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Density functional theory (DFT) has been used to investigate the catalytic properties of the isolated vanadium
cofactor found in vanadium haloperoxidases, with a particular emphasis on the steps going from the resting form
of the cofactor to the peroxo complex. Computation of transition states, intermediate species, and UV−vis spectra,
as well as comparison of reaction energies, demonstrated the important role of protonation in cofactor activation.
This illustrates that the resting form of the vanadium cofactor reacts with hydrogen peroxide according to a mechanism
that implies formation of an aqua complex, release of the apical water molecule according to a dissociative pathway,
and binding of hydrogen peroxide to vanadium. This process leads to a side-on peroxo species corresponding to
the peroxo form observed in the enzyme. In addition, it appears that an acid−base catalysts strongly accelerates
the conversion to the side-on peroxo form. The comparison of computed and experimental UV−vis spectra
corroborated the proposed reaction pathway and allowed us to explain the effects of the vanadium ligands on the
electronic properties of the cofactor.

Introduction

The catalytic properties of vanadium haloperoxidases
(VHPOs), which are enzymes that catalyze the oxidation of
halide ions by hydrogen peroxide to the corresponding
hypohalous acids, have been extensively investigated in
recent years.1 X-ray diffraction data collected on the resting
and peroxo forms of VHPOs (Figure 1),2-5 as well as kinetic
and spectroscopic investigations of the enzymatic system,
have disclosed many relevant aspects related to the catalytic

mechanism and to structure-function relationships.6-9 The
chemistry of vanadium complexes related to the enzyme
active site is well developed.10-25 In fact, several peroxo-
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vanadium complexes are capable of carrying out a variety
of oxidation/oxygen transfer reactions: sulfides are converted
to sulfoxides and sulfones,17,18,26-29 hydrocarbons can be
hydroxylated14 and halogenated,10,11,30olefins are turned into
epoxides,16a and alcohols are oxidized to aldehydes and
ketones.16b

Experimental investigations have been recently comple-
mented by computational studies,31-38 which led to a better
understanding of the catalytic properties of the enzyme. In
particular, experimental and computational results converge
on a scenario in which the vanadium cofactor in the resting
state of the enzyme can be described as an equilibrium
between a trigonal bipyramidal vanadate species featuring

hydroxyl groups in equatorial and axial position and another
configuration with an axial water and three equatorial oxo
moieties. In addition, protonation of the resting cofactor leads
to a configuration containing an axial water and one hydroxo
group in the equatorial plane.37 As for the active peroxo
species, it has been shown that protonation plays a key role
in formation and activation of peroxo-vanadium model
complexes.39,40Moreover, oxo-transfer to the substrate should
involve the unprotonated axial peroxo oxygen atom.32,36

Despite significant recent progresses, key issues related
to the catalytic mechanism of the enzyme are still not fully
understood. In fact, UV-vis spectroscopy data9 indicate that
the resting form of vanadium cofactor is quite rapidly
transformed to the peroxo state upon H2O2 addition. How-
ever, little is known about the reaction coordinate connecting
the resting form of the cofactor to the active peroxo form.
Kinetic investigations on functional synthetic models suggest
an associative mechanism for the process leading to peroxo
species formation.40 Aqua-ligated species may also be formed
when using excess amount of acid during turnover.40a As
for the protein, Messerschmidt et al. have proposed a
dissociative mechanism in which aqua-ligated species are
likely to play a role.3,6

In addition, the role of H+ in the conversion from the
resting to the peroxo form of the enzyme and related
synthetic complexes is not fully understood. The investigation
of biomimetic models shows that protonation of the resting
form is crucial for efficient conversion to the peroxo form.40a

However, kinetic investigations carried out on the enzyme
show that conversion from resting to peroxo form is slower
at pH 5.0 than at pH 8.3.9

