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Abstract: Formate dehydrogenase is a
molybdoenzyme of the anaerobic for-
mate hydrogen lyase complex of the
Escherichia coli microrganism that cat-
alyzes the oxidation of formate to

both vacuum and protein environ-
ments. Some DF functionals, in addi-
tion to the very popular B3LYP one,
were employed to compute barrier
heights. Results revealed the role

forming the abstraction of the proton
from the formate substrate. The com-
putation of the energetic profiles for
both mechanisms indicated that the re-
action barriers are higher when the se-

carbon dioxide. The two proposed
mechanisms of reaction, which differ in
the occurrence of a direct coordination
or not of a SeCys residue to the molyb-
denum metal during catalysis were ana-
lyzed at the density functional level in

Introduction

Molybdenum is a widespread metal in biological systems
and it is mainly contained in two classes of enzymes: the ni-
trogen-fixating nitrogenases, which have an iron-molybde-
num cofactor,! and the mononuclear molybdenum enzymes
(molybdoenzymes).””! The latter catalyze oxygen-atom trans-
fer reactions to and from biological substrates in the nitro-
gen, sulfur and carbon cycles.”)

On the basis of the coordination at the active site, the mo-
lybdoenzymes are subdivided into three families: the xan-
thine oxidase, the sulfite oxidase and the dimethysulfoxide
(DMSO) reductase.# All of them possess an organic pterin
cofactor that contains a dithiolene moiety, the molybdopter-
in guanine dinucleotide (MGD). The cofactor is usually
found to be coordinated by the dithiolene sulfur atoms to
the metal.”

Formate dehydrogenase, FDH (EC: 1.2.1.2), belongs to
the DMSO reductase family and catalyzes the oxidation of
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played by the SeCys residue in per-
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lenium is directly coordinated to the
metal, whereas less energy is required
when SeCys is not a ligand at the mo-

densit
y lybdenum site.

enzymes -

formate to carbon dioxide. The enzyme from anaerobic bac-
teria is bound to membranes and is typically found to pos-
sess molybdenum, whereas the enzyme from archaea may
contain either a molybdenum or tungsten centre.?! Even if it
is a member of the DMSO reductase family, FDH does not
catalyze oxygen-atom transfer reactions, but favours the
cleavage of a C—H bond.” FDH contains a selenocysteine
residue bound to the Mo centre which is crucial for its cata-
Iytic activity.

In E. coli, three FDHs are expressed, namely FDH-N,
FDH-O and FDH-H. FDH-H is a part of the formate-hy-
drogen lyase complex of E. coli that is expressed under
anaerobic conditions, and it is involved in biological hydro-
gen production from formate through fermentative process-
es. 8

The first crystal structure of both oxidized and reduced
FDH-H was solved by Boyington et al.®! The structure is
made up by four o/} domains, and among them domain I
coordinates a Fe,S, cluster, which is involved in the electron
flow. Domains II and III bind the two MGD cofactors. The
molybdenum, which is coordinated to two cofactors, the
Fe,S, cluster and the selenocysteine residue, are central to
the catalytic activity.

In the reduced Mo" form, the molybdenum in the active
site is coordinated by four sulfur atoms, which come from
the cofactors, and by the selenium atom of the SeCys140
residue. Other residues, His141 and Arg333, are well con-
served in all Mo-containing formate dehydrogenases.
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The oxidized Mo"! form, in complex with the nitrite inhib-
itor, shows a Mo—O bond length of 2.58 A; the other oxygen
atom is involved in a hydrogen bond with the positive
Arg333 residue.

On the basis of the crystallographic data concerning both
the oxidized and the reduced form of the enzyme, Boying-
ton et al. proposed a reaction mechanism, which is reported
in Scheme 1 (mechanism A).®! The catalysis starts with the
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proton from the substrate to give the CO, product, which is
released from the active site, and to the Mo!” form of the
enzyme. The latter mechanism seems to be supported by
EPR studies on Desulfovibrio desulfuricans FDH according
to which SH is retained in the Mo" state of the enzyme
upon CO, formation.!"”

The two mechanisms, A and B, differ in the role played
by the SeCys140 residue as a Mo ligand or in an unbound
form during catalysis.*!

