a biological system



as a whole. The complexity of biological systems, which usually needs to be
analyzed on different size- and time-scales and with different levels of accuracy,

requires the application of different approaches.

Among the features we have to describe a system, its essential units or particles
play a fundamental role in the choice of the computational technique. More in
detail, the choice of particles and their number puts some limitations on what
we are ultimately able to describe. If we choose atomic nuclei and electrons as
our building blocks, we can describe atoms and molecules, but not the internal
structure of the atomic nucleus. On the other hand, choosing the whole atom
as building block, we can describe molecular structures, but not the details of
the electron distribution. Reducing furthermore the resolution of the technique
and opting for amino acids as the building blocks of our system, we may be
able to describe the overall structure of a protein, but not the details of atomic

movements.

The general aim of this dissertation is to apply and verify the usefulness and
the limits of different computationals methods as tools to investigate the char-

acteristics and properties of biotechnologically-relevant systems.

1.1 Quantum mechanical approach in bioinor-

ganic chemistry

A considerable fraction of chemistry of life involves reactions that are catalyzed
by metalloenzymes.[1] The scope of chemistry performed by these bioinorganic
catalysts is very broad and spans through different types of reactions difficult to
achieve in organic chemistry. Within the proteic scaffold, the metal ion, located
in a pocket whose shape fits the substrate, usually can adopt several oxidation
states and stabilize various reactive forms of substrates during the catalytic
cycle, and hence provide a low energy path for chemical transformations. Very
often, scientists try uncover the design principles of these natural devices, to

study and develope fast and efficient biomimetic catalysts.

The term biomimetic chemistry was first used in 1972 to describe a branch of
chemistry inspired by biological processes. Biomimetic chemistry covers a wide
area of topics that include the synthesis and study of artificial enzymes and the
study of biological precedents to direct the total synthesis of natural products.

Generally this term refers to chemical catalysts that mimics certain key features



of enzymes, including high enzyme substrate binding affinities, high turnovers

and substantial rate accelerations relative to uncatalyzed reactions.

Since the reactions considered both in metallo-proteins and bioinspired cata-
lysts are usually multi-step processes that involve short-lived and often highly
reactive intermediates that frequently can decay along different scenarios, the

study of these systems poses serious challenges to the scientific research.

Computational quantum chemistry is one of the various research techniques
that can provide a detailed description of all species along the catalytic cycle
in both enzymes and homogenous catalysts metal sites, including labile transi-
tion states and short-lived intermediates, which are frequently out of reach for

temporary experimental techniques.|2]

In quantum chemistry, the fundamental rules and equations of quantum me-
chanics are applied to chemical issues. Quantum chemical models stem from the
Schrédinger equation first brought to light in the late 1920’s. It treats molecules
as collections of nuclei and electrons, without any reference to their chemical
bonds. The solution of the non-relativistic time-independent Schrédinger equa-

tion

Ey = Hip (1.1.1)

where H is the electronic Hamiltonian operator, E the energy of the molecule
and v the wavefunction, which is a function of the position of the electrons
and nuclei within the molecule, leads to the quantized energies of the chemical
system and the associated wavefunctions. The wavefunction ¢ can be approxi-
mated to the electronic state or, in other terms, to the configurations of the elec-
trons in the molecular orbitals of a certain molecule. For a given wavefunction,
the Hamiltonian operator can be calculated according to the following terms:
the kinetic energy of the electrons, the kinetic energy of the nuclei, the coulomb
attraction between electrons and nuclei, the repulsion between electrons and
the repulsion between nuclei. Unfortunately, the many-electrons Schréodinger
equation can be solved exactly only for the simplest mono-electronic sistem:
the hydrogen atom. Introduction of approximations is needed to provide a

practical method that can be applied also to multi-atomic systems.

One way to simplify the Schrédinger equation for molecular systems is to as-

3



sume that the nuclei do not move. In fact, the large difference in masses
between electrons and nuclei allows for the decoupling of the instantaneous
electron relaxation, with respect to the slow nuclear motion. This is called
the Born-Oppenheimer approzimation, and leads to an electronic Schrédinger
equation where electron motion occurrs in the field of fixed nuclei. From all
the terms listed above, the Hamiltonian lacks the nuclear kinetic energy and
the nuclear-nuclear potential energy term is considered constant. Even after
this expedient, electronic Schrodinger equation is still intractable and further
approximations are required. As mentioned before, the Hamiltonian operator
includes a term that is the sum of the repulsions between all electrons couples.
Since repulsion energy is inversely proportional to electrons distance, it is neces-
sary to be aware of the exact position of at least one of the two particles. This is
hardly feasible in a multi-electronic system, and another simplification needed
is the molecular orbital approrimation, that entails the treatment of electrons
as independent particles. Every electron is described as a wavefunction called

spin-orbital

Gi(ris 8i) (1.1.2)

that depends on spatial and spin coordinates, and is expressed as product of the
spatial wavefunction, representing the molecular orbital, and the spin function
(o or B). The new wavefunction (or Hartree product), given by the product
of all the mono-electronic functions, expresses the probability of finding the
electrons in a given space, with a certain spin. However, this latter is not
completely satisfactory for electrons, because the wavefunction obtained from
the product of all spin-orbital functions is not antisymmetric (the permuta-
tion of spatial and spin coordinates between two particles has to lead to the
same wavefunction with different sign), as it must be from the Pauli exclusion
principle. To overcome this problem, a linear combination of the both Hartree
products of an anti-symmetric wavefunctions is introduced, giving back an
expression, or Slater determinant, that describes the wavefunction of a multi-
electronic system that satisfies anti-symmetry requirements and consequently
the Pauli principle. In the Hartree-Fock approzimation the wavefunction of a
multi-electronic system is described by means of a single Slater determinant and
corresponds to a single electronic configuration that derive from spin-orbitals at

lower energy: the ground state. This approximation is suitable for describing



a lot of molecular systems whose configuration is proximal to the equilibrium
geometry. Depending on the restriction on spin-orbitals used, Hartree-Fock
methodology can be classified as restricted or unrestricted. Restricted Hartree-
Fock (or RHF) is applied to closed-shell systems, when all electrons are paired.
Here it is imposed that o e 8 electrons occupy the same orbital, with different
spin: there is a coincidence regarding the spatial volume where the electrons
are located. On the contrary, unrestricted Hartree-Fock method (or UHF) is
used for open-shell molecules where the numbers of electrons of each spin are
not equal. In this case, different spatial molecular orbitals for the o and (3

electrons are applied.

The Hartree-Fock approximation leads to a set of equations, each taking into
account the coordinates of a single electron. While they may be solved numer-
ically, it is advantageous to introduce an additional approximation in order to
transform them into a set of algebraic equations. It is reasonable to foresee that
the one-electron solutions for many-electron molecules will closely resemble the
one-electron solution for the hydrogen atom. Thus, the molecular orbitals are
expressed as linear combinations of a finite set, a basis set, of prescribed func-
tions known as basis functions. Generally these latter are atomic functions, or
atomic orbitals, and every molecular orbital is expressed as a linear combina-
tion of a certain number of atomic functions. The choice of the appropriate
basis set is extremely important in quantum chemical calculations, because the
quality of all the results obtained will ultimately depend on the quality of the
basis set used. The more basis functions are included in the molecular orbital
calculation, the more accurate is the final representation. However, as might
be expected, this results in an increase in computational time. The choice of
the basis set is addressed by two different and necessary guidelines. First, they
should reproduce the physics of the problem that ensures fast convergence as
the number of basis function increases. Second, the practical way of selecting
elegant and good functions should allow for rapid calculation of all integrals of
interest to save computational time. The set of molecular orbitals leading to
the lowest energy are obtained by a process referred to as a self-consistent-field

or SCF procedure.

As mentioned before in the paragraph, Hartree-Fock models treat the motions
individual electrons as independent of one another. To do this, they replace
instantaneous interactions between individual electrons by interactions between

a particular electron and the average field created by all the other electrons.



Because of this, electrons get in each others way to a greater extent than they
should and there is an overestimation of the electron-electron repulsion energy
and to too high a total energy. Electron correlation accounts for coupling and
leads to a lessening of the electron-electron repulsion energy, and in the end to

a lowering of the total energy.

One approach to the treatment of electron correlation is referred to as density
functional theory or DFT. Density functional models have at their heart the
electron density p(r) as opposed to the many-electron wavefunction. Despite
this, both similarities and differences can be found between wavefunction-based
and electron-density-based methodologies. The essential building blocks of a
multi-electron wavefunction are single-electron orbitals, that can be directly
compared to the orbitals used in density functional methodologies. In addition,
both the electron density and the many-electron wavefunction are constructed

from an SCF approach.
The fundamentals of DFT derive from Hohenberg-Kohn theorem, that demon-

strate how ground state associated electron density allow the calculation of a
certain number of properties of the ground state itself. In detail, the ground
state energy of the system Ejy is a functional (a rule that associates a number

to a function) of the electron density

Eo = Eo[p] (1.1.3)

Unfortunately this theory expresses the existence and the uniqueness of the
functional Ey[p], but nothing is stated on its mathematical formulation: it is

SO necessary, even in this case, to perform some approximations.

Kohn-Sham theory states that the the ground-state electronic energy of a
molecular system can be calculated summing electrons kinetic energy, nuclear-
electron potential energy, electron-electron coulomb energy and exchange-cor-
relation energy. Except for electrons kinetic energy, all components depend on
the total electron density p(r). Exchange-correlation energy is a functional of
electron density that takes into account both exchange effects, the probability
of finding two electrons with the same spin in the same point of space, and
correlation effects, the probability of finding two electron with opposite spin.
Electron density is expressed as summation of mono-electronic function named
Kohn-Sham orbitals and since this term include the exchange-correlation func-

tional it is necessary to define its mathematical form. Nowadays, differing func-

6



tionals that use differing mathematical approximations to describe exchange-
correlation energy have been introduced in everyday computational chemistry
and they represent the attempt of make an educated guess on the real form of

exchange—correlation energy.

The weakness of DFT is in the lack of a systematic procedure to progressively
improve the functionals. However, a lot of work has been done following two
different and collateral directions. First of all the functionals have to follow a
set of formal properties and a behaviour physically acceptable. In addiction,
the functional has to allow the reproduction of experimental data of an het-
erogenous set of molecular systems. This latter case has led in many instances
to the introduction in the formalism of the functional of different arbitrary
parameters, in order to achieve a better reproduction of a large set of exper-
imental data. In addition to these theoretical weak points, a factor that can
really determine the overall quality of a given quantum chemical calculation
is the accuracy and the adequacy of the molecular model used. The choice of
reliable and sufficiently large model may be thus very important for accurate
description of enzymatic active sites. However the computational cost of cor-
related to ab initio methods mostly prevents their applications to very large
systems.[3, 4, 5, 6, 7, 8, 9, 10, 11]

As extensively discussed in the previous paragraphs, with DFT is possible to
analyze and study the electronic configuration of the ground state of a certain
molecule. Time-dependent DFT, or TDDFT, extends the basic ideas of ground-
state DFT to the treatment of excitations or more general time-dependent phe-
nomena. TDDFT can be viewed an alternative formulation of time-dependent
quantum mechanics but, in contrast to the normal approach that relies on
wave-functions and on the many-body Schrédinger equation, its basic variable
is the one-body electron density p(r t). The standard way to obtain p(r t) is
with the help of a fictitious system of non-interacting electrons. The final equa-
tions are simple to deal with numerically, and are routinely solved for systems
with a large number of atoms. These electrons detect an effective potential,
the time-dependent Kohn-Sham potential. The exact form of this potential is
unknown, and has therefore to be approximated. Two different situations can
however be observed. If the time-dependent potential is weak, it is sufficient to
draw upon linear-response theory to study the system (induced change in the
density can be described as linearly dependent on the applied perturbation).

In this way it is possible to calculate optical absorption spectra and circular

7



dichroism spectra. On the other hand, if the time-dependent potential is strong,
a full solution of the Kohn-Sham equations is required. A classical example of
this regime is the treatment of atoms or molecules in strong laser fields. In
this case, TDDFT is able to describe nonlinear phenomena like high-harmonic

generation or multi-photon ionization.[12, 13, 10]

1.2 Understanding molecular interactions through

molecular mechanics

The exponential growth of three-dimensional structures of biomolecules we are
witnessing in these latest 20 years has completely revolutionized the approach
of modern biology. A lot of structures available nowadays are proteins that
play a prominent role in cellular biochemistry and physiology, and offer huge

opportunities in the field of structure biology.

As told in the previous section, a complete description of the energy of a
molecule can be achieved only with the solution of the Schrédinger equation.
Altough this equation can be generally adopted to calculate the energy of ev-
ery molecular system, its practical application in macromolecular structural
biology field is negligible due to the intrinsic complexity of the ab initio com-
putational methodologies. Molecular mechanics (or MM) instead, uses classical
mechanics to model molecular systems and evaluate energy associated to dif-

ferent conformations.

In MM models the building blocks are atoms, meaning that electrons are not
considered as individual particles. Thus, bonding information must be provided
explicitly, rather than being the result of solving the electronic Schrédinger
equation. In addition to bypassing the solution of the electronic Schrédinger
equation, the quantum aspects of the nuclear motion are also neglected. The
physical consideration of these structures in the same way as macroscopic bod-

ies, allow their study through the application of Newton equation

Fi<t) =m; ai(t) (1.2.1)

where F is the force acting on i-th atom at ¢, m is the mass and «a is the accel-
eration. For time-independent phenomena, the problem reduces to calculating

the energy at a given geometry. Often the interest is in finding geometries of



stable molecules and/or different conformations, and possibly also interconver-
sion between conformations. Molecules are described by a ball (atoms) and
spring (bonds) model in MM methods, with atoms having different sizes and
softness and bonds having different lengths and stiffness. MM found its com-
plete expression in the force field, a set of funtions and parameters used to
calculate the potential energy of a molecular systems in a given conformation
as a sum of individual energy terms. Intuitively it is reasonable to expect that
the functional form of potential energy accounts for a sum of terms, each de-
scribing the energy required for distorting a molecule in a specific fashion. The

total potential energy U of the system can be written as

U = Estr + Evend + Etors + Evdgw + Eet + Eeross (122)

where FEg, represents the energy function for stretching a bond between two
atoms, Fpenq represents the energy required for bending an angle, E,,.s is the
torsional energy for rotation around a bond, E,4, and E.; describe the non-
bonded interactions between atoms, and F.,.ss describes the coupling between
the first three terms. Given such an energy function of the nuclear coordinates,
geometries and relative energies can be calculated by optimization. Both Eg,
and Fjpe,q represent a practical application of Hook’s law, that explain the
behaviour of elastic bodies in presence of a certain external force. While F;,.
takes into account the energy associated to vibrations around bond equilib-
rium lenght, Fpenq count the energy associated to little variations around an-
gle equilibrium. It has to be underlined that the term FE;,. loses significance
when bonds lenghten to dissociation values. The Ei,,s term typically has mul-
tiple minima and thus cannot be modeled as harmonic oscillators. It describes
part of the energy change associated with rotation around a B—C bond in a
four-atom sequence A—B—C—D, where A—B, B—C and C—D are bonded.
E,ors has contributions from both the non-bonded (van der Waals and elec-
trostatic) terms and the torsional energy function must be periodic, since the
bond is rotated 360° the energy should return to the same value. E,4,, is the
van der Waals energy describing the repulsion or attraction between all couples
of atoms that are not directly bonded. This term is zero at large inter-atomic
distances and becomes very repulsive for short distances. A popular function
that obeys these general requirements is the Lennard-Jones potential. On the

other hand, F; contribution is described by the Coulomb potential, and de-
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Figure 1.2.1: Total potential energy U of any molecule is the sum of simple
allowing for bond stretching, bond angle bending, bond twisting, van der Waals
interactions and electrostatics.

pends on the partial charges of the two atoms considered, on their distance
and on the dielectric of the medium. Together F, 4, and E,; describes the non-
bonded energy of the molecular system. The last term, E.,.,ss, covers coupling
between the five fundamental terms taken into account for the calculaton of
the total potential energy of the system. Taken all together, the six terms that

contribute to the determination of can be sum up as depicted in Figure 1.2.1.

The application of the principle of molecular mechanics founds one of the most
intresting application in molecular docking, a methodology arisen in the latest
years of the 20th century. The problem of docking is determining the best
alignment of two molecules with respect to each other, typically trying to fit
a small molecule into a large protein structure, but this also works between
two different proteins. Considering the case of a small ligand with a protein
structure, docking methodology intends to identify the geometrical transfor-
mations that has to be applied to ligand coordinates in order to minimize the
potential energy of the ligand-protein complex. It is possible to imagine that if
we consider the ligand completely flexible (rotable bonds has no torsional an-
gles), the exponential number of possible conformations that can be adopted,
make the research of a stable ligand-protein interaction extremely intractable.

To overcome this obstacle, any docking program has to implement an efficient
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research algorithm that allow the user to explore all the conformations possi-
ble, and a function able to quantify the interaction energy between ligand and
protein, and rank al the possible solutions. This function, called scoring func-
tion, very often is molecular mechanics force field based, and allow to estimate
the energy of a ligand conformation. Here in docking methodology, forcefield
are modified in order to take into consideration also entropic and desolvation
effects. Indeed after the binding, the ligand and to a lesser extent the protein,
undergo to a loss of entropy, energetically disadvantegeous, in favor of a partial
or total loss of interaction with the solvent molecules. These aspects are of

great importance in docking procedure, but can be neglected in canonical force
field.[14, 15, 10, 16, 17]

1.3 PES topology and stationary points

Both the solution of the Schrédinger equation and a force field, represent an
empirical approximation of the potential energy surface (or PES) of an atomic
system. Indeed, having an equation or a function that describes the potential
energy of a system starting from its atomic coordinates, it could be possible to
draw a 3N dimensional surface (with N is equal to the number of atoms of the
system) where every point it’s defined by the potential enery of the system with
a certain atomic configuration. This surface has, for every biological molecule,
infinite dimensions. Nevertheless this representation finds its utility in the de-
scription of some molecular properties. There are some points on the PES
that are particularly significant in energetic terms and they are called station-
ary points. Among these, we can distinguish maximum, minimum and saddle
points. Maximum points represent unfavorable conformations of the molecule,
while saddle points correspond to labile geometries, distinctive of the inter-
conversion process between conformers, and also called transition states. The
most energetically stable conformation on the PES is the global minimum. It
can happen that a molecule acquires a conformation adequately stable and falls
in a hole on the PES, surrounded by unsurmountable energetic peaks: these
points are called local minima. The analogy generally used to describe the PES
is that of a natural landscape, made up of its hills and valleys. Like gravity,
the force field generates the force that drives and object plunged in the field

to reach en equilibrium, where the sum of all the forces is null. Both quantum
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and molecular mechanics is interested in the study of these energetically stable
points on PES. The process that take advantage of the PES to reach the en-
ergetic minimum starting from a certain conformation of a molecule is called
minimization. This procedure is based on the following mechanism: given a
set of atomic coordinates xj, which define the position and conformation of
a molecular system in cartesian space, and a function f that describes poten-
tial energy associated to every conformation k, coordinates values at which f
displays a minimum are evaluated. This condition is fulfilled when
af —0 0 f

Since x is a vector composed by 3N variables xy, f first derivative (also called
gradient) is a vector f where every component is the partial derivative of f with

respect to xy.

One of the most used approach in energy minimization is the steepest descent
method, where the direction in which the geometry is first minimized is opposite
to the direction in which the gradient is largest (or steepest) at the initial
point. Once a minimum in the first direction is reached, a second minimization
is carried out starting from that point and moving in the steepest remaining
direction. This process continues until a minimum has been reached in all
directions to within a sufficient tolerance. In the conjugate gradient method,
the first portion of the search takes place opposite the direction of the largest
gradient, just as in the steepest descent method. However, to avoid some of
the oscillating back and forth that often plagues the steepest descent method
as it moves toward the minimum, the conjugate gradient method applies the
correction of the gradients, evaluating the precedent direction. This allows the
method to move rapidly to the minimum. The Newton-Raphson method is
the most computationally expensive of all the methods here mentioned. It is
based on Taylor series expansion of the potential energy surface at the current
geometry. The correction of the geometry depends on both the first derivative
(also called the slope or gradient) of the potential energy surface at the current
geometry and also on the second derivative (otherwise known as the curvature).
Although the computational expense, the Newton-Raphson method usually

requires the fewest steps to reach the minimum.[18, 10, 16, 19|
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Chapter 2

Lessons from Fe-containing metalloenzymes: hydrogen

production and storage.

It’s is not enough that you should understand about applied
science in order that your work may increase man’s blessings.
Concern for the man himself and his fate must always form
the chief interest of all technical endeavors [...]. Never

forget this in the midst of your diagrams and equations.
Albert Einstein

The widespread adoption of fossil fuels in these latest years has been respon-
sible for the increasingly high concentration of carbon dioxide (CO3) in the
atmosphere, which is directly connected to environmental concerns of primary
importance, such as antropogenic global warming and oceans acidification. It
has been postulated that since the industrial revolution, the concentration of
COs in the atmosphere has risen significantly from around 280 to more than
398 parts per million in 2015, and it is expected to continue to rise. [P. Tans,
NOAA/ESRL, www.esrl.noaa.gov/gmd/ccgg/trends]

In a world concerned about the availability of fossils fuel reserves and CO,
emissions, the research of clean and sustainable energy sources is becoming
more and more essential.[20] In this scenario, production of molecular hydro-
gen (Hs) has become a target of primiry importance due to its nature as a
clean, high-energy-density, and renewable energy carrier.[21] Nonetheless, cur-

rent hydrogen production mostly involves energetically costly processes, such
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as gas reforming from hydrocarbons or water electrolysis.[22] To achieve a sus-
tainable hydrogen economy, more efficient hydrogen production and storage
technologies are required [22] and, in particular, the investigation of biological
processes able to produce Hy by clean low-carbon and low cost techniques is
highly regarded. Unfortunately, nowadays the best synthetic catalysts for Hy
production and consumption utilize the expensive and relatively scarce noble
metal platinum.[23] The hydrogenase enzyme hold out the promise of using

cheap metals for this processes.

These enzymes were probably invented by nature during the earliest life of
cells on our planet, when early-Earth atmosphere was Hs rich, and are the
means by which some microorganism take advantage of the utilization of this
molecule as a source of reducing powers or to produce proton as final electron
acceptors.|[24] Hydrogenases catalyze the simple chemical reaction 2H™ + 2e~
= Hj, or Hy evolving reaction (HER). The reaction is reversible, and its di-
rection depends on the redox potential of the components able to interact with
the enzyme. In the presence of Hy and an electron acceptor hydrogenases act
as an Ho-uptake while, in the presence of an electron donor of low potential,
it may use the protons from water as electron acceptors and release Hs.[24]
In addition, depending on the location in the cell, hydrogenases may also be
involved in establishing transmembrane proton gradients.[25] According to the
metal composition of the active site, these proteins can be classified in [NiFe|,
[FeFe| and [Fe-only]-hydrogenases.[24, 26, 27] In the first part of this chapter I
will focus on [FeFe]-hydrogenases, reporting briefly the main characteristics of
this class of enzymes and the results obteined from different DFT studies on
|[FeFe|-hydrogenase bioinspired complexes. In the second part of this chapter,
I will analize the results obtained from the analysis of an iron-catalyst for the
reduction of carbon dioxide through hydrogenation to produce formic acid, a

value added chemical useful also to safely stock Hy and COs.

2.1 [FeFe]-hydrogenases for hydrogen production

and oxidation.

Hydrogenases containing two iron atoms in their active site, or [FeFe]-hydrogen-
ases, catalyze both Hy oxidation and the reduction of protons to molecular

hydrogen with significant efficiency. These enzymes achieve very high produc-
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tion rates, of up to 9000 molecules Hy s71,[28] and this makes them extremely
interesting candidates concerning the development of applications based on bio-
hydrogen or semi-artificial Hy production systems.[29] [FeFe]-hydrogenases can
be found in anaerobic eukaryotes, in anaerobic prokaryotes such as Clostridia,
in anaerobic fungi and ciliates and in some green algae.[30, 25, 31, 32] In the last
decade crystal structure analysis and X-ray absorption spectroscopy revealed
the general cofactor architecture of [FeFe|-hydrogenases.[33, 34, 35, 36] The
majority of [FeFe]-hydrogenases features a monomeric organization, contrast-
ing with the basically dimeric structure concept of [NiFe]-hydrogenases.[37] The
core domain of the protein is the 40 kDa structure that embeds the enzymatic
active site, composed by a cubane [4Fe4S| cluster and a [2Fey]| subunit. The
smallest [FeFe]-hydrogenase ever identified is reduced to this catalytic core unit
(structure type M1), and has only been found in Chlorophycean green algae.[32]
Other [FeFe]-hydrogenase monomers show a high degree of modularity by fea-
turing up to three additional N-terminal and up to two further C-terminal
cluster binding motifs containing accessory FeS clusters that mediate electron
transfer between the H-cluster and redox partners of the hydrogenase. Struc-
tural type M2 displays an additional bacterial ferrodoxin-like domain with two
canonical cubane cluster. This subtype can be found in all major lineages of
[FeFe|-hydrogenase phylogeny and is thus purposed to be the ancestral [FeFe|-
hydrogenase group.[32] Subtype M3, typical for clostridial enzymes, comprises
two further cluster binding motifs, one of these binding a [4Fe4S]-cluster ligated
by three cysteinate groups and one histidyl residue, while the other one exhibits
homology to plant type ferredoxins and contains a [2Fe2S]-cluster.[32] When
H, /H*-turnover is coupled to NAD(P)H/NAD(P)-turnover, an additional C-
terminal domain homologous to respiratory complex I can be found: this can
be a ferrodoxin-like [2Fe2S] cluster in subtype M4 or a canonical [4Fe4S| cubane
in subtype M5.[3§]

As briefly introduced above, the active site, the so called H-cluster, consists
of two coupled subclusters: a canonical [4Fe4S] cubane cluster linked through
a cysteinyl sulphur group to the catalytic [2Fe2S] or [2Fep]| subunit, where
both Hy production and oxidation takes place. The two Fe atoms, referred
to as proximal [Fep| or distal [Feq| with respect to the cysteine residue are
coordinated to unusual non-protein ligand molecules. These peculiar ligands,
altough in the first analysis were identified as 4 CO in Clostridium pasteurianum

Cpl hydrogenase, are in fact two COs and two CN~s. Another CO ligand can be
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Figure 2.1.1: Catalytic cycle of [FeFe]-hydrogenases with key redox state in-
dicated. The three coloured boxes indicate the catalytic steps studied in this
work. Green: Section 2.1.1; orange: Section 2.1.2 and blue: Section 2.1.3.

found bridging the two iron atoms, or terminally bound to [Feq| depending on
the redox state of the [2Fep] subunit.[33, 34, 35, 36] The inorganic sulfur atoms
bridging the two irons are interconnected by a dithiolate bridge, whose central
bridgehead atom has be identified as a nitrogen atom.[39] The amine group
of the deriving azadithiolate (adt) could easily mediate, through a Walden
inversion, the proton transfer from the proton transfer pathway to the open
coordination site at [Fegq].[39] The four cysteinates that coordinate the Fe sites
of the [4Fe4S] subcluster, form the only covalent bonds between protein and
H-cluster with one of the four cysteinates coupling the [2Fey] subunit and the
cubane.[33] Besides these covalent interactions, non-covalent bonds between
the proteic scaffold and the di-iron center stabilize and electrochemically tune
the catalytic cycle (Figure 2.1.1).[40, 41, 21, 42, 43]

Hs production and oxidation comprises two coupled electron and proton trans-

fer steps during which the di-iron site passes through different oxidation states
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and ligand coordinations. Spectroscopically, two different redox state can be
identified within the catalytic cycle: the paramagnetic H,y state, exhibiting
a mixed valence configuration at [2Feq| site (4Fe!!—Fe'Fel-[ |), and the dia-
magnetic species Hyeq (4Fel!—FelFel-| ]).[40, 41, 21, 42, 43] Recently, a low
potential redox state earlier regarded as inactive,[44] has been proposed as
active and to be a further intermediate of the catalytic process of hydoge-
nase: the super-reduced state or Hgeq (4Fe!—FelFel-[H1]).[42, 45] At least for
|[FeFe|-hydrogenases of structure types M2 and M3, Hgq seems to be short-
lived because the accessory [FeS]-clusters chain ease the release of the additional
electron at the [4Fe!]-cubane subcluster. As such accessory clusters are absent
in M1 enzymes, here Hgeq can be trapped in vitro as a stable state. According
to the valence spectrum of Hgeq , the binding site of the first proton prior to
the second protonation step is still unclear, but an intermediate protonation of
a nearby protein residue is suggested.[45] The active forms of the H-cluster are
reversibly inhibited either by CO leading to the inactive oxidized state Ho,CO
or by formaldehyde.[30, 42, 46, 43|

As mentioned before, the H-cluster is embedded within the proteic scaffold,
in a hydrophobic pocket with a rather complex fold of four helices and four
loops.[33, 34] All cofactor-interacting amino acids are strictly conserved in all
hydrogenases, with the exception of few cases in which the level of conservancy
is anyhow high.[47] The conserved H-bond interaction between a lysine and the
distal CN~ prevents the isomerization of the ligands at [Feq].[35, 48, 42] The
mutation of this residue to an asparagine led to a complete loss of activity of
the enzyme due to the missing translocation of the [2Fey] subcluster within the
open binding site of the apoprotein, highlighting its role not only in catalysis

but also in the maturation process.[49]

According to the [FeFe]-hydrogenases crystal structures available, the nitro-
gen atom of the adt linker is the terminal actor of the proton transfer chain
between the solvent and the catalytic [Feq], and it is thus pivotal for the cat-
alytic mechanism.[42] This atom is able to interact with the nearest aminoacid
(cysteine or methionine) through an hydrogen bond (N(H)—S or N—H(S)),
modulating its basicity and its proton conductive ability. As expected, even
a conservative mutation of this aminoacid abolishes or severely impairs the

catalytic activity of the enzyme.[49]

Model studies of the [FeFe]-hydrogenase systems are necessary because the
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knowledge from X-ray absorption spectroscopies studies can’t disclose all struc-
tural and redox properties of these biological machineries. Some features of
these systems have been explored through synthetic chemistry and the differ-
ent key areas of research on these systems, ranges from electrocatalysis and
solid state devices, through hydride and mixed-valent systems, to total synthe-
sis of H-cluster structures. Again unfortunately, some features remain ardueous
to investigate due to the instability of some intermediates and the complexity
of studying certain catalytic steps. DFT has been proved to be a useful tool
to explore the catalytic features of both enzymes and homogenous catalysts
metal sites. In addition computational studies allow to perform calculation on
model systems to disclose some peculiar features, avoiding the costs and time

employed in the process of synthesis.

