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Abstract: A large number of enzymes need a metal ion to express their catalytic activity. Among the
different roles that metal ions can play in the catalytic event, the most common are their ability to
orient the substrate correctly for the reaction, to exchange electrons in redox reactions, to stabilize
negative charges. In many reactions catalyzed by metal ions, they behave like the proton, essentially
as Lewis acids but are often more effective than the proton because they can be present at high
concentrations at neutral pH. In an attempt to adapt to drastic environmental conditions, enzymes
can take advantage of the presence of many metal species in addition to those defined as native and
still be active. In fact, today we know enzymes that contain essential bulk, trace, and ultra-trace
elements. In this work, we report theoretical results obtained for three different enzymes each of
which contains different metal ions, trying to highlight any differences in their working mechanism
as a function of the replacement of the metal center at the active site.
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1. Introduction

Enzymes are highly performant catalysts in biology and regardless of their location represent
“a cog in a larger piece of biochemical machinery” [1]. In fact, the chemical reactions under physiological
conditions occur under strict control and can only take place under enzymatic catalysis. Therefore,
understanding enzymatic working mechanism is of extreme interest in biology. Moreover, learning
about how enzymes work is helpful because this can inspire artificial catalysts for a variety of
biotechnological applications ranging from chemical synthesis to the generation of novel biofuels but
also for drug design [2].

In some cases, twenty amino acids are not enough to perform the breadth of chemistry handled
by enzymes that must resort to additional chemical species to carry out the catalysis. In these cases,
non-amino acid components may be either associated or bonded to proteins for improving the kinetic
behavior. Metal ions as metal cofactors, present in one-third of all enzymes, help to catalyze biochemical
reactions and perform specific physiological functions [3].

Some metal ions are found deeply buried within proteins taking an active part in structural
function. A canonical example can be zinc finger proteins where the Zn2+ ions are helpful in adopting
the proper shape of the protein allowing it to interact with DNA [4,5]. When the metal ions play
a functional role, they can be found at the active site of metalloenzymes and are implicated in a
wide range of processes, such as electron transfer, substrate recognition/binding, and catalysis [6,7].
Proteins can also incorporate inorganic or organic ligands in their structures, along with metal ions.
These groups are largely used in electron-transfer proteins as their redox potentials can conveniently
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be tuned over large ranges. For instance, the methanol dehydrogenase’s active site, an enzyme dealt in
the present review, contains the pyrroloquinoline quinone (PQQ) cofactor responsible for the redox
nature for the enzyme beside the metal ion [8–10].

The role performed by metal ions in the catalytic mechanisms of the metalloenzymes examined
in this contribution, although belonging to three different enzymatic classes, i.e., oxidoreductase
(methanol dehydrogenase), lyase (nitrile hydratase), and hydrolase (Arginase) are by far the most
widespread between enzymes (~70%) (see Figure 1). In fact, they have common general functions,
such as the activation of reacting species and the electrostatic stabilization of intermediates and
transition states. This is because a specific mechanism may depend on the chemical nature of both
the coordinated species and the catalytic site, while the metal ion property invariably exploited is
Lewis acidity.
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Fe3+, Co3+ in nitrile hydratase and Co2+, Mn2+ in arginase, even if prevalent in the catalysis of
redox reactions (mainly the iron metal ions), benefit from the redox-inert nature are also featured.

The Ce3+- and Eu3+-containing methanol dehydrogenase has attracted special attention since the
discovery of more and more lanthanide-dependent bacteria. Bacteria as Lewis acids in the alcohol
dehydrogenation especially use the earlier lanthanides [11,12].

Commonly, sulfur atoms from cysteine and methionine, nitrogen atoms from histidine, and oxygen
atoms from glutamate, aspartate, and tyrosinate represent the metal-donors in proteins. The metal
ion preference for a certain amino acid side chain follows the general rules of coordination chemistry.
The specific chemical properties of each metal cation such as size and electron configuration dictate
the ligand nature and geometry of metal-binding sites as well as their chemical neighboring residues
to determine selectivity and hence, better regulation function [13]. Often different ligands can bind
or chelate metals, further including water molecules [14]. Although the inner coordination shell
residues play a crucial role in both metal binding and metal selectivity, it also emerged that the outer
coordination shell residues may give added stability to the first shell residues dictating the specific
polarity, geometry, size, plasticity of the binding site. Their consideration is therefore necessary for an
appropriate description of the active site pocket [15,16].

From a first glance on the Figure 1, it can be evinced that the metal binding site of every single
enzyme includes the most part of the above-mentioned ligands, which in turn can coordinate different
metal ions.

Many researchers [17–24] mapped the binding properties of different metal ions collecting the
properties and roles of metal ions involved in catalysis for many metal-dependent enzymes. In general,
redox-inert metal ions are used in enzymes to stabilize negative charges and to activate substrates
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because of their Lewis acid properties, whereas redox-active metal ions can be used both as Lewis acids
and as redox centers. Although metal cations may act as Lewis acids or as redox reagents, this review
focuses on Lewis acid catalysis in reactions where the metal ions work for activating the nucleophile
species or the electrophile for nucleophilic attack stabilizing negative charge in the enzyme active site.
Metals ions like those of copper (Cu), iron (Fe), lanthanides (Ln), cobalt (Co), zinc (Zn), molybdenum
(Mo), and tungsten (W) are particularly important for methanotrophy [25,26]. In the biological systems,
lanthanides usually behave like calcium analogs, and in particular, lanthanum ions (III) may replace
calcium in many enzymes [27].

Quantum mechanical electronic structure methods based on the density functional theory (DFT)
were used to simulate the reactions catalyzed by metalloenzymes in the framework of quantum
mechanics (QM) cluster approximation. This methodology was largely validated as a viable approach
to explore enzymatic mechanisms and to give insights on the catalytic processes [28–35]. Moreover,
the cluster modelling simulations represent a well-consolidated strategy to model transition states
and to identify chemical mechanisms in calculations on small models of enzyme active sites as
evidenced by the literature, [28,29,33,35] providing also detailed and fundamental chemical insights
into metal-complex geometries and electronic structures [31–37]. Therefore, the choice to examine
the three investigated enzymes by using the same cluster approach helps to emphasize the effects of
the metal ion substitution in the active site. In fact, the examined cases evidence that the metal ion
nature can produce important catalytic consequences under equal conditions (substrate and catalytic
pocket). At this purpose, the quantum-mechanical calculations can help to interpret experiments in
determining likely mechanisms and in dissecting interactions, and provide a useful contribution to the
analysis of individual roles in reactivity and catalysis.

Ce3+- and Eu3+-containing enzymes were chosen as illustrative examples of chemical reactions
where the metal ions can explicate different roles during the catalysis. They show as the coordination
chemistry of a specific metal ion can generate structural diversity depending on the progressive
decrease in ionic radius.

Moreover, in order to rationalize the effect of the metal ion substitution on the catalytic activity,
the geometrical and electronic properties of the “Michaelis–Menten” enzyme-substrate complexes
are also taken into account. This can reveal the electronic features of the metal ions that govern their
catalytic “reactivity.” The metalloenzymes examined are illustrative examples of chemical reactions
where periodic relatives metal ions (Ce3+ and Eu3+ in methanol dehydrogenase, Fe3+, Co3+ in nitrile
hydratase, and Co2+, Mn2+ in arginase) can explicate different roles during the catalysis.

