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Vanadium haloperoxidases play an important catalytic role in the natural production of antibiotics
which are difficult to make in the laboratory. Understanding the catalytic mechanism of these
enzymes will aide in the production of artificial enzymes useful in bioengineering the synthesis of
drugs and useful chemicals. However, the catalytic mechanism remains not fully understood yet. In
this paper, we investigate one of the key steps of the catalytic mechanism using QM/MM. Our
investigation reveals a new N-haloxy histidyl intermediate in the catalytic cycle of vanadium
chloroperoxidase (VCPO). This new intermediate, in turn, yields an explanation for the known
inhibition of the enzyme by substrate under acidic conditions (pH<4). Additionally, we examine the
possibility of replacing V in VCPO by Nb or Ta using QM modeling. We report the new result that
the Gibbs free energy barrier of several steps of the catalytic cycle are lower in the case of artificial
enzymes, incorporating NbO,* or TaO,* instead of VO,*. Our results suggest that these new
artificial enzymes may catalyze the oxidation of halide faster than the natural enzyme.

Keywords: vanadium chloroperoxidase, QM/MM, natural bond orbitals, artificial enzymes,
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1. Introduction

Vanadium haloperoxidases have been of interest to the biotechnology industry since
they efficiently catalyze the two electron oxidation of halide in the presence of hydrogen
peroxide (Scheme 1), and they have a high thermal stability.!>3* There has been interest
in studying their catalytic mechanism so that new synthetic halogenation catalysts can be
designed for industrial applications.® These enzymes are also of interest because they
are part of the biosynthetic pathways leading to antibiotics’ as well as greenhouse gases
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(namely, chloroform and bromoform) which are produced in the attack of fungi on
plants.? In this paper, we will focus attention on one particular vanadium haloperoxidase,
namely vanadium chloroperoxidase (VCPO) which is isolated from the plant fungus,
Curvalaria inaequalis.’

X_+ H202+ H+_" HOX + HEO

Scheme 1. Vanadium haloperoxidases catalyze the two electron oxidation of halide, X to HOX. In the case of
VCPO, X=Cl, Br, I; however, in the case of VBPO, X can only be Br or I.

Over the last fifty years, the catalytic mechanism of VCPO has been studied through
a combination of experimental and computational methods. For the most part, one single
mechanism has held sway, in which the crucial halide oxidation occurs through a
peroxido intermediate 6 (Scheme 2).%!%-2! The X-ray crystal structure reveals the active
site as consisting of a vanadate cofactor being in a trigonal bipyramidal structure and
being hydrogen bonded to a sphere of six amino acids.’ Furthermore, electron
paramagnetic resonance spectroscopy of a closely related enzyme, vanadium
bromoperoxidase (VBPO) from the brown seaweed Ascophyllum nodosum, showed that
vanadium remains in the +5 oxidation state throughout catalytic cycle. Because of the
very similar structures of VCPO and VBPO, the vanadate cofactor in VCPO is also
considered to be in the +5 oxidation state throughout the catalytic cycle.!®

The most detailed study of this mechanism (Scheme 2) has been carried out by
Pecoraro, Carlson and their group.'”!'® Their mechanism starts with triprotonated 1
because of a kinetics study of a functional model of the vanadate cofactor of VCPO.?>%
The form of the enzyme with peroxido 6 has been isolated, and an X-ray crystal structure
is available (PDB: 1IDU).'"-**

