3742 J. Phys. Chem. B002,106, 3742-3750

Activation of Triplet Dioxygen by Glucose Oxidase: Spin-Orbit Coupling in the
Superoxide lon

Rajeev Prabhakar, Per E. M. Siegbahn,*" Boris F. Minaev,* and Hans Agrer¥

Department of Physics, Stockholm Center for Physics, Astronomy, and Biotechnology (SCFAB),
Stockholm Uniersity, S-106 91 Stockholm, Sweden, and Laboratory of Theoretical Chemistry,
The Royal Institute of Technology, SE-10044 Stockholm, Sweden

Receied: October 31, 2001; In Final Form: January 15, 2002

Hybrid density functional calculations have been performed for the reductive activation of dioxygen by glucose
oxidase, for which recent experiments have shown substantial kiff&tissotope effects but no deuterium
isotope effect. The present analysis of the mechanism suggests that this surprising isotope effect is best explained
if the rate-determining step is the triptet singlet interconversion that follows after the electron transfer and

the superoxide ion production. The oxygen isotope effect is rationalized by an analysis of therbfin
coupling in the radical pair M*---Oy~, where M is the FADH cofactor. For the electron transfer between

the M and Q, the presence of the protonated His516 plays a crucial role by strongly increasing the electron
affinity of O,, which makes the electron transfer exothermic and allows it to occur without any barrier. The
chemical step where hydrogen peroxide is formed has a computed free-energy barrier of only 6.6 kcal/mol.

. Introduction unpaired electrof?

Dioxygen, Q is l_Jse(_j as an oxi_dant in the respirat_ion of O,+e —0, (1)
mammals and in oxidative metabolic processes, reducing food
to water, carbon dioxide, and nitrogéA.The advantages of
aerobic life and oxidative metabolism have been important
factors in evolution; these advantages are mainly connected with . _
the high exothermicity of the oxidation of organic molecules. HO,+H +e —H)0, 3
At the same time, aerobic life strongly depends on the kinetic ) ] ) ) )
barriers of the molecular oxygen reactions. Although the After production of the first diamagnetic species (eq 3), the
oxidative transformations of food and respiration are equivalent following steps do not depend on spin correlation in the radicals:
to that of combustion, the oxygenase enzymes control the I _
specific reaction pathways that store and smoothly release HO,+H +e —HO+OH (4)
energy, whereas combustion is a radical chain process that
requires a high-temperature initiation stepVith the strong OH+H'+e — H,O (5)
thermodynamic driving force, it is very important to understand
the kinetic constraints that allow the controlled use of dioxygen Although dioxygen is a strong oxidant at pH 7 (when it is a
by aerobic life. The oxygen molecule possesses a triplet groundconcerted four-electron-transfer agent), it is a weak one-electron
state, X4, that provides paramagnetic properties of gas-phase oxidant? In terms of the reduction potential, the limiting step
dioxygen. Even though Faraday’s discovery of this paramagnet- is the first electron transfer toCElectron sources in the enzyme
ism of molecular oxygen was made before 1848, the connectionsthat are adequate for the reduction of dioxygen will produce
between the paramagnetic nature of thev®@lecule, its sluggish ~ all the other reduced forms via reduction (eq 1), hydrolysis,
reactivity, and Q involvement in respiration are still not and disproportionation steps (eqs%).
completely understootiA concerted insertion of the ground- One important aspect of egs-5 is the coupling of proton-
state dioxygen into organic (diamagnetic) molecules is a spin- and electron-transfer steps emphasized in numerous stidies.
forbidden process. Such limited reactivity is essential for Another important aspect of dioxygen activation has so far not
biosynthetic processes; otherwise, dioxygen would burn the been addressed SUfﬂCientIy: if there is a closed-shell cofactor
substrates rather than Supp|y energy in a controlled way. (llke FADHZ in glU-COSG OXidase) that is -a.n electron source for