2. Computational Protocol

The Gaussian 09 program package [38] was used for all the calculations. Geometry optimizations
of all the examined species along the potential energy surfaces (PES) were carried out by using
various exchange-correlation functionals, in the framework of density functional theory (DFT). For the
considered cases a range of exchange-correlation functionals (XC), spacing from the standalone pure
M06L [39] to the hybrid B3LYP [40,41] coupled to the Grimme’s scheme (D3), [42] to the meta-hybrid
BB1K and MPWB1K were employed. [43] It is important to underline that the functionals mentioned
above were separately adopted in the previous works, on different systems and made impossible any
generalization on their performance. For this reason, the comparative analysis about the performance
of the method is not discussed and does not represent the aim of the present paper. However, this issue
was widely treated in excellent papers discussing the general reliability of DFT [44–48]. For each
examined system, the used XC will be specified. All-electron basis sets were used for all atoms except
for the metal ions that were described by the SDD effective core potential (ECP) and the related basis
set. [49] This choice ensures a high number of valence electron for the treatment of metal ions belonging
to the 3d (Mn, Fe, Co, v.e. > 15 e−) and 4f (Ce, Eu, v.e. > 30 e−) series, and allows to take into account of
the scalar relativistic effects.
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The nature of minima or maxima of every stationary point on the PESs was determined by
frequency calculations. Natural bond orbital (NBO) analysis [50] was performed on all the intercepted
species of the investigated PESs. To estimate the effects of the protein environment, single point
calculations on the gas phase optimized structures were performed by using the implicit solvation
methods, such as polarizable continuum method (PCM [51], C-PCM [52]) and universal solvation
method (SMD) [53], in a dielectric having a constant value ε = 4 which represents a good choice for
describing the protein surrounding [28–37,54–62].

The active site of the enzymes has been modelled following the “cluster approach,” a well-
consolidated procedure in the framework of DFT, starting from the X-ray structures deposited in
Protein Data Bank [28–31]. This procedure is based on the fact that usually the enzymatic reaction
occurs in a specific region of the enzyme, the so-called “active site.” Here, the functional groups,
belonging to the side chains of first and second shell amino acid residues come into play during
the catalysis. The rest of the enzyme’s scaffold is considered as a matrix, in which the active site is
embedded providing structural stabilization and solvation. In order to prevent the artificial expansion
of the cluster, the amino acids are usually truncated at the α-carbons and sometime simulated by
opportune chemical groups. When hydrogens atoms are not present, are usually added manually
following the experimental indications. The steric effects are modelled according to key-lock procedure,
which consists in the freezing of the coordinates at the periphery of the model, where residue was
truncated. This allows preventing large artificial movements of the groups retained in the model
during the optimizations. This strategy, usually, generates imaginary frequencies presenting small
values that do not affect the zero-point energy [30]. Besides, the approach maces the system slightly
rigidly, generating negligible differences in the description of energetics; previous studies on different
enzymes [54–62] indicate that this does not alter the conclusions about the reaction mechanisms.

In addition, for the systems here presented, the QM models have been built up considering the
metal centers and 110–170 atoms belonging to cofactors and amino acids characterizing the active
site. This choice represents a good strategy because guaranties a good balance between reliability
of the model and the computational time requested to perform the simulation [28,35,36]. Anyway,
the versatility of the cluster model resides also in the possibility to build up bigger systems, up to
400 atoms, as reported in recent works [32,33].

Other valid methods have been adopted to investigate the different properties related to the
metalloenzymes, like quantum mechanics/molecular mechanics (QMMM), electron valence bond
(EVB), and Car-Parrinello molecular dynamics (CPMD) methods, that are not discussed here, and we
remand any deepening to complete and consultable reviews [63–68].

3. Ce3+ and Eu3+ Methanol Dehydrogenase

Quinoproteins are a class of dehydrogenases (E.C. 1.1.2.7) that bear a Lewis acid metal cation in
addition to the redox PQQ cofactor in the active site. They were first characterized in methylotrophic
bacteria with several evidences reporting their wide distribution nature [69]. MDH oxidizes a wide
range of primary alcohols (Scheme 1) but has especially high affinity for methanol. The first studies on
this enzyme and its reaction mechanism date back more than 40 years [69–80].
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The enzyme is, generally, calcium dependent [73–80]. Recently, a bacterium, of XoxF type
(Methylacidiphilum fumariolicum SolV), containing early lanthanides (Lns = La, Ce, Pr, and Nd)-dependent
MDH instead of calcium [81], has been discovered in the acidic hot water spring of a volcano in Italy.
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because of their modest abundance, Lns, were considered for long time to be biologically inert but
the further discovery of their presence in a novel MDH (methylotrophic bacterium Methylobacterium
radiotolerans), [75] increased the focus on them.

Nevertheless, the function and activity of Lns in the human organism is still the subject of
controversy, since the common opinion is that trivalent lanthanum ions behave very similarly to
calcium ions in the biological systems substituting Ca2+ in many proteins, [82] including enzymes [83]
and cell membranes [84,85].

XoxF sequences share almost 50% amino acid residues with MxaF, the mostly studied and
well-characterized two-subunit methanol dehydrogenase, which contains PQQ and Ca2+ ion as
cofactors in its catalytic center [8,9]. Interestingly the presence in the active site of a metal ion with
larger size and higher charge with respect to those of the calcium ion requires a further amino acid
residue, the Asp301, to balance the excess of positive charge of the metal center [86–88]. The PQQ
cofactor interacting with alcohol substrate accepts formally two electrons and two protons giving rise
to the corresponding aldehyde and the reduced PQQH2 form [10,89].

The MDH that uses different metal ions are an example of condition promiscuity [83,84,86].
The studies on MDH isolated from the Methylacidiphilum fumariolicum SolV bacterium, allowed to

identify in the active site of enzyme the most abundant lanthanide, the cerium ion [82]. Even more
recently, further investigations on the same bacterium revealed that europium ion can be present in its
active center [90].

The action mechanism of Lns-containing MDH is still an open question because of the recent
discoveries [91–100].

To contribute to the ongoing discussion, we are going to illustrate results of our comparative
study on the reaction mechanism of cerium and europium containing MDH. The results were
obtained employing a quantum chemical investigation using the cluster methodology as mentioned in
computational protocol section.

The catalytic behavior of the cerium- and europium-containing enzyme, along with the analysis
of the structural, electronic properties, and of the charges distribution were examined. The different
lanthanides, while presenting similar ionic radii due to lanthanide contraction effect and coordination
number (C.N.), can equally generate different effects in the active site of MDH [101–103].

The X-ray structure of the Xoxf-type natural cerium-dependent MDH (PDB:4MAE, 1.6 Å) [81]
and crystals report of the europium-dependent enzyme without substrate (PDB:6FKW, 1.4 Å) [90]
were used for modelling the Michaelis–Mentens complex (ES) starting structures, for Ce3+- and Eu3+

enzymes, respectively, depicted in Figure 2.
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The obtained cluster includes the amino acid residues of the inner coordination shell of the metal
ions (Glu172, Asn256, Asp299, and Asp301), the cofactor PQQ and Glu55, Arg110, Ser169, Arg326, and
Asp388 residues of the outer coordination shell that could form hydrogen bonds with the cofactor.
The methanol substrate is coordinated to the metal center by the hydroxyl group. The model consists
of 113 atoms, and has a total charge of zero.