Recently, Mubarak et al. have proposed an alternate mechanism and carried out a
computational study to support this mechanism.?> Their mechanism involves an
equatorial addition of hydrogen peroxide to diprotonated vanadate 10 which results
eventually in an equatorial peroxy vanadate 11, and 11 can easily undergo a halide
transfer step to yield HOCI (Scheme 3). In this paper, we prefer the mechanism of
Pecoraro, Carlson and their group for various reasons. First, Mubarak et al. have chosen
diprotonated 10 as the starting point of the mechanism solely based on an early
computational study of Pecoraro and his group in which it was argued that 10 is the
resting state of VCPO.2% However, they have ignored the abovementioned study of the
kinetics of a functional model of VCPO, which suggests that the mechanism starts by
protonation of 10 to form triprotonated 1.22?* They have also ignored results of Gupta et
al. which show that at pH 7.3 the resting state of VCPO is likely to be triprotonated 1 and
not diprotonated 10.2! Gupta et al. arrived at this result by carrying out solid state 3'V
NMR and comparing the results with QM calculations of a very large model of the active
site of VCPO. At a higher pH of 8.3, Gupta et al did report finding 10; however, this
result is irrelevant since the catalytic activity is pH dependent, and the reaction rate
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significantly decreases under basic conditions.?! It may be reasonable to conclude that
when the pH is
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Scheme 2. Catalytic mechanism of VCPO with halide, X. The case of M=V and X=Br was examined by
Pecoraro, Carlson and their group.'”'® They did not report transition states for Step 1, 4, 6 and 9. Their
calculated activation energies (in kcal/mol) with solvent modeling (¢=40) are given below the arrow. They
found that steps 3 and 5 are assisted by water molecules because they have lower activation energies when the
transition state involves a water molecule. Intermediates 3 and 5 are shown above as hydrogen bonded to water
as indicated by dotted lines.

8.3, the catalytic mechanism is the one studied by Mubarak et al. But at lower pH values,
the mechanism of Pecoraro and his group will predominate. Mubarak et al. are also
unaware of our own earlier results?® which show that 10 is unlikely to be present because
it is much higher in energy than the diprotonated 12 (Figure 1) in which the vanadium is
axially coordinated to water.
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Scheme 3. Alternate mechanism proposed by Mubarak et al.>
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Figure 1. Structure 12 has a water molecule axially coordinated to vanadium.

Mubarak et al. have made the following argument against the peroxido intermediate
6 being part of the catalytic cycle. Using QM cluster calculations, they found that a
concerted transition state for reaction of chloride with peroxido 6 to form a chloroxy
vanadate 8 is very high in energy; thus, Mubarak et al. argued that peroxido 6 is not part
of the catalytic mechanism. However, Pecoraro and his group had earlier also studied this
reaction of chloride with peroxido 6 and had found a much lower energy transition state
involving an Sx2 nucleophilic displacement (see step 7 in Scheme 2).4*° They considered
two options for activating the peroxido ring: 1. protonation of the ring; 2. polarization of
the ring by Lys353. Mubarak et al. have entirely ignored this earlier study of Pecoraro
although they do cite it in the introduction. Thus, their conclusion that peroxido 6 is not
part of the catalytic mechanism can be questioned. In this paper, we have repeated
Pecoraro’s calculations and also found a much lower energy for the transition state for
this halide transfer step than the energy found for the concerted transition state of
Mubarak et al. In conclusion, in this paper, we will further investigate only the
mechanism studied by Pecoraro, Carlson and their group.

In this paper, we have arrived at two new results. First, we report the results of a
QM/MM investigation of the eighth step mechanism studied by Pecoraro’s group
(Scheme 2). Our calculations indicate that there is another intermediate in the
mechanism, namely an N-halohistidyl intermediate formed from a histidine (His404) in
the active site of VCPO reacting with halooxy vanadate 8. This result yields an
explanation for why the enzyme is inhibited by substrate (i.e., halide) under acidic
conditions. Secondly, we investigate with a QM model, whether exchanging vanadium in
vanadium chloroperoxidase with other metals such as Nb or Ta might lead to an increase
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in the overall rate of catalysis of the enzyme. It is known that vanadate in VCPO can be
removed by dialysis and reincorporated.' It is also known that the enzyme will bind
molybdate although the resulting “enzyme” is inactive.!” For this paper, we will assume
that the enzyme can similarly bind NbO4*- and TaO4>. We used density functional theory
(DFT) to calculate the Gibbs free energy barriers for each step of the mechanism
(Scheme 2) when vanadium is exchanged with niobium, molybdenum or tantalum. We
found that in the cases of Nb and Ta, the height of the barriers decreases in three steps of
the mechanism.

Before conducting a study of the effect of the other amino acid residues in the active
site on the vanadate cofactor, one has to fully understand how the amino acid residues in
the active site are hydrogen bonded to the vanadate cofactor. Previously, we have
elucidated the precise complex hydrogen bonding between these residues and the
vanadate by conducting a topological analysis of the probability density around each
atom using the theory of Bader.?*3?33 For example, Figure 2 shows the lines of locally
maximum electron density when the vanadate cofactor is in the diprotonated state, and
these lines of locally maximum electron density correspond to bond paths and thus
indicate hydrogen bonding.