Biological systems activate triplet dioxygen for controlled the reduction of dioxygen, then production of the closed-shell
chemical synthesis via electron-transfer and proton-transfer SPECiES is spin-forbidden. After the electron-transfer step (eq
reduction. Dioxygen generally undergoes reactions in a stepwisel) the radical pair M™--:O;" ~ is produced in the triplet state,

manner via formation of free-radical intermediates with one Where M is the electron donor. The proton transfer (eq 2) does
not change the spin multiplicity of the electronic system, but at
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Activation of Triplet Dioxygen by Glucose Oxidase

The T—S transitions in radical pairs have been studied in
connection with chemically induced dynamic nuclear- and
electron-spin polarization. Chemically induced dynamic nuclear-
spin polarization (CIDNP) demonstrates the role ofTS
transitions in radical recombination reactiocnsthe non-
equilibrium population of the nuclear-spin sublevels pumped
during a chemical reaction is usually treated in the framework
of the radical pair (RP) theory;-ST mixing is induced by very
weak hyperfine coupling and by Zeeman interaction determined
through the difference of thg factors in separated RPs before
the chemical interaction occut#\ similar RP mechanism could
be applied for diradicals with long flexible chains, while for
the short chain diradicals that are usually produced in organic
photochemistry, the ST transitions are determined mostly by
direct spir-orbit coupling (SOC) between the singlet and triplet
statesh®
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prohibition and to make dioxygen reactive with respect to a
diamagnetic species without a radical chain initiation process
(and without spin catalysis by paramagnetic metal ions) is to
involve the charge-transfer process in the first elementary step.
At the stage of superoxide ion production,(Q by electron
transfer from the organic donor molecule (M), a relatively strong
probability of electron-spin flip (the triplet- singlet nonradia-
tive transition) occurs in the radical pair ¥---O =14 The
mechanism of the strong SOC enhancement at this stage is
similar in nature to the mechanism for the singlfesg@oxygen
quenching by amines in the gas phase by charge-transfer
contributionst415 Its origin comes from SOC in the ©
moiety: the electron spin in the donor radical ion"Mmoiety
is passive in this radical pair, and the triptetsinglet transition
occurs by the spin flip in the superoxide ion moiety of the RP.
The superoxide ion () has been extensively studied in

Spin-correlated radical pairs are known to be generated asionic crystals as a color centé’and in solutiong8 It has also

short-lived intermediates in the primary energy conversion steps
of photosynthesi&:® For example, in green plant photosystem
I, the RP is generated by electron transfer from the excited
singlet state of the primary chlorophyllydg to a phylloquinone
acceptor, A.7° The RP Rog"A1*~ has been detected by time-
resolved EPR,which exhibits electron-spin polarization and
guantum beat3The theory of this spin polarizatiéfiis based
on hyperfine interaction in thesg™ radical, on spir-spin
interaction, and org-factor anisotropy in the RP. The inter-
actions are responsible for the-$ evolution in the RP and
also for the spin polarization observed. SOC is not considered
in this theory®°?which is quite natural for a pure RP with single
topicity.*

In the RP produced by electron transfer from FADH O,
in glucose oxidase, the distance between the spins is very long

been observed in gas discharges, where it is easily formed by
O interaction with free electrons at low enertfyat higher
energy, @ is indicated by narrow electron-scattering reso-
nances.’ The superoxide ion has been detected by mass
spectrometry in b4+ O, mixtures at low pressuré.lt is formed
also in the D layer of the upper atmosphé&t&inally, O, is a
very important intermediate in dioxygen-utilizing enzynes.
Despite its importance, there have been only a few theoretical
studies of @.1720.21Besides the potential energy curves for a
number of low-lying state¥}2021 other properties of the
superoxide ion have not been studied by ab initio methods. To
our knowledge, the fine-structure constants have not been
calculated.