Among the various mechanisms proposed for MDH enzymes over the years [8–10,74,75,86,87,
89,91,98,99,104–107], we have chosen to explore that reported in the Scheme 2 that revealed to be the
most reliable one as proposed in previous studies [100,105–107].

Catalysts 2020, 10, x FOR PEER REVIEW 6 of 27 

 

cofactor. The methanol substrate is coordinated to the metal center by the hydroxyl group. The model 
consists of 113 atoms, and has a total charge of zero. 

Among the various mechanisms proposed for MDH enzymes over the years [8–
10,74,75,86,87,89,91,98,99,104–107], we have chosen to explore that reported in the Scheme 2 that 
revealed to be the most reliable one as proposed in previous studies [100,105–107]. 

 
Scheme 2. The addition-elimination-protonation mechanism investigated for M3+-MDH (M3+ = Ce3+, 
Eu3+). 

The optimized structures of the ES complex (see Figure 3) are in agreement with the 
experimental counterpart [81,90]. As generally occur in the lanthanides chemistry, cerium and 
europium ions show a coordination number equal to 9 [101]. The PQQ acts as bidentate ligand toward 
metals through its O7 and O5 atoms, with distances of 2.73 Å and 2.96 Å, for Ce3+-MDH, and 2.69 Å 
and 2.83 Å, for Eu3+-MDH. 

 

Figure 3. Superposition of B3LYP-D3/6-31+G(d,p)|SDD optimized geometries of ES complexes for the 
Ce3+-(green) and Eu3+-MDH (purple). 

The PES for both Ce3+-MDH and Eu3+-MDH enzymes in protein environment (ε = 4) is reported 
in Figure 4. 
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(M3+ = Ce3+, Eu3+).

The optimized structures of the ES complex (see Figure 3) are in agreement with the experimental
counterpart [81,90]. As generally occur in the lanthanides chemistry, cerium and europium ions show
a coordination number equal to 9 [101]. The PQQ acts as bidentate ligand toward metals through
its O7 and O5 atoms, with distances of 2.73 Å and 2.96 Å, for Ce3+-MDH, and 2.69 Å and 2.83 Å,
for Eu3+-MDH.
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The PES for both Ce3+-MDH and Eu3+-MDH enzymes in protein environment (ε = 4) is reported
in Figure 4.
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In the first step of the mechanism, as suggested by NBO analysis on Ce3+-MDH and Eu3+-MDH,
the electron-withdrawing effect of the metal ion plays a crucial role in making the negative charge of
carbonyl carbon C5 of the PQQ higher than that assessed for the free PQQ (0.53 versus 0.46 |e|).

The nucleophilic attack of the coordinated methanol -OH group having its lone pair oriented
toward the PQQ is thus facilitated and the proton is soon transferred to the Asp299 base.

The TS1 describes the concerted nucleophilic attack and the proton transfer as revealed by the
analysis of the imaginary frequency (281i cm−1, in Ce3+-MDH, and 199i cm−1, in Eu3+-MDH). Both

metalloenzymes present the proton HA lying at 1.04 Ǻ and 1.00 Ǻ from the Asp299, at 1.54 Ǻ and 1.62 Ǻ

from the methanol and at 1.89 Ǻ and 1.63 Ǻ from C5 atom of PQQ which assumes a tetrahedral-like
structure, in the case of Ce3+- and Eu3+-MDH respectively, as reported in Table 1.

Table 1. Geometrical parameters obtained for the isolated stationary point along the reaction mechanism
of Ce3+-MDH and Eu3+-MDH (in parenthesis) [105,106]. Data not available, due to the release of the
product, are indicated with “n.a.” All values are in Å.

Distances ES TS1 INT1 TS2 INT2 TS3 EP

M3+-O 2.57 (2.45) 2.85 (2.83) 2.84 (2.83) 4.83 (2.89) 5.73 (4.82) n.a. n.a.
C5PQQ-OA 4.00 (3.72) 1.89 (1.63) 1.48 (1.48) 2.37 (1.74) 4.15 (3.56) n.a. n.a.
OAsp299-HA 1.52 (1.60) 1.04 (1.00) 1.00 (0.99) 1.00 (1.00) 1.02 (1.04) 1.12 (1.11) 1.51 (1.37)
O4PQQ-HB 2.84 (2.84) 3.16 (3.21) 2.93 (3.03) 1.35 (1.24) 0.97 (0.97) 0.99 (0.97) 0.98 (0.97)
O5PQQ-HA 3.40 (3.39) 3.82 (2.83) 2.76 (2.75) 1.65 (2.34) 1.54 (1.47) 1.22 (1.25) 1.02 (1.05)

TS1 lies at 6.5 (Ce3+-MDH) and 10.2 kcal/mol (Eu3+-MDH) above the respective ESs (see Figure 4)
and gives rise to intermediate (INT1) which is found at 3.6 kcal/mol and −10.8 kcal/mol, for cerium-
and europium-containing MDH, respectively.

In INT1 the bond between the substrate oxygen and C5 of the PQQ (1.48 Ǻ) is definitely formed,
in both metalloenzymes. Here the HB of the substrate methyl group and the O4 of PQQ are at a

distance of 2.93 Ǻ (Ce3+-MDH) and 3.03 Ǻ (Eu3+-MDH) from each other. In the next step, the transfer
of HB from the methyl group to the O4 and the breaking of the OA-C5 takes place simultaneously
realizing the partial PQQ reduction. This can be confirmed by the TS2 structure in which the migrating
HB is halfway between the donor and acceptor atoms and the OA-C5 is elongated by about 0.9 in
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the case of Ce3+-MDH, and of 0.4 Ǻ, in the case of the Eu3+-MDH, compared to the values it had in
INT1. For this reason, the event occurs at the imaginary frequency of 989i cm−1 852i cm−1 respectively.
In INT2, the reaction product appears to be already formed.

In fact, formaldehyde lies practically outside of the reaction site, even if it is retained in the

catalytic cavity by the H-bond with Ser169 (2.02 Ǻ and 1.94 Ǻ). The reaction continues until to the
accomplishment of the cofactor reduction from PQQH to PQQH2. The protonated Asp299 donates its
proton to C5-O5 hydroxylate group (PQQH) giving back its catalytically active form for another cycle.
The hydrogen transfer (TS3) requires 5.4 kcal/mol and 5.5 kcal/mol, respectively. The EP final species
shows that the OH groups of the PQQH2 are involved in two strong H-bonds with the Asp299 residue
(OAsp299-HA = 1.50 Å and OAsp299-HB = 1.94 Å in Ce3+-MDH; OAsp299-HA = 1.38 Å and OAsp299-HB =

2.13 Å in Eu3+-MDH) giving rise to a shortening of the three coordination bonds with the metal ion.
EP lies at 8.0 kcal/mol (Ce3+-MDH) and 21.7 kcal/mol (Eu3+-MDH) below the ESs suggesting favorable
thermodynamics for the process.