This general overview on [FeFe]-hydrogenases will be followed in the forthcom-

ing sections by more detailed introductions about the topics debated.

2.1.1 Biomimetic models of [FeFe|-hydrogenase H,.q state
that preserve the key structural features of the en-

zyme active site.
2.1.1.1 Introduction

Since the structural determination of the active site of [FeFe]-hydrogenases has
been reported,[33, 34] the study of different derived complexes has driven a bet-
ter understanding of the chemistry of these enzymes.[50, 51, 52, 53, 54] One of
the still open issues concerns the structural features of the [2Fey] subcluster in
the H,eq redox state. The [FeIFeI] complexes synthesized to date, fail to mimic
the precise orientation of the diatomic ligands around the [2Fe2S] core that is
observed in the reduced form of the enzyme.[39] [Fe'Fe!| synthetic complexes
are usually characterized by an eclipsed geometry of the ligands coordinated to
[Feq], which has never been observed in the enzymatic catalytic site. Instead,
the native [2Fep] subcluster is thought to be characterized by a rotated config-
uration of the ligands at [Feq|, which exhibits an essentially square pyramidal
coordination with a vacant coordination site in trans to the y-CO group (see
Figure 2.1.2).[39]
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Figure 2.1.2: Schematic representation of eclipsed (left) and rotated (right)
isomers.

This unique orientation of the diatomic ligands about the distal iron of the
active site of [FeFe|-hydrogenases could promotes H acceptance, and the pro-
gression of the catalytic cycle. Experimental and computational studies have
suggested that the differences between the [2Fey| subcluster and synthetic mod-
els might be related and ascribed to enzymatic coordination sphere. The pro-
teic scaffold of [FeFe|-hydrogenases is in fact able to create a unique network of
electronic effects and hydrogen bonds with the di-iron cluster that is missing
in the small synthetic analogues. DFT calculations have been carried out to
evaluate how the structural features of the [2Fey]| cluster derived complexes
can be affected varying the first coordination sphere of ligands, suggesting that
the combination of a sterically demanding dithiolate linker and asymmetric
substitution of the CO ligands is particularly effective [35, 48] to obtain syn-
thetic diiron complexes with structural properties similar to the [2Fep]| active
site.[55] More recently, a synergy of crystal packing effects and agostic inter-
actions between the dithiolate bridge and an iron center were shown crucial to
stabilize the rotated conformation in [Fe'Fe!] biomimetic models.[56] One way
to reproduce the key environmental factors present in the enzyme would imply
the design of supramolecular complexes able to mimic the protein environment,
where the position of hydrogen bond donors is similar to that observed in the
active site. With the aim of evaluating whether the establishment of hydrogen
bonding at the level of CN~s is sufficient to favor rotation of ligands around
one of the Fe centers, in analogy with experimentally observed geometry of
the [2Feg] subcluster in H,qq, the conformational properties and stabilities of a
set of different isomers, which define a family of a basic biomimetic models of
the di-iron subcluster have been studied. Then it has been investigated how a
supramolecular amine-substituted porphyrin scaffold can affect their structural

properties and relative stabilities.
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2.1.1.2 Methods

All DFT calculations have been carried out gas-phase with the TURBOMOLE
suite of programs,[57] applying the resolution of identity technique,[58] using
the all-electron TZVP basis set [59] and the BP86 pure functional.[60, 61] This
level of theory has been shown suitable and reliable for the investigation of
[FeFe|-hydrogenase models. [62, 63, 48, 56, 64] In addition, correction for dis-
persion interaction was applied (DFT-D2).[65] Stationary points of the energy
hypersurface have been located by means of energy gradient techniques, and full
vibrational analyses have been carried out to further characterize each station-
ary point. In order to enclude entropy, zero-point energy (ZPE) and enthalpy
contribution into the self-consisted field energy (Escr), free energy values (G)
were calculated considering three different contributions to the total partition
function (Qeranslational, Qrotational 80 Qyibrational)-[19] The T and P values were
generally set at 298,15 K and 1 bar respectively. Because of the high values
of the SCF wavenumbers arising from the harmonic approximation, a scaling
factor of 0.9914 was applied.[57]

2.1.1.3 Results and discussion

The diiron dithiolates systems here considered to scan the potential energy
surface is [Fez(pdt)(CO)3(CN)2PMes| (pdt=propanedithiolate): while the pdt
ligand was kept fixed between the two iron atoms, positions of COs, CN~s and
PMes were exchanged in all possible manners to generate a set of 22 models (see
Appendix). Among the 22 compounds, three different groups can be identified:
1-7 models feature an apical PMes at [Fe,|, while 8-14 and 15-22 models
feature a basal PMes at [Fep| and [Feq| respectively (Figure 2.1.3).

Model 1 (Figure 2.1.3) features the presence of one CN~ coordinated to each
of the iron atoms, disposed in trans position with respect to the axis passing
through Fe atoms (not differently from the case of the enzyme active site). In
addition, the phosphine group is bound to the [Fe,| center in apical position,
in full analogy with the disposition of the [4Fe4S]-subcluster in the H-cluster.
Given such structural similarities with [FeFe]-hydrogenases catalytic site, and
in consideration of the absence of any p-CO isomer tightly reproducing the
coordination geometry of [2Feg], model 1 is taken as a reference point to discuss
structure and relative stability of all the other isomers localized in our PES (see
Table 2.1).
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Figure 2.1.3: Optimized structures of selected diiron models.
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model AG (kcal mol™') 1-CO

1 0.0 -
2 -2.1 -
3 -2.1 -
Apical PMe;s at [Fep) 4 +1.0 -
5 +9.1 -
6 +6.9 -
7 +2.9 yes
8 +9.8 -
9 -5.6 -
10 -7.1 -
Basal PMes at [Fep| 11 -6.9 -
12 -3.4 -
13 -3.9 -
14 -3.7 yes
15 -10.0 -
16 -9.2 -
17 -9.9 -
Basal PMe3 at [Feq] 18 50 -
19 -5.2 -
20 -1.6 -
21 -2.6 -
22 -4.8 -

Table 2.1: Free energy differences of models 2-22, taking the energy of 1 as
reference point. The presence of a n1-CO between the two iron atom is here
highlighted.
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Within the first group of models, only 2 and 3 turned out to be lower in
energy than the reference structure (AG = -2.1 kcal mol~!), although the values
obtained are close to the uncertainty of DFT method. Model 4 is isoenergetic
with 1, while all the others (5, 6, 7) were disfavoured (AG from +2.9 to
+9.1 kecal mol™!). Among them, optimization of model 7 brought to a u-CO
structure. This model displays an unsymmetrical configuration at the iron
atoms, with all the o-donors bound at the same Fe center. This configuration
leads one of the m-acceptor groups to be rotated, bridging the two metal atoms
and stabilizing the structure.[55] The group featuring the basal phosphines at
[Fe,| gather models more stable than 1 (AG from -3.4 to -9.8 kcal mol™1).
While models 8, 9, 10, 11, 12 and 13 show an all-terminal disposition of
CO and CN~ groups, model 14 (Figure 2.1.3) displays a bridging carbonyl
group. Such picture is analogous with model 7: again 14 showed all the o-
donors bound at the same Fe center, but turned out to be significantly more
stable (AG = +2.9 keal mol~! vs AG = -3.7 kecal mol~! respectively). In the
third group of compounds exhibiting a basal phosphines at [Feq] center, all the
structures turned out to be more stable or at least isoenergetic to model 1 (AG
from -1.6 to 10.0 kcal mol~1!). In this group no p-CO were identified. In this
set of 22 compounds analyzed the only y-CO models identified are the ones in
which both cyanides are bound to the metal atom. No CO-bridged minimum
can be found in models resembling the [2Fey]| cluster, with one CN~ at each
Fe atom (Figure 2.1.3).

With the aim of evaluating whether the establishment of H-bonds at the level
of CN~s is sufficient to favor rotation around one of the Fe centers and in-
duce the formation of a u-CO, we studied a series of derived supramolecular
assemblies obtained from the more stable models of Table 2.1 (1-3 and 8-22) in
complex with an amine-substituted porphirin derivative (Figure 2.1.4). Results

are shown in Table 2.2.

The presence of the porphyrin scaffold allows the diiron model to assume a p-CO
structure in only two minima: A and B (Figure 2.1.5). Model A in particular
features an hydrogen-bond between a CN~ ligand and one of the two amine
group, as well as dispersive interactions between the phosphine ligand and the
porphyrin ring. In this model the position of the carbonyl ligand between the
two iron atoms is semi-bridging, with a [Fe,]-C(CO) bond significatively longer
than [Feq]-C(CO) distance. This ligand disposition on the di-iron subcluster

resemble the Hyoq form of the [2Fey| cluster.[39] A similar structure disposition
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Figure 2.1.4: Structure of the amine substituted porphyrin derivative consid-
ered

model AG (kcal mol™!) p-CO

>

0.0 yes

+12.1 yes

-0.4 -

+9.8 -

+1.5 -
+7.1 -

+9.2 -

+8.8 -

+11.8 -

+5.9 -
-1.3 -

+3.8 -

+4.4 -

+5.2 -

+11.0 -
+4.9 -
+4.4 -

Hl | B |lOo|W|0o|Z2|8|0|~|Z|Q|" | #|0|Q|W

+1.3 -

c

+7.5 -

Table 2.2: Free energy differences of models B-U taking the energy of A as
reference point. The presence of a y-CO between the two iron atom is here
highlighted.
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Figure 2.1.5: Optimized structures of selected porphirin-containing models fea-
turing a p-CO.

can be found also in B, although this model is +12.1 kcal mol~! higher in energy
than model A. In both A and B a vacant coordination site can be identified
in trans position with respect to the bridging ligand, again in analogy with the
reduced form of the H-cluster.[39] Among the other models, no one showed a

u-CO.

In order to better understand the reasons for which binding to the porphyrin
favors a rotated u-CO core, the steric requirements for the presence of a bridging
ligand were investigated. The choice of such structure stems from the fact that
polipeptide assemblies fail to mimic the relatively rigid tertiary structure of the
folded protein. Analysis of the conformational space of the simple 1-22 models
set presented in Table 2.1 and in Appendix shows that the distance between
terminal ligands belonging to each of the two coordination spheres increases
significantly when going from all-terminal to p-CO adducts. The P(PMes)-
O(CO) interatomic distance (see Figure 2.1.6 for a schematic representation)
is larger in the p-CO adducts such 14 (5.75 A), while it is shorter (below 4.00
A) in all other models featuring eclipsed conformation of ligands and a basal
disposition of PMejs.

The same results can be found taking into consideration P(PMe3)-N(CN™)
distance in models 8 and 12 (3.92 A in both cases). Taking all these informa-
tions, even though the reason why 14 assumes a bridging-CO conformation is
esentially of electronic nature, the analysis illustrates that the elongation of in-
teratomic distances between ligands belonging to the two coordination spheres

represents a key steric requirement to accommodate a u-CO group. A further
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Figure 2.1.6: Schematic representation of selected diiron models with high-
lighted P(PMe3)-O(CO) distance.

support to this hypothesis is that also in A the distance between the phosphine
group and the basal ligand in cis with respect to the Fe-Fe axis is relatively
large (the P(PMes)-N(CN™) distance is 5.40 A).

2.1.1.4 Conclusions

To sum up, the scan of the isolated di-iron cluster evidenced that the bridging
disposition of one of the CO ligand, a typical feature of the H,.q redox state,
characterizes only models in which phosphine and CN™ ligands are all bound to
the same metal center. Minima with spatial orientation of ligands more closely
related to the one observed in the enzyme active site could be located when
the models were super-structured by the presence of a di-amine substituted
porphyrin ring, able to behave as a scaffold that donates hydrogen bonds to the
cyanide groups. Inspection of the structural features of such [2Fe2S]-porphyrin
supramolecular models, indicate that the usage of rigid scaffolds covalently
linked to cyanide-bound biomimetic diiron models can lead to the stabilization
of u-CO geometries resembling the one disclosed by crystallographic studies of
Hieq-

2.1.2 Dissection of the reduction step in H, catalytic pro-

duction by [FeFe|-hydrogenase inspired models.
2.1.2.1 Introduction

The unique structure of the [FeFe]-hydrogenase active site encouraged the

research of novel bioinspired complexes, in order to better figure out struc-
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ture—activity relationships and ultimately design new synthetic catalysts. The
reduction of protons, once these have bound the cofactor in its [Fe'Fe!| re-
dox state, is a key step in HER both in enzyme catalysis and i synthetic
analogues. Here the focus is on the first reduction occurring during the cat-
alytic production of Hy: [Fel'Fe!l]-[H™|=[Fe!'Fe!|-[H~]. The importance of
mixed-valence species like [Fe''Fe!]-[H™] resides in their likely intermediacy in
both the enzyme turnover and electrocatalysis by synthetic [FeFe|-hydrogenases
analogues.[66, 67] As mentioned in the previous sections, the vacant site identi-
fied in the redox state Hyeq at [Feq],[39] allows the proton binding in a terminal
fashion (t-H).[68, 69, 70] Its corresponding bridging form (u-H) however has
been reported to be thermodynamically more stable.[48] Thus it is conceivable
that a mechanism of rearrangement could, in principle, turn the t-H isomer
into the corresponding p-H form. Here, a key role in the [FeFe]-hydrogenases
active site is played by the two aforementioned CN~-enzyme interactions, that
hinder the isomerization at [Feq| preventing the formation of a less reactive
p-hydride.[35, 48, 42] Despite the biological significance of the t-H species,
their experimental detection in synthetic analogues has been rare, and re-
quires special experimental condition because of their spontaneous tendency
to isomerize.[71] An intimate mechanism able to describe the rearrangment of
t-H isomer to its y-H counterpart has been proposed in a DFT computational
investigation illustrating the energetic viability of the process.[72] This reaction
mechanism has been recently postulated to be absent in the enzyme cofactor
in a recent work by Reiher’s group.|73] The quantum mechanical study per-
formed on a large model of the [FeFe|-hydrogenases active site, which took
into account also the interactions of the H-cluster with the protein environ-
ment, illustrated that the formation of a thermodynamically more stable y-
H is kynetically hindered due to large energetic barriers. In addition, they
explained that the surrounding amino acidic environment is crucial to pre-
vent the y-H formation, enabling a fast proton reduction with low barriers.|[73]
These data reinforce the aforementioned idea that too stable bridging-hydrides
would form a thermodynamic sink also in the enzyme if a kinetic device was
not present to freeze the t-H to u-H isomerization. Diferrous species bear-
ing t-H ligand were unknown since the first X-ray diffraction characterization
performed by Rauchfuss’ group.[74] The study of [HFey(edt)(PMes)4(CO)4]
[edt=ethanedithiolate| derivatives with hydride reagents at very low temper-

ature provided a new approach to synthesize an active site model bearing a
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critically active intermediate. The t-H identified was indeed able to reacts with
Bronsted acids to give Ho, in contrast to the bridgind counterpart.[74] Terminal
coordination of hydrides was once again detected by Ezzaher et al. in solution
at low temperature.[75] In these conditions, the isomerization process leading
to bridging isomers is certainly slow to occur. In the same study, it was shown
that protonation of the asymmetric complex [Fez(pdt)(CO)4(dppe)] [dppe=1,2-
CoHo(PPhy)s] at two different temperatures (—50 and —75 °C) led to the for-
mation of two different t-Hs, on the (CO)s Fe atom or on the (CO)(dppe) Fe
atom, respectively.[75] Through different spectroscopic techniques, t-Hs were
also characterized for a family of complexes with bulky bis-phosphine ligands
[dppv=1,2-cis-CoHs(PPhy)2].[76, 77] Here, the lower isomerization to the y-H
congener is ascribable to the stericaly crowded Fe atoms and the hindrance of
the dppv ligands. In one of these studies, the persistence of the terminal iso-
mer was such to allow its redox potential measurement, along with that of p-H.
Analysis on pdt and adt derivatives of species investigated in the same study
showed that t-Hs reduce at potentials of 100—200 mV less negative than their
bridging counterparts (AE*yy_,u > 0).[77] As observed by Pickett’s group,
the reduction potential gap could be correlated with the spin density distri-
bution derived from DFT analysis: while in y-H species, the spin density is
delocalized on both Fe atoms,[78] in t-H congener is localized on the Fe atom
with no hydride.[77] Finally, Zaffaroni et al. reported that the protonation of
[Fea(adt)(CO)2(PMes)y] yields only t-H as a result. Owing to the presence of
the nitrogen atom on adt as a relay group, the protonation is not only regios-
elective but also reversible.[79] These species however showed no tendency to
eliminate Hy,[79] and this stability is consistent with the idea that the produc-

tion and the oxidation of Hs are coupled to electron-transfer reactions.[80]

Aimed at working out the issue stable/less reactive u-H vs unstable/reactive
t-H, one strategy has been adopted to date: the search for stable t-Hs, or at
least able to persist in solution long enough to be reduced (and protonated
again). Nonetheless, also because of the aforementioned evergrowing interest
toward hydrogenases,[33, 71, 51] it may be worth exploring new strategies.
Along this way, it can be remarked that a hydride in the bridging position
between Ni and Fe atoms has been unequivocally identified by different spec-
troscopy techniques in [NiFe]-hydrogenase, and it has been demonstrated that
is a catalytically active intermediate.[81] Even outside the hydrogenase family,

other outstanding examples of bioorganometallic clusters forming p-hydrides
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Figure 2.1.7: Born-Haber cycle used for the DFT evaluation of redox potentials

are known, such as FeMo-co embedded in the nitrogenase active site.[82] This
would suggest that, in nature, there is no intrinsic disadvantage for catalytic
processes to pass through metal—metal bridging hydride forms. Thus, we have
searched with DFT methods for the combination of ligands that afforded species
with AE°.g—,-n < 0, thus indicating a higher (or at least as high as) redox re-
activity of y-H versus t-H. This would allow us to overturn the paradigm, valid
certainly in the [FeFe]-hydrogenase modeling, that depicts u-H as persistent-less

reactive, whereas t-H is labile-reactive.

2.1.2.2 Methods

All DFT calculations have been carried out with the TURBOMOLE suite of
programs,[57] applying the resolution of identity technique,[58] using the all-
electron TZVP basis set[59] and the BP86 pure functional.[60, 61] This level of
theory has been shown to be suitable and reliable for the investigation of [FeFe|-
hydrogenase models.[62, 63, 48, 56, 64] Aiming at computing theoretical values
of standard reduction potentials (E°) that best reproduced those experimentally
observed, we initially adopted a protocol based on the Born—Haber cycle.[83,
84| Free-energy changes associated with the half-reactions are shown in Figure

2.1.7. The standard Gibbs free energy is calculated as follows:

AGo,redox _ AGO7T€dOI + AG?(T‘@d) _ AG?(OI') (211)

solv gas

The standard one-electron redox potential E° is calculated by eq. 2.1.2:

AGP s redor — _pRe (2.1.2)

solv

where AG is calculated as in eq. 2.1.1 and F is the Faraday constant, 23.061

kcal mol=! V=1, In order to enclude entropy, zero-point energy (ZPE) and
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AE°tq—pun
AE A]'—_Qsolv A}Esolv(SCF) AG AGsolv AE:solv(SCF)

179 216 180 136 172 144

Table 2.3: AE°tu—_pu values (in mV) calculated at different levels of theory for
[HFe(pdt)(CO)2(dppv)a]|*

enthalpy contribution into the self-consisted field energy (Escr), free energy
values (G) were calculated considering three different contributions to the total
partition function (Qeransiational, drotational and Quibrational)-[19] The T and P
values were generally set at 298.15 K and 1 bar respectively (other T values
have been used in specific cases in which the experimental conditions were
explicitly different). Because of the high values of the SCF wavenumbers arising

from the harmonic approximation, a scaling factor of 0.9914 was applied.|[57]

The solvent (CH3Cly) polarizing effect has been modeled according to the
COSMO approach,[85, 86] by considering a polarizable continuum medium
characterized by a €=9.01. Because the experimental value is known for the gap
of the standard reduction potential (AE*yz_ MH) associated with the aforemen-
tioned species [HFes(pdt)(CO)2(dppv)sa|™,[76] we have tested which method
provided the best match of theory versus experiment, among the following:
AE (gas-phase condition), AEg, (struture optimization in COSMO CH,Cly),
AEgq1v(scr) (gas-phase value + single point COSMO CH;Cly), AG (AE + ther-
mal/entropic corrections), AGsgoy (AEgqy + thermal/entropic correnctions)
and AGgoly (AEgov(scr) + thermal /entropic correnctions). All results for AE®
calculations are reported in Table 2.3.

AGgolv(scr) represents in theory the formally correct approach because it in-
cludes entropic and thermal contributions and solvent effects as well. However,
in the case under investigation, AEgq,(scr) values afforded the closest match of
theory versus experiment concerning AE°ig_, 1 (exp value, 200 mV;[76] com-
puted value arising from AEgq(scr), 216 mV; value from AGgoly, 172 mV).
Besides reproducing AE°ty_ 1, our computational model allowed us to obtain
a fine match (max error = 0.14 V) of theory versus experiment of redox po-
tentials referenced to electrodes employed experimentally (such as Fe™ /Fc).[84]
The better performance of AE versus AG in the present case is likely due to a
cancelation error effect arising from approximations normally used to turn AE

into AG (i.e., ideal gas approximation, separation into components of the total
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energy, harmonic approximation, etc.).

2.1.2.3 Results and discussion

To investigate the possibility of designing bridging hydrides that show more
favorable reduction potentials than terminally coordinated congeners and im-
plicitly unveil which factors are more relevant in making one electron reduction
of t-H generally easier than that of bridging hydrides,[76, 77] we studied a series
of [FeFe]-hydrogenases bioinspired derivatives. We first varied all carbonyl and
cyanides ligands (L) but the apical one at [Fe,| and the pdt chelate. Then, since
the methylthiolate ligand has never been employed in biomimetic compounds,
we investigated the effect of its replacement with other ligands (Y) employed
in inorganic synthesis, such as CO, PMes, and N-heterocyclic carbene (NHC),
with this latter already proven to be a good donor, similarly to the biological
cyanide ligand. Finally, also the effects of switching (XDT) chelate to different

forms have been investigated.

Effects of variations of L ligands

Because cyanides have been seldom used as iron ligands in the synthetic mod-
eling of hydrogenases, due to their undesired proton affinity,[51] carbonyls and
different types of phosphines[87, 88] have been used here as ligands of the
[2Fe2S] centre. Starting from the atomic coordinates of the PDB structure
(PDB ID:1HFE), canonical H-cluster ligands were modified to obtain a se-
ries of compounds: [HFes(pdt)(PR3)n(CO2)5-,CH3S™| (with n = 0, 2, 4; R
= H, Me, Et; Figure 2.1.8). The whole set of complexes is shown in Fig-
ure 2.1.8, with X/X’ representing H and CO ligands switching relative posi-
tions in bridging (X=H~, X’=CO) versus terminal hydrides (X=CO, X’=H™).
The H-cluster models investigated in the present study are: [Hyd IJ]*~ =
[HFes (pdt)(CO)s(CN™ ) (CHsS ™)~ [Hyd IIJ*~ — [HFes(adt)(CO)3(CN)s-
(CH3S7)]?~, [Hyd III]- = [HFey(pdt)(CO)3(CN)2(CH3SH)|~, and [Hyd
IV]~ = [HFez(adt)(CO)3(CN~)2(CH3SH)|~. Only the lowest-energy stereoiso-
mer (related to possible different rotamers at the [Feq|(X)s group) of each
species is shown in the picture (Figure 2.1.8). In V*, VI’ [V(CO)|T,
[VI(CO)]*, [V (PMe3)]", and [VI*(PMes)|* species, the correct t-H dis-
position is to be obtained by rotating the [Feq](X)s group by 120°. Upon

reduction, the diiron core of u-H and t-H is formally reduced from [Fe!'Fe!l]

31



compound E°un E°tn AE’tH—pH

I -1.782 -1.589 193
11 -2.415 -2.230 185
ITI -2.677 -2.478 199
v -2.990 -2.836 154
v -3.451 -3.175 276
\%A -3.249 -3.175 74

VI -3.185 -3.198 -13
vr -2.648 -3.198 -550

Table 2.4: Computed redox potentials (vs Fet /Fc) of u-H and t-H for the series
[HFeq (pdt)(PR3)n(CO)5_,CH3S ™|

to [Fe''Fel|. Here, the values for E°un and E°tg and AE°u_,u have been
referenced to the absolute redox potential of the Fct/Fc couple, commonly
employed in electrochemical investigations related to [FeFe]-hydrogenases. The
aim of systematically very the number and type of phosphines is to evaluate the
role of their electron content and the steric bulk in modulating AE° g, u. In
addition, because the complexes in the model set contain an apical methylth-
iolate at [Fep], this analysis has been done with the goal of modeling the role

of the biogenic cysteine.

The results in Table 2.4 show that t-H is more easily reduced than p-H, in all
species considered (except VI and VI’), which is generally in line with the
experimental data related to the biomimetic models investigated to date.|[76]
As expected, increasing the electronic density on the [2Fe| core of the vari-
ous species implies more negative E°. Nonetheless, increasing the number of
phosphines coordinated to the [2Fe] core does not appear to significantly affect
the reduction potential gap, showing rather an irregular trend, on going from
I to V, with the last one featuring the clearest preference for t-H reduction.
Unexpectedly, replacing PMes with PEts causes E° to become approximately
equivalent in t-H versus y-H (AE°tg_,u = —13 mV). Moreover, VI is also

the only species showing a bridging form less stable than the terminal one,
at both the [Fel'Fe!'|-[H~] (by 4.4 kcal mol~!) and [Fe!'Fe!]-[H~] (by 4.1 kcal
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Figure 2.1.8: Full set of models investigated in the present study.