With the aim of determining
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Scheme 1. Bound SeCys (A) and unbound SeCys (B) reaction mechanisms proposed for the oxidation of for-

mate to carbon dioxide by FDH.

coordination of the formate substrate by its oxygen atom to
the molybdenum, probably by replacing a SH ligand. Weak
interactions are established between the formate and the
nearby residues His141 and Arg333. The selenium atom ab-
stracts the proton by cleaving the C—H bond in the sub-
strate, while two electrons are transferred to the Mo centre.
Upon oxidation, the proton is most likely transferred from
the selenocysteine to the His141 residue. The Mo"! form is
restored in another step, with the two electrons travelling to
the Fe,S, cluster through the MGD moiety.

Recently, another formate-reduced E. coli FDH crystal
structure was solved by Raaijmakers etal. at 2.27 A.®) In
this structure, the selenium atom of the SeCys140 residue is
located 12 A away from the molybdenum; this implies that
the selenium is not a metal ligand in the reduced form of
the enzyme. Furthermore, Arg333 with its positive charge
establishes a salt-type interaction with the negative selenol
group. A SH group (or S*°) is identified as the apical ligand
at the Mo centre rather than a hydroxyl/water ligand. By
taking into account these latter experimental data, Raaij-
makers et al. proposed a new mechanism for the formate ox-
idation; this is schematically depicted in the Scheme 1 and
referred to as mechanism B.”) The formate binding displaces
the selenocysteine ligand, which, once away from the metal-
lic centre, interacts through a hydrogen bond with the
Arg333 residue. The SH group is retained as the Mo ligand.
Also in this mechanism, the negative selenol abstracts the
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Lee, Yang and Parr correlation
(B3LYP) functional was used
to perform geometry optimiza-
tion.'” ™ The 6—31+G* basis
set was chosen for the C, N, O, S, Se and H atoms,'*"
whereas the LANL2DZ pseudo-potential in connection with
the relative orbital basis set’™ was used for the metal.

Frequency calculations were performed on all stationary
points of the reaction paths to evaluate their character as
minima or saddle points, and to compute zero-point energy
corrections, which were then included in all the relative
energy values.

Intrinsic reaction coordinate (IRC) calculations®? were
performed with the aim to confirm that a given transition
state connects a particular couple of consecutive minima.

The check of stability for the open-shell optimised struc-
ture wave functions was carried out by means of the Stable
procedure implemented in the GO3 code. !

Solvent effects were introduced as single-point computa-
tions on the optimised gas-phase structures in the frame-
work of Self Consistent Reaction Field Polarisable Continu-
um Model (SCRF-PCM),?*2 in which the cavity is created
by a series of overlapping spheres. The United Atom Topo-
logical (UAO) Model applied on atomic radii of the UFF
force field® was used to build the cavity in the gas-phase
equilibrium geometry. The dielectric constant value ¢=4
was chosen by taking into account the coupled effect of the
protein itself and the water medium that surrounds the pro-
tein, according to previous suggestions.’*>* The relative sol-
vent effects between minima and transition states are nor-
mally calculated to be quite small, within 2 kcalmol™".B%3!
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The performance of the B3LYP functional in predicting
properties of transition-metal-containing systems is well sup-
ported by the literature, especially concerning enzymatic
catalysis.F> Tt still represents the most widely used DF
functional. However, new functionals were developed
during the last decade and tested towards several chemical
properties, including the determination of barrier heights.”!
For the B3LYP, a tendency to underestimate this quantity
was observed in some cases,*** even if it is a valid method
for some chemical properties, such as geometry determina-
tion and calculation of atomisation energies and other ther-
mochemical  quantities  Recently, BBI1KM®! and
MPWB1K™ have been proposed as effective tools for the
calculation of barrier heights, thermochemical kinetics and
non-bonded interactions. Taking into account these studies
and the growing use of DFT methods for enzymatic cataly-
sis, it is important to investigate the suitability of alternative
functionals for studying enzymatic reactions. So, for the pur-
pose of comparison, we have employed different exchange—
correlation functionals to compute barrier heights. In addi-
tion to B3LYP, the BHandHLYP!"'"" and the
PBE1PBE,™! as examples of hybrid generalized gradient ap-
proximation (H-GGA) functionals, were considered. The
MPWB1K#447 and BB1K,!'>*%! which belong to the class
of hybrid-meta GGA (HM-GGA) methods were also
chosen.

