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Why is the molybdenum-substituted tungsten-dependent
formaldehyde ferredoxin oxidoreductase not active?
A quantum chemical study
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Abstract Formaldehyde ferredoxin oxidoreductase is a

tungsten-dependent enzyme that catalyzes the oxidative

degradation of formaldehyde to formic acid. The moly-

bdenum ion can be incorporated into the active site to

displace the tungsten ion, but is without activity. Density

functional calculations have been employed to understand

the incapacitation of the enzyme caused by molybdenum

substitution. The calculations show that the enzyme with

molybdenum (Mo-FOR) has higher redox potential than

that with tungsten, which makes the formation of the

MoVI=O complex endothermic by 14 kcal/mol. Following

our previously suggested mechanism for this enzyme, the

formaldehyde substrate oxidation was also investigated for

Mo-FOR using the same quantum-mechanics-only model,

except for the displacement of tungsten by molybdenum.

The calculations demonstrate that formaldehyde oxidation

occurs via a sequential two-step mechanism. Similarly to

the tungsten-catalyzed reaction, the MoVI=O species per-

forms the nucleophilic attack on the formaldehyde carbon,

followed by proton transfer in concert with two-electron

reduction of the metal center. The first step is rate-limiting,

with a total barrier of 28.2 kcal/mol. The higher barrier is

mainly due to the large energy penalty for the formation of

the MoVI=O species.
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Introduction

Molybdenum and tungsten are biologically active metals in

the second and third transition metal rows of the periodic

table [1–6]. They are widely distributed in the biosphere

and play intimate roles in carbon, nitrogen, and sulfur

metabolisms in biology [1–6]. As a result of their quite

similar chemical properties, the incorporation of either

metal into the active sites of several enzymes results in

catalytically active species, for example, dimethyl sulfox-

ide reductase [7], trimethylamine N-oxide reductase [8],

formylmethanofurane dehydrogenase [9–11], and acety-

lene hydratase [12]. However, some other enzymes are

strictly dependent on either molybdenum or tungsten. For

molybdenum-dependent sulfite oxidase and xanthine oxi-

dase, the tungsten ion has been incorporated into the active

sites of these enzymes, but leads to no activity [13]. In the

case of tungsten-dependent formaldehyde ferredoxin oxi-

doreductase (W-FOR), the replacement of the tungsten ion

by molybdenum results in the loss of activity of the enzyme

(Mo-FOR) [5, 14]. The factors governing the different

activities of these enzymes with tungsten or molybdenum

are still less understood.

Quantum chemical methods have proven to be very

powerful in the mechanistic studies of molybdenum-

dependent and tungsten-dependent enzymes as well as their

biomimetics [15–27]. Various insights have been obtained

into the electronic structures and catalytic mechanisms of

the metal complexes. The reaction mechanism of W-FOR

has been investigated recently using a quantum mechanics
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(QM)-only approach [28]. On the basis of the crystal

structure of the native enzyme from Pyrococcus furiosus

[29, 30], an active-site model was devised and the B3LYP

hybrid functional [31] was used to study a number of

possible mechanistic scenarios. The mechanism suggested

by experimentalists [29, 30] was first examined, but was

found to have quite a high barrier. Then a new first-shell

mechanism (see Scheme 1) was proposed for formal-

dehyde oxidation, in which the formaldehyde oxygen

coordinates to the tungsten center directly in the Michaelis

complex. A WVI=O species performs a nucleophilic attack

on the formaldehyde carbon, coupled with the formation of

a tetrahedral intermediate, similarly to that in molybde-

num-dependent aldehyde oxidoreductase (Mo-AOR) as

shown by Metz et al. [19]. In the subsequent step, an

anionic second-shell residue, Glu308, abstracts a proton

from the tetrahedral intermediate, concomitant with a two-

electron transfer from the substrate to WVI, affording the

reduced WIV form. Both steps have quite feasible barriers,

which agree quite well with experimental kinetic studies

[32, 33]. To start the next catalytic cycle, the formate or

formic acid product dissociates from the tungsten center,

followed by the binding of a water molecule. Then the

liberation of two electrons and two protons from the WIV–

H2O complex (from 1 to 2, then to 3), using ferredoxin as

an electron acceptor, generates the reactive WVI=O species.

