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The multiscaling quantum mechanics/molecular mechanics (QM/MM) approach was introduced in 1976, while the
extensive acceptance of this methodology started in the 1990s. The combination of QM/MM approach with
molecular dynamics (MD) simulation, otherwise known as the QM/MM/MD approach, is a powerful and promising
tool for the investigation of chemical reactions’ mechanism of complex molecular systems, drug delivery, properties

of molecular devices, organic electronics, etc. Applications of the QM/MM methodologies on metalloproteins are

presented.
multiscale calculations QM/MM DFT semi-empirical molecular dynamics
molecular mechanics metalloproteins chemical reactions nitrogenase FeMoco

| 1. Introduction

Warshel and Levitt introduced the multiscaling Quantum Mechanics/Molecular mechanics approach, i.e., QM/MM,
for the investigation of complex molecular systems in 1976 . This methodology was first applied to an enzymatic
reaction. The extensive acceptance of this method started in the 1990s [2. In this research, the conjunction of SE
methods with molecular force field was completely illustrated, while the precision, and efficacy of the QM/MM
treatment in opposition to ab initio and experimental data were estimated [2. In the last few decades, a lot of
simulations for biomolecular systems have been carried out using QM/MM approaches. Moreover, a lot of reviews
evaluate these methods themselves and the updates that are established throughout the years. Additionally, this
method is combined with others, such as methods that consider the quantum nature of atomic motion, including
free-energy and reaction path methods for more accurate answers in studies of complex systems and especially in
enzymatic reactions [l Generally, the QM/MM approach is established for modeling complex biomolecular
systems, inorganic, organometallic, and solid-state systems, as well as for the study of processes that take place in
explicit solvent [,

In 2013, the Nobel Prize in Chemistry was awarded to Martin Karplus, Michael Levitt and Arieh Warshel equally,
“for the development of multiscale models for complex chemical systems” as a reward for their significant
contribution in computational chemistry. The theoretical calculations based on this theory can predict chemical
processes, explain, and interpret experimental data 4. Additionally, they are supplemental to the experimental

information adding details. Karplus, Levitt and Warshel's work is revolutionary because they combined the classical
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consideration of matter with quantum physics and chemistry. Until then, only one type of methodology had to be
chosen, i.e., classical or quantum. Classical physics approached large molecules in a simpler way which was an
advantage when calculating, counter to its weakness that is the incapacity of simulation of chemical reactions. On
the contrary, the quantum consideration of systems can be applied only in small systems, since it demands
enormous computing power. As a result, they could be applied for small molecules only. The QM/MM theory solves

this impasse of choice, and it combines both theories for a more accurate simulation (4,

Multiscaling methodologies QM/MM and QM/MM/MD BIEITEIE that combine the quantum mechanical description
of specific interactions, for instance metal-ligand ones, with classical sampling of the entire system, for instance
protein structure, are promising and powerful tools for computational chemistry. The studied system is split to
regions. The most important area, i.e., the area where the chemical process is occurred, is calculated via a QM
methodology, i.e., DFT [0 [11] 2oy SE [8I14I15]: the surrounding is studied with a less accurate method, i.e., SE or
MM Q8II7]: while the environment with an MM approach, or via the use of a dielectric constant for the solvent, or via

MD simulations 2819, |n the last case, the trajectories of the particles of the studied system are predicted.

| 2. Metalloproteins

Metalloproteins are proteins having a metal ion cofactor (2%, Metalloproteins can be found in many living species. It
is regarded that half of all recorded proteins consist of a metal compound, while the metal compounds play a
determinative role in their function in some of these cases 211221 Metalloproteins have a variety of functions, i.e.,
they storage and transport elements that are significant in a cell’s living or they transport even larger molecules.
One of the most important functions is the catalysis of various chemical reactions that occur in a cell’'s environment
(20123]. The most common metal elements found in the metalloproteins of a human body are Fe, Mn, Zn, Co, Ni and
Cu, and they are considered to be of vital importance. However, the metals are not always a part of the active
center of the protein or assist the protein’s involved processes. Thus, they can just be carried and transported by
the protein 24,