The rate-determining step for the catalytic cycle is TS2 for both enzymes. NBO analysis indicates
that the Ce and Eu ions oxidation state does not change during the whole reduction cycle of PQQ cofactor.

The obtained PES was compared with that of calcium-containing MDH in our previous
investigation [107]. One obvious fact, which we have widely supported in our previous works [105,106],
is that despite the different charge, size, and number of coordinated residues of the ions, the topology
of the active site as well as the course of the catalytic cycle for the two enzymes is very similar.
This striking similarity between lanthanides and Ca2+ ions, is, as already mentioned before, widely
reported in the literature [90–100,105,106].

In both enzymes, TS2 barrier represents the rate limiting step. In relation to this step, the catalytic
activity of calcium-containing enzyme is slightly better with respect to the cerium one. On the
contrary, the stronger Lewis acidity of the Ce3+ compared to that of Ca2+ influences the first step of the
mechanism where the lanthanide ion, making the C5 more electrophile, intensifies the nucleophilic
nature of the OH moiety in the substrate more than calcium. Therefore, the first barrier (TS1) is more
favorable in Ce3+-MDH than in Ca2+ -MDH [105,107].

As in the case of Ce3+ (ionic radius 1.20 Å), Eu3+ (ionic radius 1.12 Å) shows a coordination
number equal to 9. However, looking at the values of the metal coordination distances in the ES
complex, it can be seen that because of the increase in the atomic number a small contraction of the
bond lengths is observed (see Table 2). This behavior is in agreement with the “lanthanide contraction
effect,” [101–103] a well-known property of the 4f elements. According to this key aspect of the
lanthanides chemistry, the decrease of ionic radius is related to the increase of atomic number along
the series, because of the effective nuclear charge experienced by the 4f outer electrons, caused by the
incomplete shielding of the 5s and 5p electrons [101].

Table 2. Comparison between bond distance in first coordination sphere of M3+-MDH (M3+ = Ce, Eu)
obtained at B3LYP-D3/6-31G+(d,p)|SDD level of theory [105,106]. All values are in Å.

Distances Ce3+-MDH Eu3+-MDH
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So, the different behavior of Ce3+- and Eu3+-dependent methanol dehydrogenases can be ascribed
mainly to their different strength as Lewis acids. From NBO analysis for the ES complexes of both
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lanthanides, a more negative charge on the substrate oxygen for the Ce3+-MDH with respect to the
Eu3+-MDH is obtained. As aforesaid, this is very important because the polarization induced on the
oxygen of the substrate’s OH group, facilitates the proton transfer and nucleophilic addition to the
O5 oxygen of the PQQ cofactor, by ensuring that the charge value on O5 atom of the PQQ cofactor
remains almost the same in both cases. The better nature of Lewis acid of Ce3+ with respect to Eu3+

was confirmed by frontiers orbital analysis of the enzyme-substrate complexes. In fact, the energetic
gap separating the HOMO from LUMO in the ES complex of Ce3+-MDH is smaller by 0.84 eV than
that of the same orbitals in the Eu3+-MDH. So, the different behavior of Ce3+- and Eu3+-dependent
methanol dehydrogenases can be ascribed mainly to their different strength as Lewis acids.

4. Low Spin Fe3+ and Co3+ Nitrile Hydratase

Nitrile hydratase (NHase, E.C. 4.2.1.84) from Pseudomonas putida [108], Rhodococcus rhodochrous
J1 [109,110], and Pseudonocardia Thermophila JM 3095 [111] microorganisms represents an example of
proteins studied and adopted on a large scale in the chemical synthesis. Nitrile hydratases catalyze the
hydrolysis of organic nitriles, as reported in Scheme 3, in their amides, [112–114] which can be further
transformed by the amylases, in ammonia and carboxylic acids [115] in an eventual second step.
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The enzymes belonging to NHase family are of supreme importance for the production of relevant
compounds, as acrylamide and nicotinamide [112,116–119].

Metal ion in iron-type and cobalt-type NHases are in a nonheme and a noncorrinoid contest,
respectively. As far as cobalt ion is concerned, this is not usual because, in biochemistry, it is generally
found in a corrin ring, such as in vitamin B12.

Both mentioned NHases exhibit similarities. In fact, low spin multiplicities, for Fe3+ (S = 1/2)
and for Co3+ (S = 0) in the catalysis have been measured, and the same reaction mechanism has been
hypothesized. In addition, their primary and secondary structures are widely conserved tetramer of
92 kDa [120]. The ligands of the metal ion belong to the α subunit. The cation is located at the interface
between α and β subunits. In this cavity, its coordination sphere is composed by an axial cysteine
thiolate, two equatorial backbone nitrogen, and two equatorial sulfur. In this last case, the atoms belong
to post-translationally modified cysteines: the cysteine−sulfenic (Cys−SOH) and cysteine−sulfinic
(Cys−SO2H) acids. A labile axial water molecule completes the hexa-coordination [121].

Both Cys−SO2H and Cys−SOH are deprotonated [122]. The oxidized state of cysteines was
proven essential for the catalysis, because in presence of two Cys−SO2H catalytic activity was not
registered [123]. In addition, the oxygenation of cysteines [123] enhances the Lewis acid character of
the metals, removing electron density from the metallic ions.

It is known that Fe3+
−NHases shows higher affinity to aliphatic nitriles as substrates, while the

Co3+
−NHases to aromatic compounds. Experimental EPR measures are available [124] only for

Fe3+-type NHase, because the d6 low spin electronic configuration of Co3+
−NHase enzymes does

not allow their inspection by EPR spectroscopy. However, other spectroscopic data are available for
Co3+

−NHases [124].
NHases are capable to work under physiological conditions and for this reason are considered

good biocatalysts in preparative organic species [125,126]. The detailed knowledge of their catalytic
mechanism can provide useful insights. With this in mind, in order to understand the role of the
metal ions (Fe and Co) and to elucidate the catalytic mechanisms of both Fe3+

− and Co3+
−NHases,

a DFT-based comparative study has been undertaken.
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The active site model was obtained using the X-ray structure derived from the bacterial culture
of Pseudonocardia Thermophila JCM 3095 (Co3+

−NHase, pdb code: 1IRE), [127] and from Rhodococcus
erythropolis N771 (Fe3+

−NHase, pdb code: 2ZPE) [128].
In particular, the consequent model for Co3+-Type NHase consists of 116 atoms with a total charge

equal to +1 (see Figure 5). The trivalent cobalt ion is surrounded by αCys108, αCys111, αSer112,
αCys113 amino acids belonging to the first coordination sphere, and βArg52, βArg157, β Leu48,
β Tyr68 of the second coordination sphere [127]. Two water molecules (w1 and w2), present in the
X-ray structure, playing an active role in TS2 and TS3 steps, as will be lately highlighted, are included
in the model.
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benzonitrile and pivalonitrile substrates, respectively. Stars indicate the locked atoms frozen during
the calculations.