On the basis of amino acid sequence comparison [34], Mo-

AOR is not related to W-FOR and uses a quite different

reaction mechanism. QM/molecular mechanics studies by

Metz et al. [19] suggested a second-shell mechanism in

which a molybdenum-bound hydroxide performs a nucle-

ophilic attack on the aldehyde carbonyl carbon assisted by

a second-shell residue, Glu869, followed by a hydride

transfer to a molybdenum-bound sulfido. One of the main

reasons for the two different mechanisms could be that the

metals in these two enzymes have quite different ligand

environments. Two pterin molecules were found bound to

tungsten in W-FOR [29, 30], whereas one pterin molecule

and a sulfido group were observed to coordinate to

molybdenum in Mo-AOR [34].

On the basis of the catalytic cycle of W-FOR as suggested

in Scheme 1, two possible scenarios can be envisaged to

explain the lack of activity of Mo-FOR. The first is that the

energy penalty for the formation of the MoVI=O species from

the MoIV–H2O complex increases compared with the tung-

sten counterpart. The second is that after molybdenum sub-

stitution, the barrier for formaldehyde oxidation by the

MoVI=O species is too high for the reaction to occur. One, of

course, cannot rule out other possibilities.

In the present work, the QM-only approach as adopted

in our previous investigation [28] was used to unravel the

factors controlling the lack of activity of Mo-FOR. The

same QM-only model was used except for the substitution

of molybdenum for tungsten, and the potential energy

profile of the MoVI=O species formation and substrate

oxidation for Mo-FOR was calculated and compared with

that for W-FOR.

Computational details

The quantum chemical calculations presented herein were

accomplished using the density functional B3LYP as imple-

mented in the Gaussian 09 program package [35] Geometry

optimizations were done using the 6-311?G(d) basis set for

sulfur, the 6-31G(d,p) basis set for carbon, nitrogen, oxygen,
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and hydrogen, and the LANL2TZ(f) pseudopotential [36] for

tungsten and molybdenum (labeled as BS1). To obtain more

accurate energies, single-point calculations on the optimized

geometries were performed with the larger basis set

6-311?G(2d,2p) for carbon, nitrogen, oxygen, sulfur, and

hydrogen and the LANL2TZ(f) basis set for the metals (labeled

as BS2). Empirical dispersion corrections (B3LYP-D2) [37]

were added, as recent studies showed that the inclusion of

dispersion can significantly improve the performance of the

B3LYP functional [38–41]. For comparison, further single-

point calculations were also performed using the M06 func-

tional [42] with the BS2 basis set.

The polarization effects from the protein environment

were taken into account by performing single-point cal-

culations on the optimized structures with the conductor-

like polarizable continuum model [43] at the same level of

theory as the geometry optimizations. The dielectric con-

stant was set to 4, which is the value typically used in

modeling the enzyme environment. Recent systematic

studies on several different classes of enzymes showed that

the dielectric effects of the protein environment diminish at

a model size of approximately 150–200 atoms [44–47].

Analytical frequency calculations were performed at the

same level of theory as the geometry optimizations in order

to obtain the zero-point-energy (ZPE) effects. As will be

shown later, a few key atoms at the periphery of the active-

site model were kept fixed to their corresponding X-ray

crystal positions during the geometry optimizations, which

introduces several small imaginary frequencies, in this case

on the order of 10i–40i cm-1. They do not affect the ZPE

obtained significantly and thus can be ignored. The B3LYP

energies reported herein are with dispersion, solvation, and

ZPE effects, whereas the M06 energies are with solvation

and ZPE effects from B3LYP.