There are two major groups of reactions related to metalloproteins. First, there are reactions which lead to the
formation of metalloproteins. This group seems almost too complicated to be studied by a MM/MD simulation and
there is limited literature on this topic. The second group of reactions, which is more often studied via MM/MD
simulations, includes reactions that occur when the metalloprotein acts as a reactant or a catalyst. The increase in
computational capacity and the theoretically development of simulation approaches in conjunction with the
experimental data (crystallography) have resulted in further clarification of the way that metal clusters are
assembled or inserted into target proteins. Additionally, the catalytic pathways of such a range of complex chemical

reactions by metalloproteins is clarified and explained 111,

The computational characterization of metalloproteins can be an exceptionally difficult task. The presence of a
metal cations is responsible for strong Coulomb forces that act on charged amino acids and the rest of the
molecule. Proteins respond dramatically to the insertion or extraction of metal cations. Significant conformational

modifications are observed and even aggregations occur. Metals having partially occupied d atomic orbitals favor
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specific coordination geometries. Regarding the metal, the geometry of the whole molecule and the dynamics of
the surroundings and of the environment may or may not favor these coordination modes. Variations from the
desired geometry decrease the protein-metal binding affinity. Note that, the electronic structure of a metal is directly
affected from its surroundings. The electronic configurations of the metal depend on its ligands. Thus, the metal's

electronic structure and geometry of the molecule are strongly related with each other. Any modification of each
one causes changes to the other one [221[26]127][28][29][301[31][32](33][34]

In this entry, the researchers are going to focus on important computational studies using different approaches
which have been conducted for some vital metalloproteins, while attention is given to nitrogenase and its FeMo

cofactor.

2.1. Reactions of Metalloproteins

DFT approach usually is employed for a quantitative estimation of the complexation energies of several transition
metal cations. The selectivity of metal-binding sites is investigated calculating the interaction energies between
cations and its environment. Simple molecules with a general formula [MX,]3* (where Xi's are simplified ligands
representing the protein environment) are studied and the energies of the transition metal ion complexation are
evaluated. When small and large representations of metal-binding sites, i.e., small and large L ligands, are
compatible with each other, useful information for reaction in even bigger systems are provided, see for instance
[26][27]

The effect of specific groups or bonds on the properties and functions of proteins are studied also by using
simplified ligands. For example, in the case of oxymyoglobin, which is a single chain globular protein, the
hydrogen-bonding effect on Méssbauer spectroscopic properties is studied, for various active site models 4. A
porphyrin is used for representation of the heme group, and it is found that the H-bond between an His residue and

the diatomic O, enhances the binding of oxygen in the active center of protein 27,

It should be noted that metalloproteins’ metal centers present versatile chemical reactivity. The use of single-
molecule atomic force microscopy (AFM) induces partial unfolding and exposes the metal centers. The rubredoxin
is the first metalloprotein that has been studied via single molecule AFM in detail. QM/MD calculations on
rubredoxin descripted in detail its unfolding and the breaking mechanism of ferric—thiolate bonds in different solvent

conditions 34,

QM/DMD (discrete MD) approach works through a repetitious approach between QM and DMD (28129 DMD is a
simplified MD, where discrete step function potentials are employed in the place of the continuous potential which
are employed in common MD. Thus, the ballistic equations of motion are solved only for the species participating in
a collision. In all, the QM/DMD predicts the structures of the metalloproteins, in agreement with X-ray experiment,
as well as specific structural details, such as bond lengths of weak hydrogen bonds and their variations upon
mutations in the protein. The method also can reintroduce the protein’ structure to equilibrium after a mild distortion

due to the property of the combined potential energy function reaching its minimum at the intrinsic structure 23, Up
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to now, it has been successfully used for the study of the function of ARD (acireductone dioxygenase) enzyme,
which catalyzes two different oxidation reactions, depending only on which ion is bound to the protein, Fe2* or Ni?*.
The interconversion between the Fe2*-ARD and Ni?*-ARD is simple. Both forms of ARD were found that have
different functions and the QM/DMD approach was an ideal methodology for the research of this interconversion
(291 Additionally, it has also successfully used in the modeling of the ion exchange, Ca?* versus Mg?*, in the
catechol-O-methyl transferase (COMT) enzyme, in the Fe-S electron-transporting protein rubredoxin and in several

of its mutants 23],

Furthermore, in some proteins, the metal replacement can result in large-scale changes in geometry, protein
motions and repacking, as is the case of COMT enzyme. COMT is enzyme involved in the physiology of pain.
COMT has a Mg?* cation, which can be interchanged with a variety of cations. This replacement results to
significant alters in the structure and the activity of the enzyme. It influences the catalytic function, suppress it or it
turns the enzyme to be an inhibitor. The inhibition is found that it is a simple geometric result. Multi-scaling

