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We present a density functional theory (DFT) study on the conversion of sulfite to sulfate with a model complex
representing the active site of the molybdenum-containing enzyme sulfite oxidase (SO). This study considers the
attack of the sulfur lone pair from SO~ on the equatorial oxo ligand of the model complex as the initial step in the
oxidation process. The good agreement between our energy profile and data derived from experimental kinetic
parameters provides some support for the reaction mechanism of the oxidative half-reaction of SO proposed in this
study. The enzymatic reductive half-reaction involves the formation of an Electron Spin Resonance (ESR) active
Mo(V) species. Experimentally, differences in ESR parameters (g-values and 'H hyperfine coupling constant) of
the low- and high-pH forms of the enzyme have been found. The current study also presents DFT-based calculations
on ESR parameters for three model complexes representing the paramagnetic center Mo(V) of SO in its possible
low- and high-pH forms. We provide an analysis of the magnetic orbital coupling responsible for the calculated
g-values. Finally, we suggest how the conformation and hydrogen bonding interactions of the hydroxyl ligand can
explain the different ESR parameters at low- and high-pH.

1. Introduction 9 x
7
Molybdenum is present at the active sites of metalloen- o] S/N{oi‘"-

zymes that execute key transformations in the metabolism HN)H/:H NS v

of nitrogen, sulfur, carbon, arsenic, selenium, and chlorine PN | OPO(OH)OR
compounds.’ It is widely available to biological systems HNTONT N O

because of the solubility of its high-valent oxides in water.
With the exception of the molybdenum center in nitrogena-
ses, the molybdenum cofactors have been identified as
molybdenum-pterin complexes (Figure 1). The Mo center
in these complexes couples electron-transfer to atom-transfer
chemistry.? In particular it catalytically transfers an oxygen
atom either to or from a physiological acceptor/donor
molecule.! Examples are the reduction of nitrate to nitrite,

R = nucleoside
X=8,0
L,L' = oxygen (sulfur) based ligands

Figure 1. Pterin cofactor.

resented by xanthine oxidase (XO), sulfite oxidase (SO),
and DMSO reductase.’ Sulfite oxidase catalyzes the
physiologically vital oxidation of sulfite to sulfate, the
terminal reaction in the oxidative degradation of the sulfur-

dimethyl sulfoxide to dimethyl sulfide, and the oxidation of
sulfite to sulfate. In recent years, progress has been made in
the study of molybdenum-containing enzymes from a variety
of organisms.'~**

The majority of molybdoenzymes can be classified into
three families (Supporting Information, Figure S1) rep-
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containing amino acids cysteine and methionine.! In this
enzyme, molybdenum is coordinated by five ligands with
an approximately square pyramidal coordination geometry.
The equatorial plane is occupied by three sulfur ligands
and one water/hydroxo ligand whereas an oxo group
occupies the axial position.
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Figure 2. Accepted reaction cycle of the molybdenum-containing enzyme
sulfite oxidase.

According to the postulated mechanism for sulfite oxi-
dase,® in the reductive half-cycle the sulfate is released and
an oxygen-containing ligand from the solvent is then
coordinated to the Mo(IV) center (step 1, Figure 2). The
oxidative half-cycle consists of two one-electron intramo-
lecular transfers to obtain first Mo(V) and then Mo(VI) (steps
2 and 4, Figure 2) and two one-electron transfers from the
heme Fe(Il) to the terminal electron aceptor, cytochrome c
(ox) (steps 3 and 5, Figure 2).

Different studies on model systems’® and purified en-
zyme®*'% have established a mechanism consistent with
Michaelis—Menten kinetics. In this mechanism it is sug-
gested that the SO}~ oxidation takes place by an attack of a
sulfur lone pair on the equatorial oxo group coordinated to
the Mo (VI) center.®’

The five-coordinated distorted square pyramidal geometry
of the metal center of SO has been established by X-ray
crystallography.''~'® Electron Spin Resonance (ESR) studies
on the Mo(V) species have shown that at pH = 7 the
equatorial ligand is a hydroxyl group while at pH = 9.5 the
oxygen-containing ligand in the equatorial plane could be
either OH™ or H,0.'471©

Density Functional Theory (DFT) methods provide an
excellent complementary tool to experimental techniques and
have been used, mostly based on synthetic analogues, to
model the reaction mechanisms of molybdoenzymes such
as DMSO reductase'”!® and X0.'”~?? Particularly in the case
of SO, a combined EXAFS and DFT study has suggested
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that the equatorial O-donor in the reduced form of the
enzyme, Mo (VI), is most likely water.?> The sulfite oxidation
step in Figure 2 has been modeled by considering the reaction
of the six-coordinated synthetic analogue complex
[MoO,(mnt),]*>~ with HSO3. The study considered the attack
of the sulfur lone pair on one of the oxo-groups.** In the
actual enzyme, the molybdenum center is a five-coordinated
complex. More recently, an alternative path involving an
initial oxoanionic attack on the molybdenum has been
studied.>> However, the calculated activation energies appear
to be rather high for an enzymatic reaction. DFT methods
have also been used extensively to determine the g-tensors
and hyperfine coupling (HFC) constants for transition metal
complexes in general’’~%’ and molybdenum complexes in
particular.>* 32

In this study we shall first investigate the direct attack of
sulfur on the equatorial oxygen of the Mo(VI) center by
performing DFT calculations on a model system based on
the actual structure of SO. Our findings will further be
compared to kinetic studies involving SO*'° to establish
the plausibility of the calculated energy path. Second, with
DFT-based calculations we supplement the experimental ESR
investigations carried out to elucidate the electronic structure
of the Mo(V). The objective here is to monitor the influence
of the co-ligands on the values of the g-tensor components
and 'H hyperfine coupling constants. Of special interest is
to determine whether the oxygen-containing ligand in the
equatorial plane is hydroxyl or water at high pH conditions.