33



mol 1) states. As for the V” and VI~ p-H species, they are isomers (with
basal—apical disposition of PX3 ligands at [Fe,|) of V and VI, respectively.
Reduction of these isomers has been investigated because they are very close in
energy (within the DFT accuracy value) to the dibasal forms V and VI. Thus,
both V and VI should be considered as two-component systems, denoted as
V/V’ and VI/VI’, given a likely coexistence of both isomers in solution.
Like VI, also VI* features a t-H more stable than y-H by more than 2 kcal
mol ! at the [Fe!'Fe!!|-[H] state, whereas V/V * shows a preference for u-H.
This result is serendipitous, although particularly relevant, because stabiliza-
tion of terminal versus bridging hydrides has been and still is to be considered
a challenge from a synthetic standpoint. Investigation of all of the reduced p-H
structures reveals that only VI features one [Fe,|-H™ bond that is completely
cleaved, to such an extent that H~ coordination becomes terminal. In light of
the reported higher reactivity toward protons of t-H form [74] and because a
second protonation is a requisite for the HER occurrence, the characteristics
identified in VI could unravel interesting perspectives. In particular, because
AE’¢— 1 associated with VI is near zero, whereas it is clearly > 0 for the very
similar V, a proper tailoring of the second coordination sphere of the [2Fe] core
could allow to tune such redox parameters. Curiously, however, the narrowing
(and the sign inversion) of AE’iy_,u in VI is concomitant with the presence
of a more stable t-H than y-H so as to indicate the “classical” strategy and that
pursued herein could be related. It could be argued that PMes and PEt3 have
so similar basic properties that the discrepancy that emerged between V and
V1 should be ascribed to steric repulsions possibly induced by the different bulk
of R groups. It has to be noticed that going from electron-poorer to electron-
richer compounds, the number/type of P ligands does not clearly affect the E°
gap, whose sign, yet, is even reverted in the presence of bulky Et groups on
4-P species. This would suggest that in a highly substituted diiron core, the
creation of a conditions where bulky phospines induce an intramolecular steric
effects can play a role and have an evident impact on AE°y_,n modulation.
The nonlinear trend outlined in Table 2.4 for AE°y_,u shows that sign inver-
sion occurs in an unpredictable way. This supports the fact that the number
of o-donors on the diiron derivative is not intrinsically a determinant factor,
but it becomes a crucial prerequisite as it allows some peculiar effects to unveil
their role on AE®ty_,u variation. Even more surprisingly, not only the number

of o-donors but also the donor strength is not per se sufficient to rationalize the
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observed picture. As previously extensively described,[89, 90, 91, 92| the PEtg
group is a stronger donor ligand than PMegs is, even though other properties
such as the pK,’s of PMe3 and PEt3 are quite similar (8.65 for PMe3 vs 8.69 for
PMes).[93] In addition, E°,i of V is more negative than that of VI and VI,
whereas the reversal is observed in t-H congeners of the same species. All such
apparen anomalies must therefore be explained, invoking steric factors. The
last statement is even reinforced considering that [Fe]-P(Ets) (2.392 A, avg)
bond distances are generally longer than those of [Fe]-P(Mes) (2.327 A, avg).
This is another counterintuitive observation with respect to the outcome that
had been figured out based on the stronger donor properties of PEt; versus
PMes.[90, 91, 92] To corroborate our hypothesis and to pinpoint the intimate
reason underlying the V wversus VI reductive behavior, a series of structural
parameters have been analyzed in the I—VT set. Analysis of the data in Ta-
ble 2.5 will be crucial to evaluating if and how a given structure is affected
by intramolecular repulsive strain, that is the factor that will be shown to be

decisive to explain our results on AE°ty_ 1.

The interatomic distances shown in Table 2.5 aim at monitoring structural vari-
ations upon reduction in the molecular region binding the hydride, throughout
the I—VT set. This allows us to gain information on both the strength of the
[Fe]-[Fe] interaction and the symmetry degree of the hydride coordination to
iron (terminal vs bridging character), upon going from |[Fel'Fe!l| to [Fel'Fe!|
states.

From the data it is evident that VI has a peculiar feature, unique in the
whole set: upon reduction, its p-H species undergoes a complete breaking of
the [Fe]-|Fe] bond with concomitant generation of relatively separated Fe sub-
units, the first containing a five-coordinated [Feq| and the second including a
six-coordinated [Fep]. The last one is coordinated by hydride in a completely
terminal fashion. V instead, even if very similar to VI, does not behave anal-
ogously once reduced. Indeed, V at [Fel'Fe!| redox state displays elongation
of both [Fe]-[Fe] and [Feq|—H distances, but these are definitely moderate if
quantitatively compared to those observed in VI. Such a different behavior in
so similar derivatives occurring for only one of the two isomeric forms could
help to explain the drop of AE°y_,u observed in PEt3 versus PMes species.
Otherwise stated, the cause of the structural differences for V wersus VI in
their reduced state could be at the ground of the sign inversion of AE*ty_ 5.

Intramolecular steric repulsions are introduced by enlarging the R size of phos-
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u-H

[Fe''Fe™| [Fe''Fe'|
[Fe]-[Fe] [Fep|-H [Feq]-H [Fel]-[Fe] [Fep]-H [Feq]-H
I 2.600 1.644 1.721 2.779 1.593 1.854
I 2.598 1.641 1.739 2.690 1.626 1.765
ITT 2.615 1.640 1.750 2.799 1.589 1.893
v 2.592 1.689 1.789 2.678 1.655 1.844
\% 2.719 1.689 1.790 2.831 1.656 1.844
VI 2.837 1.751 1.823 3.419 1.545 2.963
t-H
[Fe''Fell| [Fe'"Fe!|
[Fel-[Fe]  [Fegh  [Feal | [Fel[Fel  [Fey [Fea-
C(0) C(CO) C(CO) C(CO)
I 2.526 2.000 1.978 2.704 1.990 1.998
11 2.505 1.976 1.953 2.661 1.960 1.973
IT1 2.501 1.978 1.938 2.664 1.961 1.966
v 2.487 1.992 1.992 2.618 1.941 1.965
\% 2.541 1.922 1.922 2.672 1.941 1.966
VI 2.573 1.995 1.931 2.723 1.943 1.978

Table 2.5: [Fe-Fe] and other selected distances (A) in the y-H and t-H isomers
of the I-VI set
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phine ligands upon going from V to VI, with the consequence of strain produc-
tion (or destabilization) in [Fe''Fe!!| redox state of VI, which is unique in the
I-VI set of compounds. The destabilization affects both y-H and t-H of VI,
but reduction can alleviate repulsive interactions only in the bridging isomer
but not in t-H, as emerged from a comparison of the structural parameters of
V wersus VI. Thus, it becomes of primary importance to understand why re-
duction can separate the two Fe subunits of y-H but not those of t-H in the case
of VI. Some features being present exclusively in t-H may prevent the strain
from being relaxed upon reduction. Indeed, all terminal-bound hydrides have a
CO in the bridging position between the two Fe ions. Furthermore, the irons-
bridging CO is trans-oriented simultaneously to two strong electron donors
(H™ and CH3S7): it is therefore predictable that, specifically in electron-rich
derivatives, CO receives a large amount of electron density through a double
7- back-donation from both Fe atoms. This implies the presence of two strong
[Fep]-C(O)-[Feq] bonds (each with partial double-bond character), which can
prevent dissociation of the two Fe subunits upon reduction. Bridging hydrides
cannot show similar behavior because of the absence of m-acceptor properties
by the H ligand. This results in p-hydrido isomers of species affected by in-
tramolecular destabilization (exactly as VI) being free to alleviate the strain
thanks to reduction. The observation of key distances associated with V (Table
2.5) brings to light that this derivative must not be affected by intramolecular
strain, which implies that its reductive behavior should not deviate significantly
from the other less substituted derivatives of Table 2.4. This indirectly indicates
that, without steric factors influencing selectively the two hydrido forms of a
given species, the observation of a more favorable redox potential associated
with t-H must be governed by pure electronic factors. As aforementioned, the
DFT isomer speciation showed (limited to V and VI in their [Fel'Fe!!| state)
that the two possible ligand dispositions at [Feq| (Paibasal and Papicai—basal)
are so close in energy that DFT accuracy does not allow an unequivocal res-
olution of their relative stability. Therefore, the two stereoisomers should be
fairly predicted to coexist in a thermodynamically equilibrated solution. Redox
potentials have therefore been calculated also for V* and VI’. Interestingly,
reduction causes this time the loss of the apical PEt3 from [Fe4] coordination
in the sole instance of VI, while V* [Fel'Fe!] was still a bis-six-coordinated
Fe species. The [Feq|—PEt3 bond breaking upon reduction leads to a larger re-
lease of molecular strain compared to that observed for reduction of the dibasal
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isomer. Thus, dissociating a P ligand from Fe represents the other way that
u-Hs of strained /unstable species have for relaxing accumulated repulsions. Of
course, because VI and VI’ share the same t-H structure, the rationale that
justifies why the strain release occurs only in y-Hs is the same as that out-
lined previously. These results support quite incontrovertibly the idea that a
proper modulation of the intramolecular sterics can influence the AE®y_,n
gap. Frontier molecular orbital (FMO) analysis has been then performed to
pinpoint which electronic properties are mostly influenced by the structural
difference in 'V wersus VI. From inspection of the singly occupied molecular
orbital (SOMO) in reduced states of V wversus VI, shown in Figure 2.1.9, it is
evident that the molecular strain affecting VI and (but not V) finds release
upon reduction in y-H, whereas in t-H, there is actually a strain retention. A
comparison of Egonmo values shows that there is complete consistence with the
more favorable reduction of t-H versus y-H in V (AE*z_,u > 0; Table 2.4)
and simultaneously with the reverse behavior in VI (AE*g_,u < 0). Also
some differences are detectable in the atomic orbital composition (with con-
sequential unequal distribution) of the two SOMOs in p-hydrides of V versus
VI, whereas such a parameter is practically unchanged when looking at the
SOMO of t-Hs of the same species.

Effects of variations of Y ligand

Heretofore, have been considered complexes featuring the CH3S™ ligand, a
mimic of the cysteinyl sulfur bridge that links the [4Fe4S] cluster to the [2Fey]
center.[33, 34, 39, 94] Nonetheless, has been already mentioned that CH3S™ is
not normally employed in the synthetic hydrogenases’ chemistry.[95] Thus, has
been set out to investigate the effect of replacing it with other ligands more
routinely used synthetically, such as neutrally charged CO, PMes, and also
NHC. The results showing E°, AE° g_, 1, and all of those structural parameters
that are useful to evaluating the strain release upon reduction of the various

species are reported in Tables 2.6 and 2.7.

First, it is evident that the V-like versus VI-like comparison confirms the es-
sential role of intramolecular repulsions and their release upon reduction for
justifying the AE°(y_,u variation. The presence of the CO group in place
of the methylthiol group makes AE°g_,u significantly positive, indicative of

u-H reduction clearly disfavored versus t-H reduction. The importance of the
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Figure 2.1.9: Esomo(€V) and electronic distribution in reduced states of both
t-H and y-H for derivatives V and VI. The isosurface cutoff value is 0.03 atomic
units.

compound E°.n E°en AE’tH-pH
[V(COo)* -2.201 -2.022 179
[VI(CO)]" * -2.649 -1.944 705
[V(PMes)|* -2.645 -2.353 292
[V’ (PMes)]* -2.467 -2.354 114
[VI(PMes)]* * -1.467 -2.042 -566
[V(NHC)]* -2.840 -2.626 214
[VI(NHC)]* -2.523 -2.568 45

Table 2.6: Computed redox potentials (vs Fc™ /Fc) of y-H and t-H for the se-
ries [HFeq(pdt)(PR3)n(CO)5-_,CH3Y] (X=Me in V/V? and X=Et in VI/VT’,
Y=CO, PMezand NHC). In complexes designated with an asterisk, the reduced
form of y-H loses an apical phosphine, originally trans-oriented to hydride,
whereas [V(NHC)]" is the only 4-PEt3 system in which the strain release
occurs through breaking of Fe—Fe and one Fe—H bonds.
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u-H

[Fe''Fe'] [Fe''Fe'|
[Fel]-[Fe] [Feq]-H [Fel]-[Fe] [Feq]-H
[V(CO)T 2.648 1.662 2.792 1.680
[VI(CO)]" 2.689 1.675 2.692 1.695
[V(PMe3)|t 2.765 1.748 2.932 1.776
[V’(PMe;3)] " 2.718 1.702 2.885 1.802
[VI(PMes)]* 2.779 1.710 2.719 1.721
[VINHO)|T 2.711 1.702 2.873 1.846
[VI(NHO)|t 2.881 1.790 3.527 3.011
t-H
[Fe'Fe'] [Fe''Fe|

[Fe]-[Fe] [Fep]- [Fel-[Fe] [Fep]-

C(CO) C(CO)

[V(CcOo)* 2.641 1.529 3.093 2.999
[VI(CO)]" * 2.674 2.513 3.179 2.989
[V(PMes)]t 2.772 2.747 3.268 3.279
[V’(PMe;3)|t 2.772 2.747 3.268 3.279
[VI(PMe;3)| " * 2.920 2.921 3.379 3.297
[VINHO)' 2.768 2.679 3.214 3.144
[VI(INHO)|' 2.875 2.771 3.329 3.181

Table 2.7: [Fe-Fe] and other selected distances (A) in the y-H and t-H isomers
of species in Table 2.6. In complexes designated with an asterisk, reduced -
H loses an apical phospine trans-oriented to hydride, whereas [V(NHC)]™" is
the only 4-PEt3 system in which the strain release occurs through breaking of

Fe—Fe and one Fe—H bonds.
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simultaneous presence of two o-donors trans-oriented to bridging CO in ter-
minal hydrides has already been invoked as the reason that prevents strained
t-H (of the VI/VI~ system) from being energy-relaxed. Therefore, t-H iso-
mer of [VI(CO)|* species can relax, as well as y-H, thus not showing that
different behavior upon reduction of t-H wversus y-H, which is necessary to
observe AE’ig_,u inversion. Indeed, the true reason for which the oxidized
[VI(CO)]*-t-H is strained, despite the presence of two acceptors (with the
CO replacing CH3S™ and p-CO), whereas, for example, [VI*(PMe;3)|" is not
strained is rather subtle and is more complicated than depicted here. It requires
invoking electronic effects, which have been discussed in the following para-
graphs. It was expected that substitution of CH3S™ by PMe3([VI“(PMe3)]™)
would lead to outcomes analogous to those of VI/VI’. These findings can be
explained by the o-donor nature of PMegs, which, although less strong compared
to the thiolate, is well-known. In this peculiar case, it has been studied only
one stereoisomer at [Feq| because the other is very unstable (data not shown).
[VI"(PMe;3)|" actually shows strongly negative AE’ig_,u (see Table 2.6),
but the reason underlying this result requires application of the strain-release
model in a slightly different way. Because the apical PMes is a weaker donor
than thiolate, it cannot trigger the formation of a [Fe,]-C(O) bond (2.921 A)
as strong as in the case of CH3S -based species VI/VI” (1.995 A), essential
for preventing relaxation of molecular strain in terminal hydrides. This en-
tails that t-H of [VI*(PMe3)]™ is not strained at all already at the oxidized
level (see Figure 2.1.10), as is clearly evidenced from the structural parameter

analysis presented in Table 2.7.

AE°yy_,u values and structural parameters associated with [VI(NHC)]*
qualitatively confirm all results observed for [VI*(PMes)]". The quantitative
difference (AE°tg—,u of the PMes species is clearly more negative than that
in the NHC one) is explained by the fact that the [VI*(PMe3)]|" u-H loses
a phosphine upon reduction, while the [VI(NHC)|" u-H displays [Fe|—|Fe]
and [Feq|—H bond breaking. This last reductive behavior has less impact on
the E° gap (see also VI vs VI”) from a quantitative standpoint. It may be
argued at this point that also [VI’(CO)|* should feature a [Fe!'Fe!!| t-H re-
pulsively unstrained, just like [VI*(PMes3)|" and [VI(NHC)|". The apical
CO is actually expected to induce an even weaker [Fe,|-C(O) bond trans to
it, compared to those characterizing [VI*(PMe;3)]" and [VI(NHC)|". As
can be viewed in Table 2.7 (for example, focusing on the [Fe|]—[Fe] bond),
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Figure 2.1.10: Neutrally charged apical donors implying a weakening of
the [Fep]—C(O) bond in the cationic diferrous state of t-H: this causes
[VI’'(PMe;)]t and [VI(NHC)]T to be unstrained structures, unlike VI
(bearing apical CH3S).

[VI’(CO)]* features structural parameters that are indicative of a strained
oxidized state, at least more than the corresponding state in [VI*(PMes)]™
and [VI(NHC)|*. That is due to a couple of factors, the first being the
fact that the most stable rotameric disposition of [VI’(CO)]* at |Fe,| is not
(CO)ap—Fe—(PEts3)2ba_ba but instead (PEt3)ap—Fe—(CO)pa(PEt3)pa. Such a
result is probably due to the same aforementioned reason: two mutually trans-
oriented CO’s are less stable than that in a P—Fe—(CO) disposition. Thus,
oxidized t-H-[VI’(CO)]* has actually a donor (P) ligand in the apical posi-
tion at [Fep), just like [VI”(PMes)]™ and [VI(NHC)|", so that the issue of
the different strain (in the former vs the two latter species) remains unclear,
unless electronic factors are invoked. To shed light on that, one has to consider
that t-H-[VI’(CO)]™ has a less electron-rich [2Fey| core than that of the other
two species because of the presence of CO versus NHC and PMes. This means
that in t-H-[VI’(CO)]* more electron density is drawn from the [2Fey| core
compared to t-H-|[VI*(PMe3)]* and t-H-[VI(NHC)|" (see Figure 2.1.11).

Although the 18-electron rule formally requires the presence of the [Fe|—[Fe]
bond in the investigated species, it is yet conceivable that, in very electron-rich
di-iron cores such as those in t-H-[VI*(PMej3)|* and t-H-[VI(NHC)]*, each
Fe ion is already electronically saturated, so that the [Fe|—[Fe] formation is less
mandatory than that in t-H-[VI’(CO)|*. On a more general level, it can thus
be confidently concluded that what ultimately determines the sign of AE*1g_,n
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Figure 2.1.11: Schematic illustration of electronic factors underlying the
presence of strain in t-H-[VI’(CO)]* and the absence of strain in t-H-
[VI'(PMe;)|t and t-H-[VI(NHC)|*

is not necessarily the presence of factors keeping strained t-Hs from relaxing,
whereas corresponding y-Hs are able to do that (as illustrated in the VI/VI*
case). Indeed, the crucial point is the different reductive behavior of t-H versus
u-H of a given species, in whatever fashion it may occur. It is relevant that the
model that has been devised to monitor the presence/absence of intramolecular
strain remains valid in all of the instances investigated, with the only variation
residing in the manner of application of the model itself. Identical behavior
implies that t-Hs are reduced at potentials less negative than those of y-Hs,
whereas different behavior implies the opposite outcome. It has been stressed
that herein the identical/different couple refers to how/if the t-H versus p-H
of a particular instance changes its features in terms of the repulsive strain
model that has been set up and which could be coded as follows. Let 'S’ stand
for strained and "US’ for unstrained molecule: an identical reductive behavior
t-H wversus p-H will be coded either by ’S/S vs S/S’ or by 'US/US wvs US/US’
or finally by ’S/US wvs S/US’. Any other combination of characters associated
with the strain model will provide a different reductive behavior in the t-H/u-H
couple. This rationale can be schematically shown in Table 2.8, from which
it is clear how a given pattern (the array of S/US characters) associated with
the presence/absence of repulsive strain in both t-H and y-H of each derivative

entails a positive or negative sign of AE*y_ .

In light of the literature reporting that NHC and PMes have been previously
incorporated in diiron dithiolates modeling [FeFe|-hydrogenases,|78, 79, 96|
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u-H t-H
compound [Fe''Fe'|  [Fe''Fe| | [Fe''Fe''] [Fe''Fe'| AE°wm—.n
v/Vv’ US Us Us Us >0
VI/VD S US S S <0
[V(co)* Us Us Us Us >0
[VI(CO)]* S Us S Us >0
[V/V’(PMes)]* Us Us Us Us >0
[VI(PMe3)]t S Us Us Us <0
[V(NHC)]" Us Us US Us >0
[VI(NHC)[|* S Us Us Us <0

Table 2.8: Strain pattern related to some key species described above.

derivatives equipped with such ligands in the Fe apical position [VI*(PMes)]™
and [VI(NHC)]* could be potential candidates for the synthesis of new bio-

mimetic compounds.

Effects of protonation of CH3S™ ligand

Further, it has been investigated the possibility of altering AE*ty_,u by de-
creasing the electron-donor character of the CH3S™ group by protonating the
S atom (which could mimic the electron-attracting character of the CO group
and the presence of the cubane cluster). Such an effect has been tested on
a set of computational models of the active site of [FeFe]-hydrogenase (here
named [Hyd X]). Both dithiolate straps adt and pdt have been considered, a
comparison anyway useful for the purposes of the present study, although the
issue of the real identity of the X element in —SCH;XCHyS— has been finally
resolved in favor of nitrogen.[97] The presence of CH3SH in place of the anionic
CH35™ leads to an increase of AE°g_,u by more than 300 mV in the model
featuring pdt, while the augment is more limited in the case of the adt form
(Table 2.9).

An easier reduction of the t-H form fits well with the literature, which describes
a scenario in which enzyme catalysis is characterized, among other factors, also
by kinetic stabilization of the hydride in the terminal position at [Feq]. The

t-H-to-y-H rearrangement, active in all biomimetic compounds, is hindered
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compound  AE°u_pu

[HydI]~ 152
[HydIT]~ 222
[HydIII] 478
[HydIV]~ 307

Table 2.9: AE®yy_,u associated with the [2Feg| subunit of the H-Cluster (trun-
cated at the cysteinyl thiolate)

in the enzyme through interaction between the ligand CN~ and a conserved
lysine.[68, 51| In these conditions, the formation of a y-H isomer would bring

a less favored reductive event, probably impairing the catalytic efficiency.

Effect of variation od XDT chelate

The redox potentials of [VI(NHC)]* for both hydride forms (—2.513 V for
p-H and —2.557 V for t-H vs Fct /Fc) still reveal overpotential (although less
than that of CH3S™-based species), as expected because of the large num-
ber of donor ligands coordinated to the [2Fey| center. A possible mitiga-
tion of this effect has been obtained by replacing pdt with adt. Indeed,
the central amine of adt derivatives can be protonated in solutions by acids
thus bearing an extra net positive charge in diiron dithiolate.[74] However,
because hydride species bearing nonprotonated adt are also detected in the
CH,Cl solution, AE°g_,n has been computed also for some analogues of Ta-
ble 2.4 in which pdt has been replaced with neutral azadithiolate. Moreover,
two derivatives experimentally synthesized, [HFe,(pdt) (CO)2(dppv)2]™ and
[HFe;(pdt) (CO)4(PMe3)o] " [78] (AE®in—_,u = 188 mV), have also been con-
sidered. These last two sets of calculations have served mainly as benchmarks
for the present investigation (see the Methods section for [HFe(pdt)(CO);
(dppv)2]™). The obtained values confirm the same qualitative trend as that
observed for pdt-based derivatives, even if a negative AE°y_,n cannot be
observed, probably because of a (N)H—[Fe| stabilizing interaction, which selec-
tively favors t-H. When switching to protonated (Hadt) derivatives, it can be
noted that [VI(Hadt)(NHC)]*" shows, as expected, less negative E° values
both in py-H (—1.797 V vs Fc™ /Fc) and in t-H (—1.117 V vs Fc* /Fc). Regret-
tably, yet, this result goes to the detriment of the desired AE°ig_, 1 sign, as is
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compound AE -1

[V (Hadt)]" 576
[VI(Hadt)]" 399
[VI(Hadt)(NHC)]** 680
[V(Hadt)(NHC)]**. 2BF} 218
[VI(Hadt)(NHC)]*". 2BF} 84
[HFe.(Hadt)(CO)(dppv).CH3S™|*" 455
[HFe:(pdt)(CO)(dppv)2CH3S™] 124

Table 2.10: Standard reduction potential gap (AE°¢y_,u in mV) of derivatives
containing Hadt as a dithiolate strap.

observable in Table 2.10.

The reasons for that can be found in a strong intramolecular NH(H)?**—H|Fe|
interaction (dihydrogen bonding), which selectively favors t-H wversus u-H,
a feature recently illustrated also at the solid state in [HFey(Hadt)(CO),
(dppv)2]?T by Rauchfuss’ group.|74] However, the strength of this interaction
and also the doubly positive charge of [VI(Hadt)(INHC)]?* could be overes-
timated by the previous calculations because of the absence of explicit counte-
rions such as BF, which could be present near the electrode surface in buffers
used in a real cyclic voltammetry experiment. In addition, it has been reported
that BF ions can alter a delicately balanced equilibrium existing between N-
and Fe-protonated isomers.[74] The results show that adding explicit BF, ions
in the simulation brings about an 8-fold decrease of AE°yy_,u with respect to
the isolated bis-cation (see Table 2.10), which definitively points to a strong ef-
fect of the molecular charge on the redox gap. Although marked, however, the
charge effect is not sufficient in this case to observe a y-H reduction favored over
that of t-H. It is worth recalling, nonetheless, that 84 mV (1.9 kcal mol~!) is a
value essentially very close to the precision limit of the employed computational
method, thus indicating that a species may exist with t-H and p-H with roughly
the same reduction potential. The emerging scenario reveals that the amount
of negative charge that is pushed into the diiron system is able to significantly
affect AE*g_,n. This aspect is to be taken into appropriate consideration
for fine-tuning a parameter, which could be relevant in the design of new cata-

lysts. It becomes thus clear that a problem arises when pursuing the alternative
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strategy that have been herein explored, and that is thus worth recalling at this
point: the design of a model species characterized by AE®ty— 1 < 0. This result
is indeed achievable but only by very electron-rich derivatives, thus obviously
characterized by reduction overpotential. Any attempt that has been made to
decrease E° entails a AE g, u shift toward more positive values. This point is
confirmed also upon a comparison of [HFey(Hadt)(CO)(dppv)2CH3S™|*
versus [HFey(pdt)(CO)(dppv)2CH3S ] (see Table 2.10), in which it has
been probed the effect of replacing a CO with CH3S™ in Hadt and pdt deriva-
tives, experimentally synthesized. CH3S™ causes a AE*ty_,u shift toward less
positive values (from 216 to 124 mV) in the pdt species, which is compatible
with the role that has been described above for such a ligand. The case simula-
tion of [HFe,(pdt)(CO)(dppv)2CH3S™] is also interesting in that it allows
one to call back the importance of the repulsive strain factor, as defined previ-
ously: this derivative has the same overall charge as VI/VI’, and all of these
species share a common CH3S™ bound at [Fe,]. Despite all similarities, how-
ever, AE*iy_,u is clearly positive in [HFe,(pdt)(CO)(dppv)2CH3S™| and
negative in VI (strongly negative in VI”), a result that can be explained by the
different intramolecular repulsive bumps that characterize these derivatives. In
fact, phenyl rings of the dppv chelate can be observed to take on stabilization
of T-shape orientations, at both the computational and X-ray crystallography
level.[74] Also, in this case, however, upon switching to the Hadt species, a
strong shift of AE°\y_,u is observed, as in all preceding cases, demonstrating
(once again) how an unequivocal connection exists between absolute redox po-
tentials and their gap in t-H versus p-H isomers. A compromise between the
reduction overpotential and the desired AE°y_ .,y is therefore a probable key
to design more efficient electrocatalysts. In such a sense, the tiny value com-
puted for the redox gap value found for [VI(Hadt)(NHC)]**. 2BF could

be considered stimulating.

2.1.2.4 Conclusions

Increasing the number of electron donors on the protonated [2Fey] core of
[FeFe|-hydrogenases is predicted to alter AE*iz_,m in a nonlinear way, up to
a substitution extent at which subtle steric factors come into play entailing a
surprising modulation of the redox gap. Intramolecular steric repulsions among
bulky PR3 ligands of highly substituted (Fes(PRj3)4) diiron dithiolates cause
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an unsuspected effect on AE°i_,1: an inversion of its sign, the target of this
present investigation. Variation upon reduction of the structural and energetic
parameters shows that such a result is due to a steric strain (or destabiliza-
tion), which affects differently the py-H and t-H isomeric forms. Thus, p-H of
highly substituted derivatives with bulky PR3 in their oxidated [Fe'Fe!!] state
is unstable toward reduction, compared to analogues with R of smaller size.
The intramolecular strain thus generated can be released upon one-electron
reduction in two ways depending on which one of the two rotational stereoiso-
mers of y-H is being reduced. The main point is that only y-H shows release
of the intramolecular strain because in t-H, a [Fe]-[Fe] bridging CO, which is
strong m-acceptor and trans-oriented to two strong o-donors, forms two strong
[Fe]—C(O)—|Fe] bonds, preventing the two [Fe]-L3 moieties from moving away
from each other. Therefore, t-H of electron-rich species simultaneously bear-
ing bulky PRs ligands cannot release the intramolecular strain, whereas y-H
does. This justifies the inversion of the AE°y_,u sign observed in VI-like
systems. In the case of neutrally charged o-donors, less strong than the apical
CH3S~ (such as NHC), our results again show a AE*y_,u < 0, although t-H’s
of such derivatives show structural parameters indicating either [Fe]-(P)Rs or
[Fe]—|Fe]/[Fe]-H bond breaking.