Quantum chemical methods are important tools for
inspecting both transition metal chemistry41 and properties
of catalytic sites of metallo-enzymes.42 Herein, we have used
density functional theory (DFT) to investigate crucial issues
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Figure 1. X-ray structures of the native (left) and peroxo (right) forms of the VCPO cofactor. The surrounding amino acid residues, along with the near
most crystallization water molecule, are also shown.
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related to the catalytic mechanism of vanadium haloperoxi-
dases, with a specific emphasis on the steps going from the
native form of the cofactor to the active peroxo complex. In
particular, one of the main goals of the present investigation
was the elucidation of key properties of theisolatedcofactor
of VHPOs. In fact, the thorough characterization of the
vanadium cofactor structure-function relationships in the
whole protein is very difficult, using both experimental and
theoretical approaches. On the other hand, to the best of our
knowledge, synthetic models resembling exactly the vana-
dium coordination sphere observed in the enzyme are still
elusive. Therefore, a clear picture of the intrinsic reactivity
of the vanadium cofactor with H2O2, which is a necessary
prerequisite to fully understand the catalytic activity of the
enzyme, is still lacking. Moreover, the elucidation of the
catalytic properties of theisolatedvanadium cofactor might
drive the synthesis of novel synthetic catalysts.

UV-vis spectra of some species proposed to be formed
in the catalytic pathway have also been computed and
compared to experimental data, also to highlight possible
analogies between solution8,9 and crystallographic2 species.

Methods

DFT structure optimizations were performed using both pure
B-P8643 and hybrid B3-LYP44 functionals, associated to an all-
electron valence triple-ú basis set with polarization functions on
all atoms (TZVP).45 Calculations have been carried out using the
Turbomole suite of programs.46 The resolution of the identity
technique47,48 was exploited for approximating the four-center
bielectronic integrals in the B-P86 method.

Optimization of the transition state structures has been carried
out according to a pseudo-Newton-Raphson method. Initially,
geometry optimization of a guessed transition state structure is
performed with constrained degrees of freedom constituting the
reaction coordinate. The initial Hessian have been calculated at the
classical level, whereas the B-P86/RI/TZVP and B3-LYP/TZVP
were used to compute the final Hessian matrix of the minimum
energy structure. Vibrational analysis of the minimum energy
structures was carried out and, after finding a stationary point
characterized by an imaginary frequency associated with the reaction
coordinate, the curvature determined at such point was used to begin
the transition state search. Transition state structures were sought
by using an eigenvector-following procedure.

Calculation of analytical second derivatives of DFT energy
allowed us to characterize each stationary point. Potential energy
barriers were computed by considering as reactants the energy
optimized adducts of the starting materials. Approximated rotational
and vibrational partition functions were computed for every

stationary point in order to get Gibbs free energy values directly
from the electronic energy.

Energy barriers for proton-transfer steps involving a water
molecule were computed as the difference between the energy of
the transition state and the energy of the van der Waals adduct
between the reactant and a water molecule.

Ground-state molecular orbitals were used to obtain the energies
of the low-lying singletf singlet transitions, computed as vertical
excitations, using the ESCF package within the time-dependent DFT
formalism.49 Both B-P86 and B3-LYP functionals have been used
to compute UV-vis spectra, but since results are similar, only B3-
LYP spectra are shown in the following discussion. Computed UV
spectra have been obtained centering the Gaussian curves with
amplitude ) 10 nm on the transition frequencies. Computed
electronic transitions are available as Supporting Information.

Environmental effects were modeled by using the COSMO50

method, as implemented in Turbomole. The dielectric constant,ε,
was set to 40, a suitable value to simulate the effect of charge-
charge interactions typical of protein active sites featuring polar
amino acids.50,51

Results

In light of the X-ray structures of the resting2,4 and peroxo3

forms of vanadium haloperoxidases (see Figure 1), the
reaction between hydrogen peroxide and the resting form of
the enzyme cofactor [V(OH)2(O)2Im]- implies a stoichiom-
etry consistent with protonation and replacement of two water
molecules (Scheme 1).

To fully characterize the reactivity properties of the
isolatedresting cofactor ([V(OH)2(O)2Im]-), different path-
ways for its reaction with hydrogen peroxide have been
investigated. It turned out that the reaction between
[V(OH)2(O)2Im]- and H2O2 cannot easily take place, neither
according to a dissociative nor an associative mechanism.
On one hand, intermediate species and transition states for
direct attack of hydrogen peroxide to the metal cofactor could
not be found, ruling out an associative pathway. On the other
hand, dissociative paths corresponding to V-OH bond
cleavage are, as expected, extremely endoergonic. We have
also sampled the possibility that [V(OH)2(O)2Im]- could
react with OOH-. It turned out that the hydroperoxide anion
is more basic than [V(OH)2(O)2Im]-, leading to H2O2 and
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Scheme 1. Stoichiometry for the Reaction between the Resting
Vanadium Cofactor and Hydrogen Peroxide
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[V(OH)(O)3Im]2-, which spontaneously decomposes due to
cleavage of the V-Im bond.