The ground state of £ can be represented by the dominant

configuration

thus the S and T states are almost perfectly degenerate. This

RP formally satisfies the radical pair theory requirement: two
spins weakly interact by exchange and by sgEpin dipole
interactions. The SOC matrix element should be equal to zero
if both radicals have a topicity number equal to 1. But this is
not the case for @. The superoxide anion is a radical with a
topicity number equal to 2. It has nonzero orbital angular
momentum (XI1g ) that is not quenched completely in the RP.
Thus, neither the SaleaRowland theor}? nor the radical
pair theory of CIDNP can be applied to the RP of the type
M *tees O,

The ground state of ©can be represented by a single
configuration

PolX°Zg 1 = A(Log)*(10,)(20,)(20,) (B0 () ()
(6)

A spin flip in dioxygen induced by thermal activation is not
possible because the excited singlet stdifg,ghas an excitation
energy of 22 kcal/mol but the SOC matrix element between
the ground triplet state and/y is equal to zero by symmetry.
Heating alone cannot induce thé3~ — alAq transition, not

2Pl X Ty = A(L0g)*(10,)%(209)*(20,)%(30,) () *(1y)° (7)
Because the superoxide ion hasrg)¥ open-shell configuration
(more than half occupied), it has a negative SOC constant
A(X2I1g) = —160 cn11.22 This value is crucial for biochemical
applications. The connection between the SOC constartIA)X

and the rate of the intersystem conversion in dioxygen activation
by enzymes will be demonstrated below. The problem of the
source of the incoming electron is also important in the enzymes
that activate dioxygen; atomic displacements along the reaction
coordinate that induce electron transfer will also stabilize the
produced superoxide ion. As an example, the reductive activa-
tion of dioxygen by glucose oxidase frofspergillus nigemwill

be considered by calculations of the most important steps (eqs
1-3) with a simplified model of the active site. As will be
shown below, this enzyme is an unusually good example for
studying spin transitions involving dioxygen because this step
appears to be rate-limiting in this case.

[I. Computational Details

because of the high activation energy but because of the strong The calculations on the mechanism fop Oreduction in

spin prohibitiont! Chemical activation along the concerted
reaction path is also inefficient for the nonradiative-§
transition initiation in dioxygen?13For the concerted reaction
O, + Hy = H20,, the T-S crossing is accompanied by a
relatively strong SOC but needs too much activation energy to
compete with other processEsDioxygen interaction with

glucose oxidase were performed in two steps. First, an optimiza-
tion of the geometry was made using the B3LYP methadth

a double& d95(1d,1p) basis set, which includes one polarization
function on each atom. Open-shell systems were treated using
unrestricted B3LYP(UB3LYP). All degrees of freedom were
optimized, and the transition states obtained were confirmed to

unsaturated hydrocarbons leads to an intermediate biradical, buhave only one imaginary frequency of the Hessian. In the second
SOC at the biradical stage is negligible because the T and Sstep, the B3LYP energy was evaluated for the optimized

states have a similar orbital structdrin the following, it will
be shown that the only effective way to overcome spin

geometry using the large 6-3165(2d,2p) basis set, which
includes diffuse functions and two polarization functions on each
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Figure 1. X-ray structure of the active-site region A§pergillus niger
glucose oxidase.

atom (see Table 2). Zero-point vibrational effects and thermal
effects were added on the basis of B3LYP calculations using
the same basis set as that used for the geometry optimiza-
tion. The dielectric effects from the surrounding environment ©
were obtained using the CPCM polarizable conductor model Hissien®  ®
(Cosmoy* where the solvent cavity is formed as a surface of Figure 2. Open-shell singlet product for the first step in glucose
constant charge density of the solvated molecule. The default gyjgase.

isodensity value of 0.0004 au is used. The radii of the solvent

molecules are taken from the parameters for water. The UAHF TABLE 1: B3LYP Energies (au) for the Reactants and

