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ABSTRACT: A structural rearrangement known as sulfur shift occurs in some Mo-containing enzymes of the DMSO reductase
family. This mechanism is characterized by the displacement of a coordinating cysteine thiol (or SeCys in Fdh) from the first to
the second shell of the Mo-coordination sphere metal. The hexa-coordinated Mo ion found in the as-isolated state cannot bind
directly any exogenous ligand (substrate or inhibitors), while the penta-coordinated ion, attained upon sulfur shift, has a free
binding site for direct coordination of the substrate. This rearrangement provides an efficient mechanism to keep a constant
coordination number throughout an entire catalytic pathway. This mechanism is very similar to the carboxylate shift observed in
Zn-dependent enzymes, and it has been recently detected by experimental means. In the present paper, we calculated the
geometries and energies involved in the sulfur-shift mechanism using QM-methods (M06/(6-311++G(3df,2pd),SDD)//B3LYP/
(6-31G(d),SDD)). The results indicated that the sulfur-shift mechanism provides an efficient way to enable the metal ion for
substrate coordination.

1. INTRODUCTION

Molybdenum (Mo) is a second row transition metal that plays
a key role in cellular metabolism catalyzing different redox and
non-redox reactions.1,2 Only two molecular scaffolds that bind
Mo and control its redox state and catalytic power are found in
proteins: the Fe−Mo and the pyranopterin-based Mo
cofactors.1−3 In the latter case, the Mo ion is coordinated to
one or two pyranopterin dithiolene groups from pyranopterin
molecules, to oxygen, sulfur, or selenium atoms from residue
side chains, and to water. These differences are used to classify
these enzymes into three families: xanthine oxidase, sulfite
oxidase, or DMSO reductase.1,4,5

Enzymes from the DMSO reductase family are the subject of
this study. They all present a hexacoordinated Mo ion bound to
four sulfur atoms from two dithiolene moieties of two
pyranopterin molecules and two more ligands, which are
highly variable. The DMSOr family was divided into three

subfamilies according to the identity of the fifth and sixth
ligands (Figure 1).
In the case of subfamily I, there is no evident substrate

binding position since, in contrast to enzymes from subfamilies
II and III, there is no solvent molecule coordinating the Mo ion
that can act as leaving group. Based on this observation, it has
been proposed that in enzymes like Nap and Fdh the substrate
transformation is catalyzed at the ligands of the second
coordination sphere of the Mo ion rather than on direct
coordination with the Mo ion (first sphere mechanism).7

The second sphere type of mechanism is supported by the
recent X-ray structures of Nap from Desulfovibrio desulfuricans
ATCC 27774 (2.20 Å, pdb code 2jio)7 and Cupriavidus necator
H16 (1.5 Å, pdb code 3ml1),8 in which the sixth sulfur ligand of
the Mo interacts with the sulfur from the cysteine residue and
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generates a bidentate persulfido ligand that sterically blocks the
access of the substrate to the Mo ion. Similar observations are
found in the X-ray structures of the Fdh-H from Escherichia coli
K129 and in the W-Fdh from Desulfovibrio gigas,10 though in
these cases, the cysteine is replaced by a selenocysteine
(SeCys). On the other hand, the first coordination type of
mechanism is supported by several experimental and theoretical
studies.11−17 In the case of Fdh, this mechanism gathers more
consensus since the X-ray structure of the reduced Fdh-H from
E. coli K12 shows a pentacoordinated Mo ion, where SeCys is
found 7 Å away from the metal.9

The viability of the first shell type of mechanism in both Nap
and Fdh is dependent upon a new mechanism, called the sulfur
shift, in which a cysteine (or SeCys in Fdh) must unbind from
the Mo or W to open a site for substrate binding.15,16 This
proposal received strong support from the crystallographic
structure of a partially reduced Nap from Cupriavidus necator
H16 (pdb code 3o5a), which showed that an alternative

conformation of the Mo-coordinating cysteine residue is
possible upon incubation of the protein with reducing agents.8

The sulfur-shift mechanism was first introduced in our
previous studies,15,16 but the energies involved in such
conformational rearrangement were relatively high to state
this phenomenon as an established concept. Therefore we
recalculated the mechanistic steps here using higher levels of
theory and with a more realistic model of the enzymes. New
results concerning these findings are presented and general
conclusions are proposed.