2. Computational Details and Methods

All calculations were based on DFT as implemented in the ADF
program version 2006.01°* using the Becke-Perdew exchange-
correlation functional (BP86)**~>¢ and a standard triple-§ STO basis
with one set of polarization functions for all atoms. The 1s electrons
of C, N, and O, as well as the 1s—2p electrons of S and 1s—3d
electrons of Mo were treated as frozen cores. We represent the
protein matrix by a continuum model. The polarizability of the
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(a) MoV-OH (b) MoV-H,O

(c)MoV'=0

Figure 3. Model systems for sulfite oxidase. (a) In oxidation state Mo(V)
with OH™ as the oxygen-containing equatorial ligand. (b) In oxidation state
Mo(V) and H,O as the equatorial ligand. (c) In oxidation state Mo(VI)
with an additional methyl guanidinium group.

surrounding protein was included in the mechanistic study by
making use of the dielectric continuum model COSMO?*’ as
implemented in the ADF program for solvation.*® The solvent
excluding surface was used along with a dielectric constant € = 5
in the COSMO calculations.

The starting point of the models used in this study was
constructed from the Cartesian coordinates provided by the chicken
sulfite oxidase (CSO) X-ray structure, PDB code 1SOX.'" For all
models the pterin cofactor and the Cys 185 were substituted with
ene-1,2-dithiolate and methyl thiolate, respectively. Two models
were used for Mo(V)—SO with the equatorial oxygen-based ligand
being OH™ (Mo"Y—OH, (a) in Figure 3), or H,O (Mo¥—H,O0, (b)
in Figure 3). To avoid the approach of two negatively charged
species (sulfite and Mo-center) in the oxygen transfer reaction, a
neutral system was constructed by adding a methyl guanidinium
group (Mo"'=O0, (c) in Figure 3). The coordinates of the group
were taken as those of Arg 138 from the CSO crystal structure.'’

The distance between the carbon of the methyl guanidinium
group and the molybdenum center was frozen to maintain a distance
close to that of the X-ray structure as suggested by Siegbahn.?® In
the actual enzyme the distance is kept by hydrogen bonds and other
interactions absent from our model. Approximate transition states
were located by performing linear transit calculations in which the
remaining degrees of freedom were minimized, while keeping a
linear combination of internal coordinates fixed. One possible path
for the oxygen transfer reaction involves the attack of the sulfur
lone pair from sulfite on the equatorial oxygen attached to the
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Figure 4. Attack of the SO}~ ion on the model system Mo''=0. The
guanidinium group is omitted for clarity.
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Figure 5. Calculated enthalpy and free energy profiles for the reaction of
model MoV'=0 with SO32.

Mo(VI) center as shown in Figure 4. During this attack, the Oq—S
distance R, decreases while the Mo—O,q distance R; increases. We
have thus chosen AR, = R, — R, as the reaction coordinate for
the oxygen transfer process. Starting from the constrained geom-
etries, all stationary points where then fully optimized*®*' as
minima or transition states. Subsequent gas-phase harmonic fre-
quency analysis calculations were conducted. The reported enthal-
pies and free energies were computed using the entropy and internal
energy values calculated via standard statistical mechanics.

The calculations of g-tensors were performed based on the
implementation due to Schreckenbach based on the use of gauge-
including atomic orbitals (GIAO) and double perturbation theory.*?
Scalar relativistic effects were included within the quasi-relativistic
framework*? using relativistic frozen core potentials along with the
first-order Pauli Hamiltonian. GGA functionals such as BP86 tend
to overestimate the covalency of metal—ligand bonds.** This
overestimation is responsible for the higher values of the g-tensor
obtained at the BP86 level.*> However, studies on molybdenum
complexes®®=? indicate that the overestimation of the g-values is
around 2% but the experimental trends, in numerical terms, are
well reproduced.

The computation of the 'H hyperfine coupling constants was
carried out with the implementation by van Lenthe et al.*> within
the relativistic zeroth order regular approximation (ZORA)*® with
spin—orbit calculations using the collinear formulation.
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(a) E+S

(b) TS1 (c) ES

Figure 6. Geometries of the species involved in the oxidation of sulfite by the Mo(VI)—SO model. (a) Initial structure E+S, (b) first transition state TS1,

and (c) intermediate ES. All distances are in angstrom.

(a) TS2

(b)) E’ (0 E”

Figure 7. Geometries of the species involved in the release of sulfate and the formation of the Mo(IV)—SO form. (a) Transition state TS2, (b) structure with
sulfate dissociated E’, and (c) Mo(IV) with water bound E”. All distances are in angstrom. See also Figure 5.