It should be noted that kinetic studies on synthetic
functional models have often pointed out the role of
protonation in labilizing oxo/hydroxo ligands of vanadium
complexes, thus allowing hydrogen peroxide binding.40

Indeed, protonation accelerates the reaction between H2O2

and biomimetic vanadium complexes.1,23,39 In this context,
QM/MM studies have shown that protonation of the resting
form of the cofactor leads to a species containing an axial
water and one hydroxo group in the equatorial plane.37

Furthermore, DFT optimization of [V(H2O)(OH)(O)2Im] (1;
Figure 2), using both B-P86 and B3-LYP functionals,
resulted in stable structures with extremely similar geom-
etries, as deduced by differences between corresponding bond
lengths and angles, which are lower than 0.025 Å and 3°,
respectively (data not shown). Very similar structures were
obtained with B-P86 and B3LYP for all intermediates and
transition states discussed in the present work. As a
consequence, all geometry parameters will be hereafter
referred to the B-P86 results.

The reaction between1 and H2O2 can, at least in principle,
take place either according to an associative or a dissociative
reaction pathway (Scheme 2).

All attempts to obtain six-coordinated vanadium species
in which H2O2 and H2O were simultaneously coordinated
to vanadium resulted in cleavage of V-O bonds and

formation of five-coordinated complexes. Moreover, any
attempt to locate a transition state structure for concerted
peroxide attack and water release from vanadium failed.
Analogous results were obtained for the reaction between1
and OOH- taking place according to an associative mech-
anism (not shown). On the other hand, a dissociative
mechanism may be operative. Release of the apical water
molecule from1 is slightly exoergonic (Table 1) and results
in the formation of the tetrahedral intermediate species
[V(OH)(O)2Im] (2; Figure 2). Interaction of H2O2 with the
tetrahedral vanadium complex (3; Figure 3) goes through
the transition state structureTS3-4 and eventually evolves
to 4.

In 4, the vanadium ion has a trigonal bipyramidal geometry
and H2O2 is bound apically in an end-on fashion. The
conversion3 f 4 is only slightly endoergonic, and the energy
barrier associated to the transition stateTS3-4 is low (Table
1).

The H2O2-V species4 spontaneously converts to5 (Table
1), in which a proton has moved from the peroxo OH group
coordinated to vanadium to one of the equatorial oxo groups.
Deprotonation of the coordinated H2O2 moiety results in a
very large contraction of the axial V-O bond (from 2.369
to 1.846 Å; Figure 4).

It is worth noting that proton transfer from H2O2 to the
equatorial oxo group in4 could take place directly, going
through the transition state structureTS4-5 (Figure 4).
However, the energy barrier is larger than 14 kcal mol-1

due to the transient formation of a strained four-member ring.
On the other hand, if proton transfer is mediated by a water
molecule (TS4-5w; Figure 4) the barrier becomes very low,
decreasing by more than 10 kcal mol-1 (Table 1). Remark-
ably, the analysis of the X-ray structure of vanadium
haloperoxidase fromAscophyllum nodosumreveals that a
water molecule (W772) is close to the metal cofactor and
has the proper spatial disposition to act as an acid-base
catalyst (Figure 1).4

Figure 2. Energy-optimized structures of reactants and products for water
loss from the protonated form of the native cofactor. Distances are given
in Å.

