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Introduction

Mononuclear molybdoenzymes play an important role in
biology by catalyzing oxygen-atom transfer (OAT) reactions
to maintain mainly the global nitrogen, sulfur, and carbon
cycles.[1,2] All these enzymes contain a molybdenum cofactor
that comprises either one or two organic moieties of molyb-
dopterin (MPT) or some of its nucleotide variants, each of
which is coordinated to molybdenum with an enedithiolene
motif. On the basis of the different number of enedithiolene
groups coordinated to the central Mo atom, these enzymes
are generally classified into three separate families as xan-
thine oxidase,[3] DMSO (dimethyl sulfoxide) reductase,[4]

and sulfite oxidase.[5–12] In the sulfite oxidase (SO) family,
hepatic sulfite oxidase is an extensively studied molybdoen-
zyme with direct relevance to human health.[5] SO deficiency
may lead to neurological problems, mental retardation, and
dislocation of the ocular lens.[6] The physiological role of SO

is to detoxify sulfite by oxidizing it to sulfate through OAT
in the terminal step of the oxidative degradation of S-con-
taining amino acids. This reaction is coupled with mitochon-
drial oxidative phosphorylation; both processes share cyto-
chrome c as the common gateway to shuffle the electrons
generated by sulfite oxidation to the terminal electron ac-
ceptor, molecular oxygen, via cytochrome c oxidase. Native
SO follows typical Michaelis kinetics[7] with anionic binding
of the substrate (sulfite) to form the enzyme–substrate com-
plex according to the reductive half-reaction [Eq. (1)]:

Eþ S Ð ½ES��(�+½ES�(�+½E0P��(�+½E0P�(�+E0 þ P ð1Þ

in which E=enzyme, S= substrate, E’= reduced enzyme,
and P=product.

With sulfate ion as the product showing competitive in-
hibition and hydrogen phosphate ion present in mitochon-
dria as inorganic phosphate showing mixed noncompetitive
inhibition, the kinetic studies of such inhibitions can be ex-
plained by anionic binding of the substrate to the Mo center
of the active site.[8] On the basis of several spectroscopic
studies[9] followed by X-ray single-crystal structure determi-
nation with 1.8-9 resolution for the reduced state,[10] the
nature of the Mo cofactor (Mo-co) present in SO has now
been fully characterized. The reduced form of Mo-co under
regeneration of the oxidized enzyme supposedly contains a
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cis-dioxo MoVI moiety with one oxo group at the axial posi-
tion and another on the equatorial plane in a square-pyrami-
dal geometry. The remaining three equatorial positions are
occupied by three S atoms (bisdithiolene from molybdopter-
in[9b] and one from cysteine). This cysteine is a part of the
protein chain, and MPT is a discrete organic moiety that
comprises an enedithiolene functionality coordinated to the
central molybdenum atom present in the active site and
structurally placed there by several noncovalent H-bonding
interactions with the protein. The cysteine and dithiolene
moieties have been implicated in the tuning of the flexibility
of the equatorial oxo group towards the OAT reaction.[11]

Several model complexes with the (MoO2)
2+ group have

been obtained by using different donor-atom environ-
ments.[12–14] Most of these complexes responded to the OAT
reaction with phosphines as the “proxy” substrate, but
almost all failed to react[13] with the native substrate, the sul-
fite (or hydrogen sulfite) ion. All these OAT reactions in-
volving phosphine derivatives follow typical second-order
kinetics[14] without the involvement of the Michaelis com-
plex, with saturation kinetics prevalent in these enzymatic
reactions.

Enough considerations were made to understand the
nature of the mechanistic path involved in the OAT reac-
tion. As phosphines were found to be good oxo acceptors
from molybdenum-bound oxo groups, the reaction of com-
plexes such as [MoO2(XY)2]

n� (donor atom; X=N, S; Y=S,
S) with PR3 were studied in detail. It was proposed[14a] that
the attack of the lone-pair electrons of PR3 on the Mo=O
group present in the MoVIO2 moiety in such complexes
leads to the OAT reaction through an associative pathway.
Such complexes were also studied in the initial computation-
al analysis of the OAT of MoVIO2 centers by Pietsch and
Hall,[15a] which were subsequently extended.[15b–d] Recently,
isolation of an intermediate complex with an MoIV�Oeq�
PEt3 bond supported such a mechanism.[16] But proper in-
spection of the Mo�Oeq and Oeq�P bond lengths as 2.157
and 1.516 9 in this complex, respectively, revealed that, by
definition, it is not an ES complex; rather it is a complex
analogous to E’P [Eq. (1)]. Hence, any mechanism that does
not involve the formation of a Michaelis complex cannot ex-
plain an enzymatic reaction with Michaelis–Menten kinetics.