Figure 2. The active site of vanadium chloroperoxidase (VCPO) has a vanadate cofactor which is shown here in
a diprotonated state.”’ The vanadate is surrounded by a sphere of residues which hydrogen bond to it.
Topological analysis of the electron density yields bond paths which are indicated by dotted lines and which
reveal the hydrogen bonding. (For clarity, not all bond paths are shown.)
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2. Methods

2.1. QM/MM studies

QM/MM calculations were carried out using QSite, a product of the Schrodinger
corporation.>* Preparation of structures was done using Maestro 11.7, and images of
structures in this paper were generated with Maestro. The X-ray crystal structures of
VCPO (1IDU, 1IDQ) were downloaded from the Protein Databank (PDB) and
preprocessed using the Schrodinger Protein Preparation Wizard. The Wizard assigns
bond orders, adds hydrogens, caps termini and deletes water molecules beyond 5 A of
vanadium. The Wizard may flip the orientation of Gln, His and Asn residues in the
enzyme structure to optimize the hydrogen-bonding network because the orientation of
these residues is unclear from the X-ray crystal structure. Histidines, aspartates and
glutamates outside of the QM region were protonated assuming pH 7.0 because the
PROPKA method*® for calculating the pKa values of amino acid residues failed for this
structure. His404 was kept in the neutral, monoprotonated state because of evidence that
protonation of histidine leads to inhibition of the enzyme.* The hydrogen bonding
network was optimized with simplified rules assuming pH 7. Then, the resulting structure
was subjected to a restrained minimization to RMSD of 0.3 A with the OPLS3e force
field but only on hydrogens.

The QM part of the total energy was calculated with density functional theory (DFT)
with the B3LYP functional and lacvp* which is an effective core basis set.*® The QM
region consisted of 169 atoms and the following amino acid residues and crystallographic
water molecules: Arg490 (full), Arg360 (full), Lys353 (side chain), Asp292 (side chain),
Phe397 (side chain), Ser402 (full), Gly403(full), His404 (full), His496 (side chain),
H,02000, H01745, H201832. The charge on the bromoxy vanadate for input structure
13 (Figure 3) was neutral because V is in the +5 oxidation state and because O3 had a
formal charge of -1 while the N of His496 had a formal charge of +1. Arg490, Arg360
and Lys353 each contribute a charge of +1 while Asp 292 has a formal charge of -1.
Overall, the charge on the QM region was +2. The QM constraints were on the side chain
atoms of Phe397, backbone atoms of Arg360, Argd90, Serd02, Gly403, His404, the
methylene atoms of Arg360 and Arg490, hydrogens of the guanidine of Arg360 which
point away from the vanadate, the methylene atoms of Lys353 as well as the amino
hydrogens pointing away from vanadate. These constraints were used to speed up the
convergence of the geometry optimization.

The molecular mechanics (MM) region of all of QM/MM calculations consisted of
the remainder of the enzyme; the protein backbone was frozen during the MM
optimizations. Furthermore, any MM atoms beyond 20 A from vanadium were frozen.
The MM optimization was done with the OPLS_2005 force field.?’

Solvent effects were crudely modeled by neutralizing charged surface residues.*® The
solvent accessible surface area (SASA) of each amino acid residue was determined by the
method of Lee and Richards.>* This method is implemented in Bioluminate, a software of
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Schrodinger Corporation, and Bioluminate was used to determine the SASA of each
residue.*’ Any charged surface residue with a SASA of greater than 1 A was neutralized.

2.2. QM studies

QM calculations were done using DFT and were carried out with Jaguar 10.1.4!
Except where noted, the basis set was the triple zeta effective core basis set, lacv3p**,
developed by the Schrodinger Corporation. The functional was B3LYP-D3 or BP86-D3.
The transition states were found in many cases by the method of quadratic synchronous
transit, and they had only one imaginary frequency.*’ Animation of this imaginary
frequency was confirmed to be along the reaction coordinate. In many cases, once we
found the transition state for M=V (Scheme 2), the transition states in the other series
involving Nb, Mo , Ta could be found by a “standard transition state search” utilizing the
Berny algorithm offered in Jaguar.*? Intrinsic Reaction Coordinate (IRC) calculations
were done in each case, and the transition states were shown to connect to reactants and
products. The height of the potential energy barriers for the transition states was found
with reference to either a reactant adduct or the separated reactants (which ever possess
lower energy).