Scheme 2. Reaction between1 and H2O2 According to Associative
and Dissociative Pathways

Table 1. Reaction Energies and Barriers (kcal mol-1) for Reaction
Steps Relevant to the Catalytic Mechanism of VHPOsa

∆G, ∆Gq
B-P86
ε ) 1

B-P86
ε ) 40

B3-LYP
ε ) 1

B3-LYP
ε ) 40

1 f 2 -3.2 -5.6 -1.9 -3.7
3 f TS3-4 5.2 6.6 6.8 3.0
3 f 4 2.1 4.9 6.7 2.9
4 f TS4-5 14.7 14.5 19.2 18.5
4 f TS4-5w 0 1.2 5.0 7.4
4 f 5 -5.4 -1.4 -4.2 0
5 f 6 1.5 0.9 0.5 -1.4
6 f TS6-7 5.7 5.1 10.9 12.4
6 f TS6-7w 1.1 0.1 5.6 7.7
6 f 7 -10.6 -12.5 -10.0 -10.6
8 f TS8-2 16.9 14.4 20.1 17.1
8 f TS8-2w 7.5 6.2 11.3 9.6
8 f 2 1.2 -1.5 -0.2 -3.8
8 f TS8-9 22.7 24.3 26.5 25.5
8 f TS8-9w 24.9 23.7 31.4 29.9
8 f 9 3.5 6.2 2.7 6.0
9 f TS9-1 17.6 15.0 21.5 18.3
9 f TS9-1w 4.6 0.1 8.1 4.1
9 f 1 5.0 -0.9 5.0 -2.2

a “w” labels indicate∆Gq values computed in the presence of a water
molecule mediating proton transfer.
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The end-on isomer5 is almost isoenergetic to the side-on
form 6 (Table 1) in which both peroxo oxygen atoms are
coordinated to vanadium (Figure 5).

Release of a water molecule from the vanadium coordina-
tion environment in6 leads to7, which is characterized by
structural features closely resembling the peroxo form of the
cofactor in the enzyme (Figure 6).3,32

Notably, the conversion6 f 7, which implies proton
transfer from the hydroperoxo moiety to an equatorial
hydroxo group, is strongly exoergonic (Table 1). Also in this
case the energy barrier for the intramolecular proton transfer
is high (TS6-7; Figure 6 and Table 1) due to the transient
formation of a four-member ring. However, the involvement
of a water molecule in the proton-transfer step, acting as a
general acid-base catalyst, decreases significantly the barrier
(TS6-7w; Figure 6 and Table 1).

In a previous study, it was shown that protonation of the
peroxo form of the vanadate cofactor is a prerequisite for
its activation and that the oxo-transfer step involves the
unprotonated peroxo oxygen atom.32 It was also shown that

Figure 3. Energy-optimized structures of reactants, transition states, and products for the H2O2 binding step to vanadate. Only distances related to the
reaction coordinate have been shown in the transition state.

Figure 4. Energy-optimized structures of reactants, transition states, and products for intramolecular proton transfer from H2O2 to an equatorial oxygen of
the cofactor. The structure ofTS4-5 is rotated along the N-V bond axis by 120° relative to4, TS4-5w, and5 to show all structural features of the reaction
coordinate.

Figure 5. Energy-optimized structures of the end-on (5) and side-on (6)
hydroperoxide species.
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when Br- is the substrate, the reaction with the peroxo form
of the cofactor eventually leads to transient formation of the
hypobromite adduct8, in which the BrO- group is axially
coordinated (Figures 7 and 9). To close the catalytic cycle,
hypobromite must be replaced by a water molecule, a
reaction step that can in principle take place according to
different reaction channels (Scheme 3).

In TS8-9 (Figure 7), which corresponds to an associative
pathway, water binds to vanadium. Proton transfer to BrO-

and release of HBrO takes place simultaneously.
The barrier associated to the transition stateTS8-9 is

extremely large (Figure 7; Table 1). A similarly large barrier
is found in the reaction pathway going through the transition
stateTS8-9w (Figure 7) in which H2O binding and HBrO

Figure 6. Energy-optimized structures of reactants, transition states, and products for the water release step from the side-on hydroperoxide complex6 to
yield the peroxo form of the cofactor7.

