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Formaldehyde ferredoxin oxidoreductase from Pyrococcus furiosus is a tungsten-dependent enzyme that
catalyzes the oxidation of formaldehyde to formic acid. In the present study, quantum chemical calculations
are used to elucidate the reaction mechanism of this enzyme. Several possible mechanistic scenarios are
investigated with a large model of the active site designed on the basis of the X-ray crystal structure of the
native enzyme. Based on the calculations, we propose a newmechanism in which the formaldehyde substrate
binds directly to the tungsten ion. WVI=O then performs a nucleophilic attack on the formaldehyde carbon to
form a tetrahedral intermediate. In the second step, which is calculated to be rate limiting, a proton is
transferred to the second-shell Glu308 residue, coupled with a two-electron reduction of the tungsten ion.
The calculated barriers for the mechanism are energetically very feasible and in relatively good agreement
with experimental rate constants. Three other second-shell mechanisms, including one previously proposed
based on experimental findings, are considered but ruled out because of their high barriers.
l rights reserved.
© 2011 Elsevier Inc. All rights reserved.
1. Introduction

Tungsten is the heaviest chemical element in biology, and plays
essential roles in biological carbon, nitrogen, and sulfur metabolisms
[1–8]. In tungsten-dependent enzymes, the tungsten ion has an
oxidation number varying from +4 to +6 and is seen to be bound to
pterin cofactors. On the basis of sequence homology, cofactor
composition, metal coordination, and the nature of the axial ligands,
tungsten enzymes have been divided into three different families:
aldehyde oxidoreductases (AORs), formate dehydrogenases (FDHs),
and acetylene hydratases (AHs) [1]. The former two catalyze redox
reactions, while the latter catalyzes a non-redox hydration of
acetylene. In Pyrococcus furiosus, five members of the AOR family
have been purified and characterized: aldehyde ferredoxin oxidore-
ductase (also abbreviated AOR) [9,10], formaldehyde ferredoxin
oxidoreductase (FOR) [11], glyceraldehyde-3-phosphate ferredoxin
oxidoreductase (GAPOR) [12,13], tungsten-containing oxidoreduc-
tase number four (WOR4) [14], and tungsten-containing oxidoreduc-
tase number five (WOR5) [15]. All these enzymes are oxygen-
sensitive and have optimal activities at about 80 °C [16].

The crystal structures of both AOR and FOR have been solved and
they revealed that the tungsten ion is bound to two pterins in the
active site [17,18]. They share about 40% amino acid sequence identity
and have quite similar active site structures. FOR is a homotetramer
and the tungsten ion is ligated by the four sulfur atoms of the two
pterin dithiolene moieties and an oxygen species, presumably an
oxo group (Fig. 1) [18]. It has been suggested that an additional
water molecule occupies the empty coordination site [18]. A
mechanistically important second-shell residue, Glu308, is found to
form two hydrogen bonds to Tyr416 and the Ser414–Gly415 peptide
backbone. Another second-shell residue, His437, donates hydrogen
bond to the dithiolene sulfur and forms an additional hydrogen bond
to Ser414.

The redox properties of the tungsten center in AORs from P.
furiosus and Pyrococcus strain ES-4, and FORs from Thermococcus
litoralis and P. furiosus have been investigated by EPR redox titrations
[19–24]. A redox cycle between WIV/WV and WV/WVI has been
characterized through EPR spectrum of WV, which has a doublet
electronic configuration. The redox potential of P. furiosus FOR was
suggested to be significantly lower than −400 mV [23]. Furthermore,
the formaldehyde substrate was proposed to be oxidized by WVI with
a two-electron transfer to the metal center affording WIV. The two
electrons are then transferred to the ferredoxin cofactors, regenerat-
ing the WVI species [24].

Since tungsten and its lighter congener molybdenum in the
periodic table group 6 have quite similar chemical properties, it is
not surprising that some enzymes can adopt both elements for their
activities, like, for example, dimethyl sulfoxide reductase [25],
trimethylamine N-oxide reductase [26], formylmethanofurane dehy-
drogenase [27,28], and acetylene hydratase [29]. However, some other
enzymes are strictly dependent on either tungsten or molybdenum.
For example, metal exchange experiment for tungsten-dependent
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Fig. 1. X-ray crystal structure of FOR active site. (Coordinates taken from PDB entry 1B25) [18].
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AOR (W-AOR) from P. furiosus showed that molybdenum can be
incorporated into the active site but without any catalytic activity [7].