Part of the main chain of αCys111, αSer112, and αCys113 amino acid residues was retained in
the model. Instead, the βTyr68, αCys108, the two βArg52 and βArg157, and βLeu48 residues were
reduced to a phenol ring, a CH3S−, a [CH3NHC(NH2)]+, and a CH(CH3)3 ter-butyl group, respectively.
The benzonitrile was chosen based on the Co3+

−NHase specificity and oriented in a similar way as
that of the enzyme−inhibitor complex Co3+

−NHase−phenylboronic acid [111]. For Fe3+-Type NHase
the obtained model contains 164 atoms with total charge equal to +1 and includes βTyr37, βArg56,
βTyr72, βTyr76, βArg141, αGln90, and αTrp117. For both Fe3+

− and Co3+
−NHases the residues of the

first coordination shell are the same (see Figure 5). In addition, in this case two water molecules are
present. The substrate is the pivalonitrile.
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Despite the catalytic reaction of the nitrile hydrolysis by both Fe3+
− and Co3+

−NHases
was extensively studied at the experimental level, [111,122,124,128–130] its working mechanism
remains poorly understood. At theoretical level, exhaustive studies exist only for the Fe3+

−NHase
enzyme [105,114–118]. Based on experimental suggestions [109,131] the mechanism has been explored
as depicted in Scheme 4 for both Fe3+

− and Co3+ NHases, in which direct coordination of the nitrile to
the metal during the catalytic hydration reaction is supported [109]. The PES in protein medium for
both investigated systems are reported in Figure 6.
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In the preliminary step of the study, the lowest-energy spin state of ES for Co3+
−NHase enzyme

was determined. The analysis of the three possible values of 1, 3, and 5 of 2S+1 multiplicity proposed
the singlet as the most stable state, in agreement with the experimental indication [111,122].

In the ES complex, the top of the catalytic cavity, represented by the amino acid residues of
metal ion external coordination sphere (βLeu48 and βTyr68), allows the insertion of the benzonitrile
substrate that moves the water molecule w1 outside the coordination sphere coordinating the metal
ion with a distance of 1.99 Å. At 4.23 Å from Co3+, w1 water molecule establishes a hydrogen bond
with the w2 water molecule (bond length is 1.74 Å). Together, w1 and w2 give rise to a network of
hydrogen bonds with the -OH groups of αSer112 and βTyr68 and the nitrogen atom of the substrate,
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as evidenced by the distances of 1.96, 1.84, and 2.41 Å, respectively, in Table 3 that stabilize the ES
complex (6.0 kcal/mol below the reagents). The TS1 transition state describes the nucleophilic attack
on the nitrile carbon by the −OH group of the αCys113−S−OH, which, as supposed in a previous
work, [133] acts as nucleophile without the activation by a base. This result is however at odds with
older suggestions [134] that indicate as nucleophile the −OH group of the serine residue.

Table 3. Main geometrical parameters (having Scheme 4 as reference) obtained for the stationary points
from the PES of Co3+-NHase and Fe3+-NHase (in parenthesis) [132]. All values are in Å.

Distances ES TS1 INT1 TS2 INT2 TS3 EP

M3+-NA 2.00 (2.04) 1.89 (1.88) 1.87 (1.88) 1.87 (2.12) 1.89 (1.91) 2.07 (2.10) 3.87 (3.99)
C-OA 3.53 (3.94) 2.01 (1.79) 1.41 (1.36) 1.36 (1.37) 1.28 (1.27) 1.23 (1.22) 1.26 (1.26)

NA-HD 2.37 (3.43) 2.22 (2.10) 1.83 (3.20) 1.71 (1.29) 1.02 (1.02) 1.02 (1.02) 1.01 (1.01)
OB-HA 1.70 (1.69) 2.05 (1.73) 1.63 (1.51) 1.14 (1.57) 0.98 (0.98) 1.29 (1.35) 1.01 (1.03)
OC-HB 1.69 (1.83) 1.83 (4.23) 1.63 (1.82) 1.25 (1.49) 0.98 (0.98) 1.05 (1.01) 0.96 (0.97)
OD-HC 1.96 (4.00) 2.26 (1.81) 2.00 (1.93) 1.75 (2.03) 0.97 (0.99) 0.96 (0.97) 0.98 (0.98)
NA-HA 2.66 (2.92) 3.11 (3.12) 2.94 (3.08) 2.98 (3.06) 4.02 (2.87) 1.24 (1.19) 1.02 (1.02)
OB-SA 3.85 (3.80) 4.68 (4.29) 5.11 (5.19) 5.03 (5.42) 5.06 (3.44) 2.69 (2.47) 1.70 (1.66)

In TS1, the nucleophile is located at 2.02 Å from carbon of substrate, while the bond with the
sulfur has lengthened to the value of 2.58 Å respect to initial 1.71 Å in the ES complex. The more
negative charge that resulted on the nitrile nitrogen after the nucleophile attack strengthens its bond
with the metal ion (1.89 Å versus 1.99 Å in the ES). All rearrangements lead to the formation of
a five-termed structure, in analogy to the observation raised from crystallographic studies on the
Co3+

−NHase-inhibitor (PBA) [117]. The value of the imaginary frequency at 262i cm−1 well correlates
with the stretching of the S−OH and O-H—N bonds. The TS1 lies at 19.6 kcal/mol above the reagents,
thus, the barrier that must be considered is 25.6 kcal/mol. The only possible comparison can be
made with some previous theoretical results on Fe3+

−NHase in which barriers span from 20.2 to
22.7 kcal/mol, according to the explored mechanism. At the experimental level, concerning always the
iron-containing enzyme, even lower values are suggested.

In the next INT1 intermediate, presenting energy of 4.9 kcal/mol with respect to E + S, the iminol
moiety distance from metal ion does not change. The oxygen atom of the nucleophile group presented
a distance of 3.17 Å from the sulfur of the αCys113 and forms a single bond with carbon, as highlighted
by length of 1.41 Å.

It is interesting to point out that in INT1, the −OH of the αSer112 is at 1.98 Å, resulting in closer
distance to the substrate’s nitrogen, with respect to the ES complex (2.44 Å). The H-bond of serine with
the substrate during the nucleophile attack is useful for its next role in the process.

The TS2, in good agreement with the available experimental results, [111] describes a concerted
transfer of protons, which occurs at the imaginary frequency of 1841i cm−1. These transfers involve the
αCys113−OH and the nitrogen atom of benzonitrile, mediated by the water molecules network. w1,
next in proximity of the iminol’s –OH accepts a proton (1.13 Å), donating the one to the w2 (1.23 Å).
This, in turn, donates a proton to the −OH moiety of the αSer112. The αSer112, finally, delivers its
proton to the nitrogen atom of the substrate. The TS2 lies at 19.7 kcal/mol above E + S. In the INT2
are depicted all the results of transfers previously described. Despite the formation of benzamide,
its coordination to the metal is evidenced by the distance of 1.90 Å. The INT2 lies at 19.3 kcal/mol
below the reactants, presenting an important thermodynamic stabilization of the complex. At this step
of the mechanism, the process of hydration could be considered finished and from INT2 the theoretical
investigation concerning the product release mechanism is necessary to restore the enzymatic cycle.
Only one of the two explored possibility proved fruitful [118]. It consists in a nucleophile attack by a
water molecule on αCys113 and its sulfur atom, which transforms the imidate in the corresponding
amide. In the transition state (TS3), the water molecule that in the INT2 presents a distance of 2.55 Å
from the sulfur of αCys113 (4.48 Å in ES), acting as acid toward the −NH group. Its proton, bridging the
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oxygen and the nitrogen (Ow—H and H—NH distances are 1.32 and 1.22 Å, respectively), establishes
a further hydrogen bond interaction with the nearby water molecule (1.58 Å). The obtained value
for the imaginary frequency was of 1311i cm−1, clearly referring to the stretching of the O−H bond.
The obtained barrier presented an energy of 26.3 kcal/mol. In the final EP complex, the benzamide lies
at 3.41 Å from the metal center ready to move away permanently. The EP complex (7.2 kcal/mol below
the E + S) is stabilized by hydrogen bonds which water molecule establishes with both the βArg52
(2.43 Å) and the product (1.81 Å).