The active-site model cluster that was used in this work
was built by starting from the 2.9 A X-ray structure of the
oxidized form of formate dehydrogenase H from E. coli,
which was complexed with the inhibitor nitrite (PDB code =
1FDI).®¥ The cluster is made up of a Mo-bis(dithiolene)
complex that reproduces the [Mo(mgd),] complex, by the
dipeptide SeCys140-His141, by the CH;CH,NHC(NH,),*
group, modelling the Arg333 residue, and an SH™ (see
Scheme 2). Similar cluster models were successfully used to
theoretically mimic the active site of molybdoenzymes.

An atom of each amino acid residue and of the MGD
models was kept frozen at its crystallographic position to
mimic the steric effects produced by the surrounding pro-
tein, and to avoid an unrealistic expansion of the cluster
during the optimization procedure. The substrate HCOO™
and the product CO, were left free from constraints during
the optimization procedure.

Natural bond orbital (NBO) analysis®! was carried out to
determine net charges and some electronic properties.

Arg333

L

His141-SeCys140 NH
+ )\
N NH, H,N7 NH,

Scheme 2. Model used for the FDH active site.
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Results and Discussion

Mechanism A: To our knowledge, no experimental data
exist on the electronic ground state of molybdoenzymes
active site. Experimental studies on molybdoenzymes sug-
gested a diamagnetic state for both Mo' and Mo"."* In a
photoelectron spectroscopy study on the [MoVO(mnt),]*~
(mnt =maleonitriledithiolate) complex, the singlet configu-
ration was indicated to be the ground state, even if no fur-
ther electronic states were taken into account.”” Because
the multiplicity of the species involved in the catalytic cycle
is far from certain, we have explored both the singlet and
triplet potential energy surfaces (PES), as encountered for
the DF/B3LYP computations on the nitrate reductase
enzyme."”!

The minimized structures of all the stationary points that
belong to the reaction catalytic sequence of Scheme 1 for
mechanism A are sketched in Figure 1, for singlet (Fig-
ure 1a) and triplet (Figure 1b) multiplicities, respectively.

The complex between the HCOO™ substrate and the
enzyme, ESa, is obtained when the former coordinates the
Mo at 2.05 A, for both the singlet and triplet. The selenium
atom, which is bound to molybdenum at 2.55 (singlet) and

ESa

TSa

EPa

Figure 1. B3LYP-optimised geometries for the stationary points that
belong to mechanism A, for singlet (a) and triplet (b) states, respectively.
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at 2.61 A (triplet) lies in a good position to perform the H
abstraction from the formate (Se—H distance is 2.59 and
2.69 A for the singlet and triplet, respectively). This adduct
is stabilized by some hydrogen bonds between the Arg333
and the formate, and the Arg333 and the carbonyl oxygen
atoms from the SeCys-His dipeptide (see Figure 1).

The reaction passes through a transition state, TSa, that is
characterised by the C—H and H—Se critical distances of
1.72 and 1.70 A, for singlet, and 1.67 and 1.69 A, for triplet.
The vibrational normal modes that occur at the imaginary
frequencies of 1022 and 1056 cm™! correspond to the stretch-
ing of the C—H and H—Se bonds. The same type of weak in-
teractions established in the ESa species are retained in the
structures of the transition states (see Figure 1).

Upon oxidation of the substrate to carbon dioxide, the re-
action evolves towards the complex between the active site
and the product, EPa. As far as the singlet electronic state is
concerned, the CO, molecule in the EPa species appears to
be practically not coordinated to the molybdenum (the O—
Mo distance is 2.52 A) and arranges itself in a linear disposi-
tion. As a consequence of the protonation of selenium of se-
lenocysteine, the Mo—Se distance lengthens up to 2.68 A.
Hydrogen bonds are found between the peptide NH and ter-
minal NH, groups of Arg333 and the carbonyl oxygen
atoms of the SeCys-His dipeptide (see Figure 1).

In the case of the triplet multiplicity, the EPa complex is
characterized by an angular CO, molecule still bound to the
Mo at 2.14 A, whereas the Se—Mo distance is computed to
be 2.78 A. As a consequence, one oxygen atom from the
CO, is involved in two H bonds with the Arg333 NH,
groups (1.98 and 2.04 A). So, the product molecule is not re-
leased from the metallic site when the enzyme is in the trip-
let electronic state.