(United Atom Topological Mode® is used to build the cavity ~ Products of Reaction 8 in Glucose Oxidase

around each atom, and the radius of each atomic sphere is Epz Evigbasis
determined by multiplying the van der Waals radius by a scaling reactants

factor of 1.2. The dielectric constant was set equal to 4, which FADH, —794.5610 —794.9217
corresponds to a dielectric constant of about 3 for the protein O, —150.3147 —150.3701
and 80 for the water medium surrounding the protéBecause EX’SUC‘S 203.3163 293.6979
models with the same charge were used throughout the present H,0, _151.5405 _151.6054

study, the relative dielectric effects were found to be rather small
and not very sensitive to the method used or to the value choserTABLE 2: Energies (au) for the Optimized Structures in

for the dielectric constant. The relative energies discussed belowGlucose Oxidase

are Gibbs free energies, where all the effects described above Ebighasis Eozadtp  Ean? Eeon® Eras
are added. Normal errors involved in using BSLYP and the — o5 8 4886 12483322 0.3439-1248.3816 0.2308
different aspects of modeling enzyme active sites are describedrg _1248.4742 —1248.3169 0.3393—1248.3681 0.1394

in recent reviews’~2° All calculations were performed using  product —1248.4924 —1248.3310 0.3435-1248.3849 0.2322
the Gaussian 98 progratf.

aThe sum of zero-point and thermal enthalpy effetSalculated
with the DZ(1d,1p) basis set.
Ill. Mechanism for Hydrogen Peroxide Formation in
Glucose Oxidase the reaction is calculated to be exothermic by 7.2 kcal/mol

. ) ) without including zero-point, thermal, and dielectric effects.
Glucose oxidase is a well-studied enzyhand an X-ray From the B3LYP calculations, the following mechanism is

structure fromA. nigerhas been determin€d(see Figure 1).  ggqested. In the first step, an electron is transferred from the
In the active site, there are two histidine residues (His516 and ;o ced cofactor FAD¥to dioxygen occupying the small cavity
His559) in close proximity to FAD!*2Only His516 has been  ponyeen the N1 and Natoms. The optimization from the
assigned an important role as the general base in the substratg)z,,,M starting point leads to the O-+*M™ structure. Thus,
oxidation3? The distance between the protonated nitrogen (N the ion—radical pair M=*---O, is generated (see Figure 2).
of this histidine and the nitrogen atom N1 of the FAbihg Only the singlet RP is shown in Figure 2 because very similar
is 3.8 '_5"31 Dioxygen can occupy the cavity between the FADH  q0ometry is obtained for the triplet RP, which is the starting
and His516 moieties. The reaction sequence of glucose oxidasggint in the glucose oxidase interaction with triplet dioxygen.
proceeds in two steps: (1) oxidation of glucose to gluconolactone ¢ is concluded from DFT calculations that the electron transfer
with a simultaneous reduction of the protein-bound cofactor t0 5 exothermic and occurs without any activation barrier. The
FADH; and (1) cycling of FADH back to FAD by dioxygen  reason for such an easy electron transfer is that the electron
thatundergoe_s reduction to hydrogen peroxide. The reaction iNaffinity (EA) of dioxygen in the presence of a protonated
(I1) can be written as histidine is extremely high, 118.2 kcal/mol from the calculations

including dielectric effects. In comparison, the electron affinity

O, + FADH, — H,0, + FAD 8 of free G in the gas phase is only 10.4 kcal/n#dIThe presence

of the protonated His516 is thus of fundamental importance to
and has been studied here by density functional theory (DFT) the catalytic mechanism of glucose oxidase. The ionization
using the hybrid B3LYP functiond for the model shown in potential (IP) of FADH is also quite low, 109.8 kcal/mol from
Figure 2. The energies for reaction 8 are given in Table 1, and the present calculations including dielectric effects. Neglecting
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Figure 3. Suggested singlet to triplet transition in glucose oxidase.
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H'{ssl/;w d of the Q;+--H™ attraction and also because no spin change is
His516" needed. At the same time, the new nascent singlet radical pair
Figure 4. Suggested step for formation of hydrogen peroxide in glucose O2*"H---FADH,*" creates the perfect condition for an electron-
oxidase. coupled proton transfer, where the electron comes from