The conversion of EP into E + P occurs easily as it can be argued by structural aspects of the EP.
Our calculation of the energy as a function of the shortening of the water−metal bond demonstrates its
tendency to become increasingly negative, as the distance decreases. Hence, barrierless release of the
product is observed. The water molecule, replacing the product, coordinated to the cobalt ion (2.25 Å).
The product (P), far from the metal coordination sphere (4.75 Å), is held in the catalytic pocket through
interactions with the Leu48 and Tyr68 residues. The relative energy values of E + P is −14.9 kcal/mol.

Theoretical and experimental works were devoted to the study of the Fe3+-type nitrile
hydratases [111,122,124,129–133]. In particular, Yamanaka et al. [128] in their X-ray crystallographic
investigation proposed that the pivalonitrile substrate suffers the nucleophilic attack by the atom of
αCys114−SOH− residue. The step is followed by a further nucleophilic attack to the S(SO−) atom by the
βArg56, activated by water molecule, before releasing the amide and regenerating αCys114−SO− [133].
This last study inspired our investigation in which the role played by the two water molecules w1 and
w2 has been described.

As for the cobalt-containing enzyme, preliminary simulations on the ES of Fe3+-NHase were
performed to confirm the lowest-energy spin state that resulted S = 1

2 , as suggested by experimental
evidence [123].

The coordination of substrate to the Fe3+ cation occurs after the displacement of axial water
molecule, as a result of a σ donation to the metal, evidenced from our NBO analysis, nitrile nitrogen
becomes less negative by about +0.19 |e| with respect to that of the free substrate. Then, the electron
attraction occurring from the adjacent carbon makes it more electrophile. In the ES complex, w1 lies at
4.36 Å from the metal ion, and the nucleophile agent (S−OH) lies farther with respect to the Co3+-type
enzyme from the nitrile group (3.95 Å vs. 3.53 Å). The TS1, describing the nucleophilic attack of
cysteine−sulfenic acid on the substrate requires 16.2 kcal/mol 20 kcal/mol less than the uncatalyzed
reaction presenting 35.6 kcal/mol at B3LYP level of theory [132].

The TS1 exhibits a cyclic structure with the elongated S−OH bond (2.89 Å) and the forming C−OH
(1.79 Å), with an angle between the carbon atom of the pivaloyl group, the C and N atoms of the nitrile
group of 138◦. In addition, these atoms lie in the same plane as the sulfenic (S−OH) group. The βArg56
residue implicated in a hydrogen bond with its OH moiety assists the step regarding the reorganization
of the sulfenic group. This role of the βArg56 that assists this step was never investigated [133–137].

Various arguments can be used to explain the different energetic behaviors that resulted from the
two Co3+- and Fe3+-NHases.

Among these, the different ionic radius (Co3+ = 53 pm, Fe3+ = 55 pm) and the length of the
C−OH bond (2.01 Å and 1.79 Å, in Co3+

−NHase and Fe3+
−NHase, respectively) in TS1 justifies the

observed trend. In addition, the bond order values (0.24 and 0.30) deriving from the atom−atom
overlap weighted NAO analysis support an easier nucleophilic attack in the Fe3+

−NHase-catalyzed
reaction. The molecular orbital (MO) energy diagram of ES complex of two Co3+- and Fe3+-NHases in
comparison with the related apoform (E) is depicted in Figure 7 and offers a further explanation of this
different behavior.

A better overlap between the HOMO β of apo-enzyme and the substrate’s HOMO lowers the
energies of frontier orbitals (HOMO β and LUMO β) of the ES complex more in Fe3+

−NHase than in
Co3+

−NHase.
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In the INT1 of Fe3+-NHase, α Cys114 OH—S distance (3.24 Å) gets longer and the C−OH bond
resulted (1.36 Å). The process continues with a concerted proton transfer (TS2), analogously to the
Co3+-NHase, mediated by the water molecules, located between the −OH groups of the iminol and of
the serine (1.30 Å). w1 receives the proton (1.37 Å) from the C−OH moiety of the substrate, donating
the other one to w2 (1.39 Å), which through the Ser-OH delivers it to the nitrogen atom, forming
amidate. TS2 lies at 14.2 kcal/mol above reactants.

The next stationary point on the PES is INT2 that lies at 24.1 kcal/mol above the ES.
Similarly to what was found in the Co3+

−NHase, in TS3 of Fe3+-NHase the water molecule
mediates the formation of the product and of the S−O bond of αCys114. The Arg56 residue anchors
w1 and w2 near the reaction site via a hydrogen bond network. The simultaneous attack of w1 on
the sulfur atom of αCys114 (2.47 Å) and the donation of the proton to the –NH group (1.35 Å) of the
deprotonated amide coordinated to the iron ion (2.10 Å), as evidence by visualization of imaginary
frequency. The energy of the stationary points is about 8 kcal/mol higher than Co3+-NHase. This result
is in agreement with the previous FTIR analyses of NHase in which, following the catalysis in presence
of H2

18O, Yamanaka et al. noted the marked oxygen atom on the αCys114 residue [130].
In the EP species lying at about 24 kcal/mol below the reactants, the formation of amide is already

completed and the distance of Fe3+-NA is 3.99 Å, which indicates that the product is practically
released. w2, βArg56, αCys114, and αGln90 residues are all involved in a network of stabilizing
hydrogen interactions.

The formation of the EP complex represents the biggest obstacle in the reaction for both enzymes
with activation barriers of 26.3 and 24.6 kcal/mol for Co3+- and Fe3+- NHase, respectively.

For cobalt enzyme, this result does not affect the conclusions concerning the rate-limiting step of
the process because the first nucleophile attack requires almost the same amount of energy than the EP
formation, as evidenced by a difference of about 1 kcal/mol. In the case of iron, the energy barriers
presented different values. However, we have to emphasize that the formation of the EP complex
represents the phase of restoring of the catalyst and that the amide has formed in the INT2. Focusing
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on the formation of the amide, we could then say that the nucleophilic attack (TS1) on the nitrile carbon
atom is the rate-limiting step of both processes. In the absence of incontrovertible experimental data,
we too cannot provide definitive indications. The reassuring thing is that the barriers we propose are
compatible with a catalytic process.

5. Co2+-Co2+ and Mn2+-Mn2+ Arginase

The arginase (EC 3.5.3.1) is a hydrolase manganese-containing enzyme that converts arginine to
urea and ornithine (depicted in Scheme 5), an important step in the urea cycle and regulator of several
important pathways, including nitric oxide, proline, and polyamine biosynthesis [138,139].
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Scheme 5. The arginine hydrolysis reaction.