Figure 7. Energy-optimized structures of reactants, transition states, and products for the HOBr release step, according to an associative pathway. Hypohalous
acid formation (and release) is accompanied by water coordination to V. HOBr is not shown in the products for the sake of clarity.
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release are still simultaneous but proton transfer from H2O
to BrO- is mediated by an external water molecule.
Therefore, an associative mechanism for the substitution of
BrO- by water (8 f 9) turns out to be kinetically hindered
and thermodynamically slightly disfavored (see Table 1).
Tautomerization of9 could lead to1, thus closing the cycle
(Figure 8). This step is endoergonic in a vacuum, whereas it

becomes slightly exoergonic when considering solvation
effects. Moreover, as noted in the other proton-transfer steps,
the involvement of a water molecule (TS9-1w) decreases
significantly the energy barrier relative to the intramolecular
proton transfer (TS9-1; see Table 1).

A dissociative mechanism for BrO- release from8 that
implies proton transfer from an equatorial hydroxo group to

Figure 8. Energy-optimized structures of reactants, transition states, and products for the intramolecular proton transfer leading to the protonated form of
the cofactor (1).

Figure 9. Energy-optimized structures of reactants, transition states, and products for the intramolecular proton transfer from an equatorial oxygen to the
axial hypobromite, leading to HOBr release (not shown in the products for the sake of clarity).
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BrO- (TS8-2; Figure 9) is also characterized by a large
barrier. However, when H+ transfer is mediated by a water
molecule (TS8-2w; Figure 9), the barrier becomes signifi-
cantly lower than for the other HBrO release pathways (Table
1).

UV-Vis Spectra.Stopped-flow UV-vis spectroscopy has
been shown to be a suitable tool for the characterization of
intermediate species formed in the conversion of the resting
state of VHPOs to the peroxo form.9 Therefore, to cor-
roborate our mechanicistic proposals, we have computed the
UV-vis electronic transitions of the optimized intermediate

species involved in the catalytic cycle (Figure 10), comparing
theoretical results with available experimental data. Com-
putational data may also help in clarifying the molecular
features of the species that have been characterized spec-
troscopically.9

The UV-vis spectrum computed for [V(OH)2(O)2Im]-,
which corresponds to the resting form of the cofactor
characterized by X-ray diffraction (hereafter referred to as
X-ray r), closely resembles the experimental one, which is
characterized by a maximum absorption at 315 nm. It is
noteworthy that the blue-shift of the maximum absorption
of about 20-30 nm observed when carrying out the UV-
vis analysis at acidic pH9 is nicely reproduced in the
computed spectra of1, which is formed by protonation of
X-rayr (Figure 10). Notably, the tetrahedral vanadate species
2, which forms spontaneously from1 (Table 1) features a
UV-vis spectrum that is not characterized by a maximum
absorption around 300 nm.

DFT results are also consistent with a scenario in which
peroxo species formation (7) is accompanied by disappear-
ance of the intense band at 315 nm, typical of the native
form of the cofactor, in very good agreement with experi-
mental data.9 Notably, computed UV-vis spectra of tran-
siently formed intermediate species (4, 5, 6) reveal rich
spectroscopic features in the 300-380 nm spectral range.

Scheme 3. Reaction between8 and H2O, According to Associative
and Dissociative Pathways

Figure 10. Computed UV-vis spectra of intermediate species formed in the catalytic cycle of VHPOs.
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The same holds true for the initial product of Br- oxidation
(8), which is characterized by a UV-vis absorption at 350
nm.

Discussion

The elucidation of the catalytic mechanism of VHPOs and
related synthetic complexes is extremely important to unravel
structure-function relationships in the enzyme and to drive
the design of novel and efficient synthetic catalysts. However,
while the oxo-transfer step from the peroxo form of the
cofactor to the substrate has been thoroughly studied,32,34,36

much less is known about other molecular details of the
catalytic cycle, such as the conversion from the native to
the peroxo form, as well as the steps following substrate
oxidation and leading to closure of the catalytic cycle
(Scheme 4). Moreover, key steps are still controversial. As
an example, Raugei and Carloni38 have recently suggested
that the mechanism proposed by Messerschmidt and Wev-
er,3,6 which implies formation of aquavanadate species, could
not be operative in the enzyme.

With the aim of highlighting the reactivity characteristics
of the isolatedvanadium cofactor, we have initially inves-
tigated different paths for the reaction between hydrogen
peroxide and the resting form of the cofactor. The resting
state has been extensively characterized by spectroscopic and
computational methods and corresponds to a five-coordinate
vanadium (+5) complex, featuring histidine and hydroxide
ligation in axial position and two oxo and one hydroxo
groups in the equatorial plane.