Solvent modeling was done with the PBF method of Friesner and with a dielectric
constant (g) of 5.7 or 40 and a probe radius of 1.40.** (This probe radius corresponds to
the size of water:

_ 3mA 102443

3= — (———
4mtp ~ cm3

where m is the molecular mass obtained by dividing the molecular weight by 6.02 X
10%23and A is the packing density which is assumed to be 0.5 and p is the density of
water.) These dielectric constants were chosen in an effort to replicate the solvent
modeling done in the literature.'##+4 Solvent modeling was done by taking the geometry
optimized structure found by a gas phase calculation and then performing a single point
calculation on this structure and its associated wave function using the PBF solvent
model. In all cases, the zero point energy, which was found by a vibrational frequency
calculation, has been added to the calculated Gibbs free energy.

2.3. Noncovalent interactions

Jaguar and QSite have a property, called noncovalent interactions (iplotnoncov=1). This
property utilizes the Atoms-in-Molecules (AIM) approach of Bader and involves a
topological analysis of the probability density function.’>** Atoms that are interacting
(bonding or noncovalent interactions) have a single line of locally maximum electron
density, and this line is referred to as a bond path. A point on the bond path between two
interacting atoms with the lowest value of the electron density is called the “bond critical



Existence of an N-halohistidyl Intermediate 8

point”, and we report the values of the electron density, p, at the bond critical points in
units of electrons/bohr’. The bond critical point along a covalent bond, will typically have
p= 0.2 electrons/bohr?, but for a hydrogen bond the p value at the bond critical point will
be less than 0.1 electrons/bohr?.

2.4. Natural bond orbital (NBO) calculations

NBO calculations were done with NBO 6.0 which is implemented in Jaguar 10.1.% The
Second Order Perturbation Theory section of the NBO output characterizes the resonance
effects which are quantitively expressed as a stabilization energy, E2, in kcal/mol.

3. QM/MM study of the Eighth Step

The eighth step in the catalytic mechanism (Scheme 2) proposed by Pecoraro, Carlson
and coworkers involves bromoxy vanadate 8 reacting with water and displacing HOBr to
form triprotonated vanadate, 9.'7-'8 Whereas they took the approach of studying vanadate
in isolation from the rest of the enzyme, we take the approach that the study of VCPO
requires taking into consideration the entire enzyme structure.

We focused attention on the eighth step because it had the highest energy barrier in
this earlier study.'® The investigation began by preparing input structure, 13, which
consisted of 8,904 atoms and which is partially shown in Figure 3. One should note that
bromoxy 8 is part of 13. Input structure 13 was prepared by downloading 1IDQ from the
PDB and using the procedure described in the Methods section; then bromine was
manually drawn into the resulting structure using Maestro. QM/MM geometry
optimization of 13 was then carried out by defining the QM region as having the
following residues: Asp292, Lys353, Phe397, Arg360, Arg490, His496, His404, Ser402,
Gly403, H,O (1778, 1911). This geometry optimization surprisingly led to an N-
bromohistidyl 14 (Figure 4). It should be noted that the van der Waals radii of N1 of
His404 and Br overlap. Furthermore, the position of bromine is restricted because of
steric congestion from Phe397 and Trp350. A QM/MM geometry optimization of
chloroxy vanadate analogous to 13 also resulted in a N-chlorohistidyl structure very
similar to 14. A different input structure, 15, was used in which bromide was rotated
away from His404 but was not sterically interacting with Phe397 or Trp350. QM/MM
geometry optimization of 15 led to a structure 16 with bromine forming a noncovalent
interaction with a hydrogen of Arg360 (Figure 5); however, 16 had a total energy which
is higher than 14 by 51.3 kcal/mol. Thus, 14 is more stable and more likely to be present.
Furthermore, because bromide in step 7 makes an approach to the peroxido bond (O2-
04) from the direction of O4, 10 and 14 are more likely to be intermediates than 15 and
16. It should be noted that Pecoraro and coworkers ruled out the approach of bromide
toward O1 and found this direction of approach to be of higher energy.!”
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As soon as 13 forms, it will immediately react with N1 of His404 to form 14. N-
bromohistidyl 14 can then easily react with water to yield HOBr and complete the
catalytic cycle. The X-ray crystal structure of VCPO has crystallographic water
molecules which are 4 A from N1 of His404 as can be seen in Figure 4, and they are
potentially available to react with N-bromohistidyl 14. We applied the AIM method to
this QM/MM optimized structure 14 and found that one of these crystallographic water
molecules forms a halogen bond with Br. The electron density at the bond critical point
between bromide and the crystallographic water is -0.05380 electrons/bohr’. In our
earlier QM/MM studies of various protonation states of VCPO, we found a proton relay
system between Asp262 and vanadate mediated by the crystallographic molecules which
line up between Asp262 and vanadate.” In 14, the three crystallographic water molecules
form a hydrogen bonded chain from bromine to Asp292. Thus, we propose the formation
of HOBr through a proton relay sequence shown in Scheme 4. Using a QM model of 13
which involved only imidazole (representing His404) and bromoxy 8, we searched for a
transition state between 13 and 14 but were unable to find it. In summary, we argue that
this N-bromohistidyl 14 is an intermediate in the catalytic mechanism of VCPO.