calculations explains all mechanistic paths 22,

The metal-MFCC approach, namely metal molecular fractionation with conjugate caps, has been developed for
efficient linear-scaling QM calculation of the potential energy and for atomic forces of metalloproteins. The protein’s
potential energy is computed as a linear combination of (i) the potential energies of the neighboring residues, (ii)
the 2-body interaction energy between non-adjacent residues, which are closely located, and (iii) the potential
energy of the metal binding group. Each individual fragments in metal-MFCC can be calculated independently, so
as the approach to be suitable for massively parallel computations. Thus, as the size of the studied system is
increased, the computational cost of the QM calculation for the whole system increases rapidly. On the contrary,
the computational cost of the metal-MFCC method increases almost linearly. It has been found that the metal-

MFCC is in good agreement with full QM approach 29,

Recently in 2021, multiscale quantum refinement methods, combining several multiscale computational schemes
with experimental data obtained from X-ray diffraction, were developed for metalloproteins. Different ONIOM
combinations of QM, SE, and MM methodologies were used to check the performance and reliability on the refined
local structure in two specific metalloproteins. It was found that ONIOM (QM/SE/MM) approach presented good
results with low computational costs compared to the more expensive QM/SE approach B, This approach takes
advantage of different flexible ONIOM schemes and experimental (XRD) information, in which the demanding
transition-metal binding site is described with an efficient and accurate QM method, while the remaining system
and its interactions are approximated by much faster computational low-level methods. Thus, this QM/SE/MM
approach was proposed as a very good choice for computation of metal binding site(s) in metalloproteins with high

efficiency.

Gallium cation, Ga3*, can mimic the ferric ion, Fe3*, and as a result it intervenes to some processes in which ferric
cofactors are required. Thus, Ga3* as a salt is used to fight various types of cancer and infectious and inflammatory
diseases. However, they present some differences, for instance, Ga3* ion cannot participate in redox reactions, or

it has a different ability regarding the deprotonation of the bound water in aqua complexes. In summary Ga3* and
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Fe3* are distinguishable for some biological processes. The interactions of cations with protein ligands play a key
role in their competition. These systems have been calculated via DFT, while the surroundings were represented
by an effective dielectric constant. The DFT results explain and confirm the experimental findings, while they result
in significant conclusions regarding the binding affinity of cations with respect to the change of the pH and of the

environment 321,

The electron-transfer rates and the electronic-coupling interactions in proteins have been calculated and compared
with available experimental data for a series of ruthenated azurins 23, The DFT data are in good agreement with
the experimental ones. The conformers with the strongest electron-coupling dominate on the electron-transfer rate,
while the averaging, over all thermally accessible conformers of the protein and of the redox cofactors, is crucial. It
is concluded that electronic coupling values based on calculations reproduce the coupling-limited experimental

rates when the rates are averaged over ligand-field states and thermally accessible geometries [22l,

Many studies regarding the use of MD and QM/MM in metalloproteins have been conducted. For instance, a
combination of docking, QM/MM methods, and MD simulation has been used for binding affinity estimation of
metalloprotein ligands [B2]. Additionally, heme-containing proteins, due to their physiological importance, have been
extensively characterized by computational methods and were the first protein class to be studied by MD
simulations with Karplus’s work on myoglobin B8, QM/MM calculations with DFT have been carried out for
considering protein effects on the EPR and optical spectra of metalloproteins. Here, plastocyanin was used as a
case study B4, The QM/MM method has also been used to assess metalloproteins, human deacetylases, which
are targets for a variety of medical conditions including neurodegenerative diseases and HIV infection. The method
has also been proved to be capable of describing the kinetic differences associated with replacing Zn?* with other
metal co-factors B8, In another case, the key step in the reaction mechanism of multicopper oxidases—the
cleavage of the O-O bond in O,—has been investigated using QM/MM methods B2, In general, enzymatic
reactions have been the primary target of QM/MM studies. The examples of chorismate mutase and cytochrome
P450 have been highlighted. Chorismate mutase catalyses the Claisen rearrangement of chorismate to
prephenate, a key step of the shikimate pathway for the synthesis of aromatic amino acids in plants, fungi, and
bacteria. On the other hand, cytochrome P450 enzymes are monooxygenases that perform a variety of essential
functions, such as detoxification and biosynthesis, in nearly all living species. They also catalyze many types of
reactions 49, QM/MM reaction pathway analysis has provided detailed insight into the chemistry of glutathione S-
transferase and can be used to obtain mechanistic insight into the effects of specific mutations on this catalytic
process ¥ A developed QM/MM modification of the Linear Response method was used to distinguish ligand
affinities for closely related metalloproteins. The precision level acquired makes the approach a useful tool for
design of selective ligands to similar targets, as results can be extrapolated to maximize selectivity 42, A QM/MM
study of the formation of the elusive active species Compound | of nitric oxide synthase from the oxyferrous
intermediate showed that two protons should be provided to produce a reaction that is reasonably exothermic and
that leads to the appearance of a radical on the tetrahydrobiopterin cofactor “3l. QM/MM calculations have been
employed to investigate the role of hydrogen bonding and ti-stacking in single- and double-stranded DNA
oligonucleotides 4. MD simulations of metalloproteins were also carried out in a folding study of rubredoxin from