3. Results and Discussion

Oxidation of Sulfite. In this section we discuss the process
by which oxygen is transferred from the Mo(VI) center of
sulfite oxidase (SO) to an incoming SO}~ anion. The result
of this step is the formation of SO~ and SO in its reduced
Mo(IV) oxidation state (step 1, Figure 2). The oxygen
transfer reaction has been the subject of both experimen-
tal®>'%!2? and theoretical studies.***

When SO was crystalized in the presence of sulfate, the
X-ray structures indicate sulfate adjacent to the molybdenum
center.'''? They also revealed the interaction of the sulfate
with the side chains of the amino acids acting as the substrate
binding pocket (Arg-138, Arg-190, Arg-450, Tyr 322, and
Trp 204). In our model we shall assume that SO3~ is attached
to the guanidinium group through hydrogen bonding before
the oxygen transfer reaction takes place. This starting point
is indicated as E+S in the calculated energy profile for the
oxygen transfer reaction and in the proposed mechanism
given in Figure 5 and Scheme 1, respectively. The optimized
structure for E+S is displayed in Figure 6a.

During the oxygen transfer reaction AR, decreases as Ogq
moves from the Mo(VI) center to the sulfur. At the starting
point we have R, = 1.75 A and R, = 4.92 A. Along the
path the system reaches a transition state TS1 with an
enthalpic barrier of AH* = 13.2 kcal/mol (Figure 5 and
Scheme 1). At this transition state R; has increased to 1.90
A whereas R, is 2.11 A, thus indicating some O,—S bond
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formation. It is clear that TS1 is an early transition state
where the Mo—O,q bond is retained and the O.,—S bond is
emerging (see (b) of Figure 6). At the intermediate ES the
O¢q—S distance is 1.56 A which is slightly larger than the
S—O distance of 1.49 A in SO3™; therefore we can assume
that the oxygen has been nearly fully transferred. At the same
time the distance R, increases to 2.19 A indicating a partial
Mo—0O,, bond (see (c) of Figure 6).

To complete the oxidation process, the emerging SO~ ion
in ES has to be removed from the molybdenum center. This
can take place by the transfer of SO~ to the guanidinium
group and the formation of the adduct E’, followed by the
coordination of a water molecule to the Mo(IV) center giving
rise to E” (Scheme 1). In addition, we also studied the
associative mechanism in which H,O and SOj~ are bound
to Mo(IV) at the same time. The corresponding activation
energy was found to be approximately 10 kcal/mol larger
than for the dissociative mechanism. Thus, in the following
we will discuss only the dissociative pathway.

The path from ES to E’ can be described by a further
increase in the Mo—O, distance R; in Figure 4. We provide
in Figure 5 an energy profile for the sulfate transfer process
as a function of the reaction coordinate R;. The transition
state TS2 is associated with an enthalpic barrier of AH* =
10.9 kcal/mol (Figure 5). It follows from the structure of
TS2 displayed in Figure 7a that the Mo—O,q bond is broken
with a distance of 3.92 A. At the same time, stabilizing
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Table 1. Selected Bond Distances (A) for the Reduced Form of SO®

bond EXAFS? X-ray* DFT¢
Mo—0,, 1.72 1.7 1.74
Mo—0yq 2.30 23 2.18
Mo—S’ ¢ 235 24 242
Mo—S" ¢ 2.35 24 2.38

“ See E” of Figure 7. © Reported in ref 17.  From ref 11. ¢ Present work.
¢S’ and S” refer to the dithiolate sulfurs.

Table 2. Kinetic Parameters and Free Energies of Activation and
Dissociation for the Reduction of the Molybdenum Center in SO

kret» S7' Ko uM AG¥, kcal/mol  AGy, keal/mol

Wild type® 1871 186 12.3" 4.8°

Y343F mutant® 2084 1634 12.2 3.6

DFT? 37 1.36¢ 14.5¢ 9.8"
0.06"

“ Experimental values from ref 6. ? Calculated from the experimental
rate by means of the transition state theory. € Use of the relation AGy =
—RT In K. ¢ Present work. ¢ Use of K = (k—, + k»)/k;, see eqs 2 and 3.
/Use of K4 = k_/k,. ¢ Free energy of activation for ES — E’ in Scheme 1.
" Free energy of reaction for ES — E + S in Scheme 1.

interactions between the hydrogens of the guanidinium group
and the sulfate are created. In the adduct E’ the Mo—0¢q
bond is completely broken with R; = 5.30 A (see (b) of
Figure 7). The stabilization of E’ relative to TS2 is 4.3 kcal/
mol which we ascribe to the hydrogen bonding between
sulfate and guanidinium.

The addition of H,O finally gives rise to an enthalpic
stabilization of AHggs =18.9 kcal/mol without any
noticeable barrier (Figure 5 and Scheme 1). The structure
for the resulting product E” is shown in Figure 7c; the
distance between the molybdenum center and the oxygen
of water is 2.18 A. Additionally, the distances between
the dithiolate sulfurs and the metal center are 2.38 and
2.42 A, respectively, and the axial oxygen—Mo(IV) bond
is 1.74 A. These results correlate very well with the
experimental bond lengths determined by X-ray crystal-
lography'' and high-resolution EXAFS spectroscopy of
Mo(IV)—SO?* as shown in Table 1.

Two sulfate ions per monomer were observed in the crystal
structure. One of them was located in the active site and the
other around the opening of the active site.'""'? The second
sulfate was identified at 10.6 A from the molybdenum center
and 5.5 A from Arg-138. The positions of the two sulfates
were considered to denote the entry/exit path of the substrate/
product to or from the active site.'' Figure 8 shows the
superposition of the X-ray crystal structure of the active site
with one bound sulfate and the structure E”. It can be seen
that the two structures are similar, especially around the
molybdenum center. Although the guanidinium group is not
accurately superimposed, the hydrogen-bonding interactions
between the guanidinium group and the sulfate are similar
in both cases. The excellent correlations with the experi-
mental structure provide confidence in our proposed model
of Mo—SO.