a"
] misa96

Figure 3. Input structure 13 had the vanadate cofactor in the same state as bromoxy 8 in Scheme 2. (Many
amino acid residues included in the QM region of the QM/MM optimization of 13 have been hidden in this
figure so that the spatial relationship between Br and His404 is clear. For example, Arg360 lies in front of
vanadate and Arg490 lies in front of His404 and obscure what lies behind them.)
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Figure 4. N-Bromohistidyl 14 results from QM/MM geometry optimization of input structure 13. N-
Bromohistidyl 14 has the following distances between atoms: d(04-Br)=3.119 A; d(N1-Br)=1.956 A. Dotted
lines indicate noncovalent interactions, and there is a strong noncovalent interaction between O5 and Br with
p=-0.05380 at the bond critical point. Between O4 and Br, p=-0.01244. Similarly, between O3 and Br,
p=-0.01177. Three crystallographic water molecules line up to form a bridge from bromine to Asp292 with very
strong hydrogen bonds: p(H6-07)=0.05236, p(H8-09)=-0.04268, p(H10-O11)=-0.04791. (Many atoms such as
from Arg490, Arg360 which were included in the QM region have been hidden for clarity.)

Trp350
T a\_‘ Br Hisd04
Phe397 v

Phe397 = Hisd04

e

. Arg360
ey His496 1 His496
15 16

Figure 5. QM/MM optimization of 15 led to 16. (Many atoms in the QM region are hidden for clarity.)

The existence of this intermediate 14 provides an explanation for a kinetics study of
this enzyme.* In this kinetics study, it was found that VCPO is inhibited at low pH, and it
was argued that this inhibition is the result of diprotonation of a histidine in the active site
of the enzyme.* Our finding of N-bromohistidyl intermediate 14 can explain this result
because if His404 is diprotonated, it cannot form N-bromohistidyl 14.
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Scheme 4. Step 8 of the catalytic cycle of VCPO may involve formation of HOBr through a proton relay
involving Asp292.

We would also like to suggest that since the destructive effect of some fungi is
caused by the secretion of HOCI produced by VCPO? and since VCPO is inhibited at low
pH, one might be able to exploit this inhibition to halt the destructive effects of the fungi
by spraying some weak acid such as acetic acid.

4., Replacing Vanadium in VCPO with other Metals

We attempted to continue the study of the mechanism of VCPO with QSite but
encountered difficulties. It is generally recognized that computational studies of transition
metal chemistry are challenging, and the task of locating transition state structures
employing QM/MM for metalloenzymes is even more challenging.*’” Nevertheless, we
wanted to consider the effect of exchanging the metal in VCPO with other metals—
namely Nb, Mo and Ta. Thus, we embarked on a QM study of a model of the active site
with only the imidazo vanadate, 1-9, shown in Scheme 2. One hope of this study was that
replacement of V by Nb or Ta would lead to the discovery of an artificial enzyme with a
faster rate of catalysis. Another goal was to explain why exchanging vanadate with
molybdate resulted in inactivation of the enzyme.!°