Pyrococcus furiosus 43,
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2.2. Nitrogenase and FeMo Cofactor

2.2.1. General about Nitrogenase—Structure

Nitrogenase is one of the most fascinating natural metalloenzymes. It is produced by certain prokaryotes, such as
cyanobacteria and it is essential for all living beings. Nitrogenase catalyzes an essential step of procedures in

nitrogen fixation, where the reduction in the N, to NH; occurs through a complex and multistage reactions [L211461[47]
[48][49][501[5152][53][54][55 56157581 5960161162 [63][64 6516616 1[681(6QI70)7 L7273 ZAITSITEIZ AT, Ammonia is vital for all

species, because of its essential role in synthesis of biomolecules such as nucleotides and amino acids. Despite
the fact that N, is abundant in the earth’s atmosphere, it is essentially inert at room temperature without a suitable
catalyst. That leads to the vital role of nitrogenase. As a result, the scientific community is highly interested to study
properly this reaction both through experiments and simulations. It is known that Nif genes or homologs have the

information to correct creation of nitrogenase 48147,

Regarding the structure of this molecular system, see Figure 1, it contains two metalloproteins, the homodimeric
iron (Fe-) protein, which is a great reductase and is responsible for the electrons’ supply. It is a dimer of two
identical subunits. They are connected through two covalent bonds with one [Fe,S,] cluster 28l (Fe-) protein is
responsible for electron transfer from a reducing agent, such as ferredoxin or flavodoxin, to the nitrogenase protein
(MoFe-) protein. This transfer demands an input of chemical energy. It can be covered by the binding and
hydrolysis of ATP. A configuration change occurs because of the hydrolysis of ATP within the whole complex. Note

that the two main metalloproteins are brought closer together so the electron transfer is easier to occur 49,

The second part of the nitrogenase complex is the heterotetrameric a,f3, or heterodimeric (af3), molybdenum-iron
(MoFe-) protein, where electrons are used for the conversion of N, to NHs. It consists of two a and two 3 subunits
(48] MoFe-contains two identical iron-sulfur [8Fe-7S] clusters, namely P-clusters. They are located at the interface
between the a and [ subunits, counter to the other feature clusters, the two FeMo cofactors (FeMoco), which show
up within the a subunits. Both subunits are of similar size and are encoded by the rifD and nifk genes Y. The Mo
cation is considered to be Mo(lll), contrary to Mo(V) that prevailed earlier B, The [FegS;] core of the P-cluster
consists of two cubes [Fe,S3] linked by a carbon atom. The two P-clusters are connected via covalent bonds with
the rest of MoFe-through bridges that consist of six cysteine residues. Moving on to the two identical FeMo
cofactors [MoFe;S¢C], each contains two different clusters, i.e., [Fe,S3] and [MoFe3S3]. The last ones are linked by
three sulfide ions. One cysteine and one histidine residues are used to connect each FeMo cofactor with the o
submit through covalent bonds. Regarding the role of every part of the nitrogenase complex, the Fe- protein
provides electrons that are entered to the P-clusters of the MoFe-protein. Then, they are transferred from the P-
clusters to the FeMo cofactors, where the nitrogen fixation occurs, and the dinitrogen is connected in the central
cavity of the FeMoco 48,