Arginases require a divalent cation activator to maintain their stable native state. Although the
physiological activator is Mn2+, the mammalian enzyme can be activated also by, Co2+, Ni2+, Fe2+,
and Cd2+ ions [140,141].

In 2010, by substitution of the Mn2+- Mn2+ cluster with Co2+- Co2+ in the active site, an enzyme
with greater activity has been obtained [142]. In an attempt to rationalize the lower KM value of L-Arg
and the lower Ki value caused by the replacement of L-Orn, Stone et al. proposed a different catalytic
mechanism for Co2+-arginase compared with the Mn2+ containing enzyme [142].

However, more recently, the conclusions drawn by this previous work [141] were drastically
changed by subsequent X-ray diffractometric study [143]. Since no significant structural differences were
found for the two (Mn2+-Mn2+) and (Co2+-Co2+)-arginases, our DFT quantum-chemical study on both
enzymes can provide atomistic details helpful for better clarifying their catalytic activity. The reaction
mechanism followed by the two enzymes is reported in the Scheme 6. The best characterized arginase
is that obtained from rat liver [144,145] which is a homotrimeric protein.
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The active site of enzymes obtained from PDB code 1D3V [146] and applying the cluster model
approach is depicted in Figure 8 for both Mn2+ and Co2+ enzymes because the structures previously
deposited in the protein data bank showed that Co2+ substitution does not generate any important
structural changes in the active site of human arginase [143].
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In each subunit, a pair of spin-coupled divalent ions (XA and XB where X = Mn2+ or Co2+) is
present. His101 and Asp128 residues are coordinated to XA center, while His126 and Asp234 are
coordinated to XB one. The residues Asp124, Asp232, and a water molecule/hydroxyl group involved
in a hydrogen bond with Asp128 [147] act as bridging ligands for the two metal ions.

As in the 2.4 Å crystal structure of Bacillus caldovelox arginase complexed [148], the substrate
arginine appears symmetrically coordinated to the two metal ions, and its carbonyl carbon atom lies

at about 2.74 Ǻ from the bridging ion/water (OH/H2O). The bi-nuclear cluster Mn2+-Mn2+ strongly
enhances the formation of OH− agent, as evidenced by turnover measurements determining a pKa for
the bridging ligand of 7.9, sensibly different to that available for a single Mn2+ [149]. Asp128 residue
interacts strongly with the hydroxyl (OH/H2O). The guanidine moiety is involved in hydrogen bond
with Glu277 and His141.

Preliminary calculations on the ES complex for cobalt enzyme were performed with the aim
of establishing the most stable spin multiplicity of the system. Different values of spin multiplicity
(2S + 1 = 3, 5, 7, and 9) were considered but by far the lowest energy was obtained with a value equal
to 7.

The hydrolysis reaction starts with the binding of arginine to the metal ions through the -NH2

groups. The substrate is thus in optimal position to undergo the nucleophilic attack by the bridging
OH group, leading to a tetrahedral intermediate.

A comparison between the structure of ES complex of Mn2+ and Co2+ containing arginase shows
that the nitrogen atoms of the substrate are closer to Co2+

A (2.44 Å) than to Mn2+
A (2.56 Å).

A previous experimental investigation suggested that this should derive from different electrostatic
distributions in the active site [143]. Our NBO analysis did not evidence any significant difference in
the net charges values on the metal centers, on the O atom of the hydroxyl group, and on the carbonyl
C atom of the substrate in the two cases. A possible explanation resides in the relative affinity of the
two metallo-enzymes. These were obtained via single-point energy calculations on optimized Co2+-
and Mn2+-containing ESs, according to the Scheme 7.
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In the case of Mn2+- Mn2+-containing enzyme, a relative affinity ∆∆Eaffinity of +2.9 kcal/mol
was calculated with respect to the Co2+- Co2+ arginase. This behavior is in agreement with the
experimentally observed KM, lower in the case of the Co with respect to the Mn. This indicates that the
stronger interaction established by the Co2+- Co2+ arginase can favors the closeness of the substrate to
the metal centers.

The formation of the ES complex is followed by the nucleophilic addition by the bridging −OH to
the iminium C ion of arginase as confirmed by the imaginary frequency of 249i cm−1 and 259i cm−1

associated with the HO−C stretching mode for Mn2+- and Co2+- enzyme, respectively.
From the values of HO−C bond (1.75 and 1.80 Å in Mn2+- and Co2+- enzyme, respectively, see

Table 4) we can see that it is already pretty much formed. NBO analysis indicates for HO−C bond a σ
nature, substantially an overlap of p orbitals of O and C atoms.

Table 4. Geometrical parameters obtained for the isolated stationary point along the reaction mechanism
of Co2+-Co2+ arginase and Mn2+-Mn2+ arginase (in parenthesis) [150,151]. All values are in Å.

Distances ES TS1 INT1 TS2 INT2 TS3 EP

XA-OA 2.02 (2.07) 2.17 (2.28) 2.89 (2.69) 2.41 (2.26) 2.19 (2.29) 2.54 (2.35) 3.20 (2.54)
XB-OA 1.98 (2.07) 2.12 (2.21) 2.25 (2.16) 2.21 (2.32) 2.13 (2.16) 2.05 (2.18) 1.98 (2.14)
OA-C 2.79 (2.83) 1.80 (1.75) 1.44 (1.48) 1.41 (1.43) 1.34 (1.34) 1.30 (1.30) 1.27 (1.28)
N-HA 2.83 (2.81) 2.47 (2.43) 2.53 (2.64) 2.60 (2.47) 1.06 (1.06) 1.03 (1.04) 1.02 (1.02)
N-C 1.36 (1.34) 1.40 (1.40) 1.45 (1.45) 1.45 (1.45) 1.59 (1.61) 1.96 (1.96) 3.42 (3.31)

The charge distribution on all atoms involved in the nucleophilic attack is analogous in the two
Mn2+- and Co2+- enzyme (see Figure 9); the only difference that occur on the nitrogen atoms of substrate
and iminium C ion. These, along with the ionic radii reflect on the values of MnA−NA (2.33 Å) and
CoA−NA (2.20 Å) distances, confirm again that the substrate is better anchored in the cobalt-containing
enzyme. As it can be seen from Figure 10, for both enzymes TS1 lies at about 16.0 kcal/mol and
represents the rate-limiting steps of the reaction. The nucleophilic addition is followed by the formation
of the tetrahedral intermediate INT1 which we found at 13.5 (Mn2+) and 13.7 (Co2+) kcal/mol above ES.

The HO−C bond assumes the value of 1.44 Å in both cases and the OH− group remains weakly
anchored to only one of the two centers of the bimetallic cluster.

In TS2, a proton transfer from the -OH to the Asp128 must take place for proton delivery from
this residue to the N atom of the substrate. In the case of Mn2+-enzyme, the event requires about

2.0 kcal/mol. Distances for the OAsp128-H and H-O bonds are 1.18 and 1.26 Ǻ and imaginary frequency

falls at 535i cm−1. For Co3+-enzyme the OAsp128-H and H-O bonds are 1.51 Ǻ and 1.03 Ǻ and imaginary
frequency is 148i cm−1.