2. COMPUTATIONAL DETAILS
The system used to model each enzyme includes the metallic site and
all the residues that participate in the catalytic process or are required
to maintain the structure of the active site (Figure 2). The Nap model
was based on the PDB structure with the code 2JIO,7 and the FdH
model was based on the PDB structure with the code 1FDO.18 All the
studies were performed with Gaussian0919 at the M06/6-311+
+G(3df,2pd)//B3LYP/6-31G(d)20,21 level for all atoms except Mo,

Figure 1. Classification of Mo-pyranopterin dependent enzymes from the DMSO reductase family (adapted from ref 6).
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which was described with the same functional but with the SDD basis
set.22

The correct nature of each stationary point was checked by
vibrational frequency calculations. Frozen atoms did not lead to
additional imaginary frequencies in most of the optimized structures
(only a small frequency of 4.5 cm−1 was found in the reactants of the
model system of FdH), which shows that they are almost free from
steric strain. Zero-point corrections and thermal and entropic effects
(T = 310.15 K, P = 1 bar) were added to all calculated energies, with
the 6-31G(d) basis set. Single point energies included a dielectric
continuum model using the integral equation formalism variant
(IEFPCM) to account for the long-range interactions of the enzyme. A
dielectric constant of 4 was chosen to describe the protein
environment of the active site in accordance with previous
suggestions.23−26 Grimme’s D3 correction27 was applied to the
functional M06 using the zero damping.

3. RESULTS AND DISCUSSION

We focused on the first step of the catalytic mechanisms of Nap
and FdH. Both are members of the DMSOr family and have
similar Mo hexa-coordinated shells. In the as-isolated form, the
Mo is bound to two pyranopterins, a sulfido, and Cys (Nap) or
SeCys (Fdh). Both structures share very similar overall folding
and active site arrangements,4 though key differences in amino
acid residues near the active site dictate the very different
substrate specificities.5 Nap catalyzes the reduction of nitrate to
nitrite and involves an oxygen abstraction, while Fdh catalyzes
the oxidation of formate into carbon dioxide and involves a
proton abstraction.
Theoretical calculations15,16 have shown that the Mo

oxidation number, which preserves the coordination shell as
seen in the X-ray structures of the two enzymes (2JIO7 and
1H0H10), was Mo(VI). This was also the only oxidation state at
which the negatively charged substrates can bind the metal and

Figure 2. Model systems used to study the sulfur-shift mechanism in Fdh (top) and Nap (bottom). Frozen atoms are represented in ball and stick
(including the Mo ion). All the atoms included in model system used to study the sulfur-shift mechanism are displayed in bold sticks. In the structure
of the Fdh-H, the oxygen atom that is bound to the molybdenum ion was substituted by a sulfur atom.
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the catalysis proceeds with acceptable kinetics. In such
conditions, the sulfido and the residues bound to Mo
(Cys140 or SeCys140) interact very closely with each other
forming a quasi-covalent bond (2.4 Å in Nap and 2.3 Å in Fdh).
Such configuration creates a persulfido ligand that blocks the
access of the substrate to Mo, similar to what is found in the X-
ray structures of Nap7(pdb code 2JIO) and Fdh-H (pdb code
1H0H10). When the substrate approaches the Mo(VI) ion (4.0
Å in Nap and 3.9 Å in Fdh), it triggers a first-to-second shell
movement of the residue bound to the Mo(VI) (Cys140 in
Nap and SeCys140 in Fdh) and the simultaneous movement of
the sulfido to the position that was previously occupied by the
released residue. This process opens a free coordination
position at the metal site that is promptly occupied by the
substrate, that is, nitrate in Nap and formate in Fdh. The
transition states for these concerted transformations are shown
in Figure 3. As the substrates further approach the Mo(VI) ion
(Mo−O bond length of 3.6 Å in Nap and 3.1 Å in Fdh), the
sulfido occupies the position of the residue that moved to the

second coordination shell (Mo−S bond length of 2.5 Å in Nap
and 2.4 Å in Fdh). The released residue moves further away
from the metal (Mo−SγCys distance of 3.7 Å in Nap and Mo−
SeγCys distance of 3.9 Å in Fdh) but remains in the second
coordination shell, connected to the sulfido by a quasi-covalent
bond (2.3 Å both in Nap and in Fdh). At the end of this
process, the metal site of both enzymes remains hexacoordi-
nated, and the sixth ligand is now an oxygen atom from the
substrate (Figure 3).
The energetic profiles of the rearrangement in both enzymes

are very favorable, allowing the enzyme to efficiently
interchange between both states. In Nap, the reaction has an
activation energy of 8.33 kcal/mol and is endergonic in 2.97
kcal/mol. The zero point energy and the thermal and dispersive
corrections contributed 1.15 kcal/mol for the activation energy
and 1.06 kcal/mol for the reaction free energy. In FdH, the
reaction has an activation energy of 6.85 kcal/mol and is
exergonic by 4.76 kcal/mol. The zero point energy and the
thermal and dispersive corrections contributed −1.09 kcal/mol