Some variations of this complex appear in nature. Thus, two types of such nitrogenases have been confirmed: the
vanadium-iron type (VFe; Vnf) and the iron-iron type (FeFe; Anf), where the (MoFe-) protein is replaced. There are

2 a, 2 B and 2 & or y subunits instead of (ap), of the usual complex 22531, Nevertheless, molybdenum nitrogenase,
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is the one that has been studied more extensively, because of its abundance versus the others and is thus the
most well characterized 48],

— Fe protein

- MoFe protein

—~ Fe protein

Figure 1. Structure of Nitrogenase complex B4,

2.2.2. General Mechanism

As mentioned before, the reduction in N, to NH; demands a catalytic route to occur because of inaction of N,. The
required activation energy for the reduction is large (E, = 230-420 kJ mol™), but the enthalpy is negative (AH® =
-45.2 kJ mol™). This means that the whole reaction is thermodynamically favorable B3, All these are also
confirmed through the industrial fixation of N, by the Haber-Bosch process, where this specific reduction takes
place in temperatures ranging from 300 to 500 °C, while the pressures are more than 300 atm. The presence of
Fe-based catalysts is necessary 47,
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Continuing with the reduction in the substrate by nitrogenase, three basic steps occur where electrons are
transfers. Firstly, the reduction in (Fe-) protein is occurred where electrons are transferred from electron carriers
such as ferredoxinor or flavodoxin in vivo or dithionite in vitro to (Fe-) protein. The second step is described by the
transfer of single electrons from (Fe-) to (MoFe-) protein in an MgATP-dependent process. A minimal stoichiometry
of two MgATP are hydrolyzed per electron. The last e™ transfer occurs to the substrate which is almost certainly
bound to the active site of the (MoFe-) protein 28, The overall stoichiometry of N, reduction by nitrogenase has
been established as [4Z!:

N, + 8 H* + 16 MgATP + 8 e~ — 2 NH3 + H, + 16 MgADP + 16 P,

Studying the general equation of this reaction, nitrogenase also catalyzes the reduction in H* to H, (which is
necessary for the formation of NH3) along with the reduction in dinitrogen to ammonia. Additionally, it catalyzes the

reduction in other small unsaturated molecules such as azide, cyanide, acetylene 58],

The Lowe-Thorneley (LT) kinetic model, is the one that has been established for the whole process and was
developed experimentally, see Figure 2. Eight H* and eight e~ are transferred during the reaction [2Z[48I57](58]
Each intermediate stage is represented as E,, n = 0-8, which is proportionate to the numerous of the equivalents
thar are transferred. The connection of N, with the complex occurs at the stage E,, where four equivalents have

already been transferred 8], However, N, sometimes binds to nitrogenase at the stage Ej.

H, 5
IR <)
/ - / H*

o — ——

G}H* e \\ e /H* ™
Eo > E.H, > E;H, ;"_' EsH;
NH3 e-/H+ Nz [‘\.]2
H,
e/H* H, ¥ H,

E7'NH2 E4H4 E3HN2

N, N,H,
) NlX%KHZ lfe/w
e /H* H; pH =0 or 14

E6=NH ‘_A’T EEEN ‘7T E4=NNH2
N

H, e/H*
Figure 2. Lowe-Thorneley kinetic model adapted from 281,

This model was based on spectroscopic data that were selected throughout the process. The clarification of the
mechanism is still an active area of research and a debate for the scientific community. The Eg state is the initial
one where the enzyme rests at equilibrium before the catalysis begins B9 The reductions begin at the E1 state

where an e~ is transferred to the (Fe-) protein, with the escort of a proton (H*). The intermediate state E, is
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described by the metal cluster being in its resting oxidation state, the two added e~ deposited in a bridging hydride,
while the additional H* is bonded to a sulfur atom. Lastly before the dinitrogen connection to the complex, the
single reduced FeMo cofactor with one bridging hydride and one H*, belong to the Ej state. Moving on, the E,4
state is considered to be a critical stage and takes part in the middle of the catalytic cycle. It appears after the
accumulation of 4 pairs of electrons and protons, and it is named as Janus intermediate because of its dynamic
nature. The system can decay back to Eg, aborting the pairs that were collected or it can proceed with nitrogen
binding and complete the catalytic cycle. The FeMo cofactor appears to be in its resting oxidation state with two
bridging hydrides and two sulfur bonded H* [47],