FADH,* and the proton, from His516Hto the QH radical.
overlap effects, the energy to form the RP should be ap- |t must be stressed that such a simultaneous 2+ transfer
proximately equal to IP- EA — Q, where Q is the Coulomb  can occur only in the singlet state of the whole system, after
attraction of the two ions. In a simple estimation of Q, it is \hich the proton transfer from nitrogen N5 of the flavin ring

assumed that the charge is localized at the center of the O {g the nearest chemical environment (a water molecule in the
molecule and the M cofactor. With a center-to-center distance model in Figure 2) can occur with subsequent proton transfer

between @and M of 5.0 A (approximately 4.6 A in Figure 2)  pack to His516. The process FADHH His — FAD + HisH*
and a dielectric constant of 4, Q is 16.6 kcal/mol, which means js cajculated to be essentially thermoneutral, endothermic by
that the electron transfer is estimated to be exothermic by 25.0 41y 0.6 kcal/mol. Finally, hydrogen peroxide leaves its position
kcal/mol. Th|s S|mple estimate is in agreement with the f|nd|.ng in the cavity, and the catalytic cycle is finished. The actual
that the radical pair forms exothermically without any barrier o, yay for the final proton-transfer step has not been studied
in the model calculations. However, this value is quite Overes- pore The calculated energetics for dioxygen activation in
timated because the_ total available (_axotherm|0|ty is 7.2 kcall glucose oxidase is shown in Figure 6. It is important to note
mol for the f.u” reaction 8, and the f|n.al proton-transfer S0 that while the system undergoes these transformations it remains
(see bellow). IS galculated to be essentially thermoneptrql. Th'sin the singlet state during both H atom transfer and the
overestimation is due to neglect of electron delocalization in subsequent proton-transfer steps.
the simple formula. The zeroth vibrational level of ® almost . .

To obtain the transition state for the 2H+ e~ process, a

isoenergetic with thew = 3 level of the Q™ ion, and the i . :
Franck-Condon factot@ = 0]» = 3[R is relatively large. Thus, molecular Hessian was evaluated. The imaginary frequency of

the electron-transfer step should be very fast and is not the rate-the transition state is 567 crh From the same Hessian, isotope
determining step in the whole process. effects, which are extremely important in the present complex,

The radical pair M*---O»~ is generated first in the triplet ~ €an be evaluated. As mentioned in the Introduction, no

state because dioxygen is a triplet species and there is no reasofleuterium isotope effect is noted experimentally, but a notable
to change spin during the electron-transfer process. The electrorPXygen isotope effect is seen instead. For the optimized
jump is initiated by the occurrence of dioxygen at the active transition state in Figure 5, the opposite is foted clear

site and by the weak intermolecular (ane-O) vibrations. To ~ deuterium isotope effect and almost no oxygen isotope effect.
trigger the subsequent chemistry, the triptesinglet transition Because the isotope effects do not match what is experimentally
has to be induced at the stage of radical paittM:+ O,*~ observed, the step going over the transition state in Figure 5
generation (see Figure 3). When the radical pair is in the singletcan therefore not be rate-limiting in glucose oxidase. This
state, the FADK™ transfers its proton from the N1 nitrogen conclusion is also in agreement with the rate of $0' that
atom to the @~ radical, which is followed by an electron- ~was calculated for the process in Figure 5 compared to the
coupled proton transfer to the,® radical, forming HO, (see experimental rate of only $&1.33 Because the electron transfer
Figure 4). The transition state for this 2H- e~ transfer process ~ from the cofactor to @was found to occur without any barrier,

is shown in Figure 5. The calculated free-energy barrier is 6.6 the conclusion drawn here is that the singlegiplet transition
kcal/mol, corresponding to a rate of 816 1. The reason the is the rate-limiting step. This is the main conclusion of the
process is concerted can be partially understood by the fact thatpresent study. The nature of the spin transition is discussed
the proton transfer from N1 to the,Oradical in the singlet RP  below, including a rationalization for the observed oxygen
Oy ---FADH>" does not need any activation energy because isotope effect.
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Figure 6. Energy diagram for dioxygen activation in glucose oxidase.
IV. Spin—Orbit Coupling in the Radical Pair M *+--O,~ transition, but it is very small on the thermochemical scale (0.46
kcal/mol).