Justification of such a result requires therefore generalization of the model based
on the strain presence/absence and on how/if it can be released upon reduc-
tion. The general factor underlying the positivity or negativity of AE*ty_,u
is the similarity or diversity of the reductive behavior by t-H versus y-H of a
given species. Therefore, in the case of species with NHC and PMegs, their
t-H is strain-free already at the oxidized state because two such ligands are
not able to make sufficiently strong [Fe|]—(C)O bonds, which would preserve
the unstable configuration. By contrast, y-H of the same species is affected
by intramolecular repulsion at the oxidized state, reduction of which allows
alleviation. This implies that the behavior of t-H versus p-H is once again
different, although according to another pattern compared to that emerged in
CH3S™-based species. It is worth pointing out that the possibility of replacing
the anionic CH3S™ with neutrally charged o-donors is a relevant factor because

it favors the lowering of the reduction overpotentials.

Reducing the overall charge of the diiron dithiolates by, for instance, replacing
neutral pdt with nitrogen-containing linkers that are susceptible to being pro-
tonated by acids, tends to favor t-H reduction over u-H (AE°x_,u is shifted
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toward more positive values). The same effect is observed when calculating
AE’t—_,u after protonation of the apical CH3S™ in models of the diiron core
of the enzyme active site. These observations, along with the necessity of in-
corporating a large number of donor ligands in the diiron dithiolate, before the
repulsive strain effect pops up, implies that non negligible overpotentials are
to be taken into consideration. Therefore, a compromise that can balance the

overpotential versus AE° competition has to be pursued.

2.1.3 Key electronic features for H, binding in [FeFel-
hydrogenases

2.1.3.1 Introduction

Considering the catalytic cycle of the [FeFe]-hydrogenases in the direction of
H, oxidation, the redox state directly involved in Hy binding is referred to
as Hgy, where the redox state of the H-cluster can be formally described as
[2Fel2Fe!!]-[Fe!'Fel]. In addition, in H,, a CO ligand bridges the two iron
ions, and the [Feq] atom is five-coordinated.[40, 41, 21, 42, 43] Due to the re-
markable catalytic activity of [FeFe|-hydrogenases, the Hyy state has become a
reference point for the design of biomimetic catalysts for Hy oxidation. In fact,
a variety of [Fel'Fe!] complexes were synthesized and characterized in recent
years.[98] However, despite their similarity to the [2Fe|]y subcluster, [Fe!'Fel]
complexes are unable to catalyze Hy oxidation,[98] unless suitable redox-active
ligands mimicking the functional role of the [4Fe4S] cluster are covalently linked
to the diiron moiety.[80] In any case, the catalytic activity of such biomimetic
complexes is much lower than that of the natural enzyme. General consid-
erations about catalysis [99, 100] suggest that in an efficient catalyst for Hy
oxidation the energy difference between intermediate species should be small,
because the formation of very stable or very unstable transient species is not
compatible with a fast catalytic process. For analogous reasons, the oxida-
tion potential of the catalyst-Hy adduct and of the other intermediate species
formed in the catalytic cycle should be as close as possible to the corresponding
potential for the uncatalyzed reaction. In addition, the investigation of both
[FeFe|-hydrogenases and synthetic complexes has revealed that the presence of
a suitable pendant amine group, which can play the role of a base in the het-

erolytic cleavage of Ho, greatly increases catalytic activity.[97] With the aim of
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Figure 2.1.12: Schematic structure of the [FeFe|]-hydrogenase [Fe!'Fe!|
biomimetic models that have been investigated.

contributing to the design of novel and more efficient biomimetic catalysts for
Hs> oxidation, we have used DFT to quantitatively compare key reaction steps
in the catalytic cycle of [FeFe]-hydrogenases and related biomimetic complexes:

H; binding and oxidation.

2.1.3.2 Methods

All DFT calculations have been carried out with the TURBOMOLE suite of
programs,[57] applying the resolution of identity technique,[58] using the all-
electron TZVP basis set [59] and the BP86 pure functional.[60, 61] This level
of theory has been shown to be suitable and reliable for the investigation of
|[FeFe|-hydrogenase models.[62, 63, 48, 56, 64| Calculations were also performed
with the hybrid B3LYP functional to validate the results obtained.[101, 102]
The solvents (protein environment, water and CHyCly) polarizing effect have
been modeled according to the COSMO approach,[85, 86] by considering a
polarizable continuum medium characterized respectively by a ¢= 4.80 and
9.01.

2.1.3.3 Result and discussion

Initially, the binding of Hy molecule has been studied on a series of models of the
[Hox (adt)-full]>~ model differs from the H-
cluster only because the cysteine side chain bridging the [4Fe4S] and the [2Fe]y

H-cluster in the H, redox state.
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d N/C(H)-

d [H}-[H]

compound e=1 €= (H)H

[Hox (adt)-full]>~ -2.26  -1.70 0.825 2.13
[Hox (adt)]>~ 0.87 0.89 0.822 2.13
[Hox(adt)(CH3S™)]>~ 146  0.42 0.816 2.19
[Hox(adt)(CH;SH)|>~ 346  2.69 0.808 2.28
[Ho.(pdt)(CH3SH)]>~  6.05 5.13 0.815 2.89

e=1 €=9.01

[1(adt)]" -3.24  -4.73 0.839 1.84
[2(adt)]" 0.95 1.66 0.819 1.98
[3(adt)]t 6.16 6.54 0.814 2.05
[1(pdt)]T 2.02 2.83 0.810 2.92
[2(pdt)] T 4.87  4.65 0.797 2.82
[3(pdt)] " 7.50 6.98 0.800 3.08

Table 2.11:  Hy binding energies (in kcal mol~!) computed with the BP86
and B3LYP functionals, and selected geometry parameters (from BP86 cal-
culations) for models of the [FeFe|-hydrogenase active site and for [Fe!'Fe!|
biomimetic models.

subclusters is replaced by a methylthiolate group. Since in the enzyme the
two CN™ groups of the H-cluster are involved in hydrogen bonding interaction
with the peptide chain, two formamide molecules forming hydrogen bonds with
the CN~ ligands have been also included. The simpler model [Hoy(adt)]?~
differs from the previous one for the absence of the formamides molecules. In
[Hox (xdt) (CH3X)]?~ complexes the nature of the xdt strap has been varied
betreen adt and pdt; in addition different protonation states of the methil thiol
group have been testes. Three additional complexes with an increased basicity
of the ligands at the diiron core and a different nature of the xdt strap have
been studied [from [1(xdt)]*to [3(xdt)]T], see Figure 2.1.12).

In all models, Hy binds in a non-classical way, and the [H]-[H] bond elongation

is generally proportional to the binding affinity (Table 2.11).
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The computed binding energy of Hy to the [Feq| atom of the [Hoy (adt)-full]?>~
model is -2.26 kcal mol~! (considering a dielectric constant ¢ = 1), whereas Ho
binding to the simplified models [Hox(adt)]?~-, [Hox(adt) (CH3S7)]*~ and
[Hox (xdt) (CH3SH)|?~ is endothermic. The comparison of Hy binding en-
ergies in [Hox(adt) (CH3SH)|~ and [Hox(pdt) (CH3SH)| ™ reveals that the
presence of the amino group in the chelating dithiolate ligand favorably con-
tributes to Hy binding (by about 2.6 kcal mol~!; Table 2.11). Changing the
dielectric constant ¢ from 1 to 4 (a value commonly used to model protein envi-
ronment) generally leads to slightly more favorable binding energies (by about
1 keal mol™!; Table 2.11). The larger affinity of Hy for [Hoy (adt)-full]®>~ and
[Hox(adt)]?>~, in comparison to diiron models of the active site, reveals that
the presence of the [4FedS| cluster affects substrate binding. In fact, while
binding of Hy to the investigated models is always concomitant with delocal-
ization of the unpaired electron from [Feq| to |Fe,|, in [Hox(adt)-full]®~ and
[Hox (adt)]?~ partial electron transfer from the [2Fe|y to the [4Fe4S] cluster
(about 0.13 charge units) is also observable. In addition, the binding energy
difference between the two species reveals that also the H-cluster environment
can affect substrate binding and in particular the formation of H-bonds be-
tween the CN~ ligands and the environment decreases the electron density on
the [2Fe|g subcluster, favoring Hs binding. Binding energies for a series of
biomimetic [Fe!'Fel] complexes which differ for the characteristics of the lig-
ands coordinated to each Fe atom and for the nature of the xdt strap were then
computed. Computed Hs binding energies for the symmetric diiron complexes
(Table 2.11) range from exothermic (~3.24 kcal mol™!; complex [1(adt)]™)
to strongly endothermic (+7.50 kcal mol~!; complex [3(pdt)]T), and are in-
versely correlated to the electron donor character of the ligands. More in detail,
the more electron donor are the ligands, the lower is the affinity for Hy. The
comparative analysis reveals that also in biomimetic complexes the nitrogen
group of adt contributes to Hs binding, as deduced by the comparison of bind-
ing energies in corresponding adt- and pdt-containing complexes (Table 2.11).
In addition, both in active site and biomimetic models, the [H]-[H] and N(H)-
(H)H distances are often inversely correlated (Table 2.11), indicating that the
interaction between the N atom of adt and one of the two H atom of the

coordinated Ho molecule results in activation of the latter.

In relation to the catalytic properties, it should be noted that a too high affin-

ity of the catalyst for Hy would be detrimental, because the formation of very

52



stable intermediate species necessarily implies large energy barriers in the next
catalytic steps. On the other hand, a too low affinity for the substrate, as
computed in [3(pdt)]") implies that the catalytic process could take place
efficiently only under high Hy pressure. In line with these remarks, in the most
complete H-cluster model [Hox(adt)-full]®~ the computed Hy binding reac-
tion energy is close to 0 kcal mol~!. When considering biomimetic complexes,
reaction energies close to 0 kcal mol~! are obtained to a lesser extent for com-
plex [2(adt)]". When comparing the enzyme cofactor and biomimetic models,
it is also remarkable that the highly negative overall charge of the H-cluster
(-3), compared to biomimetic complexes (+1), does not impair Hy binding.
The apparently contradictory observation that Hs can bind via o-donation to
a highly anionic complex, can be rationalized considering that only the five-
coordinated iron atom of the metal cofactor must be sufficiently electron poor
to allow Hs binding. In fact, a relatively electron-poor five-coordinated Fe ion
can be present also in highly anionic species (such as the H-cluster) when suit-
able electron acceptor ligands (such as CO and CN-) are coordinated to the Fe

ions, thus draining electron density away from metals.

2.1.3.4 Conclusion

The catalytic cofactor of [FeFe|-hydrogenases, the so-called H-cluster, has in-
spired the synthesis of hundreds of biomimetic complexes. In fact, the elucida-
tion of structure-activity relationships in this class of iron coordination com-
pounds is expected to drive the design of affordable catalysts for HT reduction
and Hs oxidation. Here the fundamental factors for Hy efficient binding have
been analyzed and discussed. Our analysis highlights that a sufficiently elec-
tron poor diiron subcluster is able to allow Hy coordination. In addition, the
amine group contained in the adt strap between the two iron atoms is crucial
not only for its well documented role as a base in Hy heterolytic cleavage,[103]

but also for tuning the Hy affinity to the diiron cluster.
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2.2 Synthetic catalysts for hydrogen storage and

carbon dioxide reduction

The efficient and catalytic reduction of CO5 by natural photosynthesis has in-
spired many sustainable energy and clean tech applications.[104, 105, 106] In
addition COs is also a greenhouse gas and its fixation as part of a carbon-neutral
energy cycle would significantly decrease its associated environmental risk.[107]
As explained in the previous section, Hy is desirable as a fuel because it can be
converted efficiently to energy without producing toxic products or greenhous
gases, and the rates and efficiencies with which it can be obtained from water
with sunlight and the efforts made by the scientific community to find eco-
friendly way to produce it continue to increase.[108, 109] Unfortunately, on an
industrial scale, Hs is constrained by its physical properties, leading to safety
concerns, transport problems, and low energy density.[104] Many different ap-
proaches based on Hs storage devices like cryogenic or high density gas contain-
ers have been tested, but the results have not proved economically viable.[110]
In contrast, liquids with a high hydrogen content
(> 4%) can be safe to handle and offer a greater energy density. In addition,
their transport can be feasible with the existing infrastructure for gasoline and
oil. In this context, aqueous formic acid (HCOOH) and its conjugate base for-
mate (HCOO™) are promising liquid hydrogen-storage media because of the
low energy barrier to their formation starting from Hy and CO4y (AGagsk=0.96
kcal mol~1).[111, 112, 113] The equilibrium given by the reaction

H; (aq.) + CO2 (aq.)=HCOOH (aq.) (2.2.1)

can be interpreted as a hydrogen storage system, with fuel ready Hy on the left
part and stored Hs on the right. It has to be underlined that the value added
chemical HCOOH has some intrinsic properties that can be exploited in the
industrial sector. First of all formic acid itself is an important preservative for
winter feed for cattle and an antibacterial product in the poultry sector.[114]
Furthermore, HCOOH is commonly used as a C1 feedstock for the production
of solvents and synthetic building blocks, but this topic will not be presented

in this manuscript.[115]

One way to catalytically produce formic acid starting from Hy and COs is the

use of biological systems and in particular isolated enzymes as formate dehy-
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drogenase (or FDH). FDH from Candida boidinii is extremely interesting from
an industrial point of view for its capability of regenerating NADH from NAD™
and formic acid, yielding COs as a by-product. Unfortunately this FDH dis-
covered by the pioneering work of Kula and colleagues in 1976 [116] was found
to be almost inactive in the reverse reaction, required to make formic acid from
CO3. More recently alternative FDHs have been described and in particular
FDH of Clostridium carboxidovorans has been found to be oxygen-tolerant and
higly active in the NADH oxidation.[117] Furthermore, this enzyme was found
to have lower affinity for formate, making it more useful for the production of
this latter. Another enzyme found in Clostridium autoethanogenum is a NADH-
dependent FDH, part of a complex composed of seven subunits.[118, 119] One
of the other subunits is an [FeFe]-hydrogenase and together all the subunits
catalyze the reversible coupled reduction of ferrodoxin and NADP™ with Hy or
formate and the reversible formation of Hy and COy from formate.[118, 119]
The major disadvantage is that all these FDHs require NAD(P)H in stoichio-
metric amounts and consequently a cost increase if scaled-up to industrial level.
Recently other intresting enzymes like hydrogen-dependent carbon dioxide re-
ductase (HDCR) have been discovered, but their oxygen-sensitivity puts a huge
challenge on the development of an efficient whole-cell system under anaerobic
condition.[120]

A practical and promising solution to overcome these problems, is the devel-
opment of synthetic functional analogues of FDH enzyme, able to store COq
and Hy in formic acid or formate. The first report of CO3 hydrogenation to
formic acid dates back to 1935, when Farlow and Atkins used Ni-Raney as a
catalyst.[121] In 1976,[111] the first homogenous catalyst for CO2 reduction and
formate generation was described, and since then several papers were published
on this trend topic.[112, 122, 105] Looking at the equation 2.2.2

CO3 (aq.) + e~ = CO5" (aq.) E=19V (2.2.2)

it is clear that the one electron reduction of COy requires very negative po-
tentials, due to the energy required for structural rearrangement of the linear
CO2 molecule to form the bent CO anion radical.[123] The high overpotential
associated to this reaction remains the major obstacle to rapid and electro-
chemical reduction of CO5.[124] The optimal catalyst for CO5 reduction should

avoid the highly energetically unfavourable formation of an anion radical as a
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catalytic intermediate, favoring lower energy processes for formic acid produc-
tion. Recent promising results have been achieved with the development of
iridium,[113, 125] rhodium, [126, 127] and ruthenium catalysts.[112, 128, 129]
Of course, the use of homogenous catalysts containing precius metals like
those mentioned before is not economically affordable particularly at indus-
trial level. Nowadays, only few non-noble metal-based systems are known for
the selective reduction of COy. The use of biorelevant metals such as iron,
cobalt or nickel has in fact been scarcely investigated compared to noble-metal-
based complexes. Even if recently improvements were reported by the work of
Beller [130] and Milstein,[131] all the non-noble metal catalysts show still low
activity.[132, 133, 134]

Since the use of cheap and abundant metals in synthetic chemistry is an essen-
tial requirement for the design of homogenous catalysts able to store Hy and
COz in molecules of formic acid or formate in a eco-friendly way, in next sec-
tion a DFT analysis on reactivity of the most efficient iron based catalyst for
CO3 hydrogenation developed by Beller and colleagues [135] will be presented.
The aim is to understand which molecular determinants underlies the observed

reactivity.

2.2.1 On the reactivity of the most efficient iron-based
catalyst for CO,; hydrogenation

2.2.1.1 Introduction

As mentioned before, iron-based electron reduction of carbonate and carbon
dioxide constitutes a challenging and highly attractive goal. Beller and co-
workers described for the first time in 2010 [114] an active iron catalyst sys-
tem which can be used for the reduction of both carbon dioxide and bicar-
bonate to give formate and derivatives. The success of this pioneering work
comes from the combination of the iron source Fe(BF,)2.6H20 and the tri-
dentate ligand P(CHyCH3PPhs)s or (PgiP3) to form the iron-hydride com-
plex [FeH(Pg:P3)|BFy. Here the CO2 hydrogenation proceed with an excellent
yield of 88% and an high turnover number (TON, 610 moles of sodium for-
mate per mole of catalyst). The same complex has been tested in 2011 in the
direction of formic acid dehydrogenation.[136] Presynthesized hydride catalyst
[FeH(PgP3)|BF4 showed an enhanced catalytic activity (TON=1923) com-
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Figure 2.2.1: Molecular structure of complex [FeF(PP3)|BF4. For clarity hy-
drogen atoms and BF, counteranions have been omitted.

pared to the in situ assembled system. The most efficient iron-based catalyst
for CO2 hydrogenation was presented in 2012.[135] Instead of using a tridentate
ligands, the iron atom was this time coordinated by a multidentate phosphorous
chelate. Specifically the idea was to use a tris(2-diarylphosphino)aryl)phosphines
ligand or (PpyP3). The reaction of the iron source Fe(BF4)2.6H2O with the
phosphorous ligand generates a [FeF(PpyP3)|BF4 (Figure 2.2.1). The hydro-
genation of CO5 in methanol (MeOH) was investigated in presence of amines.
The direct hydrogenation of CO5 in presence of triethylamine led to a mixture
of formic acid and methyl formate with a conversion of CO of around 15% and
a TON of 1692 moles converted per moles of catalyst. To understand the mech-
anism of the Fe-catalyzed hydrogenation nuclear magnetic resonance (NMR)
measurements of different catalytic experiments were performed. Figure 2.2.2

illustrates the catalytic mechanism for iron-catalyzed hydrogenation of COs.

The initial formation of a hydrido di-hydrogen complex B is proposed. This is
the result of the hydrogenation of the original complex [FeF(Pp,P3)] at 80°C
within a few hours and its behaviour is similar to the one of the known ana-
logue with (Pg¢P3) ligand.[130] When CO; is added to the reaction solution
a second NMR hydride signal appears, even if no formation of formic acid or

formate is observed. This observation can be explained through the formation

57



Fe —
p— | P
P
2H, c H +
80°C P |e/P
v JPTLT
P
B H * L=e.g. CO,
P\F| P
. e
base- HCOOH P _— | \H2 base
TN
E H 1 D H
base- H+ P\F|e P P\F|e P base- H+
p~— | O,CH ) p— | H
P ] P

Figure 2.2.2: Postulated mechanism for the iron-catalyzed hydrogenation of
COs.

of an equilibrium between complexes B and C, in which the hydrogen ligand is
exchanged either with solvent molecule or carbon dioxide. Only after the addi-
tion of the base triethylamine a product signal appears with the disappearance
of complex B. It has been postulated that the presence of the base is necessary
to convert B, a resting state of the catalytic species, into the reductively active
form of the catalyst, D. The insertion of CO3 into the [Fe]-[H] bond forms the
corresponding iron-formate complex E. The final protonation of this latter and
the coordination of hydrogen closes the cycle and formic acid can be detected
by NMR spectroscopy. C has been postulated to be the starting point for
a second competitive cycle in the analogous system [FeH(Pg;P3)|BF4. Here
instead, this intermediate is described as dead-end intermediate, without any

catalytic activity.

Since a detailed mechanism for [FeF (Pp,P3)|BF4 catalytic CO hydrogenation
is still missing, here it is presented a DFT investigation of all the alternative
reaction pathways. The solvent presence on the energy profile has also been
taken into account, as well as the importance of the base and also a possible role

of the counterion. This study allows to rationalize the different mechanisms
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proposed for [FeF(PpyP3)|BF, and [FeH(PgP3)|BF4, in order to justify the
presence of two competing cycles in the latter system that can’t be detected in

the former.

2.2.1.2 Methods

All DFT calculations have been carried out with the TURBOMOLE suite of
programs,[57] applying the resolution of identity technique,[58] using the all-
electron TZVP basis set [59] and the BP86 pure functional.[60, 61] Atomic coor-
dinates of the starting [Fe(II)-fluoro-tris(2(diphenylphosphino)phenyl)
phosphino tetrafluoroborate| structure were obtained from X-ray structure.[135]
In order to enclude entropy, zero-point energy (ZPE) and enthalpy contribution
into the self-consisted field energy (Egscr), free energy values (G) were calcu-
lated considering three different contributions to the total partition function
(QUtranslational, drotational a0d Qyibrationa1)-[19] The T" and P values were gener-
ally set at 353.15 K and 60 bar respectively to reproduce reaction conditions.
Because of the high values of the SCF wavenumbers arising from the harmonic
approximation, a scaling factor of 0.9914 was applied.[57] Solvent (MeOH) has
been modeled according to the COSMO approach,[85, 86] by considering a po-
larizable continuum medium characterized by € value of 33. Transition states
search has been performed according to pseudo Newton-Raphson procedure.
Initially, geometry optimization of a guessed transition state structure is per-
formed constraining the distances corresponding to the reaction coordinates. A
vibrational analysis is then carried out on the optimized structure: the presence
of a negative eigenmode corresponding to the reaction coordinate confirms the
nature of the transition state. The location of the transition state structure
is carried out using an eigenvector-following search: the eigenvectors in the
hessian are sorted in ascending order, the first one being that associated to the
negative eigenvalue. After the first step, however, the search is performed by
choosing the critical eigenvector with a maximum overlap criterion, which is
based on the dot product with the eigenvector followed at the previous step. In
light of available experimental data and considering the chemical nature of the
ligands of the iron atom, both low-spin and high-spin species have been taken

into account.

The evaluation of the efficiency of the catalyst (the turnover frequency or

TOF) was performed applying the innovative approach proposed by Kozuch
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and Shaik.[99, 100] With this method, the TOF of a cycle does not depend
on the rate determining step but it is rather an integrated rate function of the

entire cycle (see equation 2.2.3)

TOF :kBTTeéE/RT (2.2.3)

The apparent activation energy of the whole cycle, the so-called energetic span
(BE), is influenced by the energy levels of two species: the TOF determining
transition state (TDTS) and the TOF determining intermediate (TDI) (see
equation 2.2.4).

TDTS — TDI if TDTS appears before TDI
oE = (2.2.4)

TDTS — TDI + AG, if TDTS appears before TDI

where AG,is the reaction energy.

TDTS and TDI are not necessarily the highest and the lower state respectively
of the catalytic cycle, but are the two species that maximize the energetic span
and thereby gauge the kinetics of the catalyst.[99, 100]

2.2.1.3 Results

The main aim of the present work is the dissection of the two plausible reaction
mechanisms for CO5 hydrogenation catalyzed by the first cheap and efficient
iron-based [FeF (PpP3)|BF 4 system.[135] NMR studies [135] have revealed that
1, the starting intermediate of the cycle, is in equilibrium with another species
in which dihydrogen is exchanged either with a solvent molecule or carbon
dioxide 7 (see Figure 2.2.3; the same species in Figure 2.2.2 are named B
and C). Species 1 is shown to be unreactive before the addition of the base,
a step necessary to convert 1 to the reactively active species. Since 7 is the
starting point of cycle 2 proposed by Beller’s group for the analogous complex
[FeH(PgP3)|BF4,[114, 136] we decided to take into account both catalytic
cycles in order to investigate all the alternative hydrogenation mechanisms for
[FeF(PpnP3)|BF4 and disclose the reason why the catalyst can not proceed via

cycle 2 reactions.

All intermediates and transition states (T'S) found are cationic species and the
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Figure 2.2.3: Proposed mechanism for [FeH(Pp,P3)|BF mediated COy hydro-
genation.

presence of the base NEt3 (here modeled as NMes to reduce the computational
cost), fundamental for the catalysis, is explicitly considered only in cycle 1.
The effect of the counterion and of the base on the catalytic activity will be

discussed later. Reaction pathways are depicted in Figure 2.2.4

Cycle 1 starts with the deprotonation of the hydrido-dihydrogen complex 1
to give the dihydride complex 2 and NHMes™. The computed free energy
barrier for deprotonation of the classical hydride is about 15 kcal mol~! higher
than the one of the more acidic and less hindered dihydrogen (TS 2 AG#* =
14.71 kcal mol~!, Figure 2.2.5). Catalysis proceeds through the attack of a
CO2 molecule to one of the cis-hydride ligand of 2, through a direct hydride-
transfer transition state TSy 3 (Figure 2.2.5) with a barrier of 14.90 kcal mol .
In 3 the formate is n'-coordinated to Fe through a weak |Fe|]-|H| interaction
(the Fe-H distance is 1.72 A) which is mostly stabilized by the presence of
the protonated base. Even if formate dissociation from adduct 3 is only 3.83
kcal mol™! energetically uphill, the formation of more stable n'-O isomers
4 is feasible. At this point the release of HCOOH after protonation (from 5)
becomes less favorable. TS 1 is only 1.91 kcal mol~! higher than 6, suggesting
a fast Hy binding to form the stable hydrido-dihydrogen species that closes the

catalytic cycle.

Cycle 2 illustrates the formation of formic acid through COy hydrogenation

by a so-called migratory-insertion-like mechanism, already proposed for the
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Figure 2.2.4: Free energy profile of cycle 1 and cycle 2.
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|[FeH(PgP3)|BF4 complex developed by Beller and coworkers,[114, 136] with-
out the assistance provided by the base NMes. The formation of 7, starting
from 1 was suggested by NMR data. Among all possible binding modes of
CO; to the iron atom, the n'-O coordination (Figure 2.2.3) has been found
to be the most stable. The migratory-insertion-like mechanism, which takes
place through the binding of the hydride to the carbon atom of CO3 in TS7 3,
features a barrier of 6.20 kcal mol~!. In TS7 g [C]-[H] and |Fe|-|O] distance are
1.540 A and 2.074 A respectively (Figure 2.2.5). The binding of formate to the
iron atom yielding 8 is stable and the penta-coordinated Fe'! is characterized
by a triplet spin state (S=1). The isomerization of 8 to 9 is associated by a
downhill step of 4.84 kcal mol=!. 9 is characterized by a 1?-O coordination
to the Fe atom through two [Fe]-[O] bonds of 2.090 and 2.058 A. From 9 two
different reaction pathways are possible depending on the binding position of
a Hy molecule (see Figure 2.2.3). TSg10a (Figure 2.2.5) shows the binding
of Hy to the Fe atom in the apical position of [FeH(PpyP3)] (AG* = 24.02
kcal mol~!) while TSy 105 displays a side-on binding mode (AG” = 22.41 kcal
mol~!). Notably, these two similar transition states evolve to completely dif-
ferent products. While intermediate 10A shows both the formate anion and
the dihydrogen molecule bound to the metallic center, 10B features a formic
acid molecule bound to the iron-hydrido center (Figure 2.2.3). From 10A the
formation of the formic acid takes place through the deprotonation of the Hy
molecule in TS 114 (Figure 2.2.5), higher in energy by 2.79 kcal mol~!. In
11A the HCOOH is n!-coordinated to the Fe-center (Figure 2.2.3). From both
11A and 10B the release of the formic acid takes place spontaneously to re-
generate a [FeH(PpyP3)] complex (12, AG# = -16.20 and AG” = -9.54 kecal
mol ! respectively). Starting again from the iron-hydrido complex, the bind-
ing of a single CO, molecule takes place through TS127 (AG7 = 16.59 keal
mol 1), characterized by a [Fe]-[O] distance of 3.602 A.