All structures of the stationary points for both singlet and
triplet, are well described as trigonal prisms. The only excep-
tion is represented by the EPa complex in the triplet elec-
tronic state, the structure of which is closer to the octahedral
geometry (see Figure 1b). This is due to the fact that, in this
multiplicity, the CO, is a good m-donor ligand, as its angular
disposition may confirm. In the other stationary points, o
bonding involving the d orbitals of molybdenum seems to
favour the trigonal prismatic arrangement. This preference
for the trigonal prismatic rather than for the octahedral co-
ordination around the metal as a function of the ¢ and m-
donor character of the ligands was already described else-
where 3!

Mechanism B: The B3LYP-optimized geometries of the spe-
cies belonging to the reaction -catalytic sequence of
Scheme 1 for mechanism B are sketched in Figure 2, for sin-
glet (Figure 2a) and triplet (Figure 2b) multiplicities, respec-
tively.

The singlet ESb species shows a formate molecule bound
to the molybdenum atom through the oxygen atom at
2.07 A, whereas the SH group is located 2.43 A away from
the metallic centre. The negatively charged selenium of the
selenocysteine residue is involved in a H bond with the posi-
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Figure 2. B3LYP-optimised geometries for the stationary points that
belong to the mechanism B, for singlet (a) and triplet (b) states, respec-
tively.

tive NH, group of the Arg333 (2.31 A). As a consequence,
the distance between the hydrogen atom of the substrate
and the selenium is 5.16 A. This kind of interaction was also
found by Raaijmakers et al. in the reduced Mo' formate
dehydrogenase crystal structure,””) and is claimed to be a
direct indication for the mechanism B.

Other hydrogen bonds are established between the for-
mate oxygen atom and one of two NH, groups, and between
the terminal carboxyl of the SeCys-His dipeptide and both
the NH and NH, moieties of Arg333.

For the ESb in the triplet state, the Ogymae—Mo and the
Mo—SH distances are 2.12 and 2.54 A, respectively. In this
species, both the terminal Arg333 NH, groups are involved
in two H bonds with the formate-unbound oxygen (bond
lengths are 1.70 and 2.30 A, see Figure 2). Because of this,
one of the NH, groups of the arginine amino acid weakly in-
teracts with both the selenium and peptide carbonyl oxygen
atoms, but not with the terminal COOH of the SeCys—His
sequence.

The transition states in the two different multiplicities, the
nature of the saddle points of which is confirmed by the
imaginary frequencies at 907 and 416 cm™', respectively, are
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characterized by the same network of hydrogen bonds that
involves the unbound oxygen atom of the substrate and the
terminal Arg333 NH,, and the other Arg333 NH, group and
both the selenium and the carboxyl oxygen atom (see
Figure 2). The C—H and H—Se bonds assume values of 1.56
and 1.67 A, and 1.69 and 1.61 A, for the singlet and triplet,
respectively.

In the EPb species, the CO, molecule is released from the
molybdenum centre (O—Mo distance is 4.62 and 4.51 A, for
the singlet and triplet, respectively). The SH group is re-
tained as a Mo ligand, and is involved in a hydrogen bond
with the protonated selenium (see distances in Figure 2).
Also for this adduct, the selenocysteine and the arginine res-
idues are involved in a weak interaction (NH,—SeH distance
is 2.46 and 2.49 A, for the singlet and triplet, respectively).
The coordination around the molybdenum in the low-spin
electronic state is square pyramidal, but for the high-spin
state the ligands are arranged in a distorted trigonal bipyra-
midal geometry. The other stationary points can all be de-
scribed as trigonal prismatic, as in the case of mechanism A.

The EPb adduct in the low-spin state possesses a structure
that is very similar to that shown by the E. coli FDH-H re-
duced form obtained by Raaijmakers et al.”) The coordina-
tion around the Mo atom is best described as a square pyra-
mid in both cases. The average Mo—S;isiene distance is 2.32
and 2.36 A, in the crystal and optimised structure, respec-
tively. The apical sulfur atom is located at 2.07 A in the crys-
tal structure, and at 2.44 A in the B3LYP one. This discrep-
ancy might be due the fact that the apical ligand in the crys-
tallographic structure could be a S*~ ion rather than SH™, as
questioned by authors.

The selenocysteine residue is still in the active site in the
EPb-optimised structure (Mo—Se distance is 6.13 A). This
means that it retains a very slight interaction with Arg333.
Instead, this residue lies at 12.23 A from Mo in the crystal
structure.”) However, even if the crystal structure could
refer to a later step of the catalytic process, the hydrogen-
bonding pattern between the SeCys140 and Arg333 is well
reproduced.