Kinetic studies including steady-state and stopped-flow
assays with purified enzyme from chicken liver'® and
synthesized SO®'? have been carried out to understand
the mechanism and the importance of specific residues in
the reaction of sulfite oxidase. The experimental results
are consistent with a general mechanism in which the first

Figure 8. Superposition of the optimized structure E” (red) and the
relevant atoms from the crystal structure (blue). Hydrogens were omitted
for clarity.

step is the attack of the sulfite lone pair on one of the
Mo(VI)=0 units, followed by the generation of a Mo(IV)
sulfate adduct and the formation of the sulfate-free reduced
Mo(IV) center after the release of a sulfate ion. The
process discussed above can be described with the
following reaction scheme:

ky ky
A+B=C—D+E (1)
k—y

where A, B, C, D, and E can be considered as the oxidized
enzyme, the sulfite ion, the enzyme-sulfate adduct, the
reduced enzyme, and the sulfate ion, respectively. Making
use of the steady state condition and assuming the initial
concentrations [B]y > [A]y, a general expression for the

apparent first-order rate constant is obtained:*’
_ kkiB] )
k_,+k,+ k,[B]

Dividing the numerator and the denominator by k; we have

k,[B]
=B 3)
K+ [B]
where K has been defined as
k_,+k,
=Tk 4)

Wilson and Rajagopalan have pointed out that the
reduction of the molybdenum center cannot be followed
directly by UV—vis spectroscopy in the full protein
because of interference from the heme chromophore in
the absorption spectra.® To avoid this interference, they
produced and purified the regions containing only the
molybdenum domain and conducted steady-state and
stopped-flow kinetic studies using the molybdenum do-
main. For the stopped-flow experiments the dependence
of the experimentally measured rate ks on the concentra-
tion of sulfite (to be denoted as [S]) was found to fit a
hyperbolic curve of the form®

kred[s]

obs — K, +151 (%)

where it was assumed that Ky represents the dissociation
constant for the intermediate C.'"> A comparison of eqs 3

Inorganic Chemistry, Vol. 48, No. 4, 2009 1327



and 5 leads to the conclusion that k4 corresponds to k, and
K~ Ky=k_/k, only if k, <k_y, thatis, the Michaelis—Menten
assumption® is valid. Table 2 contains the reported rapid
kinetic parameters for the reduction of the molybdenum
domain at pH = 7.05 and 10 °C.

The calculated energy profile in Figure 5 indicates that
the rate-limiting reaction is the formation of the Mo(IV)
product (E’). It also shows that all the energy barriers are
within the expected values (13—18 kcal/mol) for a typical
rate-limiting biochemical reaction.®® The reaction de-
scribed by the energy profile is

E+S—ES—E —E" (6)

Considering that the step E* — E” proceeds without

any noticeable energy barrier, the above reaction can be

seen to be in line with the scheme of eq 1 with E + S,

ES, and E” corresponding to the reactants (A and B), the

intermediate (C), and the products (D + E), respectively.
Thus we can write our particular reaction scheme as

k ko,
E+S=ES—E )
k-1
From the experimental rates determined at a single
temperature, it is possible to estimate the free energy of
activation by means of transition state theory, in which
the rate constant k for a reaction is given by

Hernandez-Marin and Ziegler

where kg is the Boltzmann constant, / the Planck constant,
R is the gas constant, T the temperature, and AG? the free
energy of activation of the reaction.

Table 2 contains the estimated experimental free energy
of activation AG* for the step ES — E’, and the estimated
experimental free energy AGy (assuming that the experi-
mental value is indeed the dissociation constant) for the
process ES — E + S. There is reasonable agreement with
the experimental data. Our energy profile (Figure 5) does
not reproduce the Michaelis—Menten assumption; instead
the relationship k, > k—; holds. On the basis of our results,
it can be proposed that the experimentally fitted values of
K, 1in eq 5 might not be directly the dissociation constant. In
fact, there is some improvement in the agreement with the
experimental results when eq 4 is used (Table 2) for K, rather
than kfl/k 1.

It would appear from comparison of our results to
experiment that the suggested mode of attack represents a
plausible pathway for the oxidation of sulfite by sulfite
oxidase. It is likely that the discrepancies between calculated
and experimental kinetic parameters are due to entropy
contributions from all the amino acids adjacent to the metal
center that interact with the substrate and were not considered
in our models.

Sarkar et al.”> have proposed that the enzymatic reaction
should proceed by the initial attack of one oxygen of the

Scheme 1. Mechanism Proposed in the Current Work for the Oxidation of SO}~ by Sulfite Oxidase (Step 1 in Figure 2)“

o
s ISt
Mo
S/(V|)\O
S<O’
o NOA
S\’\»O/SCHa [e)
E+S
S/(|V)}20
o
V4
ox
R\H'\;/S\o \ s\ﬁ/SCH3
= st |l "
S O«
.~~s/o
AN
Rey- .0 ©
H,0
o
s SCH
0 NS o
ES\'\‘A‘O/SCH:; E ES , s/Mo\ .
- o °\e—0
° W g — .
Lo S
Rsy-” s\ﬂ/scr-l3
, Mo
S/(IV) o
ONg—0
\
H\H___o_o

“ R—H corresponds to a methyl guanidinium group. The corresponding energy profile is given in Figure 5.
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substrate to the metal center. Their study considered a model
of the molybdenum center similar to our system (Mo"V'=0,
Figure 6) without the methyl guanidinium and involving
HSO3 as the substrate instead of SO}~. Their resulting
mechanism is shown in Scheme 2. They also investigated
the attack of the sulfur lone pair of HSO3 on the equatorial
oxygen of the molybdenum complex. The transition state
found (TS* of Scheme 2) has quite similar Mo—O.q and
O¢q—S bond lengths compared to our TSI structure. How-
ever, Sarkar et al. could not find an intermediate preceding
the formation of the Mo(IV) complex (represented by IM*
and EP’ in Scheme 2). To introduce an intermediate prior to
the formation of IM* (EP’), they modified their mechanism
by considering the attack of one oxygen of the HSO3 on
the metal center.