Active-site model

Following our previous investigation [28], a QM-only

model was constructed from the crystal structure of the

native enzyme (Protein Data Bank ID 1B25) [30]. The first-

shell ligands of the metal (W and Mo) were represented by

an oxo and two 2-methylpyranedithiolenes that mimic the

pterin cofactors (Fig. 1). Truncated models of several

second-shell residues—Tyr307–Glu308, Ser414–Gly415,

Tyr416, and His437—were also included (Fig. 1). Hydro-

gen atoms were added manually. Certain atoms that are

labeled with asterisks in the figures were kept fixed at their

X-ray positions during the geometry optimizations to

ensure the optimized structures resembled the experimental

ones. The natural formaldehyde substrate was used for this

study. The model is thus composed of 101 atoms and the

total charge is -1.

Results and discussion

Before the investigation of formaldehyde oxidation, the

energetics for the generation of the MVI=O species from the

MIV–H2O complex (M is W or Mo) were calculated. The

redox potentials of the W(IV)/W(V) and W(V)/W(VI) cou-

ples in tungsten-dependent formaldehyde ferredoxin oxido-

reductase from Pyrococcus furiosus have been measured to be

-436 ± 20 and -365 ± 20 mV, respectively [48]. In addi-

tion, the redox potential of the electron acceptor [Fe4S4]2?/?

in this enzyme has been estimated to be -350 ± 20 mV.

These experimental redox potentials were used to construct

the energetic profiles for the oxidation of WIV–H2O to

WV–OH and WVI=O. The conversion of 1 to 2 for W-FOR

(see Scheme 1), in which a proton and an electron are

removed from the WIV–H2O complex, is exothermic by

2.0 kcal/mol, which is estimated from the redox potential

differences of W(IV)/W(V) and [Fe4S4]2?/?. Similarly, the

transformation of 2 to 3 is also slightly exothermic, by

0.3 kcal/mol. For Mo-FOR, the redox potentials have not been

reported. A practical solution to estimate the redox potentials

of Mo-FOR is to calculate the relative redox potential of

Mo-FOR and W-FOR. By subtracting the equations for

molybdenum and tungsten as shown below, one can evaluate

the relative redox potential of Mo-FOR and W-FOR with

reasonable accuracy, as they have exactly the same environ-

ments before and after the oxidation/reduction [49, 50].
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The calculations show that the oxidation of MoIV to

MoV needs 8.8 (9.1) kcal/mol more than that of WIV to WV

(energies outside and in parentheses correspond to B3LYP-D2

and M06 values, respectively), and it requires 7.5

(10.6) kcal/mol more for oxidation of MoV to MoVI than

that for oxidation of WV to WVI. Thus, an additional

energetic penalty of 16.3 (19.7) kcal/mol is present for the

J Biol Inorg Chem (2013) 18:175–181 177

123



formation of MoVI=O from MoIV compared with the for-

mation of WVI=O from WIV. In addition, the redox

potential of Mo(IV)/Mo(V) is estimated to be -55 mV

using the B3LYP-D2 results, whereas it is -38 mV for the

Mo(V)/Mo(VI) pair. Further experimental studies are

needed to verify the present theoretical predications. The

present calculations are in agreement with the experimental

studies on the redox potentials of pairs of molybdenum and

tungsten complexes, in which a difference of 270 mV

(EMo [ EW, corresponding to an energy difference of

6.2 kcal/mol) was observed for complexes with sulfur

ligands [51]. The redox potential difference was suggested

to originate from the different bond dissociation energies

(BDEs) of MVI=O (M is Mo or W). The BDE difference for

MOCl4 (M is Mo or W) was estimated to be 26 kcal/mol

(EMo \ EW) from an experimental study [52]. With the

present active-site model, the M=O BDEs for the molyb-

denum and tungsten complexes are calculated to be 181.9

and 205.6 kcal/mol, respectively, indicating a difference of

23.7 kcal/mol, which is quite close to that for MOCl4.

These results suggest that unless a stronger oxidant with a

redox potential probably higher than -38 mV appears, the

MoIV center would not be oxidized to form MoVI=O.

Even though the formation of MoVI=O is highly endo-

thermic, formaldehyde oxidation by the MoVI=O complex

is also investigated, in order to understand the relative

activity of MoVI=O and WVI=O complexes. The binding of

formaldehyde to the MoVI=O complex (from 3 to React) is

exothermic by of 2.3 (6.6) kcal/mol, while it is almost

isoenergetic for the coordination to WVI=O (Fig. 2).