Energetics of the two reaction mechanisms: The potential
energy surfaces (PESs) for both oxidation mechanisms A
and B of the formate substrate by the Mo-containing cluster
in the gas phase and in the protein environment (values in
parenthesis) are reported in Figure 3.

For both reaction paths, the rate-determining step is the
hydrogen abstraction from the carbon atom of the substrate,
which is performed by the selenium of the SeCys residue.

As far as mechanism A, which involves the SeCys140 resi-
due as a Mo ligand, is concerned the two ESa complexes in
the different multiplicities are practically degenerate (the
gas-phase energetic gap is only 0.9 kcalmol ™' and it becomes
0.2 kcalmol™ as far as the protein environment is con-
cerned), so they may coexist.

TSa is found at 35.6 (singlet) and 38.6 kcalmol ' (triplet),
above the initial minimum. Product complexes lie at 24.0
and 33.9 kcalmol™!, for the singlet and triplet, respectively.
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Figure 3. BBLYP potential energy profiles for mechanisms A (a) and
B (b), in the gas phase and protein environment (values in parenthesis).
----- : singlet state, ——: triplet state (e=4)

Although the energetic profile seems to be more favoura-
ble for the reaction in the ground state, the activation ener-
gies required to oxidize the substrate to carbon dioxide are
in both cases very high (34.7 and 38.6 kcalmol ', for singlet
and triplet, respectively). In addition, the complex between
the reduced active site and the CO,, in which the latter is
still bound to Mo, is decidedly less stable than ESa, so that
the reaction turns out to be very endothermic.

The presence of the protein environment, which is de-
scribed by a dielectric constant of ¢=4, does not introduce
meaningful effects, except for a strong stabilisation of the
EPa complex in the singlet state; this, however, does not
change the thermodynamic of the process.

In the mechanism in which the SeCys140 is in the un-
bound form (mechanism B), the energy gap between the
singlet and triplet ESb species is 8 kcalmol™'; the triplet is
the minimum-energy structure.

Transition states are found at 23.1 and 19.2 kcalmol ™!, for
the singlet and triplet, respectively.

Finally, products are found 5.8 and 8.6 kcalmol™ below
the minimum.

The triplet potential energy profile lies below that ob-
tained for the low-spin state, thus representing the minimum
energy path.

Chem. Eur. J. 2008, 14, 8674 —8681
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As can be immediately noted from the PESs shown in
Figure 3, in mechanism B, the height of the barriers for the
formate oxidation are lower than those computed for mech-
anism A (19.2 for triplet, and 23.1 kcalmol ™, for singlet). In
particular, the one computed as far as the high-spin is con-
cerned is now in the range normally accepted for the enzy-
matic catalysis.

The formation of the EPb product is exothermic for both
electronic states.

Computations in the protein environment also indicate
the triplet PES as the minimum energy path, with an activa-
tion energy of 16.6 kcalmol™', lower than the corresponding
one in the vacuum.

A simple explanation for the reliability of the mechanism
B with respect to the mechanism A can be found in the dif-
ferent values of net charge (see Table S1 in the Supporting
Information) exhibited by selenium in some key stationary
points on the PESs. When the selenium atom is coordinated
to the molybdenum atom (mechanism A), the lone pair nec-
essary to abstract the proton from the substrate is not fully
available because it is involved in the bonding with the clus-
ter (the net charge on Se is 0.149 and 0.062 |e|, in the ESa
singlet and triplet species, respectively).

In the case of mechanism B, the net charge on Se is
—0.242 for singlet ESb and —0.319 |e| for the triplet ESb.
This different charge distribution accounts for the better
character of catalytic base exhibited by the SeCys140 resi-
due in the mechanism B.

Thus, we can conclude that the selenium atom is a better
base at performing the proton abstraction from the substrate
when it is not bound to the metallic centre because in this
case, the lone pair present on the negative selenocysteine is
more available.

The role played by the Arg333 residue is to stabilize the
negative charge on the free selenol and to favour the coordi-
nation of the HCOO™ to the metallic centre by orienting the
latter into a good position to undergo oxidation. For the step
sequence considered here, the His141 residue is involved in
catalysis by establishing weak interactions with the active site.