A molybdenum-dependent AOR (Mo-AOR) from Desulfovibrio
gigas has also been purified and it was suggested to belong to the
xanthine oxidase family [30–33]. Amino acid sequence comparison
and crystal structural analysis show that this enzyme is not related to
the tungsten-dependent FOR or AOR, even though they catalyze the
same kind of reactions [18]. In the active site, the Mo ion is bound to
one pterin cytosine dinucleotide, two oxygen species and a sulfur
species [33]. A second-shell residue, Glu869, forms one hydrogen
bond to the oxygen species bound to Mo. The reaction mechanisms of
Mo-AOR [34], xanthine oxidase [35–44], and other related Mo-
dependent enzymes [45–53] have been studied using quantum
chemical methods. Recent QM/MM calculations of Mo-AOR suggested
that the Glu869 residue functions as a general base to take a proton
from the Mo-OH and to facilitate nucleophilic attack on the substrate
aldehyde carbonyl carbon to form a tetrahedral intermediate [34]. In
the following step, an intramolecular hydride transfer from the
intermediate diol carbon to the sulfido occurs through a five-
membered transition state.

A mechanistic proposal for the formaldehyde oxidation in W-FOR
has emerged on the basis of crystal structure and by analogy to the
mechanisms of Mo-AOR and xanthine oxidase [18]. Glu308 is
proposed to activate a water molecule to attack the substrate carbonyl
group to form a tetrahedral intermediate. In the second step, a hydride
transfer to WVI=O occurs, coupled with two-electron transfer to W
center to generate WIV [18].

In the present study, density functional calculations are employed
to elucidate the reaction mechanism ofW-FOR. A Cluster model of the
active site is designed on the basis of the crystal structure, and the
hybrid density functional B3LYP [54,55] is used to calculate the
potential energy profiles for several different mechanistic scenarios.
The quantum chemical cluster approach for studying enzymatic
reactions has previously been applied to a wide spectrum of enzymes
[56–63]. Indeed, many mechanistic problems have been solved using
this approach, and a wealth of new insight has been gained. In
particular, similar quantum chemical calculations were very recently
employed to elucidate the reactionmechanism of the aforementioned
tungsten-dependent enzyme acetylene hydratase [64].
2. Computational details

All calculations were performed using the Gaussian03 program
[65] with the B3LYP [54,55] functional. For geometry optimizations,
the 6–31 G(d,p) basis set was used for the C, N, O, and H elements, the
6–311+G(d) for S, and the LANL2TZ(f) pseudopotential [66] for W.
For W, scalar relativistic effects are included through the use of
relativistic pseudopotential. Spin-orbit coupling effects were not
explicitly considered. We have calculated both the singlet and triplet
states for all stationary points. Although spin-orbit effects could lower
the energy of the triplet state somewhat [67,68], it will not alter any
mechanistic conclusions. Based on the optimized geometries, final
energies were evaluated with the larger basis set 6–311+G(2 d,2p)
for C, N, O, S, H atoms and the LANL2TZ(f) basis set for metal. Zero-
point energy (ZPE) effects were computed by performing analytical
frequency calculations at the same level of theory as the geometry
optimizations. As will be discussed below, certain atoms were kept
fixed to their X-ray crystal positions during geometry optimizations.
This leads to several small imaginary frequencies, in this case on the
order of 10i–40i cm−1. As they do not contribute significantly to the
ZPE, they can be ignored. Large active site models, like the one used in
the present study, can suffer from multiple minima problems, which
can lead to unreliable relative energies. By careful visual inspection
we have done our best to confirm that the parts that do not directly
participate in the reaction are in the same local minima throughout
the reaction. To some extent, the coordinate locking procedure
adopted here facilitates this task. We have also made sure that the
obtained transition states indeed connect the correct reactants and
products.

To account for the polarization effects of the protein environment
that is not explicitly included in the quantum chemical model, single-
point calculations on the optimized structures were carried out with
the conductor-like polarizable continuum model (CPCM) [69–72] at
the same level of theory as geometry optimizations. The dielectric
constant was chosen to be 4, which is a standard value used in
modeling protein surroundings. Recent studies from our laboratory on
several different classes of enzymes have shown that the dielectric
effects of the surrounding diminish with increasing model size [73–
75]. At a model size of ca 150–200 atoms, the solvation effects almost
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vanish and the choice of the dielectric constant thus becomes rather
insignificant. The energies below are reported with and without
solvation effects.