Amongst all the model complexes, the unique complex
[Bu4N]2 ACHTUNGTRENNUNG[MoVIO2 ACHTUNGTRENNUNG(mnt)2] (2 ; mnt=maleonitriledithiolate)
mimics the active-site function of SO by undergoing OAT
with the physiological substrate HSO3

� both in terms of sat-
uration kinetics as well as the inhibition patterns with SO4

2�

and H2PO4
� anions.[17] Interestingly, 2 on reaction with phos-

phine[14c,18] followed typical second-order kinetics similar to
those of other model complexes. On the basis of the enzy-
matic reaction of 2 toward the native substrate, hydrogensul-
fite ion, a mechanism was proposed: the substrate oxoanion
binds to MoVI, which leads to the formation of a heptacoor-
dinated Michaelis-type complex and, subsequently, product
formation with the dissociation of the reduced form of 2.

With native SO, an alternative neutral substrate, dimethyl
sulfite, was used at pH>7, which implicates attack of the
lone-pair electrons as the critical step.[19] To accommodate
the formation of a Michaelis complex, interaction between
the approaching substrate with the amino acid residues pres-
ent near the active sites was invoked. Such interpretation
certainly underscores, at least in the case of the native
enzyme, the importance of substrate oxoanionic binding to
the MoVI center as being an essential criterion for the obser-
vation of Michaelis–Menten kinetics.

On the basis of phosphine-oxidation reactions, density
functional theory (DFT) computational studies were initiat-
ed. Nordlander and co-workers proposed[20] that this OAT
reaction takes place through attack of the sulfur lone-pair
electrons (of hydrogensulfite) on one of the oxo groups of 2.
However, the possibility of oxoanionic attack on the Mo
center was not taken into consideration in this study. This
proposed reaction mechanism led Kirk and co-workers to
suggest[21] the attack of the S lone-pair electrons (of sulfite)
on the Mo=Oeq antibonding orbital, which is analogous to
phosphine oxidation, by using the computational model
complex [MoVIO2ACHTUNGTRENNUNG(S2C2Me2) ACHTUNGTRENNUNG(SMe)]� (1).

To mimic the chemistry of native SO, that is, the attack of
the sulfur lone-pair electrons of the neutral molecule, the re-
action of dimethylsulfite with 2 was tested at pH 7, but no
OAT reaction occurred.[22] This was possibly due to the poor
basicity of the sulfur lone-pair electrons of dimethylsulfite
relative to the phosphorus lone-pair electrons of PPh3. How-
ever, it was shown that (CH3O)2SO, at a pH identical to that
used in the kinetic study of native SO with (CH3O)2SO (pH

8),[19] responded with similar kinetics, and the real sub-
strate was found to be the hydrolyzed product, sulfite ion
formed from (CH3O)2SO. This hydrolysis may be responsi-
ble for the alleged reactivity of (CH3O)2SO with native SO,
for which the kinetic constants match very well with those
found for sulfite ion as the substrate with native SO[8] .

The mechanism of the OAT reaction involving sulfite oxi-
dation has, therefore, not yet been clearly understood. Two
important points are still to be determined. The first is if the
initial attack of the substrate, HSO3

�, is oxoanionic or lone-
pair-electronic in nature (Scheme 1).[23] The second is the
mechanistic features involved in the electronic rearrange-
ments within the ES complex to yield E’ and P [Eq. (1)].
The proper visualization of the ES complex turned out to be
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of potential interest. DFT investigations into the nature of
the ES complex in the catalytic cycles of DMSO reductase,
trimethyl N-oxide reductase, and nitrate reductase have
been reported.[24] In this paper, we investigate the nature of
the ES complex in the catalytic cycle of SO.

Herein we report a theoretical study based on DFT calcu-
lations to investigate the plausibility of the formation of a
Michaelis (ES) complex by “reaction” of the substrate
HSO3

� with the computational model complex 1 ([MoVIO2

ACHTUNGTRENNUNG(mpt)Cys]�1) of Mo-co, derived from the X-ray structure of
SO, and with the experimental model complex 2 through
ACHTUNGTRENNUNGoxoanionic attack of HSO3

�. We subsequently computed the
gas-phase- and solvent-corrected enthalpy profiles for the
half-reaction of HSO3

� oxidation by 1 and 2.