In the reactant complex React (Fig. 1), the formalde-

hyde oxygen is coordinated to molybdenum with a distance

of 2.55 Å, which is slightly greater than that in W-FOR

(2.40 Å) [28]. Similarly to the tungsten case, formaldehyde

dissociates from the metal center in the triplet state. From

the singlet to the triplet, one electron is excited from the

dithiolene p orbital to the empty d orbital of the metal

(4d for Mo and 5d for W). The metal is thus in the ?5

oxidation state (WV or MoV), and has an unpaired electron

Fig. 1 Optimized reactant

structure for the active site

model of formaldehyde

ferredoxin oxidoreductase with

molybdenum substitution.

Atoms with asterisks were fixed

at their X-ray structure positions

during the geometry

optimizations. Distances are

given in angstroms for the

singlet state (distances for the

triplet state are given in

parentheses)
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The energies for 2 and 3 for tungsten-dependent formaldehyde

ferredoxin oxidoreductase (W-FOR) are taken from experimental

data. Species 1 (MIV) and 2 (MV) are a triplet and a doublet,

respectively; and only the singlet is shown for formaldehyde

oxidation. Mo-FOR molybdenum-substituted W-FOR
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ferromagnetically coupled with the dithiolene radical. The

singlet is the ground state, and the triplet lies at ?0.8

(?6.4) kcal/mol (energies in parentheses correspond to

M06 results). Similar results have been obtained for the

MoVI=O model complexes of nitrate reductase [15] and

dimethyl sulfoxide reductase [17]. This is quite different

from the tungsten case, in which the singlet–triplet gap is

much larger, being 10.2 (16.2) kcal/mol. A possible

explanation is that the relativistic effect destabilizes the

d orbitals in both molybdenum (4d) and tungsten (5d), but

the effect on the latter is more significant owing to the

larger mass of tunsgten [53]. The energy gap between the

highest occupied molecular orbital (dithiolene p orbital)

and the lowest unoccupied molecular orbital (metal

d orbital) is thus larger in W-FOR than in Mo-FOR

[54–57].

Similarly to W-FOR, we optimized all the stationary

points in both the singlet and the triplet states for Mo-FOR.

The structures are shown in Fig. 3 and the corresponding

energies are shown in Fig. 4, where the energy of React is

set as to be zero for better comparison of the relative

activity of MoVI=O and WVI=O [28]. The formaldehyde

oxidation proceeds through two steps. First, MoVI=O per-

forms a nucleophilic attack on the formaldehyde carbon via

TS1, leading to the formation of a tetrahedral intermediate

(Inter). The barrier is calculated to be 16.5 (17.1) kcal/mol

in the singlet state and 21.3 (26.4) kcal/mol in the triplet

state (Fig. 4). B3LYP and M06 thus give very similar

barriers in the singlet state; however, the triplet barriers

differ somewhat more significantly. Inter lies at -1.5

kcal/mol in the singlet state and at 1.0 kcal/mol in the

triplet state. The nucleophilic attack occurs in the singlet

state, with a barrier of 16.5 kcal/mol, about 2 kcal/mol

higher than that for W-FOR [28] At TS1, the distance of

the forming C–OA bond is 1.98 Å and the Mo–OB distance

decreases to 2.22 Å (Fig. 3). These two distances are also

quite similar to those in W-FOR, which are 2.02 and

2.18 Å, respectively [28]. At Inter, the molybdenum ion

coordinates to the two negatively charged oxygens (OA

and OB) and provides electrostatic stabilization to the

intermediate.

Fig. 3 Optimized geometries of

stationary points for

formaldehyde oxidation by

Mo-FOR. For clarity, only the

core of the model is shown. For

the full model, see Fig. 1
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The subsequent step, involving a proton transfer to

Glu308, coupled with a two-electron transfer from the

substrate to MoVI, has a very feasible barrier as well. The

transition state (TS2) for this step and the leading product

complex (Prod) were optimized and are shown in Fig. 3.