Thus, four series of calculations were carried out using DFT. First, a series of
calculations was carried out with vanadium and compared with literature results; then the
vanadium in structures 1-8 (Scheme 2) was replaced with niobium, molybdenum or
tantalum, and the remaining three series of calculations were carried out. We took into
consideration the protein environment by using the PBF solvent model of Friesner in
which the dielectric constant, €, was set to 5.7 and 40 and the probe radius corresponded
to water.** The dielectric constant of 40 was selected so that the results could be
compared with the earlier work of Pecoraro, Carlson and coworkers.!® We also carried
out solvent modeling with the dielectric constant set to 5.7 based on some studies of
solvent modeling in enzymes. 5443
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For each step of the catalytic mechanism (Scheme 2), we found transition state
structures by locating the saddle points on the potential energy surface (PES) as described
in the Methods section. The structures of these transition states can be seen in Figures 6
and 7 for the case of M=Nb. The structures for the other cases of M=V, Mo, Ta are
similar to these structures, and the bond lengths and angles for these structures are given
in the Supplementary information. Several of these transition states (Nb-TS3-4, Nb-TS5-
6, Nb-TS8-9) are assisted by a water molecule. Earlier, Pecoraro, Carlson and coworkers
had shown that a water molecule lowers the energy of the transition state by forming a six
membered ring.'® Without a water molecule, the transition state is higher energy because
it involves a four membered ring.

For the gas phase calculations, the height of the potential energy barriers for each of
these transition states was found with reference to a reactant adduct. These reactant
adducts were found by geometry optimization of the reactants when they were in close
proximity. In the case of step 2, the energy of the reactant adduct was calculated by
geometry optimization of H,O, with 2. In the case of steps 3, 5, 8, the reactant adduct
was found by geometry optimization of HO with 3, 5 and 8, respectively. For step 7, the
reactant adduct was found by geometry optimization of peroxido 7 and bromide. The
structures of these reactant adducts are shown in the Supplementary Information. In these
cases, the reactant adduct had hydrogen bonding between vanadate and H,O, or H,O. The
reactant adducts and transition state structures were calculated with a triple zeta effective
core basis set (lacv3p**). In most of the cases the B3LYP-D3 functional was employed;
however, in the case of step 2 the transition state could not be found with the B3LYP-D3,
and the BP86-D3 functional was used instead. In the case of M=V, the TZV* basis set
(except in the case step 7) was also used so that comparisons could be made with the
calculations in the literature (Table 2).!”!® Table 1 shows the results from these barrier
height calculations in the gas phase. (Pecoraro and coworkers did not calculate a barrier
height for steps 1, 4, 6 and 9.'7'%) We also applied solvent modeling, and the results of
these calculations with dielectric constants of 5.7 and 40 are shown in Table 1 as well.

Prior to examining step 7, we performed QM/MM calculations to confirm that 7 is
likely to be the protonation state of the peroxido vanadate, and these calculations are
described in the Supplementary information. The structure of the transition state, Nb-
TS7-8, in step 7 is shown in Figure 6 for the case of Nb. The transition state structures
obtained with lacv3p**/b3lyp-d3 for the cases of M=V, Nb, Mo, Ta show a bond angle
between 150.0° and 152.9° for the angle of approach of bromide (i.e., the angle defined
by 02-04-Br) (Table 3). The mechanism of this step 7 resembles an Sx2 nucleophilic
substitution, and one would expect that this angle should be 180°. It is in the range of
150.0-152.9° because of the significant bonding interaction between bromide and the
metal (i.e., V, Nb, Mo and Ta). Scheme 5 shows the approach of Br to V and subsequent
coordination, followed by Sn2 displacement.
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N7

Nb-TS2-3

Nb-TS5-6

Nb-TS7-8

Figure 6. Transitions states between steps 2, 3, 5 and 7. Dotted lines indicates bond formation. In the case of
Nb-TS7-8, the dotted lines indicate the start of bond formation between O4 and Br™ as well as coordination of
bromide by vanadium. Bond lengths and angles can be found in the Supplementary Information.