Results and Discussion

The earliest kinetic investigation into the reaction of native
SO with sulfite showed that this reaction displayed Michae-
lis kinetics with sulfate as competitive (product inhibitor)
and monohydrogenphosphate ion as mixed competitive in-
hibitors.[9] The model complex 2 was shown to follow a very
similar kinetic pattern on reaction with HSO3

� followed by
very similar inhibitions with sulfate and monohydrogenphos-
phate ion.[17] Unlike SO, 2 does not have any protein compo-
nent, and its response with similar kinetics strongly supports
the proposition that with native SO, Mo-co is sufficient for
binding the substrate without much intervention of the
amino acids present near the active site. On this basis, the
direct interaction between substrate and enzyme is taken
into consideration for the formation of the intermediate ES
complex. The electronic properties of the substrate and the
enzyme (Mo-co) play an important role in the description of
this interaction. It is clear that the nature of the lowest un-
occupied molecular orbital (LUMO), which is the potential
electron acceptor of the enzyme, and the highest occupied
molecular orbital (HOMO) of the substrate are the focus.

The DFT (B3LYP)-optimized geometry of Mo-co was
found to be square pyrimidal with an Mo�Oeq bond length
of 1.720 9, an average Mo�S(dithiolene) bond length of
2.519 9, and an Mo�S ACHTUNGTRENNUNG(Cys) bond length of 2.457 9. The

Mo�Oax bond (1.743 9) is slightly longer (0.023 9) than the
Mo�Oeq bond. The cysteinyl group is oriented with a torsion
angle (Oax�Mo�S�C ACHTUNGTRENNUNG(Cys)) of 588. However, in the X-ray
structure of SO, the Oax�Mo�S�C ACHTUNGTRENNUNG(Cys) torsion angle is 778,
which can be interpreted as due to the change in protein
conformation during the crystallization process; this has
been observed in the solid state. The Mo-co model structure
used in this work structurally resembles the synthesized
structural model complex of SO.[25]

Molecular-orbital analysis of the optimized geometry of
Mo-co showed interesting results. The LUMO of Mo-co is
predominately populated by the dxy orbital of the central
Mo atom (from the antibonding interaction between 60%
dxy(Mo), 11% pACHTUNGTRENNUNG(Oeq), and 4% p ACHTUNGTRENNUNG(Oax) orbitals; Table 1). The

HOMOs of HSO3
� and PPh3 are entirely different. The

HOMO of HSO3
� comprises 40% s(S), 23% p(O anionic),

and 20% p(O) (the negative charge of HSO3
� is distributed

over two equivalent oxo groups). The HOMO of PPh3 is
predominantly viewed as the lone-pair orbital of the P
atom. By considering frontier-molecular-orbital (FMO) in-
teraction between the HOMO of HSO3

� and the LUMO of
Mo-co, two interactions, one between dxy(Mo) of the
LUMO and p(O) of the HOMO (Figure 1, interaction 1)
and the other between pACHTUNGTRENNUNG(Oeq) of the LUMO and S of the
HOMO (Figure 1, interaction 2), are possible. However,
similar FMO interaction is not possible with phosphine. The
so-called phosphine lone pair of electrons can interact with
the Mo=Oeq antibonding MO to facilitate the cleavage of
the Mo�Oeq bond by a one-step process; this may lead to a
different mechanism that may follow typical second-order
kinetics.

From population analysis of partial-charge partitioning
(Mulliken and natural bond orbital (NBO); Table 2), it was
found that the interaction between the anionic oxo group of
HSO3

� and the Mo center of Mo-co is stronger than that be-
tween the S lone-pair electrons of HSO3

� and the Oeq atom
of Mo-co. This suggests that the Mo center is more suscepti-
ble to nucleophilic attack by the oxoanion of HSO3

� than
the Oeq atom of Mo-co is to lone-pair-electron attack of the
S atom of HSO3

�, because of a larger difference in formal
charge that results in stronger electrostatic interaction. This
interaction was taken into account in the light of the anionic
charged substrate for SO.[20] The calculated Mulliken and
NBO atomic charges are listed in Table 2. These results

Table 1. Calculated atomic-orbital coefficients for selected molecular
ACHTUNGTRENNUNGorbitals.