3. Active site model

To investigate the various reaction pathways, a quantum chemical
model of the FOR active site was devised on the basis of the crystal
structure of the native enzyme (PDB entry 1B25) [18]. The first
coordination shell of the tungsten was represented by two 2-
methylpyranedithiolenes that mimic the pterin cofactors, an oxo
Fig. 2. Optimized structures of stationary points along pathway A for the active site model
geometry optimizations. Distances are given in angstrom (Å) for the singlet state (triplet in p
points, some residues and hydrogen atoms are omitted. For transition states the imaginary
and a water molecule (Fig. 2). Truncated models of the second-
shell residues Tyr307–Glu308, Ser414–Gly415, Tyr416 and His437
were also included, as shown in Fig. 2. Hydrogen atoms were
added manually. To keep the optimized structures close to the
experimental one, some truncated atoms were kept fixed at their
corresponding X-ray positions during the geometry optimizations.
These atoms are labeled with asterisks in the figures below. The
natural formaldehyde substrate was used to study the mechanism.
The resulting model consists of 104 atoms. The oxidation state of W is
+6, which is believed to be the reactive state [24], and thus the total
charge of this model is −1.
of FOR. Atoms with asterisks were fixed at their X-ray structure positions during the
arentheses). For clarity, the full model is shown only for A-React. For the other stationary
frequency is indicated (triplet in parentheses).

image of Fig.�2
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4. Results and discussion

In the search of an energetically plausible reaction mechanism,
several mechanistic scenarios were considered in this study. They are
labeled as pathways A, B, C, and D as shown in Scheme 1. Pathway A
is the previously suggested one based on experimental studies,
while pathways B, C, and D are new proposals made in the present
study.

4.1. Pathway A

First, we investigate the previously proposed mechanism (path-
way A in Scheme 1), in which the Glu308 residue activates the W-
bound water molecule to make a nucleophilic attack on the substrate
carbonyl carbon. This is then followed by a hydride transfer toWVI=O
[18]. In the reaction, the tungsten changes its oxidation state
from +6 to +4 and electronic configuration from d0 to d2. As the
multiplicity of the tungsten species could change during the reaction,
Scheme 1. Four possible mechanisms for W
we explored the mechanism for both the singlet and triplet states.
The optimized structure of the active site model in complex with
formaldehyde in pathway A (A-React) is displayed in Fig. 2. The
geometry optimization was initially started with a neutral water
molecule bound to W and a negatively-charged Glu308. However,
during the optimization, a proton was transferred automatically from
the water to Glu308 to form a neutral Glu308 residue. The tungsten
ion is hexa-coordinated and the W=OA and W–OBH distances are
1.72 and 1.99 Å, respectively. A hydrogen bond can be observed
between Glu308 and tungsten-bound hydroxide, with an O···H
distance of 1.60 Å. The formaldehyde substrate in the second shell is
hydrogen-bonded to the hydroxide with a hydrogen bond distance of
1.79 Å. At A-React, the triplet state is calculated to be 18.8 kcal/mol
higher than the singlet state (18.6 kcal/mol without the solvation
correction).

Starting from A-React, we have optimized the transition state for
the nucleophilic attack (A-TS1) and the resulting intermediate (A-Int)
(see Fig. 2). The barrier is calculated to be 34.2 kcal/mol in the singlet
-FOR investigated in the present study.

image of Scheme�1
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Fig. 3. Calculated potential energy profile for pathway A. Values in the square brackets
are without solvation correction.

-5

0

5

10

15

20

25

30

35

40

R
el

at
iv

e 
en

er
g

ie
s 

(k
ca

l/m
o

l)

Triplet
Singlet

A-React

 0.0
[0.0]

B-TS1

B-Int

B-TS2

B-Prod 14.1
[13.5]

 -2.6
[-3.2]

 30.8
[34.4]

 18.5
[26.6]

 21.6
[22.1]

 33.8
[34.6]

 17.8
[17.7]

 35.4
[38.3]

 2.5
[6.5]

Cluster + solvation ((ε=4)) 
             [Cluster]