Figure 3. (top) The sulfur-shift mechanism in nitrate reductase (Nap) and in formate dehydrogenase (Fdh). (bottom) Details of the transition state
structures for the sulfur shift of Nap and Fdh.
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for the activation energy and 0.49 kcal/mol for the reaction free
energy.
This mechanism was called “sulfur shift” and can be defined

as a metal coordination change involving a first-to-second shell
displacement (shift) of the fifth ligand (a sulfur or a selenium
atom), opening a free coordination position to bind the
substrate without a significant energetic cost. It also allows Nap
and Fdh to interchange between two configurations: the
inactive in which the S−SγCys ligand blocks the access of the
substrate to Mo(VI) and the active in which the substrate binds
directly to Mo(VI).
These results suggest a new interpretation of the catalytic

mechanisms of Nap and Fdh, in which the full mechanism can
be divided in two main parts: the first comprises the sulfur shift
that controls the activation/inactivation of the enzyme, while
the second deals with the redox transformation of the
substrates (Figure 4).
In this new interpretation, the cycle begins with the metal

site in the inactive conformation. This is observed in the
oxidized X-ray structures of Nap and Fdh.7,9 When the
substrate approaches the cofactor, the sulfur-shift mechanism
is triggered, and the substrate binds Mo(VI). Once the
chemical transformations of the respective substrates are
complete and the product dissociates, two situations can
occur: (1) no further substrate is available or (2) substrate is
still available. In the first case, the reverse of the sulfur-shift
mechanism takes place and the enzyme returns to the inactive
state, with the persulfido ligand blocking the access of other
molecules to the Mo(VI) ion. This effect is supported by earlier
computational results.15 In Fdh, the reverse reaction of the

sulfur shift requires an activation energy of 12.9 kcal/mol, and
the reaction requires 6.9 kcal/mol, which is fast at physiological
temperature. This means that the inactive state is attained until
the substrate is again available in the active site. In the second
case, if the substrate is available after completing a catalytic
cycle, then catalysis continues without returning to the inactive
Mo configuration. With the new substrate bound to the Mo ion
right after the product is release, the catalytic efficiency of the
full process is increased.
These reaction pathways fit very well within the experimental

observations13,18,28,29 based on which the direct binding of the
substrate with Mo has always been proposed. Additionally,
these results also go in line with recent theoretical findings
regarding FdH, in which it was found that the oxidation of
formate into carbon dioxide requires an unbound selenocys-
teine.30,31 Hoffman32 and Xi33 observed similar conclusions in
Nap. The theoretical studies performed by these authors have
shown that a favorable pathway for nitrate reduction involves
the initial dissociation of the coordinating cysteine from the Mo
ion, similarly to what is found in FdH. The only thing that
these studies did not reveal is how the active site residue (Cys
in Nap and SeCys in FdH) dissociates from the metal ion at the
same time that the substrate binds to the metal ion. This
answer is now provided by the sulfur-shift mechanism that is
presented in this paper.
The new results are also of particular interest in the light of

recent results, where partially reduced crystals of Nap from
Cupriavidus necator H16 revealed two alternate conformations
of the cysteine residue bound to the Mo ion,8 resembling what
is proposed with the sulfur-shift mechanism.

Figure 4. New interpretation of the catalytic mechanism of nitrate reductase (Nap) and formate dehydrogenase (Fdh).
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4. CONCLUSIONS

The results obtained highlight a new mechanism that was
named sulfur-shift (Figure 5). This mechanism was found to
occur in prokaryotic mononuclear Mo-containing enzymes of
the DMSOr family, which present cysteine (or SeCys) and an
inorganic sulfur atom as fifth and sixth ligands to the metal.
These ligands allow the enzyme to exchange between inactive
and active forms, in which substrate binding to the metal ion is
either blocked or allowed. This rearrangement provides an
efficient mechanism to lower the activation energy for ligand
exit or entrance and maintains Mo hexacoordinated through
the entire catalytic cycle. All observations are well supported by
recent experimental evidence that emphasizes its existence.8

These studies also evidence another role for the pyranopterin
cofactors in the catalytic process: they promote the interaction
between the metallic site and the substrates that otherwise
would be repulsive since both of them are negatively charged.
The sulfur-shift mechanism is very similar to the well-known

carboxylate-shift mechanism that is found in other enzymes
such as farnesyltransferase,34,35 ribonucleotide reductase,36−38

and methane monooxygenase,38,39 as well as in a number of
model compounds containing Fe,40,41 Mn,42−44 and Zn35,45

(Figure 5). Both mechanisms present an efficient way for ligand
exit or entrance and maintain a constant coordination number
on the metal ion through the catalytic cycle. The main
difference between these mechanisms is that the sulfur-shift
mechanism involves the change in the coordination of a sulfur
atom from cysteine or SeCys (moving from the first to the
second shell), while the carboxylate shift involves a
monodentate/bidentate exchange of a carboxylate group within
the first shell. The energetic profiles of both mechanisms are
very similar with low activation barriers and almost
thermoneutral reactions, allowing the enzymes to rapidly
interchange between the two forms.
The functional similarity between these mechanisms

becomes even clearer if we look at the active site of respiratory

nitrate reductase (Nar) from E. coli K12, where we can find a
carboxylate shift assisting the binding of an oxygen atom of an
OHn molecule (Figure 1).46,47 These results also suggest that
this type of mechanism should be more common in nature than
we might suspect.48 In fact, they might be part of a common
activation mechanism of the enzymes to control the access of
nonsubstrate molecules to metal cofactors.
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