LUMO of model
complexes

Mo [%]
ACHTUNGTRENNUNG(orbital)

Oax [%]
ACHTUNGTRENNUNG(orbital)

Oeq [%]
ACHTUNGTRENNUNG(orbital)

Mo-co 60.48 (dxy) 3.45 (p) 11.23 (p)
1 55.23 (dxy) 8.63 (p) 15.44 (p)
2 43.08 (dxy) 11.06 (p) 10.99 (p)

HOMO of substrate S [%]
ACHTUNGTRENNUNG(orbital)

Oxoanion [%]
ACHTUNGTRENNUNG(orbital)

O [%]
ACHTUNGTRENNUNG(orbital)

HSO3
� 40.12 (s) 23.3 (p) 19.89 (p)

Scheme 1. Two possible forms of initial attack of HSO3
� on Mo-co of

ACHTUNGTRENNUNGsulfite oxidase.
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demonstrate that the FMO and electrostatic interactions
could lead to a preference for oxoanionic attack in the for-
mation of the ES complex. The relative stability of the ES
complex and of other reaction intermediates and their tran-
sition states dictates the true reaction mechanism. Such de-
tailed studies with Mo-co require much computational re-
sources. To decrease the computational effort, we chose two
model complexes: the computational model 1 and the
unique functional model 2. Full reaction pathways for the
reactions of 1 and 2 with HSO3

� were established.
The optimized geometry of 1 is very similar to that of the

Mo-co model and matches the reported geometrical param-
eters.[21] Here the Mo�Oax bond length also differs slightly
from the Mo�Oeq bond length, but this difference is less
(0.001 9), as it is caused by the weak H-bonding interaction
between the CH3 and axial oxo groups. However, the orien-
tation of the SCH3 group differs with respect to the cysteinyl
sulfur atom, as found from the X-ray structure analysis on
native SO. We performed a relaxed 1D potential-energy sur-
face (PES) scan of the dihedral angle Oax�Mo�S�CMe with a
variation of 108 at each step at which all other parameters
were allowed to optimize. A plot of the change in total
energy versus the variation of the Oax�Mo�S�CMe dihedral
angle is shown in Figure 2. It was found that three high-
energy conformers exist at dihedral angles of 1208, 08, and
�1208, and two low-energy conformers exist at �608 and
608 ; the lowest-energy structure has an Oax�Mo�S�CMe di-

hedral angle of �608. In native SO, this dihedral angle was
found to be 778 from the solid-state crystal structure data.
Although the crystallization began with a solution of the
oxidized enzyme, it was the reduced enzyme that finally
crystallized out.[10] We are not certain of the preference in
the orientation of cysteine present in the protein for the dif-
ferent redox states of the enzyme in solution. At this stage,
we proceeded with our study on the basis of the fact that
the model complex 2 responds to similar enzymatic reac-
tions without the intervention of any protein. The molecu-
lar-orbital-feature and population analyses (Mulliken and
NBO) of the atomic charge for 1 and 2 are very similar to
that found for the Mo-co model. The LUMOs of 1 and 2 are
shown in Figure 1. A list of the calculated atomic-orbital co-
efficients for selected molecular orbitals and the atomic
charges are provided in Tables 1 and 2.

The nature of oxoanionic and lone-pair-electron attack of
HSO3

� were checked by performing relaxed 1D PES scans
for 1 and 2 (Figure 3). For oxoanionic attack, the anionic
oxygen atom of HSO3

� was placed 3.5 9 from the Mo
center, and this distance was decreased in several fixed steps
with geometry optimization at each step while the remaining
degrees of freedom were allowed to vary. For lone-pair-elec-
tron attack, the S atom of HSO3

� was placed 3.5 9 from the
Oeq group of sulfite, and the same treatment was carried out
as for anionic attack. In this case (Figure 3b), the reaction
proceeded through one potential-energy barrier and finally
reached a lower energy state in which the Mo�Oeq and Oeq�
Ssulfite bond lengths were 2.4 and 1.5 9, respectively, which
suggests completion of the OAT reaction. The lone-pair-
electron attack is thus a one-step process similar to phos-
phine oxidation and so cannot be the enzymatic reaction. In
contrast, for oxoanionic attack at the Mo center (Figure 3a),
the relaxed PES scan results showed a relatively stable inter-
mediate at an equilibrium Mo�Osulfite bond length of 2.2 9.
There was no further change in the Mo�Oeq bond length
throughout the scan. At this stage, there is no lengthening
of the Mo=Oeq bond and the S atom is directed toward the
Oeq group, and this energy-minimized state can be consid-
ered as an ES complex before OAT. A second scan was per-
formed on the energy-minimized state of the first scan with

Table 2. Calculated Mulliken and NBO atomic charges of enzyme model
complexes and substrate.