Free energy profiles of cycle 1 and cycle 2 show that the energetic spans (3E)
are 29.20 kcal mol™! (1 — TSy 3) and 30.50 kcal mol™! (12 — TSy 10p)
respectively. According to DFT results, catalysis does not seem to follow a
preferential pathway (SE value is the same in both cases), suggesting that a
purely kinetic analysis is not sufficient to fully rationalize experimental observa-
tions concerning the catalytic mechanism. However, the competition between
the two proposed mechanisms can be also explained in terms of [FeH(PpyP3)]

affinity for Hy versus COs, therefore by using thermodynamic criteria. It was
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expected that the more the Hy exchange with a CO5 molecule is energeti-
cally unfavored, the more cycle 2 will be disfavoured compared to cycle 1.
Thus, AG value associated with the reaction: [FeH(Hs)(PpnP3)] (1) + CO2 <
[FeH(CO2)(PpnP3)] (7) + Hy were computed, and it was noticed that the equi-
librium is completely shifted towards the reactants (AG = 11.2 kcal mol™!),
preventing COs binding. The equilibrium driving force is the great stability of
cis-hydride-n?-dihydrogen complexes with tetraphos ligand, due to the so called
cis-effect, which has been widely unraveled by Bianchini’s group [137, 138, 139]
and also observed by Beller and coworkers.[114, 136] Since catalysis starts with
the [FeH(Hz)(PpnPs)] intermediate, we can conclude that even if cycle 2 is

kinetically equivalent to cycle 1, it is not thermodynamically accessible.

In order to make a direct comparison between the two iron-based Beller’s
catalysts,[114, 135] the aromatic tetraphos bridges (PpnP3) was switched to
the aliphatic (Pg¢P3) analogous and then 3E values of cycle 1 and cycle 2
were computed. Also in the [FeH(PgP3)| case the two mechanisms are almost
kinetically equivalent, since cycle 2 is preferred by only ca. 3 kcal mol~! to
cycle 1 (31.02 versus 34.53 kcal mol™1). These results are in agreement with
previous DFT studies,[136, 140] which highlighted that the HCOOH dehydro-
genation reaction catalyzed by [FeH(Pg:P3)] is a competition between the two

mechanisms which are very similar in energy.

To inspect in a more detail which determinants affect catalysis, we studied
the effect of those species (base NEt3 and counterion BFy) that could interact
with the catalyst or assist hydrogenation reaction steps. Given that TOF is
governed by SE, we focused on the free energy changing of TDI and TDTS
in both cycles. The presence of a base is necessary to enable cycle 1, as the
direct-hydride transfer is possible only after deprotonation of 1, which consti-
tutes the most abundant intermediate of the cycle. In the deprotonation step
the base is directly involved, and thus the free energy barrier will be lowered
when using a stronger base; since NEt3 has been modeled with the less basic
NMegs, the computed TSy o free energy (and consequently SE) could be slightly
overestimated. In addition, the base is predicted to assist CO5 binding, since
NHMes T stabilize TS2 3 of about 2 kcal mol~!. No minimum corresponding
to a n!-H coordination of formate has been observed, and the reaction evolves
directly to a n'-O species. In cycle 2 the base eases Hy binding lowering the
barrier of about 2 kcal mol™!, avoiding the formation of intermediates 9 and
directly producing intermediates 11A (AG7 = 40.68 kcal mol~!).
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Calculations to study the role of the counterion were performed on TDTS on
both cycle 1 and 2, but no significant influence of BF4 on catalysis has been

observed.

2.2.1.4 Conclusion

DFT has allowed to determine free energy profiles associated with the intimate
mechanism by which [FeF (PppPs)]| catalyzes CO2-to-HCOOH reduction. This
is crucial for the understanding of the molecular determinants characterizing
the catalytic activity. The use of the energetic span parameter OE has revealed
to be useful to analyze reaction kinetics, nonetheless inclusion of thermodinamic
criteria is relevant to fully rationalize the experimental scenario. In order to
understand the effect of the chelating ligand on stereo-electronic properties
of the system and to predict if a further improvement on the activity of this
promising catalyst is achievable, future studies on variation of the first and

second coordination sphere of the metal will be performed.
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Chapter 3

Computations meet experiments: spectroscopic studies of

metal-bound transferrin.

All excess is ill, but drunkenness is of the worst sort.

It spoils health, dismounts the mind, and unmans men. [...]
In fine, he that is drunk is not a man:

because he is so long void of Reason,

that distinguishes a Man from a Beast.

William Penn

3.1 Physiology of transferrin

Iron is essential for all types of cells and organisms. On the other hand, too
much iron is lethal. It is therefore necessary to precisely regulate its intracellu-
lar homeostasis and transport to diverse locations proteins and metalloenzymes.
Transferrins are nonheme iron-transport glycoproteins, found in multicellular
organisms from cockroaches to humans, that play the role of carrying iron
(Fe') from the sites of intake to the circulation system, the cells and the tis-
sues. This family includes serum transferrin, ovotransferrin, found in egg white,

and lactoferrin, present in the white blood cells and secretory fluids.[141]

Human serum transferrin (Tf) is composed of 679 amino acid residues and has

a molecular weight of ~79 kDa. The molecule is stabilized by 19 intra-chain
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-~ N-glycosilated Asn-611

Figure 3.1.1: Tf structure and focus on the Fel'binding site.

disulfide bonds and is protected by three carbohydrate side chains, two of which
are N-linked (Asn-413 and Asn-611) and the third is O-linked (Ser-32). The
Tf molecule is divided into two evolutionary related lobes, designated N-lobe
(336 amino acids) and C-lobe (343 amino acids), which share a high degree
of similarity (42%). Each lobe contains a metal binding site and is divided
into two subdomains, CI and CII and NI and NII, respectively, where a central
mixed [3-sheet is surrouded by several a-helices. In each lobe, two subdomains
are connected by a hinge consisting of two extended antiparallel 3-strands,
which form a cleft where the metal can be placed (see Figure 3.1.1).[142, 143]

The binding site in both lobes has four conserved amino acids including two
tyrosines, one aspartic acid and one histidine (Asp-63, Tyr-95, Tyr-188, His-
249 on the N-terminal lobe and Asp-392, Tyr-426, Tyr-517, His-585 on the
C-terminal lobe). These residues are arranged in a distorted octahedral coor-
dination. In addition, the binding site requires a bidentate ligand carrying two
negatively charged oxygen atoms to further stabilize the metal complex. In
serum TT this essential role is played by a molecule of carbonate ion (CO%‘,

Figure 3.1.1). The surrounding amino acid residues are thought to further sta-
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bilize the metal-binding site, and they have crucial roles in iron release. The
structural characteristics of Tf binding site allow this protein to tightly but
reversibly binds Fe'' (K, of ~10722 M) and transports it from extracellular
fluid to cytosol, thereby playing a critical role in the maintenance of human
cellular Fe'™ homeostasis as well as the prevention of damage from free radicals.

Deficiencies in Tf lead to insufficient cellular Fell!

, with a subsequent inhibition
in cell growth and proliferation. It is noteworthy that in blood plasma only
30% of the Tf sites is saturated with Fe!'!. The remaining sites are available for

III II1 II1 IIII

other metals: therapeutic Bi'"', radio diagnostic Ga™* and In*** and toxic A

and Pu'V metals. These metal ions share similar coordination sites to Felll
in Tf proteins, locating in the binding clefts formed within the two different

lobes.[144]

Employing high-performance electrophoretic methods, like isoelectric focus-
ing (IEF) followed by immunoblot and staining, Tfs solution is divided in a
multitude of bands. This happens because Tf is not a group of homogenous
molecules, but shows a distinct microheterogeneity due to the different iron
load, the genetic variants and the glycan chians. From the analitical point of
view this protein is a group of similar isoforms referred to as Tf.[141] As al-
ready mentioned, each Tf molecule can bind a maximum of two metal irons,

II " Depending on the supply of the organism, Tf molecules are

preferably Fe
iron free (apo-Tf ) or loaded with one (Fein- and Fe;c-Tf, where N and C in-
dicate the N- and C-terminal lobes respectively) or two (holo-Tf) Fe!! ions. In
healthy controls, Tf iron saturation is ~30%, and apo-, Fe;y/c-, and holo-Tfs
are detectable in serum. The isoelectric point (pI) of the Tf molecule decreases
by ~0.2 pH units with each Fe''' ion bound, permitting the separation of the

distinct stoichiometric forms by electrophoresis.[141]

The two Tf N-glycan chains bound to Asn-413 and Asn-611 differ in their de-
gree of branching, showing bi-, tri-, and tetra-antennary structures. Tf usually
contains two complex carbohydrate chains consisting of four variable carbo-
hydrates (N-acetylglucosamine, mannose, galactose, sialic acid). Sialic acid is
the only charged carbohydrate, always positioned terminally.[145] The main
isoform of Tf has a pI of 5.4 and four sialic acid residues (two on each carbohy-
drate chains) but minor isoforms with two (disialo-Tf, pI 5.7), three (trisialo-Tf,
pl 5.6), five (pentasialo-Tf, pI 5.2) and six (hexasialo-Tf, pI 5.0) sialic residues
have been identified in normal human serum. Also, traces of asialo-Tf and

monosialo-Tf (pI 5.9 and 5.8, respectively) can be determined in serum (see
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Figure 3.1.2: Microheterogeneity of Tf attributable to different N-glycan chains.

Figure 3.1.2).[146]

The relative amounts of these Tf isoforms as a percentage of total serum Tf
are 1-3% hexasialo-Tf, 12-18% pentasialo-Tf, 64-80% tetrasialo-Tf, 4.5-9%
trisialo-Tf, and <2.5% disialo-TT in healthy persons. Asialo- and monosialo-Tf
are not detectable or represent <0.5% (asialo-Tf) and <0.9% (monosialo-Tf),
respectively, of total Tf under nonpathological conditions.[147] Carbohydrate-
Deficient Tf (CDT) is the collective name of a group of minor isoforms of hu-
man Tf with a low degree of glycosylation.[148] The Tf glycoforms collectively
referred to as CDT, on the basis of a large scientific consensus, include the

isoforms with pI values > 5.7, i.e. asialo-Tf, monosialo-Tf and disialo-Tf.[146]

3.1.1 Spectroscopic studies to improve CDT detection
3.1.1.1 Introduction

Since 1976, when Stibler and Kjellin reported an increased concentration of
CDT isoforms in the cerebrospinal fluid and serum of alcoholics,[149] many
studies have been published pointing out the high specificity and sensitivity
of CDT for the diagnosis of chronic alcohol abuse. According to the current
literature, it is widely accepted that CDT serum concentration increases after
sustained alcohol intake (50-80 g/day) lasting for at least 7 days and decrease,
after cessation of drinking, with a half-life of 14 days.[148] Oun this basis, CDT
has been introduced as a diagnostic marker of chronic alcohol abuse and re-
cently, according to a sound body of literature, it has proved to be the most

reliable indicator, particularly in terms of specificity.[148§]

Although an alcohol-induced increase of the less glycosilated isoforms of Tf
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has been observed already in 1976,[149] the exact pathomechanisms for the
increase in CDT isoforms during chronic alcohol abuse are not completely un-
derstood yet. It is most likely that ethanol and/or its metabolite acetalde-
hyde affect N-glycan chain synthesis in the Golgi apparatus. Thus, Stibler
and Borg[150] measured diminished activities of galactosyl-transferase and N-
acetylglucosaminyl-transferase in serum from alcoholics and the addition of in

vitro acetaldehyde to these samples further decreased the enzyme activities.

CDT glycoforms are diagnostic almost exclusively for alcohol abuse, in fact
there are not diseases that cause the increase of CDT-glycoforms with the ex-
ception of Congenital Disorders of Glycosylation (CDG), a rare neurological
diseases present in northern Europe. CDG, formerly named carbohydrate defi-
cient glycoprotein syndrome, are rare hereditary disorders caused by mutations
in the genes coding for enzymes involved in the biosynthesis of glycoproteins
and other glycoconjugates. Stibler [145] investigated patients with CDG and
all patients showed elevated CDT values. In spite of this, when CDT is assayed
using an HPLC (High Performance Liquid Chromatography) or CE (Capillary

Electrophoresis), asymptomatic CDG carriership can be detected.

The diagnosis of chronic alcohol abuse is difficult because many subjects deny
or minimize the problem and diagnostic parameters with both high sensitiv-
ity and specificity are lacking. From both a medical and a social perspective
there is a need for early detection and correct judgement of excessive alcohol
drinking.[151] Indications in the field of forensic medicine are, for instance,
drunken drivers, license reapplication,[152] especially of professional drivers,
or post-mortem diagnosis of alcoholism from vitreous humor.[153] In occupa-
tional medicine, compelling indications are delegation to working sites where
the impact of chronic alcohol consumption may have fatal consequences, such
as aviation, working at high altitudes, handling of dangerous materials, and
driving of potentially endangering machines. Among the currently used lab-
oratory tests, CDT is regarded as the parameter with the highest diagnostic
efficiency.[154] At least eight countries in Europe use biomarkers routinely as
part of the clinical evaluation for drunk drivers and to assess if the person is
abstaining.[155] In Switzerland, Italy, and Austria, repeat offenders are sent
to therapy and biological markers, including CDT, are measured quarterly for
an entire year to monitor alcohol abstinence. After 1 year, if treatment was
successful and biomarkers were kept in check, the driver’s license is reinstated.
The mean half-life of CDT is approximately 1744 days.[156] Due to the rapid
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Figure 3.1.3: HPLC chromatogram (panel A) and CE electropherogram (panel
B) of CDT positive samples. 1= disialo-Tf, 2=trisialo-Tf, 3=tetrasialo-Tf and
4=pentasialo-Tf.

decline of these modified Tfs values compared with indicative liver enzymes
and mean corpuscular volume, they are a valuable parameter in the early stage
of alcohol withdrawal. If liver enzymes are still elevated, a decreasing CDT

value supports the presumption of abstinence.[157]

Morgan [158] investigated the potential impact of CDT values on the decision of
license reapplication in “high-risk offenders”. CDT values were useful in 70% of
the cases. In 8% these values would have produced a change in the reapplication
decision and in another 22% might have produced confusion. Iffland [159]
investigated the significance of CDT values in 534 drivers suspected of having
driven impaired. Approximately 20-25% of these drivers had serious alcohol
problems. In the entire group, 55% of the subjects showed values exceeding
20 U/L (1 U correspond to 1 mg Tf), and approximately 30% of the group
exceeding 30 U/L. CDT was proposed as a valuable parameter in combination
with the commonly used parameters for detecting drivers with chronic alcohol
abuse.[155]

CDT quantitative determination has mostly been carried out with commer-
cial immunoassay methods which include a sample extraction and purification
based on disposable ion-exchange cartridges. At present, CDT analysis can be
performed also with alternative methods, based on instrumental liquid separa-
tion techniques, such as HPLC and CE (see Figure 3.1.3).

These methods, in comparison to immunoassays, offer clear advantages in terms
of accuracy and precision, because of a more sophisticated separation of Tf
glycoforms, as clearly demonstrated by different studies.[146, 148, 155] With
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HPLC serum samples are Fe''" saturated before injection into the HPLC sys-
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tem. Separation is performed on an ion exchange chromatography column
using salt gradient; quantification relies on the selective absorbance of the Tf-
Fe™ complex at 460 nm. The relative amount of each glycoform is calculated
as a percentage of the area under the curve, using baseline integration.[160]
Detection of Tf using HPLC with absorbance at 460 nm is highly specific for

the protein-Fe!!!

complex. Therefore, HPLC is a robust method against inter-
ference by other serum proteins. This technique remains however less sensitive
than CE. The high efficiency of CE enables excellent separation of CDT from
normal Tf and well separates also asialo-Tf, never present in non-alcohol de-
pendent subject, and non detectable by HPLC.[154] The analytical procedure
works as follows: serum, previously saturated by incubation for 30 min with
FeCls and NaHCOgs, is directly infused by hydrodynamic injection in the elec-
tropherograph. Separation is performed in an uncoated fused silica capillary by
applying a voltage of 15 kV and the Tf glycoforms are then quantified. Tf-Fe!ll
complexes have their specific excitation wavelength (460 nm) but, because in
the capillary is injected a small quantities of sample, it is used a wavelength
of 200/215 nm (UV) where all proteins absorb.[161] Therefore, CE with UV
detection is less specific for Tf than HPLC, even if much more sensitive. For
this reason, developing an improved CE assay that would allow a more specific

CDT detection has become one of the challenges in this scientific field.

A fluorescent probe is a molecule employed for the detection of biomolecules.
Generally, fluorescent labeling consists in a reactive derivative of a fluorescent
molecule known as a fluorophore. The fluorophore selectively binds (chem-
ically or biologically) to a specific region or functional group on the target
molecule, allowing the detection of the analyte by fluorescent spectroscopy.
Some lanthanide (Eu™, Tb™ Sm' and Dy'!) complexes are known to be
luminescent.[162] Compared with organic fluorescent compounds, the fluores-

cence of lanthanide chelates has several special different properties:

e the lifetime of the lanthanide chelates is very long; that of Eu''l and Tb!!!
chelates usually ranges from several hundred microseconds to more than

one millisecond, and that of Sm'" and Dy, 10 to 100 microseconds;
e stokes shifts are very large;

e the emission profiles are sharp, having a full width at half maximum of

only ~10 nm.
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In the last 20 years, lanthanide chelates have been successfully developed as flu-
orescence labels for highly sensitive detection of various biological molecules in
time-resolved fluorometry.[162] Lanthanide fluorescence labels have been used
in DNA hybridization assay, HPLC, CE and other bioassays, and have shown
great improvement of the sensitivity compared to the conventional fluorometry
using organic fluorescent labels.[163] The high sensitivity or detectability is due
to easy distinction of the specific fluorescence signal of the lanthanide labels
from background signals present in most biological samples. Time-resolved
fluorometry also obviates the problems associated with light scattering of the

optical components.[162]

Transferrin is able to bind Th™! whose luminescence can be sensitised by energy
transfer from the intrinsic protein fluorophores of the aromatic amino acids,
tyrosine, tryptophan, and phenylalanine.[164] The efficiency of this transfer in
Tb™ —protein complexes depends on the distance between the sensitising amino
acid and the co-ordinated metal ion. However, in transferrin, where Th'! is
directly coordinated to a tyrosinate residue, highly efficient sensitisation of the

lanthanide ion emission takes place.[164]

This research project has the purpose of characterize Tf-Tb!! complex and
determine which experimental conditions make this bond more stable in order
to achieve a deeper comprehension and use this knowledge to improve CDT
detection. Different spectroscopies have been used to analyze different charac-
teristics of the T£-Tb! complex to find the condition that allows a more stable
T£Tb™ binding. To get more information on the binding mode, a method
that allows the determination of the molecular model of the Tf interaction site
with metal ions has been optimized through computational techniques. This
method can be used, in future studies, for the determination of Thb™! environ-
ment surroundings in Tf active sites comparing experimental and computed

spectra.

3.1.1.2 Methods
Experimental section

TbCl3 was purchased from Sigma Chemical CO. A stock solution was prepared
by dissolving weighed samples of the chloride in a small volume of 100 mM am-

monium acetate, pH 8.1. The solution was diluted to volume with 100 mM
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ammonium acetate and the final pH was 8.1. Apo-Tf and holo-Tf were pur-
chased from Sigma Chemical CO. Solutions of Tf were prepared by dissolving
the protein into a ammonium acetate buffer, pH 8.1. The protein concentration

was determined by spectrophotometric method.

UV-Vis absorption spectra were measured on a UV-vis spectrophotometer,
using a cuvette with a 1-cm pathlength. The spectra was obtained scanning
the wavelength ranging from 200 to 700 nm. The UV-Vis spectra of 14.5
M apo-Tf and 10 pM holo-Tf dissolved in 100 mM ammonium acetate, 25
mM ammonium bicarbonate, pH 8.1 were performed. For apo-Tf, ThClz was
gradually added to the solution. At each addition the spectrum was recorded
after 10 minutes in order to allow the formation of the protein-Th'! complex.
The concentrations of ThCl; tested were 10, 20, 50, 100, 200 pnM.

Circular dichroism was used to study the effect of ammonium bicarbonate, the
binding specificity of Tb!!, the Th'! titration and the pH titration. CD spec-
tra were recorded on a J-815 spectropolarimeter (JASCO Corporation, Tokyo,
Japan) equipped with a Peltier system to control the sample temperature (set
at 25 °C). The spectra were acquired in the near-UV region (scanning the
wavelength range from 240 nm to 320 nm) employing a 1-cm pathlength cu-
vette, a data pitch of 0.1 nm, and a scan speed of 20 nm/min. All the spectra
have been subtracted by the signal of the buffer alone. For pH titration 20 pM
apo-Tf/holo-Tf were dissolved in a 100 mM ammonium acetate, 25 mM ammo-
nium bicarbonate, pH 8.1 buffer and saturated with TbCls (final concentration
of 1500 nM). Ammonium hydroxide was added to the solution until the pH of
the initial solution was 9.5. The sample has been left standing for ten minutes
in order to allow the formation of the protein-Tbh'! complex before the record
of near-UV CD spectrum. Formic acid was gradually added to the solution;
for each addition the spectrum was recorded after 3 minutes. The pH tested
were between 3.5 and 9.5. To perform a titration with TbCls, this latter was
gradually added to the solution. At each addition the spectrum was recorded
after 10 minutes in order to allow the formation of the protein-Th complex.
The TbCl3 concentrations tested were 10, 20, 50, 100, 200, 500, 1000, 1500 pM
and the apo-Tf concentrations tested were 10, 20 pM.

A Vis-CD (400-700 nm) spectra was performed dissolving 200 nM of holo-Tf

in MilliQ) water in order to be compared with the simulated one (vide infra).

Fluorescence spectroscopy was used in order to study the effect of ammonium
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bicarbonate and the binding specificity of Tb™! and the Tb™ titration. Flu-
orescence spectra were recorded on a Cary Eclipse instrument (Varian, Palo
Alto, CA, USA), exciting the sample at 295 nm (wavelength at which tryp-
tophan absorbs) and monitoring emission in the range 310-575 nm. Quartz
cuvettes of 1-cm pathlength were employed. Data were collected at 25°C. Raw
data were corrected by subtracting the spectrum of the solvent. Fluorescence
intensity is expressed in arbitrary union with the same scale in all experiments.
For titration of apo-Tf plus Th'! with ammonium bicarbonate 20 pM apo-
Tf was dissolved in a 100 mM ammonium acetate, pH 8.1 buffer to which
was added TbCls(final concentration of 100 pM). The solution had to be left
standing for ten minutes in order to allow the formation of the protein-Th!!
complex. The emission spectrum of the sample was performed and the ammo-
nium bicarbonate was gradually added to the solution: for each addition the
spectrum was recorded after 5 minutes. pH was kept constant at 8.1 through-
out the experiment. The concentrations of ammonium bicarbonate tested were
5, 10,15, 20, 25, 30, 35 mM. For Tfs titrations with a solution of ThCls 10
1M holo-Tf was dissolved in a 100 mM ammonium acetate, 10 mM ammonium
bicarbonate, pH 8.1 buffer. The concentrations of ThCls tested were 100 and
200 pM. The same experiment was realized using apo-Tf dissolved in 25 mM
ammonium bicarbonate. In this case the concentrations of ThCls tested were
10, 20, 50, 100, 200, 500, 1000, 1500 uM. Apo-Tf concentrations tested were 5,
10, 20 pM.

CD, fluorescence and absorbance signals at the metal absorbing wavelength
were plotted versus the TbCls concentration and then fitted with a logistic

equation ( see eq 3.1.5, originlab, version8.0; OriginLab Corporation, Northamp-
ton, MA, USA) in order to obtain the titration curve.

{ILD]]i - KZ[JFL[]L] (5.11)
[L]e = [L] + [L
(Ll _ _n(L]: — [L]y)
[Py — Ka+ (L] — [L]y) (3.1.2)
KlLly + (L[] ~ (L1} = nlPL[L]e — n[PLIL] (3.1
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[L]; — (Ka + [L]¢ + n[P];)[L]y + n[P];[L]; = 0 (3.1.4)

_ Ka+[Lli + 0[Pl — /(Ka + [L]s + n[P],)? — 4n[P][L];
2

(L] (3.1.5)
This equation is valid for proteins having two binding-sites identical and in-

dipendent, as previous studies suggest.

Computational section

Time-dependent Density Funtional Theory (TD-DFT) excited state energy was
computed using TURBOMOLE suite of programs.[57] This computational set-
ting [165] provides ground state geometry parameters in good agreement with
experimental X-ray values, and a reasonable picture for excited state PES prop-

erties.

Atomic coordinates of the starting structure were obtained from the X-ray ge-
ometry of human Tf (PDB ID: 3V83).[166] Only Asp-63, Tyr-95, Tyr-188 and
His-249 of N-lobe, in addiction to the carbonate ion and Fe''l center, were con-
sidered for DFT calculations. The residues were truncated at C, and saturated
with hydrogens. During geometry optimizations, C, have been constrained to
the crystallographic positions, in order to avoid unrealistic distortions at the
boundary of the model. This starting structure was used to validate the level of
theory. As reported previuosly,[167] Fe''l was considered in high-spin state (S =
5/2). The choice of TZVP basis set [59] and B3LYP hybrid functional,[101, 102]
in combination with COSMO approach [85, 86] to model the protein environ-

ment polarizing effect (e=4), has proved the most reliable.

CD spectra were computed using excitation energies, oscillator and rotatory
strengths computed at TD-DFT level, using B3LYP in gas-phase. Computed
spectra were obtained through a linear superimpositions of gaussian functions,
centered at the TD-DFT excitation energies with the maximum values deter-
mined by the rotatory strengths. The full width at half maximum was set to

50 nm.
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Figure 3.1.4: Apo-Tf titration with TbCls by fluorescence. Panel A: fluores-
cence emission spectra of a 100 mM ThClj solution (excitation is at 351 nm).
Panel B: fluorescence emission spectra of apo-Tf titration with TbCls (10, 20,
50, 100, 200, 500, 1000, 1500 pM; excitation is at 295 nm).

3.1.1.3 Results
Experimental section

Preliminary analysis were performed by fluorescence spectroscopy to determi-
nate emission properties of Th!!! in absence and presence of Tf (Figure 3.1.4).
A terbium chloride solution excited at 295 nm doesn’t emit fluorescence, as is
possible to see in Figure 3.1.4, panel A. The addition of ThCl3 to a constant
concentration of apo-Tf allowed to observe an intense fluorescence signal at
295 nm. Tf-Tb'™ complex has a typical profile with a strong peak around 549
nm and another weak peak around 490 nm, wavelengths corresponding to the
Tb'™! electronic transition (Figure 3.1.4, panel B). Following the signal inten-
sity at 490 nm it is possible to see that saturation was obtained at ca. 1000
pM. For this reason, in the following experiments, apo-Tf was incubated for
10 minutes with a TbClz concentration of 1500 pM to obtain Tb'! saturated-
Tf. Different observations, among which the non-fluorescence of Tb'! at 295
nm, strongly suggest that the fluorescence signal at 549 nm is due to Tf-Tb!!!
complex formation. First of all, a terbium chloride solution excited at 351 nm,
wavelength at which Trp emits, shows no signal in the range of concentrations
used in the titration, while at higher concentrations (100 mM ThCls) shows a

fluorescence signal. In addition, the peak profile at 490 nm is sensitive to the
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surrondings chirality and its splitting can be a proof of the interaction with
a chiral environment (as the protein environment).[168] These evidences also
suggest that FRET (Fluorescence Resonance Electron Transfer) [169] occured
in our experiments due to a partial overlap between the Trp emission and the
terbium excitation spectra, and the location of tryptophans at a distance lower
than Foster distance from Tb!'! (assuming that Tb'! is bound in the same

pocket of Fe!ll).