Based on the above intermediate states, a dynamic equilibrium is proposed for the oxidation states of the metal
cluster, and especially between its initial oxidation state and a singly reduced one with additional electrons which
are stored in hydrides. On the other hand, it is considered that in each step, the formation of a hydride occurs and

that the metal cluster exists between the initial oxidation state and the single oxidized one 47,

Moving on towards the production of the ammonia, two basic hypotheses exist for the pathway in the second half
of the mechanism: the “distal” and the “alternating” pathway, c.f. Figure 3. In the “distal” route, the dinitrogen is
firstly hydrogenated on the one atom of nitrogen, leading to the release of ammonia and then the second nitrogen,
which is directly bound to the metal, is hydrogenated. In the “alternating” route, the nitrogen atoms are
hydrogenated alternately. This pattern goes on until NH3 is released from both nitrogen atoms 4869 |t has not
been clarified which pathway is correct and occurs at last. The solution to this, is the isolation of forementioned
intermediates, such as the nitrido in the “distal” route and the diazene and hydrazine in the “alternating” route.
However, many more problems occur from this process. The use of model complexes helps the isolation of
intermediates but there is a metal center dependance. When Molybdenum model complexes are studied, the distal

way predominates counter to the Iron model complexes, where the alternating pathway is preferred from the

system 7],
3 —:| nitrido
Distal NHy e NHy 1 H e
- N —» N ——» N ——» NH  H ¢
,e " " -NH,3 " "
N .- NH M M M M
" H' ¢ " H* —¢| e
N ——># Ny —— iy -
M M M M
NI e M e Mg W 7
P.IH —_— "lH — l‘le e r.m, 3
- M M M M
Alternating .
diazene hydrazine

Figure 3. Nitrogen Fixation Mechanism adapted from 47 and 89,

2.2.3. Calculations

Many calculations have been performed throughout the years for this complex system and attention has been

given to its catalytic role in the nitrogen fixation process. The included clusters and the cofactor have been studied
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and characterized independently, while there are studies of the whole complex of the metalloenzyme. Here, a

research on the calculations of the states E,, that were involved in the proposed mechanism is presented.

DFT calculations have been carried out for the MoFe cofactor [MoFe;SoC], including the 35 possible broken-
symmetry (BS) states in the resting state, a reduced state, and a protonated state of the cofactor. The results show
that the relative energies of the calculated states depend on their geometry, the environment, i.e., surrounding
protein, and the choice of the methodology, i.e., DFT functionals, basis sets. Specifically, the basis sets affect the
energy values of the states, i.e., up to 11 kJ/mol. The effects of the structure of the surrounding protein result to

energy differences up to 7 and 10 kJ/mol for the vdW and the electrostatic energy, respectively 611,

Single-point energy calculations using experimental geometries give similar values to the energies calculated after
the optimization of geometry, but some BS states differ from the experimental ones up to 37 kJ/mol. Changing the
functional from the pure TPSS to the hybrid B3LYP, a difference in energies up to 58 kJ/mol is noticed, while the
correlation between the two results is small, (R?> = 0.57-0.72). Nevertheless, both DFT functionals are in
agreement regarding the ground spin state and the reduced one. All results related to the most stable states of the

structure, are useful for further calculations on the mechanism of the catalysis leading to more accurate results 611,

Furthermore, in the above research, QM/MM calculations were carried out, using the classic set Amber ff14SB
force field with TIP3P for water molecules while geometry optimization was performed through TPSS-D3 method
and the def2-SV(P) basis set. It was concluded that four of the Fe ions need to have the dominant a spin and three
should have the opposite 3 spin in order to reach the experimentally observed quartet state of the cofactor, and
when in asymmetric protein, there are 35 different ways that this can occur. Last but not the least, an interesting
fact was concluded, namely 3 to 6 BS states of the same C3-symmetry type had close energy values leading to the
fact that the protein influences a little the relative energies of the BS states that are related by the approximate