Mulliken charge NBO charge
Substrate S O Oxoanion S O Oxoanion

HSO3
� 0.79 �0.75 �0.7 1.52 �1.01 �0.99

Model
complexes

Mo Oax Oeq Mo Oax Oeq

Mo-co 0.68 �0.49 �0.65 1.16 �0.60 �0.52
1 0.34 �0.47 �0.57 1.16 �0.47 �0.56
2 0.48 �0.49 �0.46 0.55 �0.49 �0.47

Figure 2. 1D relaxed PES scan of Oax�Mo�S�CMe dihedral angles (f) for
1.

Figure 1. MO isosurface: a) LUMO of Mo-co; b) HOMO of HSO3
�,

arrows indicate the FMO interaction of the same phase, 1 corresponds to
the interaction between the dxy(Mo) orbital and the p(O) orbital of
HSO3

�, 2 corresponds to the interaction between Oeq and the S atom of
HSO3

� ; c) HOMO of PPh3 showing only one possible interaction;
d) LUMO of 2 ; e) LUMO of 1 showing close analogy with the LUMO of
Mo-co. Hydrogen atoms are omitted for clarity.
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decreasing S�Oeq bond length, and this process went past a
second energy barrier to form the product. Similar results
were found for the functional analogue complex 2 (Fig-
ure 3c and d). The changes in selected bond lengths for
each scan are listed in the Supporting Information. Thus,
from FMO interactions and from the relaxed PES scan, it is
concluded that the initial step of the OAT reaction with 1 or

2 takes place by oxoanionic binding of HSO3
� to the Mo

center. This may lead to the formation of a stable intermedi-
ate, the ES complex, which would agree well with all the ex-
perimental results with native SO and the functional model
complex 2.

With the help of initial investigations, a mechanism can
now be established for HSO3

� oxidation by 1 and 2 cata-
lyzed by SO. The relative energy profile for the overall half-
reaction was computed with the fully optimized reaction co-
ordinate in the gas phase and is shown in Figure 4. Each re-

action involves an initial transition state (TS1 and TS2), a
substrate-bound intermediate (ES1 and ES2), a second tran-
sition state (TS3 and TS4), a product-bound second inter-
mediate (EP1 and EP2), and the products (3 and 4). The re-
action energies are �21.9 (DG=�28.3) and �31.1 kcalmol�1

(DG=�18.3 kcalmol�1) for 1 and 2, respectively, thus show-
ing that the overall reaction does proceed “downhill” in
both the cases. The optimized values of important bond
lengths and distances for these states are provided in
Table 3, and the optimized geometries are shown in
Figure 5.

The first step of the OAT reaction between 1 and HSO3
�

thus proceeds through an initial transition state TS1. This is
followed by the formation of a stable intermediate ES1. TS1
is 59.7 kcalmol�1 (DG=70.5 kcalmol�1) higher in energy
than the rest state and has an Mo�Osulfite distance of
3.031 9. ES1 is the stable intermediate (DH=55.7, DG=

65.7 kcalmol�1) in which the substrate is weakly bound
(Mo�Osulfite=2.194 9) to the Mo center. Because of the ox-
oanionic approach of the sulfite, enhancement of the coordi-
nation number of the Mo center is required, which moves
the SCH3 group (the Oax�Mo�SMe angle changed by 408)
from an equatorial to an axial position (trans to axial oxo
group) and results in a distorted octahedral geometry for
ES1. This movement of the SCH3 group was also observed
in the theoretically predicted ES complexes of DMSO re-
ductase, trimethyl N-oxide reductase, and nitrate reduc-
tase.[24] At this stage, the Mo�Oax and Mo�Oeq bond lengths

Figure 3. 1D relaxed PES scan (plot of total energy vs. scanning bond
length): a) oxoanionic attack of HSO3

� on 1; b) lone-pair-electron attack
of HSO3

� on 1; c) oxoanionic attack of HSO3
� on 2 ; d) lone-pair-electron

attack of HSO3
� on 2. The changes in selected bond lengths for the scan

are given in the Supporting Information.