The existence of this bonding interaction between bromide and the metal was
supported by a natural bond orbital (NBO) calculation which was carried out on the
transition state structure V-TS7-8. We found a mixing of donor/acceptor orbitals between
the lone pair on bromide and the antibonding orbital between V and N7; this mixing has a
very large E2 stabilization energy of 54.9 kcal/mol. This part of the NBO results also
shows a mixing of the lone pair of bromide with an antibonding orbital between O2 and
04 and with a large E2 stabilization energy of 42.3 kcal/mol. Similarly, on applying the
AIM methodology, one finds a strong noncovalent interaction between V and Br with a
density of p=-.03607 electrons/bohr at the bond critical point.
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Scheme 5. Step 7 involves bromide approaching vanadium and becoming coordinated to vanadium. Then
bromide attacks O4 through an Sy2 nucleophilic substitution while still being coordinated by vanadium.

Nb-TS8-9 U

Figure 7. Transition state for step 8. The dotted lines indicate the start of bond formation

In comparing our calculated barrier heights for M=V with that of the Pecoraro,
Carlson and coworkers (see Table 2), we first note that they used the COSMO solvent
model, but we used the PBF solvation model.** Their values were also obtained with only
the TZV* basis set. We did calculations with both the TZV* as well as the lacv3p** basis
sets, for all steps except step 7. In the case of step 7, convergence could not be obtained
with the TZV* basis set, but it was obtainable with lacvp** and lacv3p** basis sets
(which are double zeta and triple basis sets with an effective core potential for the metal,
respectively). Secondly, in the case of step 7, Pecoraro, Carlson and coworkers did their
calculations only with the BP86 functional, but we were unable to obtain convergence
with this functional. In comparing the values obtained with solvent modeling (¢=40) for
the case of M=V and for each step of the mechanism, we found good agreement between
our calculated values and the values calculated by Pecoraro and coworkers. The
agreement ranges from 1 to 3 kcal/mol.
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In comparing the barrier heights in the gas phase for each step of the mechanism
with the metal varying over V, Nb, Mo, Ta, one should note that for step 3 and 7, Nb and
Ta are significantly less than V. The fact that the energy of Mo is significantly more in
the case of Step 3 may provide a partial explanation for why VCPO substituted with Mo
is inactive.

In comparing the barrier heights with solvent modeling, we see a similar trend for
step 3 in that when the metal is Nb and Ta, the energies are significantly less than M=V
by 6-7 kcal/mol; however, the energy barrier in the case of Mo is higher by 4 kcal/mol .
In the case of step 2, the energy barrier is significantly lower with Ta by 4 kcal/mol. In
the case of step 5, the energy barriers are approximately the same for all of the metals. In
the case of Step 7, when the metal is Nb, the barrier height is 3 kcal/mol less than when
the metal is V; when the metal is Ta, the barrier height is the energy is significantly less
by 7-10 kcal/mol depending on the dielectric constant. For step 7, the barrier height when
the metal is Mo is about the same as when the metal is V. For step 8, the barrier height in
the cases of Nb and Ta are significantly more than in the case of V by 6 or 9 kcal/mol,
respectively.

One particularly challenging calculation concerns the case of step 8 with metal being
Mo. In this case, we were unable to locate a transition state. We were able to locate a
structure 17 which had a single imaginary frequency, but it had quite a different structure
in comparison to the transition states found for the other metals. In Figure 8, we compare
17 with Nb-TS8-9. For 17, we found that the transfer of hydrogen, H8, from O5 to O4 to
form HOBFr is incomplete. In particular, we found that in Nb-TS8-9 the distance between
04 and H8 is 1.193 A, but this distance is 1.772 A in 17. There is a NBO between 04 and
H8 in NbTS8-9 but not between O4 and H8 in 17. Although 17 has a single imaginary
frequency, vibration of this imaginary frequency occurs only along a reaction coordinate
involving H6 and O5. One can conclude that 17 is only a transition state for transfer of
equatorial hydrogen, H6 to OS5. Thus, a transition state for step 8 with Mo which has a
similar structure to the other transition states in the cases of V, Nb, Ta could not be found
in spite of many attempts to locate it. We strongly believe that there is no transition state
leading to formation of HOBr in the case where the enzyme is substituted with Mo, and
this result can explain why exchanging vanadate with molybdate leads to inactivation of
the enzyme. The higher energy barriers of Mo compared to vanadium for step 2, 3 and 5
also supports this view.
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Nb-TS8-9

Figure 8. Comparison of transition states for step 8 in the case of Nb or Mo. While structure 17 has a single
imaginary frequency, the distance from O4 to HS is significantly more than the distance between O4 to H8 in
the case of Nb-TS8-9.