three-fold symmetry of the FeMo cofactor 1],

B. Benediktsson and R. Bjornsson have carried out a series of calculations 62 where the protein environment has
been taken into account. QM/MM methods are employed to study the MoFe protein and the FeMo cofactor. They
concluded that only the [MoFe;SqC]'™ charge is a possible resting state charge. The result of -1, as a charge of
the resting state, provides data in completely agreement with recent spectroscopic 83 and other computational
studies 641, Considering different spin isomers, the one that agrees with the crystallographic Fe-Fe and Mo-Fe
distances has Fe cations with spin directions which lead to a rare case of spin-coupling phenomena. According to
this research, on the alkoxide group on the Mo-bound homocitrate under resting state conditions, exist a proton.
This proton affects the nature of the redox states of FeMoco and additionally affects some substrate reduction

mechanisms [62],

Regarding the mechanism and the reaction states, the conjunction of theoretical and experimental data leads to
the fact that formation of E; is occurred via a Fe-centered reduction in combination with the protonation of a sulfide
of the cluster 83, An interesting fact about Thorhallsson and Bjornsson works 631681 js that the used theoretical

approaches for subsequent states E, (n = 1-8) are the same with the used ones for E, state (CHARMMS36 as a
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force-field for MM level of theory and TPSSh hybrid density functional for QM level, respectively). Moving on with
the mechanism, it is possible for, only the Ey and E; states to be selectively populated under conditions in which
the rate of H, production from the E, state is faster than the rate of the formation of E,. Additionally, E; models
having a protonated bridging sulfide are in total agreement with the EXAFS data. All these lead to the most likely
candidates to describe the E; state. Last but not the least, minor modulation of Mo-O, Mo-Fe, and Fe-Fe distances

occur throughout the process of £ to the E; state and the first reduction 63!,

A systematic theoretical study of the relative energies of possible protonation states of the FeMo cluster in
nitrogenase in the Eq—E, states has been performed via a QM/MM approach 7. Additionally, the resting state, the
states with 1-4 electrons and protons added before N, binding were studied. In these calculations, the complete
solvated heterotetrameric enzyme has been included for more accurate results. Two different B3LYP-D3 and
TPSS-D3 dispersion corrected functionals with different basis sets, def2-SV(P) and def2-TZVPD, were used and
they led to different results on the E,—E, states, counter to the Ey and E; states. Specifically, TPSS-D3 supports
hydride ions binding to the Fe ions at the E,—E, states creating a bridge between the Fe metals. Nonetheless,
B3LYP-D3 predicts that one to three H* cations are connected to the central carbide ion and that the most
energetically stable structures of the E,, E; and E, states have the carbide ion doubly or triply protonated. Lastly,

the most favorable protonation site was found to be the S2B in the E; state [68],

The redistribution of electrons within the active site of the FeMo-co during the reductive removal of H, to activate
the N,, has also been calculated via QM/MM MD simulations. The nitrogen fixation process starts with the binding
of N, to E, combined with the elimination of H, [68]. This loss cannot start in absence of N, in E,(4H) state, despite
the fact that it interconverts with E4(H»,,2H). This occurs because of the resulting high-energy E4(2H)* state that
causes a H, rebind 68, Additionally, the non-participation of the Mo site in the electron redistribution was observed
as the reaction with the N, begins and it was also found that the change of Mo’s valence electrons is unlikely to
occur throughout the nitrogenase cycle. Finally, it was shown that the electron redistribution upon conversion of
hydride elimination and removal of H, from E4(4H) to E4(2H)* is activating one or both Fe cations to bind N, in the

catalytically central H, complex, E4(H5,2H). Thus, the coupled removal of H, and the reduction in N, is initiated (8],

Specifically, the E, state attract the research interest. Possible models for this state of nitrogenase and how N, can
be connected to some of these models was calculated via QM/MM approaches. Some calculations using the
CHARMM3E6 force field for the MM approach, combined with a recent ENDOR study, result to the most favored
structure of FeMo cofactor at the E, state, see Figure 4. However, further QM calculations using hybrid functionals
(B3LYP, TPSSh, M06-2X and HF exchange) lead to higher energy values for this structure counter to all open-
sulfide bridge models, while this model has not been found to bind N,, which remains an open question to be
investigated in 8. Thorhallsson et al. proposed a mechanism for the E, state. Specifically, the function of various
components of the cofactor of nitrogenase is introduced. The cofactor’s size and the nature of the Fe—S bonds play
a primary role. Moreover, the sulfide bridge between the cubanes increases the stability of the hydride. The
molybdenum ion is likely to affect the redox potential of the cofactor and it could be vital for further stabilization of