We were able to locate the intermediate ES due to the
inclusion of the methyl guanidinium group. Such a group is
absent in the study by Sarkar and co-workers thus preventing
the formation of the needed intermediate. Our model
emphasizes the importance of the residues next to the active
site during the binding/release of the sulfite/sulfate. It can
be seen from Figures 6 and 7 that all structures along the
pathway show one or two hydrogen bonds between hydro-
gens of the guanidinium group and the SO3~ /SO3™ ions. In
the enzyme there are three arginines surrounding the metal
center. It is thus reasonable to expect the guanidinium groups
of these amino acids to interact with the substrate/product
in the same fashion. Therefore, our mechanism shown in
Scheme 1 with initial attachment to guanidinium of SO}~
followed by attack of the sulfur lone pair at the equatorial
oxygen seems plausible. It is possible that the initial
oxoanionic attack on the metal center shown in Scheme 2
describes better the reaction mechanism of a synthetic
analogue such as [MoO,(mnt),]*~ (mnt*~ = 1,2-dicyanoet-
hylenedithiolate)®* but not necessarily the actual enzyme
reaction mechanism. Direct detection of coordinated sulfate
in plant SO (At—SO) has been proved experimentally by
ESR techniques.26 Howeyver, the structure of that metal center
depends upon the method of sample preparation.'® It is
believed that the coordinated sulfate is not rapidly hydrolyzed
because the charged funnel in At—SO is narrower compared
to the CSO because of the conformation of the aminoacid
arginine 450. Depending on its conformation, the accessibil-
ity of water molecules to the active site is affected.'® Our
current model does not have a significant spatial restriction
for the access of water and can be considered to better
describe the CSO case.

Electron Spin Resonance Calculations on Mo(V)—SO
Model Systems. In this section we will discuss the results of
our ESR calculations on the Mo(V)—SO model systems shown
in panels a and b of Figure 3. The paramagnetic and ESR
detectable species is formed during step 2 of Figure 2 and has
been the subject of several experimental investigations.'* %2
Our objective is to compare the calculated ESR parameters such
as the g-tensor (g) and the isotropic 'H HFC constant (A*°)
with experimental data from real Mo(V)—SO systems. Of
special interest is the way in which the nature of the equatorial
ligands influences g and A™°. Additionally we hope by this

o
It
S X

S

Figure 9. Orientation of the model complexes. L is cysteine in the enzyme
and X can be either OH™ or H,O.

Mo —_
e

Table 3. Experimental CW-ESR Parameters”

form g & g3 HA™ A Ay As
CSO'S  hpH” 19872 19641 19531 ¢ 164 —8 -8
IpH 20037 1972 19658 275 24 22 36

HSO™  hpH 1989 1964 1954 ¢ e

IpH  2.0037 1972 19658 262 18 20 41
At—SO' hpH 1989 1.964 1.956 c
IpH 2.005 1974 1.963 nd

“ Hyperfine coupling constants are in MHz. ®hpH and IpH represent
the high and low pH form, respectively. © The A”” has been estimated to be
between 0 and 2 MHz.'* ¢ See ref 14. ¢ Similar results to those of the
anisotropic hyperfine coupling constants of CSO were obtained for At—SO
and CSO with slightly different parameters.'*
comparison to shed light on the identity of the oxygen-
containing ligand at the equatorial site of the real Mo(V)—SO
systems observed at high pH. The different types of SO’s
studied include enzymes obtained from chicken (CSO),' plant
(At—S0),'® and human (HSO).'* These systems have been
further studied at both low (~6.5) and high (~10) pH.

For an approximate square pyramidal d' complex there
will be one principal axial component (g), of the g-tensor
in the direction along the z-axis and two principal equatorial
components g, and gz located in the xy plane (Figure 9).
The axial component is usually different from the equatorial
components; this is also the case for the experimentally
observed g-tensors in the real SO systems. The experimental
g-tensor values and '"H HFC constants are presented in Table
3. Inspection of Table 3 shows that at high pH all the
principal g-values are below the free electron value of g. =
2.0023; however, this is not the case for the low pH forms
of SO where the axial g-values are always slightly greater
than g..

An analysis of the ESR spectra has established that the
equatorial ligand coordinated to molybdenum in the low pH
form is OH™."" In the case of the high pH form, two protons
seem to be present; however, there was not sufficient
evidence to verify whether the ligand is H,O or OH™
interacting with another OH™ anion from the solvent.'* The
models used for the calculations in our study were named
MoVY—OH (Figure 3a) and Mo¥—H,O (Figure 3b), and they
represent the low pH form and one possible high pH form,
respectively. To simulate the other possible high pH form
we constructed an additional model, (MoY—OH++-OH). This
model has an equatorial hydroxide ligand interacting with
another OH™, and its optimized geometry is presented in
Figure 10.