The graph of Figure 10 shows an anomalous behavior for Co2+-enzyme. In fact, the TS2 lies
below the intermediate INT1. This tendency has been previously noted in other enzymes for the
hydrogen-transfer process and depends on the functional used for computations, namely B3LYP.
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However, since the step in question is not fundamental to the kinetics of the reaction, and in order
to compare the data for cobalt containing enzyme with those obtained for the enzyme with manganese,
we have chosen to bring back here the values obtained at B3LYP level.

The reaction proceeds with the formation of INT2. The proton of the carboxyl group of Asp128
spontaneously moves toward the nitrogen (N) of arginine. The C−N bond stretches from its normal
value of about 1.47 Å to 1.61 (Mn2+-arginase) and 1.60 Å (Co2+-arginase). Instead, the C−O bond is
shortened until 1.34 Å in both enzymes.

INT2 is located at 11.1 kcal/mol and 7.8 kcal/mol above ES for Mn2+- and Co2+- arginase,
respectively.

In order to achieve the final products urea and ornithine, C−N bond must be definitively broken.
The process requires always a small amount of energy (see Figure 10) in the protein environment.

The visual inspection of imaginary frequency (192i cm−1 for Mn2+ and 147i cm−1 for Co2+) reveals
the stretching of the C-N bond.

In the resulting enzyme−product complex EP, both hydrolysis products are still retained in the
active site. Urea interacts by the carbonyl O atom with CoB (1.99 Å) and by NA with CoA (2.29 Å). In the
case of Mn2+-arginase these distances are only longer. Ornithine establishes hydrogen bonds with the
neighboring residues (Asp128 and His141) and interacts with the Ser137, Asn130, and Asp183 residues
through its α-amino and αcarboxylate groups. In a very similar way to what occurred in Mn2+-arginase
and in the corresponding experimental structures [143,151], ornithine side chain is extended into the
active site adopting a trans conformation. This means that the Nε atom of arginine cannot establish
contacts with metal ions and so cannot assume the orientation suggested by Stone et al. [152].

The comparison between the Co2+- and Mn2+-containing arginase evidences that the barriers for
the rate-determining step are practically identical, in agreement with the measured experimental kcat

values in both enzymes [152,153]. The differences in KM can be explained by the computed binding
energies in the Michaelis complex (ES).

6. The Relevance of Metal Ions in the Three Selected Enzymes

The three cases showed the effect carried by the presence of different metal ions in the same
catalytic task. The mechanistic insights presented above, in particular, highlighted the main role of
the metal center in triggering the reaction in the early stage, usually the TS1 of catalytic mechanism.
Except for the arginase, the initial step of the catalytic mechanism does not affect the kinetic of the
reaction and, presumably, this evidence can be attributed to the direct participation of metal in the step
of the reaction, due to different effects that will be highlighted in this paragraph.

The number of examples presented here are remarkably lower with respect to the huge number of
metalloproteins that are nowadays known, and for this reason, it is not possible to generalize about
the effect of metal in enzymes. On the other hand, the presentation of selected cases may help the
extrapolation of the catalytic behavior of metal for the discussed enzymes and the “pure” effect dictated
by the presence of that metal. It is worth noting, indeed, that for the studied cases no significant
variations, in particular in terms of model’s charges and oxidation numbers of the metals and reaction
coordinate characterizing the mechanism, have been encountered and this made the comparison
between similar metals more reliable. In Figure 11 are illustrated the TS1s in which the metals were
directly involved in the reaction of the three selected cases.

In the case of Lns-dependent MDH, the role of the Ce3+ and Eu3+ in the first phase of the reaction
was to facilitate the attack of the substrate’s oxygen (TS1, see Figure 11A), enhancing its nucleophilicity,
to the C5 of PQQ. In addition, the LUMO of PQQ cofactor was more stabilized in the case of Ce, with
respect to the Eu, [100,106] thus explaining the energy difference of about 4 kcal/mol calculated for
the addition step (see Figure 4). The values obtained for the two Lns were substantially lower than
the rate-determining step (the elimination), in which the presence of metal ions mainly ensure the
stability of the architecture of the active site. Anyway, a recent work highlighted as the presence of
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different elements belonging to the lanthanides, additionally influences the steps in which the metal is
not involved in reaction, due to the f -contraction effect that is a peculiarity of the series [105].
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A slightly different behavior was presented for the Fe3+ and Co3+-dependent NHase. In this
case, the metal ion is principally involved in the orientation of the substrate that undergoes attack of
mutated Cys residue (Figure 11B). In analogy to the MDH, the initial phase does not represent the
limiting step, which is represented by the product release (TS3), as well-known for the NHases. By the
way, in the first phase of the reaction, the metal generated a strong difference of about 8 kcal/mol
between the Fe3+- and Co3+-NHAse.

In fact, despite both cations presented a low spin configuration and the same charge, the Fe3+

presented an open shell configuration, while the Co3+ the closed one, due to the different number of
valence-shell electrons. The consequence of this difference is clearly shown in the Figure 6, in which
the MO of the Fe3+-NHase presented a more stabilized energy in both E and ES stationary points,
with respect to the Co3+-NHase. In addition, in the case of HOMOES of Fe3+-NHase the electrons
resulted in proximity of the non-heme ring, including the nucleophilic agent OH−, while in the
case of the Co3+-NHase mainly localized in proximity of the π system belonging to the Tyr68, thus
explaining the energy difference above mentioned. This evidence further explains the TS1 barrier for
the Co3+-NHase occurring with a comparable energy to the TS3 (the release of the product).

Finally, the most similar trend between the two metalloenzymes was observed for the Co2+-Co2+

and Mn2+-Mn2+ arginase. Differently from the other two cases, the step in which the metal comes into
play is not only the first but also the limiting one of the entire catalytic cycle (see Figure 10C). In this
case, differently from previous systems, the presence of bi-nuclear cluster eliminates the differences
between the electronic natures of the two cations, generating comparable activation barriers with a
small energy difference of 0.1 kcal/mol.

The bridging ligand OH− nucleophile, additionally, is strongly affected by the presence of two
cations, thus favoring the addition to guanidine group of arginine, in contraposition to what was
simply concluded by recent work [153]. In fact, full QM calculation demonstrated that the potential
energy surface obtained in the absence of one cation presented a TS1 with a higher energy of about
13 kcal/mol, despite the metal centers are not involved in the binding of the substrate [151]. In addition,
the OH− species is more stabilized by the Mn2+ and Co2+ species, with respect to other common
physiologically relevant ions, such as Mg2+ and Ca2+, because of the availability of 3d orbitals and the
lower charge density [151].

As a consequence of this different nature, the presence of two metal centers additionally can favor
the correct orientation of the substrate in the active site during the subsequent steps of the reaction,
because of the establishment of interaction with the NA and NB atoms of the substrate.
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7. Conclusions

In this review, we have reported some theoretical results that highlight the fundamental role of
the metal in the active site of three metalloenzymes.

Results show as:

- The metals can play different roles that dictate the catalytic reaction mechanisms and the
corresponding kinetic behaviors suggesting the principle “similar but not the same”;

- The quantum mechanical-based theoretical methods can give reliable results not only in
reproducing known data but mainly in elucidating the chemical processes in the fascination field
of enzymology.
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