the N»-bound Fe(l) ion in E4-I-N5, which is formed after the reductive step, so that the N, ligand to find available e™,
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to assist its activation. Finally, it has been proposed that the H* on the Mo-bound alcohol group of homocitrate is in

the best position, so as theN, ligand to be protonated (8],

Figure 4. Structure of FeMo cofactor at the E, state (66,

In 2020, Cao and Ryde ¥ carried out a QM/MM study on N, bound state of nitrogenase assuming that N is
instantly protonated to a N,H, state, and thus the issue of finding the position of the H* cations in the cluster is
avoided. The Amber f14SB FF was used for the protein and the MM approach and the TIP3P model was chosen to
describe water molecules in the environment. The charges were obtained at TPSS/def2-SV(P) level of theory and
the non-bonded model approached the metal sites. Studying both pathways, the distal and the alternating one
(HNNH and NNH, respectively), it was found that the binding of N,H, is mainly occurs due to the interactions and
steric clashes with the protein and not due to the intrinsic preferences of the ligand and of the cluster. Regarding
the energies of the calculated states, noticeable differences are observed regarding the relative energy difference

of the low-lying structures, when different functionals are used 62,

To conclude, a lot of questions are still open, like the exact way in which ligands are activated for protonation. Note
that it could be very useful any additional experimental data on the E,, states to further restrict the mechanistic

possibilities of FeMo cofactor for comparison with the calculated data. Nonetheless, the published studies propose
a pathway to clarify the mechanism of nitrogenase catalytic role [L2I6A7A7172)[73][74](75][76][77][78](79]

| 3. Current Insights
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The commonly used QM methodology in the QM/MM and QM/MM/MD approaches is DFT which can be used in
systems up to a few hundred atoms. DFT is a computational cheap methodology comparing to ab initio methods,

such as multi-reference and coupled-cluster approaches, while its accuracy is comparable to them especially when
the optimal functional has be used for a particular application [2I[Z21[81][82][83][84][85][86][87](88][89][901[91][92][93][94][95][96][97]

(98] B3LYP is a commonly used functional that generally works well in many applications. For more demanding
applications, there is a plethora of functionals as well as many published studies that can assist for the choice of
the appropriate functional. Finally, efforts are being made for the development of functionals that will be suitable for
a wide range of applications 994 When DFT methodology is difficult to be applied, SE methods are used. They
are built on the HF formalism, but various approximations have been considered and empirical data are used. They

are valuable methodologies for studying electronic effects in large molecules of biological systems and they can be

applied successfully in complex systems [151[991[100]1101][102][103]{104][105] \\/hen the surrounding consists of hundreds
to thousands of atoms, QM (DFT or SE) calculations are not feasible, thus the potential energy of the system is
defined using a force field method, where the electronic motions are ignored, and the energy of the system is
calculated as a function only of the nuclear positions. Finally, MD simulations are employed to simulate system of
hundreds of atoms to macromolecules of biological interest such as ribosomes, nucleosomes, metalloproteins, etc.
The range of the population of atoms of the calculated systems is up to 500,000. A dynamic model is built, for
instance for proteins, where the internal motions and the subsequent conformational changes significantly affect
their function 1981, Algorithms are developed to calculate the trajectories through a force field approach. There are
two main approaches for MD simulations: (i) the atomistic representation used for small systems and (ii) the
coarse-grained method, where molecules are represented by “pseudo-atoms” approximating groups of atoms.
While the first approach is more accurate, the second one is used for metalloproteins due to the size of the studied
system. However, when the system is too large, i.e., liposomes with infinite radius in terms of A, planar bilayers can
be used, and thus the system can be studied via atomistic MD simulations. On the contrary, small liposomes can

be fully considered using atomic level MD. Nevertheless, liposomes are generally studied better using CG models
107

The computational research of metalloproteins and reactions involved can be a very difficult and demanding task.
The presence of the metal cations that have different coordination numbers, empty or half occupied d orbitals and
low lying atomic excited states further complicate the calculations. As a result, the insertion or removal of metal
cations affects proteins, large conformational changes are caused, and even aggregations are formed. Thus, the
research of chemical reactions of proteins and specifically: (i) the exact reaction mechanism/pathway, and (ii) the

evaluation of the properties of catalytic intermediates are very hot topics.
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