The stoichiometry of Tf-Tb!! complex was determined in collaboration with
the laboratory of Prof. Rita Grandori at University of Milano-Bicocca. A
nano-electrospray-ionization mass spectrometry (nano-ESI-MS) analysis was
performed, and revealed that the binding stoichiometry of Th' to Tf is 2:1, as

1T complexes. In addition, no signal corresponding to higher stoichiometry

in Fe
are detected even at very large molar excesses of the metal. These evidences

taken together are a strong indication of the binding specificity of Tb'!! for Tf.

To evaluate the conformational properties of both apo- and metal-saturated
forms of the protein have been employed (Figure 3.1.5). Near-UV CD spec-
troscopy is often used to probe tertiary structure of proteins and their com-
plexes, as the intensities of the aromatic residue bands (phenylalanine at 255-
270 nm, tyrosine at 280 nm and tryptophan at 290 nm) depend on a unique
orientation of these chromophores, as determined by the higher order structure
of the protein. The near-UV CD spectra of Th'!- and Fe'-saturated Tf ex-
hibit very significant deviations from the spectrum of the apo-protein: a strong
positive band above 300 nm in the Fe!''-Tf spectrum and a negative band be-
low 260 nm in the Tf-Tbh'™ spectrum (Figure 3.1.5, panel A). Thanks to these
variations is possible to detect the formation of complexes. Most importantly,
the presence of Th'T and Fe'™ does not strongly alter the shapes and inten-
sities of the bands due to contribution of aromatic (260-290 nm), indicating
very little changes in the tertiary structure of Tf upon metal binding. At the

1T jnduce any noticeable change in the far-UV

same time, neither Th! nor Fe
CD spectra of Tf, consistent with the notion that the protein secondary struc-
ture is not very altered upon metal binding (Figure 3.1.5, panel B). Therefore,
through far-UV CD, unlike near-UV CD, the complex detection is not possible.
The UV-Vis absorpion spectra shown in Figure 3.1.5 panel B, permit to detect
both the Tf-metal complexes. T-Tb! spectrum has one strong peak around
245 nm, which arises from perturbation of the aromatic ring of the active site

111

tyrosines, and another weak peak around 295 nm while Tf-Fe'" spectrum has
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Figure 3.1.5: Spectroscopic characterization of protein metal complexes. Spec-
tra of 20 pM apo-Tf (black), holo-Tf (blue) and Th"-Tf obtained by different
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sorbance; panel D: fluorescence spectroscopy.
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Figure 3.1.6: Fe'l and Th'! competition by near-UV CD. Near-UV CD spectra
of 20 uM apo-Tf (panel A), Tb!!! saturated-apo-Tf (1500 uM TbCl3, panel B),
holo-Tf (panel C) and holo-Tf in the presence of 1500 pM TbhClz(panel D).

a peak at 465 nm. By fluorescence instead (Figure 3.1.5, panel D), follow-
ing the signal intensity at 490 nm it is possible to track the Tf-Th!! complex

formation, while as expected holo-Tf complex is not detectable.

To have a deeper comprehension of T£-Tb'"! binding process, holo-Tf titration
with increasing concentrations of TbCls have been recorded in the presence of
25 mM ammonium bicarbonate, pH 8.1 by both CD and fluorescence. Unlike
the Tb'! saturated-apo-Tf CD spectrum, which shows variations from the apo-
Tf spectrum under 260 nm, holo-Tf in the presence of ThCl; (Figure 3.1.6,
panel C) spectrum is perfectly superimposable to holo-Tf CD spectrum (Figure
3.1.6, panel D). The fluorescence spectrum of holo-Tf, even in the presence of
a 10-fold Th™ molar excess, relative to holo-Tf, does not present the typical
T£-Tb™ profile around 475/575 nm (Figure 3.1.7, panel D). The fluorescence
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Figure 3.1.7: Fe''l and Tb' competition by fluorescence. Emission fluorescence
spectra of 20 pM apo-Tf (panel A), Tb'! saturated-apo-Tf (1500 pM TbCls,
panel B), holo-Tf (panel C) and holo-Tf in the presence of 200 mM ThCl3(panel
D). Excitation is at 295 nm.
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profile is highly comparable to the normal profile of holo-Tf, not incubated with
TbCls. All together these results indicate direct competition between Fe'! and

II1

Tb! for the same binding sites and remarkable higher affinity of Fe'll relative

to Thi,
In order to quantify the strength of Tf-Tb'! interaction, apo-Tf titrations by

increasing ThCl3 concentrations in the presence of 25 mM ammonium bicarbon-
ate were carried out using different spectroscopic methods: CD, fluorescence
and UV-Vis absorbtion. The intensity of Tb!!! specific bands were plotted ver-
sus TbCl3 concentration and then fitted with a logistic equation in order to

obtain the titration curves (Figure 3.1.8).

In absorption spectra (Figure 3.1.8, panel A), peaks at 245 and 295 nm arise
while in fluorescence spectra (Figure 3.1.8, panel B) signals at 495 and 549 nm
increase in intensity. In near-UV CD spectra the band below 270 nm reduces its
intensity (Figure 3.1.8, panel C). In UV-Vis spectra the TbCl; concentrations
shown is limited to 200 pM because higher concentrations gave poor quality
spectra. The Ky values obtained for Tb™! by these techniques approximately
range within the same order of magnitude (ca. 107° M, Figure 3.1.8, panel
B, D, F) and are in agreement with the ones already reported by Abdollahi
and colleagues.[170] Moreover the K, obtained have proved to be independent
of the protein concentration used (data not shown). These values are much
higher than the reported K for Fe!'l (10722 M),[144] consistent with the results
discussed above and with Fe''l being the natural ligand of Tf. As reported by
the study of Xiao,[171] transport proteins responsible for chaperoning essential
metals to their cellular destinations appear to bind the metal ions with high
selectivity and affinity (K4 < 1077 M) to guarantee the biological function and

to minimize the toxic effects of other free metal ions.

The model used to obtain the titration curves is based on the assumption that
the two binding sites are equal and independent. For this reason, it would be
appropriate to carry out future experiments using different models (see equation
3.1.5 in the methods section).

As said in the introduction section, both Tf binding sites, require a biden-
tate ligand carrying two negatively charged oxygen atoms to further stabilize
Fe' complex. This role is normally played by one molecule of carbonate ion
(COZ7). For this reason, all the experiments above were performed in the

presence of ammonium bicarbonate. Thus the effect of the presence of the
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Figure 3.1.8: Raw UV-Vis (panel A), fluorescence (panel C) and CD (panel
E) spectra and respective data fitting (panels B, D, F) obtained through the
titrations of 20 pM apo-Tf by increasing TbCl; concentrations. The fitting of
the curve and K, values were obtained through a logistic equation based on
two identical and indipendent binding sites.
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Figure 3.1.9: Effect of ammonium bicarbonate on Tf-Tb!! complex forma-
tion. Panel A: 20 pM Tf-Tb'™ titration with increasing ammonium bicarbonate
concentrations obteined by fluorescence spectroscopy. Excitation at 295 nm.
Titration curves (near-UV CD, panel B and fluorescence, panel C) obtained
through the addition of increasing concentration of ThClz to 20 pM apo-Tf in
the presence (black) and absence (red) of 10mM NH4HCOs3.

synergistic anion was also tested on Tf-Tb™ complexes. A fluorescence ex-
periment was performed with fixed protein (20 pM) and terbium (100 mM)
concentrations and increasing ammonium bicarbonate (NH4;HCOg3 concentra-
tions (Figure 3.1.9, panel A). A progressive increase of the fluorescence signal
intensity can be observed. The process displays a saturation behavior, without
further increase in signal intensity, above a ammonium bicarbonate concentra-
tion of 10 mM. This result suggests that ammonium bicarbonate assists the
binding of Th'! to the protein. The presence of the anion leads to a greater

amount of complexes formed for each given protein-ligand mixture. In order to
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Figure 3.1.10: pH stability comparison by near-UV CD. Titration of 20 pM
Tb' saturated-Tf (panel A) and holo-Tf (panel B) has been performed by
serial additions of 10% formic acid.

extimated the effect of bicarbonate on Tf-Tb'!! affinity, titrations of apo-Tf by
increasing concentrations of terbium chloride were carried out in the presence
(10 mM) and in absence of ammonium bicarbonate and monitored by near-UV
CD or fluorescence. Titration curves are shown in Figure 3.1.9 (near-UV CD,

panel B and fluorescence, panel C).

The profiles indicate much weaker binding in the absence of ammonium bicar-
bonate and no formation of a plateau in the tested ligand concentration range,
different from the profiles in the presence of the synergic anion. The K4 of Tf
for Th' in the absence of ammonium bicarbonate increases of approximately

two orders of magnitude (ca. 1200 pM).

The effect of pH in the range of 3.5-9.5 on the stability of Th'! saturated-Tf
an holo-Tf have been tested (Figure 3.1.10, panel A and panel B respectively).
Near-UV spectra of holo-Tf and Th'saturated-apo-Tf have been performed
in the presence of ammonium bicarbonate at variable pH. The spectra show
a variation in correspondence of the bands previously identified, results of the
formation of the metal-protein complex. As can be seen from the comparison
between Figure 3.1.10, panel B and Figure 3.1.6, panel A, the holo-Tf and the
apo-Tf CD spectra became almost coincident around pH 4; the protein has
completely lost Fe'll at that pH. Based on signal variation at 296 nm for Fe'll
and 253 nm for Tb'!!, the transition profile for the two complexes have been
derived (Figure 3.1.11). As it is possible to see in Figure 3.1.11, a shift between

the two titration curves occurred. Specifically, the holo transition takes place in
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Figure 3.1.11: Titration curves (CD intensities of the metal specific bands
plotted versus the pH values) of holo-Tf (black) and Tb!'!-saturated apo-Tf
(red). Xo is the inflection point of the curve which represents the pH at which
half protein has lost metal.

a narrower range (pH range 4-5.5) and towards lower values than Th'™! complex

transition (pH range 5-9).

This results indicate that Tf-Tb'! complexes are more sensitive to pH variation
and may suggest that the coordinating sphere of the metal centre could be
slightly different for the two metals. It seems likely that, in the case of Tb!T,
amino acids with high pKa contribute to the complex stabilization. It could not
be ruled out that the net charge of the protein also plays a role in stabilizing
T£Tb" complexes.

Computational section

Recent advances on calculation of electronic CD have greatly enhanced its value
in determining absolut configuration of chiral molecules and metal centres.
Quantum chemistry methods including TD-DFT can be used to calculate or
predict the theorical CD spectra.[172]

To assess the feasibility and reliability of the TD-DFT method, the first calcu-
lation of CD spectrum has been performed on the native metal binding site of
human Tf. The coordination geometry of Fel'Thas been derived from the crys-
tallographic structure of human Tf (PDB ID: 3V83).[166] The residues Asp-63,
Tyr-95, Tyr-188 and His-249 of N-lobe, in addiction to the carbonate ion and

Fe'l center, were considered for DFT calculations. The optimized geometry
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at BBLYP/TZVP level of theory considering a dielectric mimicking the protein

environment is shown in Figure 3.1.12.

As shown in Figure 3.1.12 the structural variation between the simulated and
the crystallographic structure is negligible. The calculated electron transitions
and the simulated CD spectrum of human Tf binding site in the range 400-700

nm are shown in Figure 3.1.13 and Table 3.1 respectively.

Excitation Transition A f Rienght %
1 1378138 643 1.5107° 12.7 67.7
2 13781393 621 1.0-1073 12.9 71.3
3 137814083 606 2.3.1073 -50.5 66.0
4 1363—1383 495 1.7:107% -49.2 73.5

Table 3.1: Key transitions and their related oscillator and rotatory strengths at
B3LYP/TZVP level. \: wavelenght in nm; f: oscillator strenght; Rienght: rota-
tory strength in length form (107%%-erg-cm?); %: main 1-electron contribution
percentage.

Visible CD spectroscopy is a very powerful technique to study metal-protein
interaction and can risolve individual d-d electronic transitions as separated
bands. CD spectra in the visible light region are only produced when a metal
ion is in a chiral environment, thus, free metal ions in solution are not detected.
This has the advantage of only observing the protein-bound metal and its
optical activity attributed to configurational, conformational and vicinal effects.
In this study both far- and near-UV spectra range (< 400 nm) are not taken
into consideration because here the signals are due to aromatic content in the
protein environment. Since the geometry of the binding site of Tf has been
modeled with two aromatic tyrosines (in addition to the other residues listed
previously), in order to make a reasonable comparison the wavelength range
considered is 400-700 nm.

The calculated spectrum is consistent with its experimental data in this region,
although the maximum absorption is shifted toward the high wavelength region,
i.e., around 495 nm in the calculated vs around 460 nm in the experimental

spectrum. The molecular orbitals involved in key transitions for the calculated
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Figure 3.1.12: Optimized geometry at BALYP/TZVP (¢=4) level. In the square
is represented the crystallographic geometry of the metal binding site (PDB ID:
3V83, N-lobe).
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Figure 3.1.13: Comparison between experimental (panel A) and simulated
(panel B) CD spectra in the range of 400-700 nm. The coloured bars represent
the key electronic transitions and their intensity.
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Figure 3.1.14: Molecular orbitals involved in key transitions in calculated CD
spectra of holo-Tf at BSLYP/ TZVP level. Isosurface cut off value is 0.03.

spectra of the Tf metal binding site are enumerated in Table 3.1 and shown in
Figure 3.1.14.

The major negative rotatory strenght at 606 nm results from the electronic
transition from orbital 1373 scattered on the aromatic ring of Tyr-188 and the
sinergistic carbonate anion to the unoccupied orbital 1408 located on the iron
atom. The negative CD signal generated from this transition is compensated
by the close positive signals at 621 nm and 643 nm, causing a flattening of this
negative peak. The two positive signals originate from the transitions of the
electron in orbital 1373 to orbital 1398 and 1383 LUMO (Lower Unoccupied
Molecular Orbital) respectively, both located on the central iron atom. The
latter signal considered at 495 nm shows an highly negative rotatory strenght.
The electronic transition takes place between the orbital 13603 located mainly
on the aromatic ring of Tyr-188 and to a small extent on the carbonate anion
and LUMO orbital on the iron atom. Due to the reliability of the method in
simulating CD spectra, this procedure can be used in future studies, for the

determination of Tb'™ surroundings in Tf binding site.
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Figure 3.1.15: CE electropherogram of a positive serum sample after Tf-Th'!
fluorescent adduct formation.

3.1.1.4 Conclusions

CDT is currently the most specific and sensitive parameter for the diagno-
sis of chronic alcohol abuse. Analytical methods for CDT detection would
benefit from the employment of a specific detector system. Thus, this work
demonstrates the properties of the Tf-Tb' complex that could be used as a

fluorescent label during the detection.

The complex formation has been analyzed through different spectroscopic tech-
niques. The results obtained reveal that Tbh!! binds to Tf specifically and with
a stoichiometry of 2:1, and its affinity for Tf is lower than Fe''! one. These
data are also confirmed by K, values: 10722 M for Fe!'! and 107> M for Th!!I,
CO%‘ anion is fundamental to assist Tf-Tb™! complex formation as it occurs
for Fe'''. Future studies may be aimed at the analysis of other anions. In
the case of Tf-Fe'llcomplexes, oxalate is particularly effective as a substitute
synergistic anion.[173] For this reason, try it would be interesting to study the
effects of the presence of oxalate anion also in Tf-Tb™ complexes. A method
that allows the determination of the molecular model of the Tf interaction site
with metal ions has been optimized by computational techniques. The proce-
dure is based on the comparison of the holo-Tf experimental circular dichroism
spectrum with its simulation obtained from a binding site crystal structure.

To gain a wide comprehension of Tb molecular mechanism of binding, studies
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based on this computational method will be made for the determination of
terbium surroundings in Tf active sites comparing experimental and computed
spectra. All these data support the idea of using Tf-bound Tb'™! as a fluo-
rescent probe in CDT detection. Recently, in collaboration with the research
group of Franco Tagliaro (University of Verona), the use of Th!'-bound Tf in
CE analysis has been tested (Figure 3.1.15).

From a comparison with Figure 3.1.3 (panel B) it is possible to see that the
signal quality is significantly improved and now the detection system is specific
and able to differentiate Tf from other proteins. Further studies will be anycase

fundamental to optimize the protocol for a scale-up usage.
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Chapter 4

Computational methods to support drug design: small

ligands development and binding.

Mysteries do not lose their poetry when solved.
Quite the contrary; the solution often turns out more beautiful
than the puzzle and, in any case, when you have solved one mystery

you uncover others, perhaps to inspire greater poetry.

Richard Dawkins

Medicinal chemistry research has successfully incorporated many molecular
modeling methods, to study complex biological and chemical systems. The
integration of computational and experimental strategies has been of great
value in the identification and development of novel promising compound. Fol-
lowing the development of the first algorithms in the 1980s, molecular docking
became an essential tool in drug discovery.[174] Abundantly used in modern
drug design, it explores the conformations adopted by a small molecule within
the binding site of biological macromolecule targets. This approach can also
estimate the ligand-target binding free energy taking into account all chemical
interactions involved in the recognition process.

The original concept of docking comes from the concept of lock and key, but the
algorithms used to fit the key (the ligand) into the lock (the target) vary among
the different programs.[175] In this step, called conformational search, struc-

tural parameters of the ligands such as torsional, translational and rotational
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degrees of freedom are incrementally modified. This task is performed by search
alogirthms by applying systematic or stocastic research methods.[176, 177] Sys-
tematic search is promoted by slight variations of the structural parameters of
the ligand, gradually changing its conformation.[178] The energy landscape of
the conformational space is probed by the algorithm and, after a certain num-
ber of cycles, converges to the minimum energy solution corresponding to the
most likely binding mode. Starting from different point of the energy land-
scape it is possible to overcome the drawback of converging in a local instead
of a global minimum. Stochastic methods carry out the conformational search
by randomly modifying the structural parameters of the ligands.[179] The al-
gorithm generates ensembles of conformations and populates a wide range
of energy landscapes. This strategy avoids trapping the final local solutions
in a local minimum, increasing the probability of finding a global minimum.
Since with this method there is an increase of the coverage of the energy land-
scape, the computational cost associated with this procedure is an important
limitation.[179]

As already presented in Chapter 1, the scoring function allows to estimate the
energy of a ligand conformation within the biological target. The energy varia-
tion, due to the formation of the ligand-protein complex, is given by the binding
constant (K4) and the gibbs free energy (AG).[180] Prediction of the binding
energy is performed evaluating the physical-chemical phenomena involved in
ligand-receptor binding, including intermolecular interaction, desolvation and
entropic effects. Therefore the greater is the number of the parameters evalu-
ated, the greater is the accuracy of the scoring function. On the other hand,
there is an increase of the computational cost proportional to the number of
variables included in the function, a flaw that reduces the performance of the
docking algorithm. The ideal scoring function should offer a balance between

accuracy and speed, a critical aspect when working with large ligand sets.

Here we present different docking studies conducted in collaboration with ex-
perimental groups of the Dept. of Biotechnology and Biosciences of the Uni-
versity of Milan-Bicocca. The chapter is divided in two section (Section 4.1
and Section 4.2), corresponding to the use of two different software DOCK 6
[181, 182] and Glide [183], respectively.
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4.1 DOCK 6

DOCK 6 algorithm addresses rigid and flexible body docking using a geometric
matching algorithm to superimpose the ligand into a negative image of the

binding pocket and it works assisted by a series of accessory programs.

The starting point of all docking calculation is the identification of the potential
binding site even if often, this site, is known a priori. To identify the active site,
DOCK 6 uses a sets of overlapping spheres generated from the molecular surface
of the receptor, in order to create a negative image of the surface invaginations
of the target. The sphere centers are putative ligand atom positions. Their
use is an attempt to limit the enormous number of possible orientations within
the active site because the number of orientations of a ligand in free space is
vast. The number of orientations possible from all sets of sphere-atom pairings
is smaller but still large and cannot be generated and evaluated in a reasonable
length of time. Each sphere is generated tangent to receptor surface points i,j
with the center on the surface normal of point i. Spheres are calculated over the
entire surface, producing approximatively one sphere per surface point. This
representation is then filtered in order to keep only the largest sphere associated
with each surface atom. The filtered set of spheres is then clustered using a
single linkage algorithm in order to define different clusters representing the

different invaginations in the target that are then ranked according to size.

A set of sphere is required a required input to generate the grid. The largest

cluster is typically the ligand binding site of the receptor.

The grid generation is necessary for rapid score evaluation in DOCK. The en-
ergy scoring component of DOCK is based on the implementation of force field
scoring. Force field scores are approximate molecular mechanics interaction

energies, consisting of van der Waals and electrostatic components:

lig rec A B.. 44
E = J =2 43322 4.1.1
35 (4 Byt (1
i=1j=1 \ ij
where each term is a double sum over ligand atoms ¢ and receptor atom j, where
r;; stands for the distance between protein atom 7 and ligand atom j, A;; and
B;; are the van der Waals parameters, a(=6) and b (=12) respectively the
attractive and the repulsive Lennard-Jones terms for van der Waals potentials,

q; and g¢; are the atomic charges and D is the distance dependent dielectric
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constant.

Using the coordinates of an imaginary box built around the selected cluster of
spheres the program pre-computes the energy potential for the active site at a
specified grid spacing.

Flexible docking allows the ligand to be flexible and structurally rearrange in
response to the receptor. According to the anchor and grow algorithm the
largest rigid substructure of the ligand (the anchor) is identified and, in case it
is an aromatic ring, all bonds are treated as rigid. If the molecule does not have
a ring, the largest rigid segment is specified as the anchor. When an anchor is
selected, then the molecule is re-divided into non-overlapping segments, which

are arranged concentrically about the anchor segment.

The cluster of spheres selected as binding site is then used to locate the ligand;
only the coordinates of the sphere centers are used to orient ligands. Sphere-
sphere distances are compared to atom-atom distances. Sets of sphere atom
pairs are generated in the following manner: sphere ¢ is paired with atom I if

and only if for every sphere j in the set

|dij — d[Jl <eg (4.1.2)

where d;; is the distance between sphere i and sphere j, dr; is the distance
between sphere I and sphere J and € is a cut-off distance. In this stage of
the Anchor and grow algorithm the anchor is rigidly oriented in the active site
and its orientations are evaluated and optimized with a simplex minimizer.
Score optimization allows the orientation and conformation to be adjusted to
improve the score. The optimizer uses the downhill simplex algorithm,|[184]
which does not require evaluation of derivatives. The orientations are then
ranked according to their score, spatially clustered by heavy atom RMSD and
prioritized. Specifically, after score ranking, the top-ranked configuration is set
aside and used as a reference configuration for the first round of pruning. RMSD
between each candidate and the reference configuration is then computed. Each
candidate is then evaluated for removal based on its rank and RMSD using the

following inequality:

rank;

where rank; is the ranking position of conformation i, RMSD(i,0) is the calcu-
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lated RMSD between conformation i and top-ranked conformation 0 and N

is the clustering cut-off value.

Finally, in the growth stage the flexible layers of the ligand are build onto the
best anchor orientations within the binding site of the receptor that will help

restrict the sampling of ligand conformations.

Usually, a second DOCK 6 calculation with a different scoring function is used
in the final minimization, in order to score and rank of the ligand conforma-
tions. AMBER score implements molecular mechanics implicit solvent simula-
tions with the all-atom AMBER force-field for protein atoms and the general
AMBER force field (GAFF) for ligand atoms. The interactions between the
ligand and the receptor are represented by electrostatic and van der Waals en-
ergy terms, and the solvation energy is calculated using a Generalized Born
solvation model. The AMBER score is calculated as

Ebinding - Ecompler - (Ereceptor + Eligand) (414)

where Ecompiers Ereceptor and Ejiganq are respectively the internal energies of
the complex, receptor and ligand as approssimated by the AMBER force field
with the Generalized Born surface area term. The calculation of these three
terms uses the same protocol: minimization with a conjugate gradient method,
followed by a MD simulation (Langevin molecular dynamics at constant tem-
perature), another minimization and a final energy evaluation. [181, 182]

With this methodology we performed the docking study of cannabigerol and
a series of derivatives of phosphatidylinositol 3-phosphate, molecule able to
exert pharmacological effects in vitro and in vivo on nociception and oncogenic

transformation respectively.
4.1.1 CBG binding to ay-adrenoceptors

4.1.1.1 Introduction

Cannabigerol (CBG) is a poorly characterized phytocannabinoid, which was
first detected in Cannabis sativa, and found not to induce A9-tetra-hydro-
cannabinol-like psychopharmacological effects in vivo (4.1.1, panel C). A recent
investigation [185] has provided the first evidence that CBG is able to bind G-

protein coupled receptors, and in particular activate og-adrenergic receptors
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Figure 4.1.1: Structure representation of noradrenaline (panel A), clonidine
(panel B) and CBG (panel c).

(ci2-ARs), which are in turn physiologically activated by noradrenaline (Figure
4.1.1, panel A).

This is an unexpected finding since the chemical structure of this cannabinoid
is very different from all other known as-AR ligands, and no other cannabinoid
has been reported to display such activity. All these observation opened up
the possibility that CBG, like other established a-ARs agonists (i.e. clonidine,
Figure 4.1.1, panel B), could show significant efficacy as anti-nociceptive agent
when administered in vivo. Previous results obtained in collaboration with the
Laboratory of Molecular Pharmacology of Prof. Barbara Costa at University of
Milano-Bicocca suggest that CBG is an effective compound in reducing both
inflammatory and neuropathic pain. Using antagonism studies we identified
that the effects exerted against different type of pain are as-mediated, and

specifically asa-subtype mediated.
To better clarify how CBG interacts with as-ARs and activate them, docking

simulations were carried out using as target protein the murine oga-isoform.
The protein model was build using homology modeling and molecular dynamic
(MD) simulations were used to refine the model structure. Docking simulations
have been then performed to identify CBG binding mode and suggest the key

residues involved in ligand binding.

4.1.1.2 Methods

The primary aminoacidic sequences of murine asa-ARs were retrivied from the
Uniprot database (Q01338). A search with BlastP (protein-protein Basic local
alignment search tool) [186] in the PDB was then carried out to identify suitable
template structures to use for homology modeling. Multiple alignments were
performed using Clustal Omega program with defaults parameters, accessible

through the European Bioinformatic Institute, in order to identify similarity
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among homologous sequences. PSIPRED,[187] JPRED [188] and DISOPRED
[189] servers were used to predict the secondary structure content of the target
sequences. MODELLER version 9.11 was used for homology modeling.[190]
The quality of each model was assessed with different methods, as the DOPE
score and the MOLPDF score (both from MODELLER output), VADAR [19]]
and AIDE.[192] The overall quality was estimated with respect to its geometry
and energy (packaging defects, free energy of folding, core hydrophobic and

charged residues).

The use of MD simulations performed using empirical force fields in explicit
solvent could be very useful for the refinement of protein structures based on
homology, depending on the quality of the force field. The models chosen
have been used as initial structures for simulations. MD simulations were
performed using GROMACS software package,[193] using AMBER99SB-ILDN
force field.[194] The starting structure was soaked in a dodecahedral box of
single point charge water molecules and simulated using periodic boundary
conditions. The ionization state of charged residues was set to be consistent
with neutral pH; in order to neutralize the overall charge of the system a number
of water molecules equal to the protein net charge were replaced with Cl ions.
The system was initially relaxed (steep descent, 10000 steps) and a short MD
simulation of 50 ps was carried out to equilibrate the system at 300K (time
step 1fs and thermal coupling constant of 0.006 ps). During thermalization,
another short 50 ps MD simulation was performed. The system was finally
pressurized through a series of three consecutive short 50 ps MD simulations,
in order to slowly drive the simulation temperature and pressure to 300K and
1 bar, respectively. The pressure bath was coupled to the system every 0.1
ps and the pressure was reduced from 200 atm during the first simulation,
to 100, and finally to 1 atm. Productive 20 ns MD simulations have been
carried out in the thermal-isobaric (NPT) ensemble, using an external bath
with a coupling constant of 0.1 ps at 300K. Helices residues were constrained
during simulations by harmonical restraints since they are expected to be in
the phospholipid bilayer and not in solution. The LINCS algorithm [195] was
used to constrain bond lengths, allowing the use of 2 fs time step. Electrostatic

interactions were calculated using the Particle-mesh Ewald summation scheme.