The calculated ESR parameters are presented in Table 4.
There is a good agreement between the experimental ESR
data for SO at low pH (IpH) in Table 3 and the calculated
ESR parameters for model system MoY—OH. This model
system is also the only one with a substantial 'H A*° value
(35 MHz) that matches the experimental estimate of 26.2—27.5
MHz. Moreover, the model has an axial g; value slightly
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Figure 10. Model for a possible structure of the high pH form of
Mo(V)—SO.

above g. and two equatorial g-values below g., which has
been found experimentally (Table 3).

ESR experiments on chicken—SO have been carried out
at 120 K and 9 GHz with the sample prepared in either H,O
or D,0."> At low pH, the proton hyperfine coupling
disappeared when D,O was used but the measured g-values
remained the same, as expected. We have compared the
experimental low pH D,0 spectrum with a simulated ESR
spectrum for model MoY—OH. The software package Ea-
sySpin®® was used. Supporting Information, Figures S2 and
S3 show the comparison between the experimental and
simulated spectra. It can be seen that our simulated spectrum
in Supporting Information, Figure S2 agrees reasonably well
with the experimental spectrum in spite of a slight overes-
timation of the calculated g-tensor values. Supporting
Information, Figure S3 displays the comparison between the
simulated and experimental spectra from a sample prepared
in H,O where hyperfine coupling is possible. The overesti-
mation of the A-tensor (26.2 MHz experimental vs 35 MHz
calculated) in the simulated spectrum gives rise to a larger
splitting of the signals.

The experimental ESR data for SO at high pH (hpH) in
Table 3 exhibits three principal g-values that are all lower
than the free electron value. It has additionally two 'H HFC
constant values that are much smaller than those for the low
pH SO form. We find that the ESR parameters for the
structure in Figure 10 with a OH™ group hydrogen bonded
to an equatorial OH™ ligand fit better to the high pH SO
experimental data than the parameters for the structure in
Figure 3b with H,O as the equatorial ligand.

It is interesting to note that the model system Mo¥—H,0,
((b) of Figure 3) has the axial component g; much larger
than g.. We shall in the following provide a rationale for
the calculated trends in the g; values of our three model
systems: Mo¥—OH, MoY—H,0, and MoY—OH-++OH.

The g-tensor, g, can be written as>!

(47) Strickland, S.; Palmer, G.; Massey, V. J. Biol. Chem. 1975, 250, 4048.

(48) Voet, D.; Voet, J. G. Biochemistry, John Wiley & Sons: New York,
1990; pp 335—337.

(49) Das, S. K.; Chaudhury, P. K.; Biswas, D.; Sarkar, S. J. Am. Chem.
Soc. 1994, 116, 9061.

(50) Stoll, S.; Schweiger, A. J. Magn. Reson. 2006, 178, 42.

(51) Schreckenbach, G. Relativity and Magnetic Properties. A Density
Functional Study; Ph. D. Thesis, University of Calgary, Canada, 1996.

(52) Astashkin, A. V.; Mader, M. L.; Pacheco, A.; Enemark, J. H.;
Raitsimring, A. M. J. Am. Chem. Soc. 2000, 122, 5294.
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g=gl+Ag ®)

where Ag is the g-shift tensor. The st components of this
tensor have the following contributions:

Ag, = g0, + Agy+ Agh, ©)

where 0,; is the Kronecker delta and Agd and Agf are the
diamagnetic and paramagnetic g-shift tensor terms, respec-
tively. The dominant contribution in eq 9 comes from the
paramagnetic term. The paramagnetic term can be further
broken down into contributions from the magnetic coupling
between the singly occupied orbital (SOMO) and the empty
orbitals (Agd), the occupied ligand orbitals and the SOMO
(Agh?), and between occupied orbitals (Ag):

Agh=Agy + Mg+ Agyy (10)

st

It follows from Table 5 that Ag{¢ for all systems is negative®’
whereas both Ag? and Ag{° are positive in all cases.?’

For the model Mo¥—OH we find that the sum Agt? + Agf°
is marginally larger than —Ag{9, resulting in a g, value
slightly larger than g.. For the model MoY—H,0, Agi? +
Ag$° remains the same as in the previous case whereas —Ag{!
is reduced by a factor of 2 leading to a g, value clearly larger
than g.. Finally, with the model MoV—OH:+++OH we note
that —Ag{! remains the same as for Mo¥—H,O whereas Agt
+ Agf° is reduced considerably. Consequently the model
MoV—OH-+OH has a g, value smaller than g.. For g, and
g3 the negative Ag{¢ contributions are dominant, and we get
that both components are smaller than g. for all three systems.

We can analyze the trends presented in Table 5 in more
detail by considering the magnetic coupling between the
SOMOs from the three systems and other orbital(s) to
produce Ag% (Figure 11). The SOMO of the low pH model
Mo"—OH is made up mostly of Mo(d,,) and a dithiolate
orbital of local b; character (the definition of the irreducible
representation is possible because the free dithiolate ligand
possesses a C,, symmetry). That SOMO will couple with
the SOMO+3 made up of Mo(de-2) and a dithiolate a,
orbital (Table 6 and Figure 11). This coupling has contribu-
tions from the interaction between molybdenum d orbitals
and between dithiolate b; and a, orbitals through the magnetic
M. operator (Table 7 and Figure 11). The result of this
coupling is a large Ag{¢ (Table 6).