Table 1. Comparison of barrier heights (in kcal/mol) of transition states for steps 2, 3, 5, 7 and
8 for V, Nb, Mo, Ta with lacv3p** basis set in the gas phase or with solvent modeling with
the dielectric constant, €, equal to 5.7 or 40.

Step 2° Step 3° Step 5° Step 7° Step 8°
Gas phase 15.0 7.6 8.3 11.1 9.7
\% e=40 10.8 8.5 8.8 11.0 9.8
e=5.7 9.6 8.6 7.5 11.3 8.8
Gas phase 22.4 3.1 8.6 7.7 14.6
Nb e=40 114 24 8.9 7.9 16.4
e=5.7 9.2 2.5 7.8 9.6 15.3
Gas phase 20.0 11.9 9.7 9.9 not found
Mo e=40 11.7 11.0 9.7 10.8 not found
e=5.7 8.6 10.9 8.0 10.3 not found
Gas phase 16.7 0.86 9.9 6.9 17.8
Ta §=40 6.6 1.8 8.9 1.3 18.7
e=5.7 8.2 1.7 8.1 3.4 17.7

*Transition states for Step 2 were found with the BP86-D3 functional.
"B3LYP-D3 functional was used for steps 3, 5, 7, and 8.
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Table 2. Comparison with the literature'® of the barrier heights (in
kcal/mol) from reactant adduct to transition state with solvation
modeling (PBF) regarding VCPO (i.e., M=V, X=Br in Scheme 2). "
basis set for all calculations in this Table is TZV*.*

Step 2° Step 3° Step 5° Step 8°
=40 53 10.5 8.2 8.0
literature 6.5 7.4 7.7 9.6

‘BP86-D3 functional was used for step 2.
"B3LYP-D3 functional was used for steps 3, 5 and 8.

Table 3. Bond lengths (in A) and angle, a, for peroxido transition state, TS7-8 with b3lyp-d3/lacv3p**

04-Br 02-04 4(02-04-Br)
V-TS7-8 2.390 1.709 152.9°
Nb-TS7-8 2378 1.804 151.9°
Mo-TS7-8 2315 1.774 151.4°
Ta-TS7-8 2416 1.784 150.4°

5. Conclusions

The results of a QM/MM investigation of the eighth step of mechanism suggest that a
bromoxyvanadate intermediate is a fleeting intermediate that reacts quickly with a
His404 residue that is in close proximity. This reaction leads to a N-bromobhistidyl
intermediate 14 which would then react with water facilitated by a proton relay
mechanism shown in Scheme 4. Thus, the catalytic mechanism shown in Scheme 2
should be revised as shown in Scheme 6. This revised mechanism provides an
explanation for why the enzyme is inhibited under acidic conditions since diprotonation
of His404 prevents formation of N-bromohistidyl 14. The existence of this N-
bromohistidyl intermediate is also consistent with the proposed mechanism of a slightly
different vanadium haloperoxidase, NapH1, where His404 is replaced by Lys324.7 In the
case of NapH]1, the stereospecificity of halogenation of a terpene substrate is believed to
be achieved through a halo-amine intermediate derived from this lysine (Lys324).

We have found a possible explanation for the experimental result that exchanging V
with Mo leads to inactivation of the enzyme. In the case of Mo (unlike Nb, Ta, V), there
appears to be no transition state that allows step 8 to occur. Step 8 is crucial in that it
leads to the production of HOBr from a bromoxy intermediate. Furthermore, in the case
of steps 2, 3 and 5, we found that barriers to the transition states are higher in the case of
Mo in comparison to V, Nb, or Ta.

Furthermore, if vanadium in VCPO is replaced with Nb or Ta, we find that a
lowering of the calculated free energy barriers in the case of step 2 (Ta only), 3 and 7.
Thus, our calculations suggest that replacement of V with Nb or Ta may result in an
artificial enzyme with a faster rate of catalysis.
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Scheme 6. Revised catalytic cycle incorporating N-bromohistidyl intermediate, 8-1

Supplementary Information

Energy optimized structures and corresponding coordinates of reactant adducts, transition
states along with selected structural parameters are given. A QM/MM calculation of the
relative energies of 10 and 12 is reported. A QM/MM protonation state study of VCPO in
the peroxido state, which is the state corresponding to structure 7, is described.
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