The investigation of a relatively small system such as the
isolatedvanadium cofactor allowed us to sample thoroughly
all plausible reaction paths with hydrogen peroxide (Scheme
5). Notably, it turned out that the only feasible pathway
implies initial protonation of the resting form of the vanadium
cofactor, with formation of the aqua complex1, release of
the apical water molecule according to a dissociative pathway
(2), and eventual binding of hydrogen peroxide to vanadium
(3; see also Figures 2 and 3). Indeed, protonation of the
resting cofactor was proposed to be crucial for the formation
of the peroxo active form in functional synthetic models.1,23,39

Therefore, our results provide a further molecular explanation
for the suggestion by Hamstra et al.40a concerning the role
of acid-base catalysis, not only to protonation/activation of
peroxo complex toward halide oxidation but also to favor
the hydrogen peroxide binding to vanadium.

Notably, both associative and dissociative mechanisms
have been postulated for the protonation of the vanadium
peroxo species.3,6,40However, we were unable to characterize
transition states or intermediate species featuring six ligands
in the coordination sphere of vanadium. This result might
be qualitatively explained considering the small size of
vanadium in its formal+5 redox state, which allows the
coordination of only a limited number of ligands. This
observation does not contradict the experimental observations
indicating that most synthetic model complexes of VHPO
can react with hydrogen peroxide according to an associative
mechanism. In fact, synthetic complexes are invariably
characterized by polydentate ligands,13,20,21,23which should

Scheme 4. Mechanism of Halide Oxidation Catalyzed by VHPOs

Scheme 5. Reactivity Paths for the Reaction between [V(OH)2(O)2Im]- and H2O2 Investigated by DFT Calculations
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favor associative reaction pathways. It must be also pointed
out that we did not find any transition state structure
corresponding to H2O2 binding to vanadium and simultaneous
H2O (or OH-) leaving, as recently reported on the basis of
hybrid Car-Parrinello/MD calculations carried out on the
enzyme.38 In fact, Raugei and Carloni characterized a low-
energy path featuring a transition state structure characterized
by a V-Oaxial interatomic distance of about 3.8 Å. Indeed,
such a very long V-Oaxial distance indicates that hydrogen
peroxide is not involved in bonding interaction with the
vanadium atom,52 a scenario that is in full agreement with
our data supporting a dissociative mechanism.

Once formed, the V-H2O2 adduct evolves spontaneously
to the side-on peroxo complex7 going through the transient
intermediate species5 in which hydroperoxo is coordinated
in an end-on fashion and6 in which the hydroperoxo moiety
is coordinated in a side-on fashion.

Our results highlight the importance of an acid-base
shuttle (here modeled as a water molecule) in lowering the
activation barrier for intramolecular proton transfers (see
Table 1). Indeed, proton shuttles other than water may be
similarly effective in catalyzing proton transfer. Very good
candidates for this role in the protein are His418 and H2-
O772 (numbering scheme is from the X-ray structure ofA.
nodosumenzyme). These observations can also be relevant
for the design of functional synthetic models of the enzyme,
providing useful suggestions about acid-base moieties that
might be inserted directly into the molecular framework of
the catalyst or, as an alternative, acid-base co-catalysts (or
even solvent) to be adopted for such a goal.

Notably, the side-on peroxo species7, which corresponds
to the X-ray solved structure,3 is the most stable species
among those occurring after hydrogen peroxide coordination
to vanadium. The relative instability of both end-on and side-
on hydroperoxide vanadium species, relative to the peroxo
one, which was proposed on the basis of spectroscopic8 and
theoretical data,38 is fully confirmed by our calculations.