Going now to the model Mo¥Y—H,0, we note that its
SOMO has the same composition as in the model MoV—OH.
However, it now interacts with the SOMO-+4 made up of
Mo(d-,2) and a dithiolate orbital of b, character. In this
case, the molybdenum d orbitals can couple magnetically.
However, the coupling between the dithiolate b; and b,
orbitals is not possible. The result is that the SOMO/
SOMO-+4 coupling in the model Mo¥—H,0 is numerically
smaller than the SOMO/SOMO-+3 coupling in model
MoV—OH and —Ag{ is accordingly reduced (Table 6). There
is, however, some compensating coupling between the b,
and the a, dithiolate ligand orbitals through the SOMO/
SOMO-+S5 interaction (Figure 11 and Table 6).

Finally, for the second high pH model, MoY—OH-+++OH,
we note that the SOMO is lacking a dithiolate component
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Table 4. Calculated ESR Parameters”

model ” equatorial ligand g1 & & 'H A# A A, A;
Mo"—H,0 H,O 2.0270 1.9933 1.9862 10 7 8 15
3 0 1 8
Mo"—OH OH 2.0088 1.9831 1.9793 35 29 28 49
MoY—OH-+-OH OH 1.9943 1.9781 1.9706 2¢ 36 —19 —12
—3¢ -2 -4 -3

“ Hyperfine coupling constants are in MHz. ® The structures of the models are shown in Figures 3 and 10.  Hyperfine coupling of the proton from the

hydroxyl ligand. ¢ Hyperfine coupling of the proton from the additional hydroxyl group.

Table 5. Major Contributions® to the Principal Components of Ag

g1 g2 23
model Agdd Ang Aguo Agdd Ang Agoo Agdd Ang Agoo
MoV—OH —30.90 28.61 8.03 —17.12 1.19 1.15 —23.86 2.38 0.74
Mo"—H,0 —15.48 26.58 6.42 —13.37 2.44 1.06 —19.34 4.05 2.27
MoV—OH---OH —19.51 3.65 5.38 —22.48 2.64 —0.13 —27.45 1.58 0.20
“ Contributions in ppt.
Scheme 2. Mechanism Proposed by Sarkar et al.>® for the Oxidation of HSO3 by SO*
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“ The path shown in green corresponds to the results from their DFT calculations considering the initial attack of the sulfur lone pair of the HSO3 ion
to the equatorial oxo-ligand. The black path assumes the initial attack of an oxygen of the bisulfite to the metal center.

(Figure 11). As a result its Ag{? contribution comes
exclusively from the d,,/d,2,2 coupling. More importantly,
the positive Agt! contribution is nearly zero because of the
lack of coupling between the occupied a, dithiolate orbitals
and the b; component of the SOMO. The overall result is a
g1 component smaller than g..

It is worth commenting on the different orientations of
the OH~ ligand in the models Mo'—OH and
MoVY—OH-++OH. In the first case, the H—Mo—O angle is
111° and the dihedral angle H—O—Mo—S,, is —5°, while
in the second structure the respective angles are 142° and
180°. The orientation of the hydroxide ligand in the high-

pH model MoY—OH-++OH allows a Mo—OH 7 antibonding
interaction, thus increasing the energy of the Mo-d,, orbital
and consequently avoiding the participation of the a, dithi-
olate ligand in the respective SOMO. The change of
orientation of the OH™ ligand in the model MoY—OH++-OH
is the consequence of the interaction with the additional
hydroxide. Now, in the case of the low pH model Mo"V—OH,
the orientation of the OH™ ligand allows a slight bonding
interaction that stabilizes the Mo-d orbital, thus making the
subsequent mixing with the dithiolate ligand possible.

We should finally note that the coupling between the
dithiolate b; orbital in the SOMO and the dithiolate a, in
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Figure 11. MO diagrams with the principal orbitals that contribute, via magnetic coupling, to the Agi® of models MoY—OH and Mo"Y—H,O of Figure 3,
and MoY—OH-++OH in Figure 10. The terms b{"™, bd™", and ag" refer to the irreducible representation of the dithiolate fragment that contributes to the

respective molecular orbital.

Table 6. Major Contributions” to the Ag{¢ Component Due to the
Coupling of the SOMO with an Empty Orbital

model equatorial ligand ~ coupling orbital Agid
Mo"—OH OH™ SOMO+3 —31.30
Mo"—H,0 H,O SOMO+4 —=7.79
SOMO-+5 —=7.70
MoY—OH---OH OH +--OH™ SOMO-+4 —12.34
SOMO-+7 —6.17

“ Contributions in ppt.

Table 7. Contributions” to Ag{¢ in Terms of the Structural Fragment
Constituents of the Models MoY—OH and Mo"V—H,0O

Mo"—OH Mo"—H,0
Mo —12.07 —10.47
Oux —0.77 0.76
Ouq ~1.30 ~0.05
Seys? ~3.33 —0.77
Sain’ —13.36 —6.37

“ Contributions in ppt. * Contributions from sulfur on ligand —SCHi.
¢ Contributions from sulfur on dithiolate ligand.

the SOMO =+ n orbital enters with different signs into Ag{¢
and Agh. This is readily understood from perturbation theory
as the orbitals with a, contribution will have respectively
higher (Ag{®) and lower (Ag}?) energies than the SOMO.*’

The indication that the high pH Mo(V) center may be
associated with two nearby protons led to the proposition of
three different structures to account for this fact.’> Two of
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these structures involved a hydroxyl ligand interacting via a
hydrogen bond with another hydroxyl or water; the third
structure considered H,O as the equatorial ligand. According
to the results from our calculations shown in Table 4, we
suggest that the most likely structure of the Mo(V) center at
high pH contains an equatorial OH™ ligand. A supplementary
calculation of ESR parameters on model Mo¥—OH---OH
but without the additional hydroxyl group was carried out.
The main components of the g-tensor (g, g», g3) were found
to be (1.9958, 1.9728, 1.9703) and the 'H A*° = 24.6 MHz.
In light of these results, we propose that differences in the
Mo—OH orientation do have a direct effect on the g-tensor
values, as it has been established already for the case of
synthetic molybdenum complexes by Fritscher et al.>' This
change in orientation, however, is not enough to explain the
~30 MHz difference on the isotropic 'H HFC constants
(Fritscher et al. only studied the effect on the Mo HFC
constant and calculated a difference of ~ 10 MHz).