Fig. 5. Calculated potential energy profile for pathway B.
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state and 44.1 kcal/mol in the triplet state relative to singlet A-React.
A-Int lies at −2.9 kcal/mol in singlet state and +18.7 kcal/mol in
triplet state. The reason for the high barrier is that at A-TS1, the
tungsten becomes hepta-coordinated in order to switch the ligands
(Fig. 2). The distance of the forming C–OB is 2.25 Å, while the W–OB

and W–OC distances are 2.21 and 2.29 Å, respectively.
The following step, involving a hydride transfer to the W-oxo

group, coupled with the two-electron reduction of the tungsten, turns
out to also have a very high barrier. The transition state for this step
was located (called A-TS2) and is shown in Fig. 2. The calculated
energies of A-TS2 are 32.6 kcal/mol in the singlet state and 54.0 kcal/
mol in the triplet state compared to singlet A-React. The resulting
structure corresponds to the tungsten cluster in complex with the
formic acid product (A-Prod, Fig. 2). The energies of this complex are
calculated to be 27.6 kcal/mol in the singlet state and 16.7 kcal/mol in
the triplet state higher than that of singlet A-React.
Fig. 4. Optimized geometries of stationary points along reaction pathw
The reason for the high barrier may be that the W-oxo here is a
poor hydride acceptor. In Mo-AOR, anMo-sulfido is used to accept the
hydride. QM/MM calculations show that the barrier for hydride
transfer to sulfido is about 15 kcal/mol lower than that to Mo-oxo
[43].

Our calculations show thus that the energies of pathway A
(summarized in Fig. 3) are prohibitively high for this mechanism to
be a viable option. As seen from Fig. 3, a spin crossing can take place
during the product formation step. However, since the barriers for the
mechanism are very high, this issue becomes irrelevant.

An alternative concerted pathway can also be envisioned, in
which the nucleophilic attack and the hydride transfer occur
simultaneously. QM/MM calculations of Mo-AOR show that this
mechanism has a barrier of 20.2 kcal/mol, which is higher than the
stepwise pathway for that enzyme [34]. In the present study, we
have also considered this possibility. The barrier is calculated to
ay B. For clarity, some residues and hydrogen atoms are omitted.

image of Fig.�5


932 R.-Z. Liao et al. / Journal of Inorganic Biochemistry 105 (2011) 927–936
be extremely high, 53.8 kcal/mol for the singlet state and 58.4 kcal/
mol for the triplet state, ruling out this possibility as well. The
optimized transition state is shown in the Supporting Information
(Fig. SI1).

4.2. Pathway B

We now consider another mechanistic possibility, in which the
WVI=O acts as the nucleophile and the tungsten-bound hydroxide
(OBH ) protonates the formaldehyde oxygen. This is then followed by
a hydride transfer to OB (see Scheme 1). All stationary points along the
reaction pathway for both singlet and triplet states were optimized
and are displayed in Fig. 4. The calculated potential energy profile is
shown in Fig. 5.
Fig. 6. Optimized geometries of stationary points along reaction pathway C. For clarity, the f
hydrogen atoms are omitted.
Starting from the same reactant structure as for pathway A (A-
React), the geminal diol intermediate (B-Int) formation proceeds
through a six-membered transition state (B-TS1). The barrier now is
calculated to be 14.1 kcal/mol for singlet state, which is about 20 kcal/
mol lower than that of A-TS1. Our calculations show thus that WVI=O
is a much better nucleophile than W–OH. Another important feature
is that in this mechanism the tungsten avoids becoming hepta-
coordinated as in A-TS1. The resulting B-Int lies at −2.6 kcal/mol
relative to A-React. In B-Int, OB becomes the oxo group that in the next
step accepts a hydride.

Similarly to A-TS2, the hydride transfer proceeds through a five-
membered transition state (B-TS2). The barrier for this step is
calculated to be 30.8 kcal/mol, which is also very similar to the
barrier of the second step of pathway A.
ull model is shown only for C-React. For the other stationary points, some residues and
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These results show that the WVI=O species is a good nucleophile
capable of attacking the aldehyde. However, the following hydride
transfer step is associated with a high barrier, which rules out this
mechanistic possibility too.

4.3. Pathway C

In pathway B, a reasonable barrier was obtained for the first step,
when the oxo performs the nucleophilic attack, but not for the
hydride transfer step. Some other pathway thus has to be in action for
the intermediate oxidation, and an alternative mechanistic scenario is
that a base takes a proton and two electrons transfer to the metal
center. This mechanism has been suggested for Mo-dependent
formate dehydrogenase, for which DFT calculations show that a
SeCys residue takes a proton from the substrate formate, simulta-
neously with a two-electron reduction of MoVI [48]. The most likely
candidate for the base in the case of W-FOR is Glu308. Here we
consider this possibility (pathway C, Scheme 1).