Figure 4. Calculated reaction pathways in the gas phase for the reaction
of 1 and 2 with HSO3

�. b=DH298, c=DG298.
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remain unchanged, and HSO3
� is oriented such that the S

atom of HSO3
� is directed towards the equatorial oxo group

3.5 9 away. This special orientation of the substrate is influ-
enced by participation of H-bonding of HSO3

� with the
axial oxo group. This controls the disposition of the equato-
rial oxo group in favor of bonding with the sulfur atom of
the substrate in the subsequent reaction step. Energy
minima with other orientations of the substrate were not ob-
served. In the search for the ES complex with lone-pair-elec-
tron attack, several (on the PES scan point, Figure 3c) full-
optimization attempts failed to result in any minima before

OAT, in which S (HSO3
�, substrate) is weakly bound to the

Oeq group.
The second step of the OAT reaction of 1 passes through

a transition state TS2 (DH=67.7, DG=93.3 kcalmol�1) with
Mo�Oeq and Oeq�S ACHTUNGTRENNUNG(HSO3

�) distances of 1.892 and 2.035 9,
respectively. TS2 is a six-membered (Oax�Mo�Oeq�S�O�H)
transition state stabilized by H-bonding similar to that in
ES1. The SCH3 group is again moved to the equatorial posi-
tion. The energy barrier for this step (DH=12, DG=

27.6 kcalmol�1) is much less than for the previous step. The
imaginary frequency of 333 cm�1 confirmed the saddle-point
character between the two stationary states, which corre-
sponds to the stretching vibration modes of Mo�Oeq and
Oeq�SACHTUNGTRENNUNG(HSO3

�). TS2 follows the breaking of the Mo�Oeq

bond, and product formation takes place via a stable,
HSO4

�-bound intermediate EP1 (DH=37.3, DG=51.1 kcal
mol�1) with Mo�Oeq and Oeq�SACHTUNGTRENNUNG(HSO3

�) bond lengths of
2.291 and 1.510 9, respectively. EP1 is 18.4 kcalmol�1 more
stable than ES1. At this stage, the OAT reaction is over, and
only the oxidized substrate (HSO4

�) is loosely bound to the
product at the MoIV center. Finally, the reaction concludes
with the formation of the water-bound reduced state,
[MoIVO ACHTUNGTRENNUNG(S2C2Me2) ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(SMe)]�1 (3). Model 3 is more stable
than the HSO4

�-bound product by 59 kcalmol�1 (DG=

79 kcalmol�1). The geometrical parameters of 3 are very
similar to the structural parameters obtained from the crys-
tal structure of native SO.

The OAT reaction for 2 with HSO3
� is very similar to that

for 1. The first step of the reaction proceeds through an ini-
tial transition state TS3 followed by the formation of a
stable intermediate ES2. TS3 is 100.7 kcalmol�1 (DG=

107.5 kcalmol�1) higher in energy than the rest state and has
an Mo�Osulfite distance of 2.606 9. ES2 is the hexacoordinat-
ed intermediate (DH=95.1, DG=103.6 kcalmol�1) in which
the Mo�Osulfite bond length is 2.429 9 and one Mo�S(dithio-
line) bond is elongated to 2.938 9. At this stage, the Mo�
Oax and Mo�Oeq bond lengths remain unchanged, and the
orientation of HSO3

� is in a similar H-bonding fashion to
that observed in 1, in which the S atom of HSO3

� is directed
towards the equatorial oxo group at a distance of 3.2 9.

The second step of the OAT reaction for 2 passes through
a transition state TS4 (DH=105.3, DG=118.4 kcalmol�1)
with Mo�Oeq and Oeq�S ACHTUNGTRENNUNG(HSO3

�) distances of 1.895 and
2.013 9, respectively. The nature of TS3 is similar to that of
TS2, and the six-membered (Oax�Mo�Oeq�S�O�H) transi-
tion state is stabilized by H-bonding similar to that in TS2.
The energy barrier for this step (DH=10.2, DG=15 kcal
mol�1) is very much less than for the previous step. The
imaginary frequency of 414 cm�1 corresponds to the stretch-
ing vibration mode of Mo�Oeq and Oeq�SACHTUNGTRENNUNG(HSO3