In order to evaluate the conformational variability among the structures sam-
pled during the simulation was necessary build an RMSD matrix. After RMSD

calculation

101



N
1
RMSD(t,t5) = MZmiHri(tl) —1i(t2)] |2 (4.1.5)
i=1

N
where M = Zmi and r; is the position of atom i at time ¢, results are

I=1
ordered on a colour scale which ranges from blue to red, which respectively

refer to RMSD values close to 0 (the structures are nearly identical) and high
RMSD values, indicating structural divergence. The RMSD matrix is then
processed to obtain structural clusters using the Gromos algorithm.[196] For
each structure the number of other structures for which the RMSD is equal or
less compared to a given cut-off is calculated; the structures found are called
neighbour conformations. The structure with the highest number of neighbours
is taken as the center of a cluster, and combined together with all its neighbours
structure to form the first cluster. The structures of this cluster are thereafter
eliminated from the pool of structures and the process is repeated until the
pool of structures is empty. In this way, a series of non-overlapping clusters of
structures was obtained. Cutoff used for cluster analysis of the trajectory was
0.225 nm.

Docking simulations were performed using DOCK 6.[181, 182, 197] Receptors
and ligand atom types and charges were calculated using AM1-BCC [198] of
antechamber package, available in the software UCSF Chimera,[199] in order
to recognize atom and bond type, generating the residue topology file, finding
force field parameters and supplying similar substitutes. Starting from receptor
surface, spheres with a maximum radius of 4 A and a minimum radius of 1.4 A
were generated. For every receptor, the largest sphere cluster represented the
binding site and the receptor box delimiting was calculated using an additional
5A boundary. Grid was calculated including all receptor atoms and the dis-
tance between grid point along each axes was of 0,3 A. Non polar hydrogen were
modeled using the all atom model: hydrogens attached to carbon have regular
van der Waals well-depth and partial charge was not modified. During docking
calculation a maximum number of 500 orientations were cycled. Docking op-
timization computed using AMBER score consisted in an initial minimization
of 50 step, followed by a MD simulation of 1500 step and a further 50 step

minimization. During the simulations only the ligand was allowed to move.
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4.1.1.3 Results

Homology modelling allows to build a three dimensional model for a protein
of unknown structure on the basis of sequence similarity to the template, a
protein of known structure.[200, 201] The X-ray crystal structure of human
dopamine D3 receptor was chosen as template (PDB code: 3PBL [202], 2.89 A
resolution ) after an accurate research with BlastP. This receptor, like as-ARs,
is a protein belonging to the class A GPCR and so shares many structural
similarities. In addition dopamine D3 receptor X-ray structure is the only one
with ELs (extracellular loops) solved. This characteristic is very important for
our purpose since ligand binding occurs in the extracellular part of the pro-
tein, and a correct modeling of these structures is fundamental for an accurate
docking study. Dopamine D3 receptor is also able to bind a catecholamine
like ap-ARs and we can suppose that its binding pocket shares many chemical
and structural characteristics with ARs, which are able to bind catecholamine
too. The multiple sequence alignment of asa-AR murine isoforms and tem-
plate used to build the models is presented in Appendix. Since some long or
extremely unstructured segments could give rise to artifacts in the following
analysis, they were not modelled. Specifically, the intracellular loop 3 which is
a disordered region of 159 aa was excluded from the modelling. Its lack should
not influence our studies since the docking simulations focus on the upper part
of the receptors and the extracellular loops, where the binding site is located,
and they do not involve the intracellular loops. A population of 10 models was
produced differing in the side chain conformations. In order to validate the
models and find out eventual structural defects different approaches were used
(see Methods section 4.1.1.2 and Appendix). According to geometry, energy

and local structures one model was chosen (see figure 4.1.2).

To refine model structure a MD simulation was performed. The stability of
MD trajectories was evaluated to verify that energetic and overall structural
properties were stable during the whole simulation time. In particular, one of
the structural parameters that require a longer time to converge is RMSD with
respect to an initial reference structure. According to this parameter, the first
8 ns of the trajectory have been discarded from further analyses since the sys-
tem was not equilibrated. To identify representative average structures from
the remaining 12 ns MD trajectory, a structural clustering based on RMSD

matrices was performed. The RMSD matrix (see Appendix) was built from
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Figure 4.1.2: Model structure of murine csa-AR. Seven TM helices intercon-
nected by six loop: IL1 between TM1 and TM2, EL1 between TM2 and TM3,
IL2 between TM3 and TM4, EL2 between TM4 and TM5, IL3 between TM5
and TM6 and EL3 between TM6 and TM?7.
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Noradrenaline Clonidine CBG

Structure 1 -17.4 -17.7 -25.5
Structure 2 -13.2 -11.9 -20.7
Structure 3 -19.5 -18.6 -26.2
Structure 4 -20.0 -21.2 -26.4
Structure 5 -21.4 -18.6 -27.1

Table 4.1: Docking results of NA, clonidine and CBG according to AMBER
score (kcal mol~1)

the trajectory in order to evaluate the conformational variability among the
sampled structures during the simulation. To cluster the conformations ex-
plored by the protein during the simulation, the RMSD matrix was processed
using Gromos algorithm with a 0.225 nm cutoff and five different clusters were
identified and sorted by decreasing numerosity of structures, so that cluster 1
is the most populated. No evident structural differences were identified among
the clusters except for loops and side chain orientation. The five structure re-
trieved from cluster analysis have been used as starting point for the molecular

docking simulations.

The binding site of aga-AR was deduced from mutagenesis data and the cav-
ity containing it is funnel-shaped, with the upper and wider part containing
the binding residues and a narrow neck in the direction of the intracellular
space.[203] As told in Methods section 4.1.1.2, a cluster of spheres selected as
binding site is needed to dock the ligand. The largest spheres cluster generated
by DOCK 6 represented for all the five conformations the binding site. The run
of flexible docking was performed using the five structure and noradrenaline,
clonidine and CBG as ligands (the natural ligand, an already known nocicep-
tive agent and the molecule to test respectively). The best results for every

ligand according to AMBER score are shown in Table 4.1 and Figure 4.1.3.

Values of energy binding of noradrenaline and clonidine are very similar, a re-
sult supported also by previous sperimental work which identified comparable
K; values of these two compound.[204] CBG on the contrary shows an higher
binding affinity. The receptor—ligand interactions were analyzed for each dif-
ferent conformation of aps-AR. The binding modes of the ligands we identified

in the five conformations (structure 1, 2, 3, 4, 5, Table 4.1) are generally con-

105



Figure 4.1.3: Docked conformations of CBG in: A, structure 1; B, structure 2;
C, structure 3; D, structure 4; E, structure 5.
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sistent with previous results. In addition to residues previously identified as
fundamental in agonists binding in azp-ARs CBG can interact with many other
aminoacids, especially hydrophobic ones. It’s a generally accepted idea that oo-
AR activation involves transmembrane (TM) 3, 5 and 6 which can, through a
conformational change, promote intracellular loop 3 movement and G protein
activation.[205] The fundamental residues involved in this activation are Asp-
113 in TM 3, Cys-201 and Cys-205 in TMb5 and others Phe in TM6 and TM?7.
In phenetylamines the charged amine group is able to interact with Asp-113
with an hydrogen bond and the catecholic OH groups most probably interact
with Cys-201, enabling TM3 and TM5 to move closer toward each other.[205]
When CBG binds the receptor is able to interact with Asp-113 through one of
the OH groups and, due to its steric encumbrance, it can interact with other
aminoacids in the binding site. It can be supposed that the hydrophobic nature
of both CBG and the binding site facilitate the binding, and the high number
of interactions allow the conformational change of the receptor and the conse-
quent activation. This mechanism of activation seems less specific compared
to NA and clonidine one, but its explanation can lie once more in the chemical
characteristic of CBG. While NA and clonidine have charged or polar func-
tional groups that can easily orient the molecules in the binding site according
to aminoacidic environment, CBG has only the two polar OH groups that can
establish an hydrogen bond with Asp-113 (figure 4.8.1). In addiction CBG has
two long symmetric aliphatic chain branching off the aromatic ring that can
orient the molecule in the binding site without any specific interactions except
hydrophobic ones; thus, as is possible to see in Figure 4.1.3, resulting CBG
docking poses are slightly different within the five different receptor confor-
mations. Despite of docking simulations, CBG seems to bind the receptor in
different ways, but we can not be certain of this because it may be an artifact of
the model. In any case it remains an anchor that Asp-113 play a fundamental

role even in CBG binding and possibly receptor activation.

4.1.1.4 Conclusions

CBG appears to be a valid alternative to classic as-ARs agonists as it doesn’t
show collateral effects related to central activity and could be used in multidrug
therapy for pain produced by multiple etiological factors. Our docking studies
revealed that CBG is able to enter the binding pocket of the receptor and
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interact with the key residue Asp-113, known to be the trigger of the receptor
activation. Since docking is still far from being considered an accurate or fully
validated methodology, structural data from spectroscopies of the receptor will
be necessary to understand if the different CBG binding poses identified are
real existing. In addition, to gain a wide comprehension of CBG molecular
mechanism, displacement binding assay with radio-ligands could be useful to
obtain the values of K4 of the ligand to compare with affinity values obtained

from molecular docking.

4.2 Glide

Glide algorithm uses a hierarchical series of filters to search for possible loca-
tions of the ligand in the active-site region of the receptor. The shape and prop-
erties of the receptor are represented on a grid by several different sets of fields
that provide progressively more accurate scoring of the ligand poses. Confor-
mational flexibility is handled in Glide by an extensive conformational search,
augmented by a heuristic screen that rapidly eliminates unsuitable conforma-
tions, such as conformations that have long-range internal hydrogen bonds.
Each ligand is divided into a core region and some number of rotamer groups.
Each rotamer group is attached to the core by a rotatable bond, but does
not contain additional rotatable bonds. The core is what remains when each
terminus of the ligand is severed at the “last” rotatable bond. Carbon and
nitrogen end groups terminated with hydrogen (i.e. —CHs, —NHg, —NH3™)
are not, considered rotatable because their conformational variation is of little
significance. During conformation generation, each core region is represented
by a set of core conformations, the number of which depends on the number
of rotatable bonds, conformationally labile and membered rings, and asym-
metric pyramidal trigonal nitrogen centers in the core. Every rotamer state
for each rotamer group attached to the core is enumerated. The core plus all
possible rotamer-group conformations is docked as a single object. For each
core conformation, an exhaustive search of possible locations and orientations
is performed over the active site of the protein. The search begins with the
selection of site point on an equally spaced 2 A grid that covers the active
site region. Distances from the site point to the receptor surface are evalu-

ated at a series of pre-specified directions and sorted into distance ranges of
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1 A width. Likewise, distances from the ligand center (the midpoint of the
two most widely separated atoms) to the ligand surface are sorted into bins
of width 1 A. For a given site point, the distance ranges from the site point
to the receptor are compared with those from the ligand center to the ligand
surface. Glide positions the ligand center at the site point if there is a good
enough match, but skips over the site point if there is not. The second stage
of the hierarchy begins by examining the placement of atoms that lie within a
specified distance of the line drawn between the most widely separated atoms
(the ligand diameter). This is done for a pre-specified selection of possible
orientations of the ligand diameter and, if there are too many steric clashes
with the receptor, the orientation is skipped. Next, rotation about the ligand
diameter is considered, and the interactions of a subset consisting of all atoms
capable of making hydrogen bonds or ligand-metal interactions with the recep-
tor are scored. If this score is good enough, all interactions with the receptor
are scored. The scoring in these three tests is carried out using Schrédinger’s
discretized version of the ChemScore empirical scoring function.[183, 206] This
stage is called greedy scoring, because the actual score for each atom depends
not only on its position relative to the receptor but also on the best possible
score it could get by moving +1 A in x, y, or z. Only a small number of the
best refined poses is passed on to the third stage in the hierarchy—energy min-
imization on the pre-computed OPLS-AA [207] van der Waals and electrostatic
grids for the receptor. The energy minimization typically begins on a set of
van der Waals and electrostatic grids that have been “smoothed” to reduce the
large energy and gradient terms that result from too-close interatomic contacts.
It finishes on the full-scale OPLS-AA nonbonded energy surface. This energy
minimization consists only of rigid-body translations and rotations when exter-
nal conformations are docked. When conformations are generated internally,
however, the optimization also includes torsional motion about the core and
end-group rotatable bonds. Unless otherwise specified, a small number of the
top-ranked poses are then subjected to a sampling procedure in which alterna-
tive local minima core and rotamer-group torsion angles are examined to try
to improve the energy score. Finally, the minimized poses are re-scored using
Schrédinger’s proprietary Extra Precision GlideScore (XP GlideScore) scoring
function.[208] The XP Glide scoring function is presented in equation 4.2.1

XP GlideScore = E.oui + Evaw + Eping + Epenalty (421)
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The main terms that favor binding are presented in equation 4.2.2, while those

that hinder binding are presented in equation 4.2.3.

Ebind = Ehyd enclosure 1 Ehb nn motif + Ehb ce motif"'

+Epr + Enp pair + Ephobic pair (422)

Epenalty = Edesolv + Eligand strain (423)

where Fhyd enclosure considers lipophilic ligand atoms enclosed on two sides by
lipophilic protein atoms, Enp nn motif and Epp cc motip describe neutral-neutral
and charged-charged hydrogen bonds respectively, Ep; takes into account pi
and cation stacking interactions and Epp pair and Eppobic pair are the terms for
hydrogen bond and hydrophobic pairs respectively. In addition, for the penalty
score, the ligand desolvation (Egesorv) and molecular strain (Ejigand strain) are

taken into account.[208]

4.2.1 Synthetic sulfoglycolipids targeting the serine-

threonine protein kinase Akt
4.2.1.1 Introduction

The serine-threonine protein kinase Akt, also known as protein kinase B, is
a key component of the phosphoinositide 3-kinase (PI3K)-Akt-mTOR axis.
Deregulated activation of this pathway is frequent in human tumors and Akt-
dependent signaling appears to be critical in cell survival. PI3K activation
generates 3-phosphorylated phosphatidylinositols that bind Akt pleckstrin ho-
mology (PH) domain. The blockage of Akt PH domain/phosphoinositides
interaction represents a promising approach to interfere with the oncogenic
potential of over-activated Akt. Several inhibitors targeting the PH domain
have been proposed in the last years, including phosphoinositide analogues,
alkylphospholipids and inositol phosphates.[209, 210, 211] Though synthetic
carbohydrate-based mimics of inositols have already been reported,[212] a few
examples on the use of glucose as scaffold for the design of Akt inhibitors have
been described.[213, 214] Recently, the synthesis and the biological activity
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test of new sulphoglycolipids structurally related to the natural sulfoquinovo-
sylacylglycerols (1, SQAG, Figure 4.2.1), a family of natural compounds as-
sociated with photosynthetic organisms in which sulfoquinovose (6-deoxy-6-
sulfoglucose) is a-linked to the sn-3 position of an acylglycerol [213, 214] have
been performed at the University of Milan-Bicocca and Milan respectively.
Differently from SQAG, the studied compounds 2a-c and 3a-c (Figure 4.2.1)
are based on a 2-O-B-D-glucopyranosyl-sn-glycerol scaffold, thus representing
a novel class of potential Akt inhibitors acting as phosphoinositide mimics tar-
geting the Akt PH domain. The structure of phosphatidylinositol-3-phosphate
(PI3P, Figure 4.2.1), a natural ligand of Akt PH domain, as produced by PI3K,
can resemble a suitably modified D-glucose scaffold, where specific functional

groups can be introduced.

Thus, a series of D-glucopyranose compounds (Figure 4.2.1) endowed with the
following key features needed for the interaction with the PH domain were
synthesized: i) an anionic group mimicking the phosphate group in position 3
of the inositol (position 6 of the sugar), that should be able to form a salt bridge
with a key arginine residue;[213] ii) a B-configured substituent at the anomeric
carbon of D-glucopyranose (position 1 of inositol) possessing a hydrogen-donor
heteroatom and a lipophilic group mimicking the diacyl glycerol moiety of

phosphoinositides.

4.2.1.2 Methods

Docking studies were performed using the high resolution X-ray structure of
PH domain of Protein kinase B/Akt (PDB entry: 1UNQ).[215] Ligands struc-
tures were built using the chemistry package Molecular Operating Environ-
ment (MOE) [Chemical Computing Group Inc. http://www.chemcomp.com/].
Docking simulations were performed using DOCK 6.[181, 182, 197] Receptors
and ligand atom types and charges were calculated using AM1-BCC [198] of
antechamber package, available in the software UCSF Chimera,[199] in order
to recognize atom and bond type, generating the residue topology file, finding
force field parameters and supplying similar substitutes. Starting from recep-
tor surface, spheres with a maximum radius of 3 A and a minimum radius
of 1 A were generated. The ensemble of spheres within 10A of the bounded
inositol-(1,3,4,5)-tetrakisphosphate (4IP) molecule was assumed to represent

the binding site core, and box in which poses were generated was built ex-
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Figure 4.2.1: Structure of D-gluco-pyranose-based glycoconjugates targeting
Akt PH domain.
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tending the binding site core by additional 20 A along the Cartesian axes.
Grid was calculated including all receptor atoms and the distance between grid
point along each axes was of 0,3 A. Non polar hydrogen were modeled using
the all atom model: hydrogens attached to carbon have regular van der Waals
well-depth and partial charge was not modified. During docking calculation
a maximum number of 500 orientations were cycled. Docking optimization
computed using AMBER score consisted in an initial minimization of 50 step,
followed by a MD simulation of 1500 steps and a further 50 steps minimization.
During the simulations only the ligand was allowed to move. When consider-
ing very flexible molecules, such as 2a, several conformations (differing only
for small differences in the orientation of the alkyl chains) clustered within a
narrow energy range. However, for the sake of clarity, only the lowest energy

poses are presented and discussed.

Glide docking was also performed.[183, 206, 208| The cartesian coordinates of
the box were the same used for DOCK 6 docking. The force field used for
docking is the OPLS-AA force field.[207]

4.2.1.3 Results

In an attempt to qualitatively define the mechanism by which the compounds
tested in vitro could interact with Akt and inhibit its activity, docking simu-
lations were carried out using the X-ray crystal structure of the PH domain of
human Akt (PDB entry: 1UNQ,[215] 0.98 A resolution). To assess the docking
procedure, we performed the first run of docking using 4IP (inositol-(1,3,4,5)-
tetrakisphosphate) as the ligand (in the crystal structure of Akt, the protein is
co-crystallized with this organic cofactor). Since all the studied compounds are
phosphatidylinositol (PIs) analogues, we used as docking space all the spheres
generated by DOCK6 program within 10A of the PIs binding site. The same
conformational space was used to perform Glide docking. The resulting docking
simulations poses are shown in Figure 4.2.2 (since DOCK 6 and Glide results
are very similar only these latter are represented) and the relative docking

energies in Table 4.2.

DOCK 6 and Glide results are in good agreement for both energy scores and
docking poses. In addition, the interpretation of these results well fit with the
experimental data obtained from ELISA tests performed in the laboratory of

Pharmacology of Prof. Barbara Costa (Figure 4.2.3).
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Docking energies Binding position of
cycle compared to

DOCK 6 Glide ATP
4IP / PI3P -31.6 / -29.9 -26.4/-25.8 - / same
2a -25.9 -23.2 same
2b -19.2 -19.3 same
2c -18.7 -17.2 same
3a -23.5 -22.4 same
3b -18.4 -17.2 same
3c -15.8 -15.4 same
4 -6.5 -4.2 same
5 -18.5 -16.5 different
6 -19.3 -18.2 same
7 -20.4 -19.5 same
8 -4.5 -5.1 different

Table 4.2: Docking energies in kcal mol™! of the tested compounds. In the
column on the right is indicated if the binding position of the cycle of the
compounds derived from PI3P is comparable to the one of the precursor.
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Figure 4.2.2: Docked conformations of 4IP  (inositol-(1,3,4,5)-
tetrakisphosphate) and 2-8 compounds.
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Figure 4.2.3: Inhibitory activity of compounds 2-8 against Akt. Akt activ-
ity was assayed through a specific ELISA test. Compounds were added at a
concentration of 100 nM and the data represent the mean (£SD) of three in-
dependent experiments. * : p < 0.05, ** : p < 0.01 vs vehicle (Kruskal-Wallis
non parametric ANOVA).

The docking of PI3P/4IP in the crystallographic structure ok Akt was used to
validate the docking methodology. An RMSD of 0.2 A between the crystal-
lographic vs docked 4IP molecule proved the validity of the adopted docking
methodology. The high inhibition capability of compounds 2a, 3a, and 7 (50%,
44% and 46 % respectively) is well supported by the high affinity calculated
by docking simulations (a medium value between DOCK6 and Glide energies
of 24.5, 22.9 and 20.0 kcal mol~! respectively). The same can be observed for

compounds with low inhibition activity on Akt (i.e. componds 4 and 8).

A structural difference between compounds 5 and 8 and the rest of the series
is the lack of the functional group SO3 . Since compounds 5 and 8, when com-
pared with other molecules, are found to bind in a different position, the sul-
fonate group seems to be fundamental for the correct binding of the molecule,
and therefore for its biological activity. In particular the orientation of this
group in a region of the protein surface rich in positively charged aminoacids
(Lys-14, Arg-23, Arg-25, Figure 4.2.4) seems to stabilize the binding with an
high number of hydrogen bonds. Only compound 4 showed a different ori-
entation of the SO3 group, and this observation could also explain the weak

docking score of this compound with Akt.
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2a-c, 3a-¢, 6,7

Figure 4.2.4: Focus on the orientation of the functional group SO5 in 2a-c,
3a-c, 4, 6, 7. For every compound only group SO3 and the monosaccharide
cycle are shown.

It must be underlined that also the length of the acyl chains plays a fundamental
role in easing the binding energy of the compound. In fact, a longer chain
appeared to provide a more stable interaction between Akt and the inhibitor

than a shorter one.

4.2.1.4 Conclusions

In the present work, it has been proven the ability of synthetic sulfo-glyco-
conjugates derived from a D-glucosidic scaffold, designed to mimic phosphatidyl
inositols, to impair Akt kinase activity. Docking studies and ELISA assay
proved compounds 2a, 3a and 7 as the best inhibitors of Akt activity, and high-
lighted the role of sulfonate group for the binding. Further analysis are however
required to assay their biological activity. In addition, the long lipophilic acyl
chains of the natural PI3P substrate can be substituted in these compounds
by shorter hydrophobic groups, since the long fatty acid chain is not needed

for enzyme recognition, but only for membrane anchoring.[216]
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Chapter 5

Evolution guided interactions in the immune system.

It is not the strongest of the species that survives,
nor the most intelligent that survives.

It is the one that is most adaptable to change.

Charles Darwin

Infections are thought to represent the major selective pressure for humans [217]
and for all other living organisms. Encounters of hosts and pathogens result in
the so-called arms races, whereby pathogens strive to develop countermeasures
to evade host surveillance to achieve a successful infection and hosts are under
pressure to evolve resistance to pathogens. Thus, when resistance and counter-
resistance are at least partially genetically determined, cyclical adaptation and
counteradaptation occur, and a genetic conflict is fuelled. The comparison
among species gives a snapshot of selective events that happened over long
timescales. Evolutionary pattern can in this way be identified by different
approaches that compares genetic diversity and phylogenetic relationships.[218]
Inter-species approaches to identify sequence substitutions or variations rely on
the alignment of orthologous coding sequences and their site-by-site analysis.
Among all possible substitutions, the analysis identify which substitutions are
non-synonymous (aminoacid replacing) and which one are synonymous (non-
aminoacid replacing). The observed number of non-synonymous differences for
non-synonymous sites (dN) and the observed number of synonymous differences

for synonymous sites (dS) are then estimated. Neutral evolution is a situation
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where the rate of aminoacid replacement accumulation is equal to the rate of
silent changes. The ratio of dN and dS is so equal to 1. However, most of the
aminoacid replacement are deleterious, and are so eliminated by selection. This
situation is characterized by a majority of sites where dN/dS<1, a situation
referred as negative selection. On the contrary, the positive pressure exerted
by a pathogen may favour aminoacid replacements (i.e. changes that modify
a crucial motif for host-pathogen interaction). Here, dN/dS ratio reaches a
value greater than 1, a hallmark of positive selection. Therefore, evolutionary
analysis can shed light on the sites in the host’s and pathogen’s proteins that

are targeted by selection as a consequence of host-pathogen interaction.[218]

In this section will be illustrated a series of works resulting from the collabora-
tion of the laboratory of Bioinformatics of dott.ssa Manuela Sironi at IRCCS
E. Medea where different host-pathogen systems have been invastigated by
evolutionary analysis. Structural biology has helped to understand and ratio-
nalize functional role of proteins, including their ability to interact and create
complexes. Here, we used in silico mutagenesis, together with protein-protein
docking and stability analysis to make a qualitative analysis of the results of

the positive selection in pathogens and hosts proteins.

5.1 Protein-protein docking

One of the main challenges facing the proteomics community is the prediction of
protein—protein interactions. The ultimate goal is to take the three-dimensional
coordinates of two independently crystallized proteins which are known to in-
teract, and to derive a model for the bound structure.[219, 220] Online it is
possible to find a lot of programs and servers for protein-protein docking. In
this manuscript we focused on the use of two different online servers for pro-
teins docking: ClusPro and ROSIE. These programs have been successfully
used for making high accuracy prediction in the CAPRI (Critical Assessment
of PRedicted Interaction) challenge.[221, 222] ClusPro is an automated docking
and discrimination method for the prediction of protein complexes.[223, 224]
PIPER is an FFT-based docking program implemented in ClusPro server. It

uses a pairwise interaction potential as part of its scoring function (see eq 5.1.1)

E= Eattr + lerep + w2Eelec + wZ)’Epair (511)
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where Fg, and E,.., denote the attractive and repulsive contributions to the
van der Waals interaction energy FE,4., Fejec 1S an electrostatic energy term,
and E,,;, represents the desolvation contributions.[225] The coefficients w1,
w2, and w3 specify the weights of the corresponding terms, and are optimally
selected for different types of docking problems. The second step of the al-
gorithm is clustering the top 1000 structures generated using pairwise RMSD
as the distance measure. For each docked conformation, the residues of the
ligand that have any atom within 10 A of any receptor atom are selected, and
the RMSD for these residues from the same residues in all other 999 ligands is
calculated. Based on the number of structures that a ligand has within a (de-
fault) cluster radius of 9 A RMSD, the largest cluster is selected and ranked as
center number 1. Then, the members of this cluster are removed, and the next
largest cluster is selected and ranked. The biophysical meaning of clustering is
isolating highly populated low energy basins of the energy landscape.[226] After
clustering with this hierarchical approach, the ranked complexes are subjected
to a straightforward (300 step and fixed backbone) van der Waals minimization
using the CHARMM potential [227] to remove potential side chain clashes. The
only refinement currently used in ClusPro is minimizing the Charmm energy

of the structures generated by the docking.[227]

ROSIE on-line server implements RosettaDock, a multi-start, multi-scale Monte
Carlo-based algorithm.[228]| Initially, a low-resolution phase of the search is
performed, including cycles of random rigid-body perturbations with a course-
grained representation of side chains as single pseudo-atoms. Then, the high-
resolution (all-atom, including hydrogens) phase of the search includes smaller
rigid-body perturbations, with side-chain optimization via rotamer packing
and continuous minimization,[229] and explicit gradient-based minimization
of the rigid-body displacement. Scoring in the low-resolution phase includes
residue-residue contacts and bumps. In the high-resolution phase, the energy
is dominated by van der Waals energies,[228] orientation-dependent hydrogen
bonding,[230] implicit Gaussian solvation,[231] side-chain rotamer probabilities
[232] and a low-weighted electrostatics energy.[228] For a local docking pertur-
bation run performed by the server, 1000 independent simulations are carried

out to generate an ensemble of interacting proteins models .
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5.1.1 T-cell regulation: the case of MIR2 and CD86
5.1.1.1 Introduction

T lymphocytes play a central role in the elicitation of effective immune re-
sponses and in the maintenance of immune homeostasis.[233] A pivotal role
in T lymphocyte activation is played by the CD80 and CD86 costimulatory
molecules. Although they represent only a subset of players in the complex
process of T cell regulation, they have a central function in the elicitation of
effective immune responses.[234] Consequently, several pathogens have evolved
strategies that specifically target T cell regulatory molecules to facilitate the
establishment of infection. In the case of CD86, several positions subject to
diversifying selection were identified in the juxtamembrane (JM) and trans-
membrane (TM) regions, which interact with the MIR2 immunomodulator en-
coded by KSHV (Kaposi sarcoma-associated herpesvirus). [235] To deepen the
understanding on how positive selection modulates MIR2/CD86 binding, we
performed ab initio structure prediction and in silico docking analysis to study

the interaction between these two proteins.