In order for Glu308 to function as a base it has to be in the ionized
form, i.e. the proton has to remain at the tungsten-bound water
molecule in A-React. However, it is energetically favorable for the
proton to be at the Glu308 residue, and the only way to avoid this was
to switch places between the oxo and the hydroxide group in A-React.
This results in the structure labeled as C-React in Fig. 6. The energy of
C-React is calculated to be +10.9 kcal/mol for the singlet and
+25.2 kcal/mol for the triplet compared to A-React. From C-React,
we have optimized the transition state (C-TS1, Fig. 6) for the
nucleophilic attack and the resulting tetrahedral intermediate
(C-Int). Similarly to B-TS1, WVI=Operforms the nucleophilic attack and
the tungsten-bound water molecule protonates the formaldehyde sub-
strate in C-TS1. The barrier for this step is calculated to be 26.1 kcal/mol
for the singlet and 42.3 kcal/mol for the triplet (Fig. 7) relative to
A-React. C-Int lies at +13.9 kcal/mol (+26.7 kcal/mol for the triplet).

The following step is a proton transfer from the diol carbon to
Glu308, coupled with a two-electron reduction of WVI. The transition
state (C-TS2) was optimized and is shown in Fig. 6. It was found that,
simultaneously with the proton transfer to Glu308, the other proton is
transferred back from OC to OB. The calculated energy of C-TS2 is
27.8 kcal/mol (singlet, Fig. 7) higher than that of C-React. This shows
that even if C-React is not high in energy compared to A-React, the
barrier for the second step makes pathway C an unlikely mechanistic
option.

4.4. Pathway D

In all three mechanisms discussed so far the substrate binds in the
second coordination shell of the tungsten ion. In pathway D we
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Fig. 7. Calculated potential energy profile for pathway C.
consider the situation when the substrate binds directly to the
tungsten. A similar binding mode was recently suggested for
acetylene hydratase, in which the acetylene substrate was calculated
to bind directly to WIV in an η2 fashion [64]. In the reactant complex
D-React (Fig. 8), the formaldehyde carbonyl oxygen is coordinated to
Wwith a distance of 2.40 Å. In the triplet state it is unbound, and the
singlet-triplet gap is 9.9 kcal/mol.

From D-React, the formaldehyde can easily undergo a nucleophilic
attack by the W=O group with a barrier of 14.3 kcal/mol, which
is very similar to the barrier found for the first step of pathway B.
The optimized transition state (D-TS1) and the resulting intermediate
(D-Int) are displayed in Fig. 8. At D-TS1, the nascent C-OA distance is
2.02 Å and the W=O bond is elongated to 1.77 Å. During the
nucleophilic attack, the tungsten ion stabilizes the negative charge
developed on the formaldehyde OC, thereby lowering the barrier and
the energy of the intermediate, which is calculated to be -2.1 kcal/mol
relative to D-React. A similar charge-stabilizing role was also ascribed
to the tungsten ion in the first-shell mechanism calculated for
acetylene hydratase [64]. At D-Int, the two negatively charged
oxygens (OA and OC) are coordinated to W with similar bond
distances, and one of the two protons attached to the diol carbon is
pointing toward Glu308, with a distance of 2.12 Å. We then optimized
the transition state for the proton transfer from the intermediate
to Glu308 (D-TS2, Fig. 8). The barrier now is the very feasible
16.6 kcal/mol relative to D-Int. At D-TS2, the critical C–H and OGlu308–

H distances are 1.44 and 1.18 Å, respectively. This step is not a simple
proton transfer between a C–H bond and a carboxylate, because
concomitantly with the proton transfer, two electrons are transferred
from the substrate to WVI to afford WIV. At D-Prod, the formate
product is coordinated to the metal center in a bidentate fashion, and
the energy is −9.9 kcal/mol compared to D-React.