�). TS4 fol-
lows the breaking of the Mo�Oeq bond, and product forma-
tion takes place via a stable, HSO4

�-bound intermediate
EP2 (DH=74.3, DG=87.1 kcalmol�1) with Mo�Oeq and
Oeq�SACHTUNGTRENNUNG(HSO3

�) bond lengths of 2.306 and 1.502 9, respec-
tively. EP2 is 21 kcalmol�1 (DG=16 kcalmol�1) more stable
than ES2. Finally, the release of the oxidized substrate
occurs to form the reduced state of the enzyme, [MoIVO-

Table 3. Selected bond lengths and distances (9) of optimized geometry.

Reaction of HSO3
� with 1

Bond 1 TS1 ES1 TS2 EP1 3

Mo�Oax 1.728 1.725 1.764 1.727 1.732 1.716
Mo�Oeq 1.739 1.738 1.737 1.892 2.291 2.405
Mo�Osulfite – 3.031 2.194 – – –
Oeq�Ssulfite – – 3.539 2.035 1.510 –
Mo�S1 2.562 2.617 2.722 2.514 2.407 2.373
Mo�S2 2.452 2.408 2.492 2.475 2.404 2.405
Mo�SCH3 2.453 2.481 2.588 2.449 2.438 2.448

Reaction of HSO3
� with 2

Bond 2 TS3 ES2 TS4 EP2 4

Mo�Oax 1.737 1.737 1.743 1.743 1.706 1.706
Mo�Oeq 1.737 1.732 1.724 1.895 2.366 –
Mo�Osulfite – 2.606 2.429 – – –
Oeq�Ssulfite – – 3.206 2.013 1.502 –
Mo�S1 2.502 2.575 2.608 2.482 2.443 2.455
Mo�S2[a] 2.736 2.771 2.770 2.629 2.469 2.455
Mo�S3 2.502 2.527 2.550 2.571 2.553 2.455
Mo�S4[a] 2.736 2.938 2.932 2.769 2.790 2.455

[a] S atom trans to the oxo group.

Figure 5. B3LYP gas-phase optimized geometries for 1, 2, 3, 4, ES1, ES2,
EP1, EP2, TS1, TS2, TS3, and TS4.
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ACHTUNGTRENNUNG(mnt)2]
2� (4). This product-release step is 104 kcalmol�1

(DG=115 kcalmol�1) more stable than the HSO4
�-bound

product. The geometrical parameters of 4 are very similar to
the structural parameters obtained from the crystal struc-
ture[10] .

The protein environment plays a significant role in the
overall reaction pathway. However, the modeling of the
native enzyme active site with medium effect needs a great
deal of computational resources. We have evaluated only
the dielectric effect of the medium on the PES for the over-
all half-reaction by additional single-point calculations with
the solvent effect. The corrected solvation-energy profile ob-
tained with the conductor-like screening model[26]

(COSMO) on the gas-phase optimized structure for the re-
action of 1 and 2 with HSO3

� is shown in Figure 6. The sol-

vation energy is seen to stabilize all the transition states and
intermediates more than the reactants and products. The
overall exothermicity of the OAT reaction and the energy
barriers from TS1 to EP1 and TS3 to EP2 do not change sig-
nificantly. This may be due to the associative nature of the
reactant and product molecules in the course of the reac-
tion. In our system, both the reactant and product molecules
are negatively charged ions, and their energies were calcu-
lated separately. The reactions involve the association of
two negatively charged reactants (1 or 2 and HSO3

�). Al-
though such a reaction proceeds through the interaction of
localized partial charges, the association of two negatively
charged ions increases the overall energy of the reaction
pathway in the gas phase due to the presence of additional
intramolecular repulsive interactions (TS1 to EP1 and TS3
to EP2). Interestingly, the energy differences between the
TS and EP states, excluding reactants and products, are
nearly the same in the gas phase and in solution (continuum
model), whereas the energies of these intermediates and
TSs with respect to the reactants in solvent differ from those

in the gas phase. This is due to the repulsive interaction be-
tween two similarly charged species stabilized in the contin-
uum model. Such stabilization is not observed in the dipole
model because of the inherent consideration of the solute
surface of the solvent model.[27] An accurate ab initio calcu-
lation of solvent effects requires the use of a molecular
shape more realistic than a sphere. In the native enzyme,
the protein environment may play the important role of
minimizing the overall potential-energy barrier by using sev-
eral noncovalent interactions. The relative energies of the
reactant intermediates, TSs, and products for the reaction of
1 and 2 with HSO3

� in different solvent models with the
same basis set, method, and dielectric constant of the
medium are shown in Table 4.