The calculated energies of TS2 are 10.5 (12.7) kcal/mol in

the singlet state and 11.7 (18.2) kcal/mol in the triplet state

(Fig. 4). The barriers for this step are thus about 6 kcal/mol

lower than those in W-FOR (16.4 kcal/mol for the singlet

at the B3LYP-D2 level) [28]. Similar results have been

obtained from kinetic studies on oxo transfer reactions in

the reduction of MVIO2 (M is W or Mo) by phosphines, in

which the reduction of MoVI is faster than that of WVI [58].

In addition, when the same oxo donor is used, the oxidation

of WIV proceeds with larger rate constants than that of

MoIV, [59–62], which has also been further corroborated by

density functional theory calculations on the oxo transfer

reaction from dimethyl sulfoxide to [M(OCH3)(mdt)2]-

(M is Mo or W, mdt is 1,2-dimethylethene-1,2-dithiol-

ate(2-)) [63]. This is also in agreement with the fact that

MoVI=O is a better oxidant than WVI=O, and WIV is easier

to oxidize than MoIV. In this case, this can also be

explained by the larger exothermicity for Mo-FOR than

for W-FOR. As shown in Fig. 4, a difference of about

20 kcal/mol is observed. Density functional theory calcu-

lations on oxo transfer reactions of molybdenum and

tungsten complexes also produce energy differences of

around 20 kcal/mol, although the ligand environment is

somewhat different [63–66].

Our calculations reveal that formaldehyde oxidation by

the MoVI=O complex follows a two-step mechanism in

the singlet, and the first step is rate-limiting, with a barrier

of 16.5 (17.1) kcal/mol relative to React. However, con-

sidering that the formation of React is endothermic by as

much as 11.7 (9.8) kcal/mol, the total barrier becomes

28.2 (26.9) kcal/mol. The lack of activity of Mo-FOR is

thus mainly due to the energetic penalty for the formation

of the active MoVI=O complex. The redox potential of the

ferredoxin used for this enzyme is too low to promote the

oxidation of MoIV. For W-FOR, the formation of React is

exothermic, -1.7 (-2.9) kcal/mol, and the second step is

rate-determining, with a barrier of 17.7 (19.0) kcal/mol.

This is in agreement with experimental kinetic studies,

where the rate constant for formaldehyde oxidation has

been measured to be in the range of 4–60 s-1 at 80 �C

[32, 33], corresponding to barriers in the range of

18–20 kcal/mol estimated using classical transition state

theory.

An interesting issue is that in Mo-AOR and xanthine

oxidase, a pterin cofactor and a sulfido group are seen to be

bound to molybdenum [34]. The different first-shell ligand

environments may help explain the use of different metals

in these two enzymes.

Conclusions

In this work, density functional calculations were per-

formed to elucidate the lack of activity in W-FOR when the

tungsten ion is replaced by the molybdenum ion. The

calculations demonstrate that the generation of the MoVI=O

species is endothermic by 14.0 kcal/mol, owing to the use

of the low-potential ferredoxin (-350 mV for this enzyme)

as an electron acceptor. The redox potentials of Mo(IV)/

Mo(V) and Mo(V)/Mo(VI) are estimated to be -55 and

-38 mV using the experimental values for the tungsten

enzyme as the reference. If the MoVI=O species can be

generated, the oxidation of formaldehyde by Mo-FOR

proceeds through a similar two-step mechanism in the

singlet state as in W-FOR. MoVI=O acts as a nucleophile to

attack the formaldehyde carbon to form a tetrahedral

intermediate, followed by proton transfer coupled with

two-electron reduction of MoVI to MoIV. The first step is

calculated to be rate-limiting, with a barrier of 16.5 kcal/

mol relative to the reactant complex. However, the total

barrier becomes 28.2 kcal/mol when the energetic penalty

for the formation of MoVI=O is added. The different redox

potentials of these two metal complexes might be further

extended to the rationalization of the different reactivity of

tungsten versus molybdenum in other molybdenum/tung-

sten enzymes.
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