5.1.1.2 Methods

The sequences of human CD86 (P42081) and human herpes virus 8 MIR2
protein (P90489) were retrieved from Uniprot database. Secondary structure
prediction was performed using PSIPRED.[187] Since no homologous proteins
are available in the PDB, the structure of MIR2 (from Phe-85 to Arg-153) and
CD86 (from Glu-235 to Lys-274) were obtained using QUARK,|236] a server for
ab initio protein folding and protein structure prediction. CD86 variants were
generated through MODELLER version 9.11, using as template the ab initio
prediction. ROSIE (Rosetta Online Server that Includes Everyone) [237, 23§]
and ClusPro [224] were used for docking calculations. When using ROSIE,
MIR2 and CD86 were positioned in order to allow the interaction between
Asp-244 of CD86 and Ser-120 of MIR2.[235] CD86 variants at residues Val-260
and Trp-268 were generated by changing both aminoacids to alanine and by
replacing them with aminoacids occurring in other mammalian species selected
among those carrying an aspartic residue at position 244. As mentioned in the
text, due to the relatively high number of positively selected sites, we also tried
to model the JM region of CD86 (residues 235-248). However, the structure of
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this region is predicted to be random coil (a result confirmed by a PSIPRED
analysis). Therefore, no docking analysis was possible.

5.1.1.3 Results

CD86 and MIR2 protein structures predictions were performed with ab initio
techniques. The structure of the CD86 JM region (residues 235-248) was pre-
dicted to be random coil, preventing docking analysis; on the contrary, the TM
region (249-274) was amenable to docking calculation. Protein-protein interac-
tion predictions were performed with ROSIE and ClusPro on-line servers. The
outputs of the two servers were comparable, with CD86 binding MIR2 in the
same region and with a similar orientation. This revealed that the two CD86
positively selected sites, Val-260 and Trp-286, are located at the contact in-
terface of the two proteins and can interact, mainly via hydrophobic contacts,
with different residues of MIR2 (figure 5.1.1, panel A).

To verify the importance of the amino acids in positions 260 and 268, we
created four different in silico CD86 variants (Val-260-Ala and Trp-268-Ala,
or Val-260-Gly and Trp-268-Arg, these latter observed in some nonprimate
mammals, figure 5.1.1, panel B): none of them was able to bind MIR2 with the
same orientation as the human protein (figure 5.1.1, panel B in black). This
analysis qualitatively confirms a crucial role of Val-260 and Trp-268 in the
correct positioning of the two proteins during the interaction. The computed
binding poses of the variant CD86 molecules with MIR2 are unlikely to occur in
vivo, because of the presence of the phospholipid bilayer (which is not explicitly
considered in the docking experiments). Therefore, these results suggest that
variation at the positively selected sites renders interaction between CD86 and

MIR2 unlikely or very weak.

5.1.1.4 Conclusions

The hypothesis that positive selection at T cell regulatory molecule genes is at
least partially virus driven was directly tested for CD86. Indeed, the KSHV
MIR2 ubiquitinase directly binds CD86 through its juxtramembrane (JM) and
transmembrane (TM) regions.[235] Docking analysis indicated that the two
positively selected sites in the TM region of CD86 are crucial for the inter-

action with MIR2. Therefore, the selective pressure exerted by MIR2 might
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Val-260

Trp-268

Trp-268-Ala

Figure 5.1.1: Structures of CD86 and MIR2. Panel A: docked structures of
CD86 (blue) and MIR2 (green). The human CD86 amino acids Val-260 and
Trp-268, which are involved in protein-protein interaction, are shown as yellow
and orange spheres, respectively. The residues of MIR2 that interact with these
two amino acids are represented as sticks. Panel B: docked structures of human
CD86 (black) and four different variants: Val-260-Ala (fuchsia), Val-260-Gly
(green), Trp-268-Ala (blue), and Trp-268-Arg (orange).
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have driven the evolution of the CD86 TM region to decrease binding by viral-
encoded ubiquitinases or to displace the ubiquitine ligase domain from its tar-
gets in the cytoplasmic domain of CDS86.

5.2 Stability analysis

The availability of computational tools able to produce accurate estimations
of the impact of aminoacid substitutions on protein stability is of crucial im-
portance in a wide range of applications.[239] The rational design of modified
proteins with controlled stability is of extreme importance in the biotechno-
logical and environmental areas, where proteins are used for their catalytic
or other functional activities. In addition, an improved understanding of the
effect of naturally occurring disease-causing mutations on the molecular level
is highly expected in the medical research area. Although multiple sequence
alignments approaches still remain the prevalent tool in this context, stability
changes prediction upon mutation have been approved as a relevant hint in
the identification of disease-causing mutations.[240, 241] Different tools have
been developed and are now available to study how mutations induce stability

changes in proteins.

PoPMuSiC is a web server, that allows stability changes prediction resulting
from point mutations in globular proteins.[242] The stability change resulting
from a given point mutation in a protein is computed on the basis of the
structure of the wild-type protein and a set of energy functions, which are
used to estimate the folding free energy change upon mutation of a residue s,
into s,, noted AAGp(sz,s,). More precisely, AAGp is expressed as a linear
combination of different statistical potentials, two terms that depend on the
volume of the wild-type and mutant amino acids, and an independent term.
The statistical potentials are derived from a dataset of known protein structures
and describe the correlations between various sequence or structure descriptors
of the same aminoacids or of neighboring ones. The descriptors considered are,
for each residue: the amino acid type, the torsion angles defining the backbone
conformation and the solvent accessibility, and, for each pair of residues: the
spatial distance between the average geometric centers of their side chains.[242]
In addition, also the volume difference between the mutant and wild-type amino

acid is taken into account.

125



FoldX is an empirical force field that aims to describe the energetic contribu-
tions to protein stability in simple empirical terms and has been implemented
in the FoldX webserver.[243] A linear combination of empirical terms is used

to calculate the protein free energy is showed in equation 5.2.1.

AG = aAGvdw + bAGsolvH + CAGSOZ’UP + dAwa + eAGhbond

£ FAG + gAGron + hTASme + KTAS 0 + kAGuiash (5.2.1)

The different terms considered include: interaction with the solvent in terms
of desolvation separated into contributions from hydrophobic and polar groups
(AGsown and AGggpp respectively), van der Waals energy (AG 4 ) and hy-
drogen bond and electrostatic contributions (AGppond and AG,;). For protein
complexes, an additional electrostatic contribution is calculated between atoms
of different polypeptide chains (AGyoy). In FoldX the entropic penalty for fix-
ing the backbone in a given conformation (AS,,.) is derived from a statistical
analysis of the phi—psi distribution of a given amino acid as observed in a
set of non-redundant high-resolution crystal structures. This entropy is scaled
by the accessibility of the main chain atoms and energetics of hydrogen bond

interactions made by the corresponding residue or its direct neighbours.[243]

I-Mutant 2.0 is a support vector machines (SVMs) based program that has
been trained to predict both the direction (the AAG sign) of the protein sta-
bility changes and the AAG associated values. SVMs are learning models with
associated learning algorithms that analyze data used for classification and re-
gression analysis. Given a set of training examples, each marked for belonging
to one of two categories, an SVM training algorithm builds a model that assigns
new examples into one category or the other. For the classification task and
for assigning the AAG values, basically two labels are identified: the increased
protein stability (AAG > 0) and the destabilizing mutation (AAG < 0). To de-
termine in which group the mutated protein has to be assigned, the temperature
and the pH at which the stability of the mutated protein was experimentally
determined, the mutation and the aminoacidic environment (spatially if the
3D structure is solved or the nearest sequence neighbors when only the protein

sequence is available) are taken into account.[244]
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5.2.1 Positive selection in ERAP2 has driven the recur-

rent appearance of protein-destabilizing variants
5.2.1.1 Introduction

Cell mediated immune responses are initiated by the recognition of an MHC/antigen
complex on the surface of an antigen presenting cell by a T cell receptor. What-
ever the nature of the presenting molecule, the MHC, the limited dimension
of its cleft makes it impossible for macromolecules to be presented: only frag-
ments deriving from the lysis of such molecules will be nested in the cleft. Most
steps leading to the formation of MHC-peptide complexes have been defined.
Peptides that will be embedded into the cleft of MHC molecules are initially
processed by the proteasome, a complex structure located in the cytoplasm.
Channels formed by TAP molecules allow peptides generated in the cytoplasm
to be transported into the endoplasmic reticulum, where they may be trimmed
at their N-terminal end by ERAP proteins. In this scenario, it is straight-
forward to imagine that both MHC and ERAP protein could be targeted by

natural selection.[245]

Classic MHC molecules are encoded by genes that show extreme levels of poly-
morphism in most vertebrates and several studies have demonstrated that di-
versity at the peptide binding region is maintained by natural selection.[246]
Thus, their role in adaptive immunity and their pattern of diversity indicate
adaptation to a wide range of pathogen species leading to aminoacid diversifi-
cation of the antigen binding cleft. The observation whereby several pathogens
encode molecules that hijack specific components of the antigen processing
and presentation pathway, like ERAP2, further supports this possibility.[247]
The research group of Manuela Sironi identified three positively selected sites
in ERAP2 (figure 5.2.1), which seem not be involved in proteolytic activity.
Herein, we investigated the evolutionary history of ERAP2, trying to under-
stand by stability analysis how positive selection has modified the functional

activity of this protein.

5.2.1.2 Methods

Intra-protein interaction calculations were performed using PIC (Protein Inter-
actions Calculator).[248] Stability analysis was carried out using three different
methods. FoldX 3.0 [243] and PoPMuSiC (web-server version),[242] were used
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Tyr-416

Ala-857

)

Val-420

Figure 5.2.1: Ribbon diagram of ERAP2: positively selected sites are shown
in red and those that coordinate the Zn ion (violet) in yellow

on the chain A of the X-ray structure of ERAP2 (PDB code: 3SE6). I-Mutant
2.0 [244] was used on the corresponding protein sequence retrieved from Unipro-
tKB (Q6P179). In FoldX and I-Mutant the AAG values are calculated as fol-
lows: AAG = AGputant — AGwitd—type- In FoldX and I-Mutant AAG values
> 0 indicate mutations that decrease protein stability, whereas in PoPMuSiC
AAG values > 0 are mark of mutation increasing protein stability. Therefore,
PoPMuSiC AAG values were multiplied by 21 to obtain homogeneous results.
In the analysis carried out with FoldX 3D, the three-dimensional structure of
the protein was repaired using the <RepairPDB> command. Mutations were
introduced using the <BuildModel> command with <numberOfRuns> set to
5 and <VdWdesign> set to 0. Temperature (298K), ionic strength (0.05 M)
and pH (7) were set to default values and the force-field predicted the wa-
ter molecules on the protein surface. Residues His-370, His-374, Glu-393 and
Tyr-455, which coordinates the zinc ion, were kept fixed during reparation and

mutation procedures.
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Figure 5.2.2: AAG in kcal mol=! for Tyr-416 (panel A), Val-420 (panel B)
mutations to all other 19 residues of the ERAP2 structure or sequence; results
are shown for FoldX, PopMuSiC, and I-Mutant.

5.2.1.3 Results

In ERAP2 three positively selected sites which do not seem to be involved
in proteolytic activity have been identified. 3D-structure protein analysis indi-
cated that the three residues are located on a helices shaping the internal cavity
of the protein where the catalytic Zn ion is coordinated (Figure 5.2.1). Two
of these residues are involved in several short-range interactions: Tyr-416 can
interact hydrofobically with Leu-362, Phe-413, Trp-746, and Val-420 (and vice-
versa). The same kind of interactions can be made by Val-420 with Phe-417; a
side-chain side-chain H-bond can be formed by the OH group of Tyr-416 and
the NHy group of Arg-366. Thus, we performed a stability analysis: Tyr-416
and Val-420 were mutated to all other residues through the use of three differ-
ent methods. The tyrosine and valine at positions 416 and 420 are the most
common aminoacids among the species included in the evolutionary analysis
and represent the ancestral state residues (see Methods section). As shown in
figure 5.2.2, the replacement of the two aminoacids led to changes of different
magnitude in AG. Although the three programs yielded different AAG values
for every mutated residues, the trend was maintained (in particular between
I-Mutant and PoPMuSiC programs) and indicated that replacement of Tyr-
416 and Val-420 with any other aminoacid likely results in protein destabiliza-
tion (i.e. positive AAG values) (Figure 4C). These observations suggest that
positive selection might have driven the recurrent appearance of destabilizing
variants in ERAP2.
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5.2.1.4 Conclusions

Natural selection might have acted at the ERAP2 locus to modulate protein
stability and, consequently, abundance. Our stability analysis on the two posi-
tively selected sites Tyr-416 and Val-420 suggested that evolution has driven the
appearance of destabilizing variants. Although the observation that protein-
destabilizing variants have been favored during evolution might seem counter-
intuitive, it should be noted that an ERAP2 that results in a truncated (and
degraded) protein product is maintained in human populations.[249, 250] Also,
some rodent species, including mice and rats, lack a functional ERAP2 gene,
suggesting that loss or decreased abundance of ERAP2 protein might confer

some advantage, possibly related to selective antigen trimming.[250]
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Chapter 6

Conclusions and remarks

In this work we used computational methods to explore and disclose some phe-
nomena at molecular level and they have proven to be powerful and effective
tools to describe biotechnologically-relevant macromolecules. In addition to
open up new questions on the systems studied, our results highlight how com-
putational methods can support the analysis of chemical-biological systems at

different levels.

Computational quantum chemistry has proven a valuable tool to gain a detailed
description of noble-metal free bioinorganic systems for molecular Hy produc-
tion and COs storage. The use of DFT in the study of [FeFe|]-hydrogenase
biomimetic models has allowed us to unveil some structural properties to achieve
efficient synthetic models for both Hy production and oxidation. Our findings
highlight that the use of a rigid scaffolds covalently linked to cyanide-bound
biomimetic diiron models like porphirin can lead to the stabilization of u-CO
geometries resembling the one disclosed by crystallographic studies of Hyeq. In
addition, the use of a sufficiently electron poor diiron subcluster combined with
an azadithiolate strap between the two iron atoms favours Hs coordination and
promote Hs heterolytic cleavage. A more complex discussion has to be made
for the proton reduction step, here discussed in subsection 2.1.2. First of all,
the in silico study of redox potentials of diiron complexes can help identify the
electronic properties that influence them on the molecular level.[84] With this
purpose, to compute accurate theoretical redox potentials we had to tune the

theoretical method on the experimental findings. Using a well studied [FeFel-
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hydrogenase biomimetic complex, we have tested which method provided the
best match of theory versus experiment. The better performance of AE versus
AG for redox potential calculation in Nernst equation (AGzoi;'edow = —FE°)
that we found, can be ascribed to a cancelation error effect arising from ap-
proximations normally used to turn AE into AG. To overcome the “stable/less
reactive p-H vs unstable/reactive t-H” issue we searched for the combination of
ligands that afforded species with AE°_g—,. < 0, thus indicating a higher (or
at least as high as) redox reactivity of y-H wversus t-H. This point is relevant
as u-H are protonated isomers od diiron dithiolates that are easier to deal with
(due to their higher stability versus t-H). Increasing the number of electron
donors on the protonated [2FeH] core of [FeFe]-hydrogenases is predicted to al-
ter AE°t.q_, 1 in a nonlinear way, up to a substitution extent at which subtle
steric factors come into play entailing a surprising modulation of the redox gap.
Variation upon reduction of the structural and energetic parameters shows that
such a result is due to a steric strain (or destabilization), which affects differ-
ently the y-H and t-H isomeric forms. The variation of the overall charge of
the diiron dithiolates also tune the reduction potential, and more specifically,
reducing the overall charge introducing nitrogen-containing linkers that are sus-
ceptible to being protonated by acids, tends to favor t-H reduction over p-H.
All these observations on [FeFe]-hydrogenase biomimetic models point out the
necessity of incorporating different features on synthetic models to critically
design systems of potential technological relevance, and highlight the essential
role of computational modeling in supporting this process. DFT was a useful
tool also to study the most efficient iron-based catalyst for CO5 hydrogenation.
We studied the free energy profiles associated with the intimate mechanism by
which the COs-to-HCOOH reduction is performed. Here, the application of the
energetic span model developed by Kozuch and Shaik [99, 100] proved to be
crucial for the understanding of the molecular determinants characterizing the
catalytic activity, nonetheless inclusion of thermodinamic criteria is relevant to

fully rationalize the experimental scenario.

The use of TD-DFT with experimental spectroscopies has revealed a useful tool
for the study of metal-boud transferrin. The presence of low glycosilated forms
of this protein have been found to be the most specific and sensitive parameter
for the diagnosis of chronic alcohol abuse. In this work we demonstrated that
the TETb!! complex that could be used as a fluorescent label during the de-

tection and we developed a computational method to study the metal binding
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site. Although in this case we have only preliminary results, the method we
developed for the determination of the molecular model of the Tf interaction

site with metal ions has proven to be promising.

Molecular modeling methods applied to medicinal chemistry has been of great
value in the identification and development of novel promising compound. In
collaboration with experimental groups of the University of Milan-Bicocca we
conducted docking studies on promising compound for analgesic and anti-
cancer purpose. The two programs used gave us comparable results, both
from an energetical (docking energies) and a structural (docking poses) point
of view. As Yu-Chian Chen suggests in his opinion paper ’Beware of docking!’
[175] docking analysis alone can create an inaccurate picture of ligand binding,
in particular when used as a screening tool to identify hit compounds. The use
of well-optimized systems, in combination with experimental results, can make
docking a powerful tool to give a picture, an outline, on how a certain molecule
is able to bind its molecular target and exert its effects. The same conclusions
can be applied to protein-protein docking. Far to be the most-reliable method
to describe inter-protein interactions, it can be a useful tool to make qualita-
tive prediction on how protein binding is modified upon a mutation and explain

how evolution drives interactions in the immune system.
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Appendix

Chapter 2

Full set of models investigated in section 2.1.1.
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Chapter 4

Multiple alignment of oxa-ARs homologous sequences
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Manually-refined sequence alignment between murine ops isoform

and human D3 receptor.

For aga-AR the probability of a certain secondary structure predicted by PSIPRED
is represented by a colour scale (from yellow to red for a-helices, from light green
to dark green for 3-sheets and from light blue to blue for coiled coil); a-helices
predicted by JPRED are indicated as underlining of aoa-AR sequence and dis-
ordered regions predicted by DISOPRED are highlighted through cross-shaped

symbols over the residues. '*’ residues are identical in all sequences of the

allignment, ’:” conserved substitutions, ’.” semi-conserved substitutions.
B
X2A-mouse MGSLQPDAGNSSWN-GTEAPGGGTRATPYSI . OVTLTLVCLAGLLMLFTVFCNVLVIIAVF 59
D3-human =  ———- - e - 55
G2A-mouse TSRALKAPONLFLVSLASADILVA IPFSLANEVMG-YWYFG, CEIYLALDVL 118
D3-human =  ———-—-—mm———— AVADLLVATLVMPWVVYLEVTGGVWNFSRICCDVFVTLDVMMCT 115
Jkkkga, Kk gakkkk kkgkkkkkkgkg o kK Kk * Kk, 33 Ksgssskkkggkk
02A-mouse SSIVHLCA YWSITOAIEYNLKR---TPRRIKAII VIS SFPP SIEKK 175
D3-human ASILNLCAISIDRYTAVVMPVHYQHGTGQSSCRRVALMITAVWVLAFAVSCPLLFGFNTT 175
shkgokkkkkghkk o, L3.%3 HE A sHF gkkk gy L3k x k3 o3z,
+H+++H+++
K2A-mouse GAGGGQQPAEPSCKINDQKWYVISS FAPCLIMILVYVRIYQOIAKRRTRVPPSRRG 235
D3-human GDP-—-——-— TVCSISNPD-FVIYSSVVSFYLPFGVTVLVYARIYVVLKQ--=-—=————— 227
* Lok ks, skk Kkkg kkg K s skkKk kkk g kg
B At o O o
OX2A-mouse PDACSAPPGGADRRPNGLGPERGAGPTGAEAEPLPTQLNGAPGEPAPAGPRDGDALDLEE 295
D3-human = ———- e - 254
B o
OX2A-mouse SSSSEHAERPPGPRRPDRGPRAKGKTRASQVKPGDSLPRRGPGAAGPGASGSGHGEERGG 355
D3-human = ———— e e 313

K2A-mouse GAKASRWRGRONRE VLAVVIG CWFPFFFTYTLIAVG--CPVP FNFFFW 413

D3-human PLREKKATOMVAIVLGAFIVCWLPFFLTHVLNTHCQTCHVSPELYSATTW 370
kkkg Kk gakakak Kykkkgkkkgkg ok * ok, sk, *

X2A-mouse FGYCNSSLNPVIVTIIFNHDFRRAFKKIL RGDRKRIV 450

D3-human LGYVNSALNPVIYTTFNIEFRKAFLKILSC-====== 400

sHkE Kk gkkkkKkkKk Kk gkkgkk KRk

Secondary structure prediction:
a-helices: HIGH B-sheets: LOW MID HIGH

Coiled-coil: )W MID HIGH
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Model quality assessment: Vadar

Model 1

Model 2

Statistic Observed  Expected
Residues in phipsi core 424 (94%) 405 (90%)
Residues in phipsi allowed 23 (5%) 32 (1%)
Residues in phipsi generous 1 (0%) 5 (1%)
Residues in phipsi outside 0 (0%) 0 (0%)
Residues in omega core 442 (98%) 432 (96%)
Residues in omega allowed 7 (1%) 13 (3%)
Residues in omega generous 1 (0%) 0 (0%)
Residues in omega outside 0 (0%) 5 (1%)
Packaging defects 239 31
Free energy of folding -324.26 -429.48
Residues 95% buried 64 181
Buried charges 7 0
Statistic Observed  Expected
Residues in phipsi core 422 (93%) 405 (90%)
Residues in phipsi allowed 22 (4%) 32 (7%)
Residues in phipsi generous 4 (0%) 5 (1%)
Residues in phipsi outside 0 (0%) 0 (0%)
Residues in omega core 447 (99%) 432 (96%)
Residues in omega allowed 1 (0%) 13 (3%)
Residues in omega generous 1 (0%) 0 (0%)
Residues in omega outside 0 (0%) 5 (1%)
Packaging defects 187 31
Free energy of folding -314.74 -429.48
Residues 95% buried 64 181
Buried charges 7 0
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Model 3

Model 4

Statistic Observed  Expected
Residues in phipsi core 422 (93%) 405 (90%)
Residues in phipsi allowed 24 (5%) 32 (7%)
Residues in phipsi generous 3 (0%) 5 (1%)
Residues in phipsi outside 0 (0%) 0 (0%)
Residues in omega core 444 (98%) 432 (96%)
Residues in omega allowed 5 (1%) 13 (3%)
Residues in omega generous 1 (0%) 0 (0%)
Residues in omega outside 0 (0%) 5 (1%)
Packaging defects 223 31
Free energy of folding -332.41 -429.48
Residues 95% buried 68 181
Buried charges 4 0
Statistic Observed Expected
Residues in phipsi core 421 (93%) 405 (90%)
Residues in phipsi allowed 20 (4%) 32 (7%)
Residues in phipsi generous 7 (1%) 5 (1%)
Residues in phipsi outside 0 (0%) 0 (0%)
Residues in omega core 429 (95%) 432 (96%)
Residues in omega allowed 14 (3%) 13 (3%)
Residues in omega generous 4 (0%) 0 (0%)
Residues in omega outside 2 (0%) 5 (1%)
Packaging defects 84 31
Free energy of folding -325.48 -429.48
Residues 95% buried 71 181
Buried charges 5 0
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Model 5

Model 6

Statistic Observed  Expected
Residues in phipsi core 420 (93%) 405 (90%)
Residues in phipsi allowed 24 (5%) 32 (7%)
Residues in phipsi generous 3 (0%) 5 (1%)
Residues in phipsi outside 1 (0%) 0 (0%)
Residues in omega core 440 (97%) 432 (96%)
Residues in omega allowed 8 (1%) 13 (3%)
Residues in omega generous 2 (0%) 0 (0%)
Residues in omega outside 0 (0%) 5 (1%)
Packaging defects 249 31
Free energy of folding -314.45 -429.48
Residues 95% buried 69 181
Buried charges 7 0
Statistic Observed Expected
Residues in phipsi core 422 (93%) 405 (90%)
Residues in phipsi allowed 22 (4%) 32 (7%)
Residues in phipsi generous 3 (0%) 5 (1%)
Residues in phipsi outside 1 (0%) 0 (0%)
Residues in omega core 445 (98%) 432 (96%)
Residues in omega allowed 4 (0%) 13 (3%)
Residues in omega generous 1 (0%) 0 (0%)
Residues in omega outside 0 (0%) 5 (1%)
Packaging defects 78 31
Free energy of folding -311.28 -429.48
Residues 95% buried 63 181
Buried charges 5 0
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Model 7

Model 8

Statistic Observed  Expected
Residues in phipsi core 426 (94%) 405 (90%)
Residues in phipsi allowed 18 (4%) 32 (7%)
Residues in phipsi generous 4 (0%) 5 (1%)
Residues in phipsi outside 1 (0%) 0 (0%)
Residues in omega core 442 (98%) 432 (96%)
Residues in omega allowed 5 (1%) 13 (3%)
Residues in omega generous 2 (0%) 0 (0%)
Residues in omega outside 0 (0%) 5 (1%)
Packaging defects 226 31
Free energy of folding -314.60 -429.48
Residues 95% buried 62 181
Buried charges 6 0
Statistic Observed Expected
Residues in phipsi core 422 (93%) 405 (90%)
Residues in phipsi allowed 23 (5%) 32 (7%)
Residues in phipsi generous 5 (1%) 5 (1%)
Residues in phipsi outside 0 (0%) 0 (0%)
Residues in omega core 441 (98%) 432 (96%)
Residues in omega allowed 8 (1%) 13 (3%)
Residues in omega generous 1 (0%) 0 (0%)
Residues in omega outside 0 (0%) 5 (1%)
Packaging defects 88 31
Free energy of folding -331.37 -429.48
Residues 95% buried 63 181
Buried charges 10 0
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Model 9

Model 10

Statistic Observed  Expected
Residues in phipsi core 425 (94%) 405 (90%)
Residues in phipsi allowed 21 (4%) 32 (7%)
Residues in phipsi generous 3 (0%) 5 (1%)
Residues in phipsi outside 0 (0%) 0 (0%)
Residues in omega core 443 (98%) 432 (96%)
Residues in omega allowed 6 (1%) 13 (3%)
Residues in omega generous 1 (0%) 0 (0%)
Residues in omega outside 0 (0%) 5 (1%)
Packaging defects 196 31
Free energy of folding -316.42 -429.48
Residues 95% buried 63 181
Buried charges 4 0
Statistic Observed Expected
Residues in phipsi core 419 (93%) 405 (90%)
Residues in phipsi allowed 25 (5%) 32 (7%)
Residues in phipsi generous 4 (0%) 5 (1%)
Residues in phipsi outside 0 (0%) 0 (0%)
Residues in omega core 442 (98%) 432 (96%)
Residues in omega allowed 8 (1%) 13 (3%)
Residues in omega generous 0 (0%) 0 (0%)
Residues in omega outside 0 (0%) 5 (1%)
Packaging defects 87 31
Free energy of folding -317.35 -429.48
Residues 95% buried 65 181
Buried charges 4 0
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Model quality assessment: Molpdf and DOPE score

molpdf DOPE score
Model 1 2145.63452  -42204.50391
Model 2 2208.24219  -42659.00781
Model 3 2242.48047  -42120.86328
Model 4 2374.85205 -42462.08203
Model 5 2506.38184  -42400.53125
Model 6 2731.14307  -42650.35547
Model 7 2166.48169  -42428.48828
Model 8 2223.27759  -42544.02344
Model 9 2227.86157  -42537.24609
Model 10  2373.13159  -42302.64453

Model quality assessment: Aide

Predicted LG-score

Predicted TM-score

Model 1 0.2170685 0.61
Model 2 0.2210268 0.63
Model 3 0.2178228 0.64
Model 4 0.1943737 0.64
Model 5 0.2037580 0.63
Model 6 0.2004316 0.62
Model 7 0.2121720 0.64
Model 8 0.2147148 0.64
Model 9 0.2018273 0.64
Model 10 0.1985326 0.64
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RMSD

RMSD profile of the murine azp-ARs trajectory.
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RMSD matrices and clustering

RMSD matrix of the trajectory (panel A) and clustering analysis performed on
the RMSD matrix (panel B).
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