Conclusions

In summary, DFT calculations on the synthetic and compu-
tational model complexes of SO showed that the OAT reac-
tions involve the formation of the stable intermediate
(MoO2HSO3)

� through oxoanionic binding of HSO3
� at the

Mo center. The optimized geometries of the ES complexes
of 1 and 2 showed a common feature with the participation
of hydrogen bonding of the substrate with the axial (specta-
tor) oxo group. This intermediate complex participates in
product formation through a six-membered MoO2HOS tran-
sition state, which involves breaking of the Mo�Oeq bond
with formation of the Ssulfite�Oeq bond. Our results regarding
the formation of the Michaelis complex is in agreement with
kinetic studies[17a,b,e] on the reductive half-reaction of 2. This
was found to be similar in catalytic behavior to 1 with re-
spect to the reaction with native SO.

Figure 6. Solvent-corrected energy profile for the reaction of 1 (c) and
2 (g) with HSO3

� at 298 K obtained by the COSMO method.

Table 4. Relative single-point energies (kcalmol�1) of reactants, inter-
mediates, TSs, and products for the reaction of 1 and 2 with HSO3

� in
different solvent models and in the gas phase with gas-phase optimized
geometry.

Solvent Model Gas phase
COSMO PCM[a] Dipole

Reaction of 1 with HSO3
� :

1+H2O+HSO3
� 0.00 0.00 0.00 0.00

TS1+H2O 18.21 19.73 50.08 58.78
ES1+H2O 17.66 18.82 48.52 54.75
TS2+H2O 30.91 31.81 65.51 67.74
EP1+H2O 0.59 1.30 33.87 34.95
3+HSO4

� �8.43 �8.95 �15.81 �5.37

Reaction of 2 with HSO3
� :

2+HSO3
� 0.00 0.00 0.00 0.00

TS3 23.23 24.40 94.33 94.81
ES2 22.40 23.31 93.26 93.74
TS4 35.64 36.64 105.53 104.74
EP2 0.28 0.82 72.64 71.68
4+HSO4

� �31.94 �32.16 �32.26 �31.91

[a] PCM=polarizable continuum model.
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Experimental Section

All calculations were performed with the Gaussian 03 (Revision B.04)
package.[28] Molecular orbitals were visualized with Gauss View, and ge-
ometry-optimized molecular structures were shown with Diamond 3.1e.
Geometry optimization, population analysis of molecular orbitals and
partial-charge distribution (MPA and NBO method), and relaxed PES
scans were carried out at the DFT level. The method used was the Becke
three-parameter hybrid-exchange functional,[29a] the nonlocal correlation
provided by the Lee, Yang, and Parr expression,[29b] and the Vosko, Wilk,
and Nuair 1980 local correlation functional (III) (B3LYP).[29] The 6-
31g*+ basis set[30] was used for C, N, and H atoms, and the 6-311g*+
basis set[31] for O and S atoms. The LANL2DZ[32] basis set and LANL2
pseudopotentials of Hay and Wadt[33] were used for the Mo atom. Transi-
tion states were optimized with the synchronous transit-guided quasi-
Newton (STQN) method.[34] The optimized minima and transition-state
structures were characterized by harmonic-vibration-frequency calcula-
tions with the same method and basis set in which the minimum has no
imaginary frequency and the transition state has only one. Additional
single-point energy calculations were carried out on the gas-phase-opti-
mized geometry for medium-effect correction with the same method,
basis set, and COSMO with a dielectric constant[35] of 5, radius of 1.4 9,
and temperature of 298 K. The validity of single point energy calculations
were also checked with different solvent model. The initial geometry of
Mo-co was derived from the reported crystal structure[10] of the native
enzyme SO with the considerations that Mo is in the +4 oxidation state
and the bond lengths with Oeq and Oax are the same (1.71 9). The initial
geometry of 1 was modeled according to native Mo-co. The initial geom-
etry of 2 was obtained from the reported crystal structure.[17a] All geome-
tries were optimized with several possible conformations, and energy
minima were considered for further calculations. The initial geometry of
4 was taken from the crystal structure.[36, 17d]
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