The isotropic HFC constant is expected to be a function
of the s character of the orbital involved™ because only
electrons in s orbitals have a nonzero probability distribution

(53) Belanzoni, P.; van Lenthe, E.; Baerends, E. J. J. Chem. Phys. 2001,
114, 4421.
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Table 8. Calculated Components of the Proton Hyperfine Tensor” and
Integrated Electron Valence Spin Density for the s Orbital on H Atom”

model A, A, As s electron spin density
Mo Y—OH 49 28 28 0.0116
Mo"—H,0 6 8 15 0.0099
0.3 1 9 0.0005
MoV—OH::-OH —18°¢ —12¢ 36¢ —0.0019
—84 —2¢ 24 0.0007
MoY—OH:--+OH* 13 20 41 0.0057

“ Proton HFC constants in MHz. ® From Mulliken population analysis;
the value shown is the difference of o - 8 spin. ¢ From proton in hydroxyl
ligand. ¢ From proton in the additional hydroxyl. ¢ Calculation of model
MoY—OH-+-OH without the additional hydroxyl group.

at the nucleus.”* Table 8 shows that the interaction between
hydroxyl groups in the model Mo¥—OH--+OH results in a
small negative electron density on the hydrogen from the
OH™ ligand (—0.0019) when compared with the density of
the same hydrogen not interacting with the additional OH™
group (0.0057), which consequently varies the A = (A, +
A, + A3)/3 to give a good qualitative agreement with
experimental results. The effects of the conformational
differences in the Mo—OH orientation on the ESR param-
eters of low- and high-pH SO species'*>> have been noted
previously. Our calculations support that the nature of the
hydrogen bonding interactions play a main role in the
changes of isotropic 'H HFC constant values going from low
to high pH in the actual enzyme. We show that, to obtain a
reasonable agreement with the experimental value of the HFC
constant at high-pH, the Mo—OH proton should be hydrogen
bonded to an oxygen (in our case from the additional OH™).

George et al.”” postulated a high-pH structure where the
Mo—OH proton was hydrogen-bonded to the tyrosine 343
oxygen. In contrast, the low-pH structure had the proton of
the tyrosine—OH group hydrogen-bonded to the oxygen of
the Mo—OH. However, ESR studies of the Y343F mutant
of human SO also demonstrated that at low-pH the structure
might have a coordinated sulfate. At pH = 9.88 the spectrum
becomes similar to the low-pH wild type form, and it also
contains minor features of the high-pH wild type form.®
From those results and our calculations, we propose that in
the wild type enzyme the conformational differences are due

(54) Wertz, J. E.; Bolton, J. R. Electron Spin Resonance; Chapman and
Hall: New York, 1996; pp 40—43.

(55) Doonan, C. J.; Wilson, H. L.; Bennett, B.; Prince, R. C.; Rajagopalan,
K. V.; George, G. N. Inorg. Chem. 2008, 47, 2033.

(56) Raitsimring, A. M.; Astashkin, A. V.; Feng, C.; Wilson, H. L.
Rajagopalan, K. V.; Enemark, J. H. Inorg. Chim. Acta 2008, 361, 941.

to the interactions between the Mo—OH moiety and the
tyrosine 343—OH group. The substitution of tyrosine by
phenylalanine in the Y343F mutant might change the surface
of the enzyme in such a way that it becomes possible by
increasing the pH to widen the opening and facilitate the
entrance of water molecules and additional hydroxyl groups
to interact with Mo—OH.

4. Concluding Remarks

The use of DFT computational methods allowed us to
establish a plausible energy profile for the oxidation of sulfite
by SO. It involves the attack of the sulfur lone pair on the
equatorial oxo-ligand of the molybdenum center. Our
calculated activation energies are in good agreement with
the energy parameters derived from various experimental
kinetic studies. The importance of the surrounding amino
acids to the molybdenum center and their entropic contribu-
tions in the oxidation reaction, as well as its importance in
the mode of attack of the sulfite, were inferred.

The calculated ESR parameters are in good agreement with
the experimental results. The participation of the dithiolate
ligand in the SOMO is important for the magnitude of the
axial component of the g-shift tensor. The orientation of the
H from the OH™ ligand will determine the contribution of
the dithiolate ligand to the SOMO. From the calculated
parameters, it is suggested that at high pH the two protons
detected experimentally belong to an arrangement consisting
of the co-ligand OH™ hydrogen bonded to another nearby
proton donor (in our case, an additional hydroxide ion) and
not coordinated to H,O. Finally, the difference in the axial
component of the g-tensor of the low pH and high pH species
is due to the orientation of the hydrogen of the equatorial
ligand. For the case of the high pH species, the small
isotropic hyperfine coupling constant is due to the hydrogen
bond interaction with the nearby proton donor.
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