The potential energy profile for pathway D is summarized in Fig. 9.
It can be seen that the singlet state is lower than the triplet throughout
the whole reaction. The barrier for the second step is 16.6 kcal/mol
relative to D-Int, which is 2.3 kcal/mol higher than the barrier of the
first step, indicating that the second step is rate-limiting. The rate
constant for formaldehyde oxidation has been experimentally
measured to be in the range of 4–60 s−1 at 80 °C [22,23]. This can
be converted to barriers in the range of 18–20 kcal/mol using classical
transition state theory. The calculated barrier for pathway D is thus in
quite good agreement with the experimental rate constant, but
somewhat underestimated. We have tested how sensitive the results
are to the choice of functional. Single-point calculations using the
BB1K functional [76] gave very similar barriers, with deviations of less
than 2 kcal/mol.

Since pathway D is a first-shell mechanism, it is possible that the
substrate has to displace one of the metal ligands (in this case a water
molecule) to reach the active species D-React. In general, ligand
exchange energies at enzyme active sites are difficult to calculate
accurately using the cluster approach, since they involve the
calculation of solvation energies of the ligands in bulk water (outside
the enzyme), something that could be difficult to reproduce using
implicit solvent models. Another complication is the accurate
estimation of the entropy effects involved in this process. Neverthe-
less, we here provide some estimation of the energy involved in this
ligand exchange process.

Using an unconstrained small model of the tungsten center,
consisting of only truncated models of the pterin ligands (see
Supporting Information, Fig. SI2), we found that dissociating the
water molecule from the tungsten is slightly exothermic (ca 2 kcal/
mol), which means that the replacement of the water by formalde-
hyde is very feasible.

However, in the large model (A-React) the situation is quite
different, since the water ligand always loses a proton to Glu308.
Because of this, the ligand exchange process (effectively going from
A-React to D-React) is found to be endothermic by up to 16 kcal/mol.

image of Fig.�7


Fig. 8. Optimized geometries of stationary points along reaction pathway D. For clarity, the full model is shown only for D-React. For the other stationary points, some residues and
hydrogen atoms are omitted.
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Another way to estimate the exchange energy is by using the
following equation:

A�React ðɛ ¼ 4Þ → D�React ðɛ ¼ 4Þ þ H2O ðin waterÞ
The solvation energy of a water molecule in bulk water has

been estimated to 14 kcal/mol [77,78], which then would give an
endothermicity of ca 12 kcal/mol according to this equation. Again,
this large endothermicity is due to the proton transfer from the water
ligand to Glu308 in A-React.

These estimations, although quite crude, suggest that there could
be some energetic penalty to replace the water ligand by the
formaldehyde substrate. This energy will lead to somewhat higher
overall barriers, which could explain why the barriers calculated for
pathway D are somewhat underestimated compared to the experi-
mental rates.

5. Conclusions

Wehave in the present paper investigated the reactionmechanism
of tungsten-dependent formaldehyde ferredoxin oxidoreductase
using a quantum chemical cluster model of the active site. Several
possible reaction pathways were considered. Pathways A, B, and C
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assume a second-shell mechanism and are shown to be associated
with high energy barriers.

In particular, nucleophilic attack on the formaldehyde by a
tungsten-bound hydroxide and hydride transfer of the resulting
intermediate to the W-oxo group (pathway A) have barriers that are
higher than 30 kcal/mol. Nucleophilic attack by WVI=O, on the other
hand, has a feasible barrier (pathway B), but the following hydride
transfer has again a very high barrier. Also the alternative proton
transfer to Glu308 coupled with a two-electron reduction of the metal
(pathway C) is shown to have a high energy barrier.

Instead, in the preferred mechanism (pathway D), it is shown that
the aldehyde substrate binds in the first ligand shell of the tungsten.
The WVI=O then performs the nucleophilic attack on the formalde-
hyde carbon to form a tetrahedral intermediate. Glu308 functions as a
general base to take a proton from the tetrahedral intermediate, in
concomitant with two-electron reduction of WVI affording WIV. This
pathway has feasible energetic barriers that are in reasonable
agreement with experimental rate constants. More calculations are
currently underway to explain the different behavior observed for
molybdenum compared to tungsten for this enzyme.

Abbreviations
AH acetylene hydratase
AOR aldehyde oxidoreductase
CPCM conductor-like polarizable continuum model
FDH formate dehydrogenase
FOR formaldehyde ferredoxin oxidoreductase
GAPOR glyceraldehyde-3-phosphate ferredoxin oxidoreductase
QM/MM quantum mechanics and molecular mechanics
WOR4 tungsten-containing oxidoreductase number four
WOR5 tungsten-containing oxidoreductase number five
ZPE Zero-point energy
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