The main role is played by the catalytic base SeCys140, so
that the molybdenum has to first anchor the substrate in a
good position to be oxidized, and later participate in the cat-
alysis by accepting the electrons that come upon oxidation.

Although FDH and the other enzymes from the DMSO
reductase family catalyze very different reactions, we note
that, for the mechanism B, activation energies that occur in
the FDH catalysis are not so different from those obtained
for nitrate reductase (AE* =19.3 kcalmol ™).

All these calculations were performed by assuming a
small effect on the energetic profiles by the surrounding
protein, which we have simulated by dielectric continuum
methods in the framework of a static representation of the
studied systems. In addition to these QM computations,
other calculations regarding the surrounding protein and the
dynamic behaviour should be carried out through QM/MM
and MD methods to enlarge the knowledge of the working
mechanism of this enzyme.

Chem. Eur. J. 2008, 14, 8674 —8681
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Prediction of barrier height of H-GGA and HM-GGA
methods: Table 1 summarizes the gas-phase activation ener-
gies computed for mechanism B at different levels of theory.
They were computed by considering the high-spin electronic
state.

Table 1. Activation energy (in kcalmol™') for the formate oxidation by
formate dehydrogenase at different DF levels.

Activation energy [kcalmol™']

B3LYP 19.2
BHandHLYP 17.9
MPWB1K 23.6
BBI1K 22.8
PBEIPBE 19.9

H-GGA BHandHLYP and PBE1PBE provide an activa-
tion energy of 17.9 and 19.9 kcalmol ™!, respectively. These
values are very similar to the one obtained with B3LYP
(19.2 kcalmol™'); PBE1PBE is the one that more closely
matches. This is quite expected because the behaviour of the
B3LYP functional is closer to the one of PBEIPBE rather
than to the BHandLYP, as was obtained for non-H-atom
transfer and H-atom transfer barrier heights.*

The values obtained with the HM-GGA functionals are
23.6 kcalmol™! for MPWBIK, and 22.8 kcalmol™ for
BB1K, with a difference of 0.8 kcalmol™ between them.
The similarity of these two methods in the barrier height de-
termination is in agreement with the literature.””

H-GGA methods are found to provide smaller activation
energies than the HM-GGA methods, which seem to over-
estimate the barrier heights. Taking into account the most
recent benchmarking studies,’” the B3LYP functional seems
to provide lower activation energies for our investigation
too.

To our knowledge, no kinetic data exist on Mo-containing
formate dehydrogenase, so that a direct comparison cannot
be made.

Conclusions

The catalytic mechanism of the Mo-containing formate de-
hydrogenase H enzyme was widely investigated at the densi-
ty functional level of theory. The model cluster used to sim-
ulate the active site of the enzyme was large enough to relia-
bly reproduce the oxidation of the formate molecule to CO,
as it is performed by this enzyme in the hydrogen metabolic
pathway.

The two different mechanisms derived from the presence
of bound (mechanism A) or unbound (mechanism B) sele-
nocysteine residue to the molybdenum site were taken into
account. For both mechanisms, two different electronic
states (singlet and triplet) were considered.

The oxidation reaction starts with the formation of a com-
plex between the substrate and the active site by the coordi-
nation of formate oxygen atom to the metal. Next, abstrac-
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tion of the proton from the formate carbon atom by the se-
lenium atom of the SeCys140 residue leads finally to the
products.

The activation barrier involved in the mechanism A, in
which the SeCys140 residue is retained as the Mo ligand,
was found to be higher than that computed for mechanism
B; this indicates that the oxidation reaction of HCOO™ is ki-
netically favoured when this residue is in the unbound form.
Mechanism A is also unfavourable from the thermodynamic
point of view. Activation barriers become suitable for catal-
ysis only when the cluster is present as a high-spin triplet
species.

The Arg333 residue, which is highly conserved among all
the formate dehydrogenases H has a key role in catalysis be-
cause it stabilizes the negative charge present on the free se-
lenol.

The effects of the solvent are quite small, and, in the case
of minimum energetic path, reduce the activation barrier of
2.6 kcalmol .

Gas-phase activation energies have been computed with
some DFT functionals. HM-GGA methods, such as BB1K
and MPWBIK, provide a value for the activation energy
that is higher than the B3LYP one.

Based on these findings, the “unbound SeCys” mechanism
can be regarded with confidence as the preferred reaction
path followed by the Mo-containing formate dehydrogenase
enzyme.
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