The effects of H2O2 addition to the VHPO cofactor were
probed experimentally by stopped-flow UV-vis absorption
spectroscopy,9 observing a clear difference between the
spectra of holo- and apo-enzymes. The holo form is
characterized by a band at 315 nm, which was shown not to
be due to absorption of free vanadate, whereas the peroxo
form is not characterized by absorption over 300 nm. Other
details are worth noting: no bands in the 300-400 nm region
were observed in the H496A mutant, highlighting a possible
marked effect of axial histidine on the UV-vis spectral
features. Moreover, the R360A protein shows a UV-vis
band with the absorption maximum shifted to 305 nm,
suggesting that charged amino acids in the cofactor environ-
ment could affect significantly its electronic properties. The
analysis of computed UV-vis spectra (Figure 10) reveals
that there is a good correspondence between the experimental
data collected for the resting form of the mutated R360A

enzyme and the spectrum computed forX-ray r, confirming
the marked influence of the apical histidine and the subtle
effect of equatorial amino acids (see Figure 1) on the
electronic spectra of the cofactor. Moreover, the close
correspondence between the computed spectral features of
X-ray r (which corresponds to the structure of the cofactor
observed in the crystal) and the UV-vis spectra collected
in solution for the resting form, strongly suggests that the
structure of the cofactor is the same in solution and the solid
state.

In the resting form of the protein, the UV-vis band at
315 nm is shifted toward 305 nm moving from pH 8.3 to
5.0.9 According to our results, protonation of the isolated
resting cofactor leads to the aquo complex1, which
spontaneously evolves to2. Remarkably, the computed UV-
vis spectra for1 and2 differ considerably, with the former
being in good agreement with experimental observations.
This suggests that in the protein the aquo complex1 is
stabilized relative to2, an observation that is compatible with
the nature of the cofactor environment in the protein, where
several positively charged amino acids can withdraw electron
density from the cofactor and stabilize the V-OH2 bond
observed in1.

Spectroscopic investigations revealed also that the addition
of H2O2 results in a significant decrease of the band at 315
nm and appearance of a very small band at 384 nm.9 Analysis
of the corresponding computational data shows that the only
peroxo form of the cofactor compatible with this experi-
mental data is7, in very good agreement also with NMR
observations8 and with our computational evidences indicat-
ing that conversion from the initial intermediate formed upon
hydrogen peroxide binding (4) to the side-on peroxo form
(7) is thermodynamically favored and kinetically facile.
Interestingly, the comparison of computed spectra for7 and
7H+ (Figure 10) reveals that protonation of the peroxo
moiety should lead to the appearance of a UV-vis band
around 300 nm, a fingerprint that could be important in the
interpretation of data from future experimental kinetic and
spectroscopic investigations.

A two-step oxidation mechanism was previously proposed
for halide oxidation/HOBr release.9 However, while halide
oxidation has been extensively investigated by quantum
chemical methods,32,38 little is known about species formed
after Br- oxidation.

The product of Br- oxidation in which BrO- is coordinated
in an axial position corresponds to a stable species (8).
Closure of the catalytic cycle and formation of the resting
form of the cofactor implies reaction with a water molecule
and release of HOBr (Scheme 4). Notably, also in this step
an associative mechanism in which H2O binding is con-
comitant to HBrO release is predicted to be highly unlikely
due to the extremely high reaction barriers (Table 1). On
the other hand, release of HBrO and formation of the four
coordinate species2 is facile when a water molecule mediates
proton transfer from an equatorial hydroxo group to BrO-.

(52) Mitchell, A. D.; Cross, L. C.Table of interatomic distances and
configuration in molecules and ions; The Chemical Society: London,
Burlington House, 1958.
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Conclusions

The DFT investigation of key reaction steps involving the
isolated vanadium cofactor found in VHPOs has allowed us
to unravel structure-function relationships that are crucial
to understand the catalytic activity of the enzyme better.
These studies will also aid the design of novel functional
biomimetic catalysts. In particular, (i) protonation of
[V(OH)2(O)2Im]- is a key step in the activation of the
cofactor, (ii) reaction between [V(H2O)(OH)(O)2Im] and
H2O2 takes place according to a dissociative mechanism and
spontaneously leads to the side-on peroxo-species [V(OH)-

(O)3Im], (iii) an acid-base catalysts strongly accelerates the
conversion from the initial H2O2 adduct to the side-on peroxo
form, and finally, (iv) computed UV-vis spectra explained
the effects of the vanadium ligands on the electronic
properties of the cofactor and indirectly pointed out subtle
effects of the protein environment.
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