SOC is the main physical factor that allows a molecule to
proceed from triplet to singlet states and vice versa. The exact
Breit—Pauli form of the SOC operator in molecules is

The estimation of spiftorbit coupling in the radical pair
produced by electron transfer from the organic substrate M and
dioxygen is naturally much more difficult to make because this
is a complicated polyatomic system. As far as SOC is concerned,

2 7.3 T. (3 3 . . :
Ho — o LiaSy _ L (S +25) ) one has to note that in nonlinear molecules the expectation value
S 2 Z A / 3 of the orbital angular momentum is equal to zero, which does
Fia : Ti not mean that the SOC effects vanish. The first-order perturba-

o ) tion theory correction (expectation value of the SOC operator)
The two-center contributions can be neglected in molecules, tojs zero becauséll= 0. The splitting of the triplet-state spin
a good approximation. They are of one-electron and two-electron syplevels in nonlinear molecules like benzene or naphthalene
types: both are small and have opposite signs so that they tendyyhich has been studied by EPR spectrosc¥jig)really very
to cancel each other. In atoms, the two-electron terms producesma|| (~0.2 cnt)37 because SOC cannot contribute to the

important contributions, but they can be accounted for by an gpjitting in first order and the second-order contributions are

effective one-electron operatéf® negligible for aromatic moleculé$,which is not the case for
_ the radical pair M---O,~. The orbital angular momentum of
Hgo= CAZ l; -5, (10) the system is zero, but the second-order SOC contribution to
I

the triplet-state splitting in the radical pair can be large. The
_ _ intersystem crossing probability, rather than the zero-field
where the atomic SOC constal} can be taken from experi-  splitting of the radical pair, is of particular interest here.

mental spectra. To understand the spin transition involving the superoxide
Using this one-electron operator for the groundl¥ state anion, the orbital structure for the electron transfer between an
of O;7, simple algebra leads to the following expression for organic substrate M and dioxygen first needs to be considered
the splitting of the spin sublevels by the SOC perturbation,  (see Figure 7). The starting reactants are in the triplet ground
state (Figure 7a) because the total spin is determined by the
Eio— Es= 0o (11) triplet oxygen molecule. The organic substrate M is assumed
to be a diamagnetic species in the singlet ground state.
where the] = 3/, substate is the lowest level. The experimental Representative states for the radical pair are shown schematically
SOC constanto for the OfP) state is equal to 153 crh36 in Figure 7b and c3W,, and'W,, are the lowest states of the
Thus, this simple approximation predicts the SOC constant for RP that was optimized by the DFT method. In a way similar to
the ground state of O to be—153 cnm?, which slightly deviates ~ the formation ofW,, andW¥,y, the low-lying excited states of
from the experimental value-(160 cnt?).22 The deviation can  the RP %W, and 'W,, can also be formed. These four
be easily explained by configuration interaction and by ghe  configurations are nearly degenerate. The near degeneracy is
dependence on the effective atomic charge. The energy of thesupported by the B3LYP calculations that give a splitting
SOC splitting in @~ is important to the rate of the spin  between the triplet and singlet states (see Figure 2) of only 0.13
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Figure 7. Schematic view of the configurations of the pair dioxygercofactor.

kcal/mol. The wave functions of the states, shown in Figure 7, whereB,i = >a Ca IZI is an orbital part of the SOC operator.

omitting the closed shells, can be written as Thex andy components of the SOC operator do not contribute
to the total SOC integral. It is easy to see that only the crossed
3 Ba — _ 1.+ = matrix elements between, for example, the states in eqs 13 and

ol 2 M) = ﬁ(|bbxy| + [bbry]) (12) 14 are important in the intersystem crossing (ISC) of the radical

1 _ pair O;~+--M*. The SOC matrix element between these triplet
*WelO, M ™) = —(|byyx| + [byyx|) = *W,;, (13) and singlet states is equal to

V2
1 1 i. _1
WO, M T) = équxw lbxxy|) = "W, (14) W, o|H5d "Wy = — SYIB,IX0= — 560 = —76.5 Cm(16)

where x and y designate the two degenergt®lOs of dioxygen The SOC matrix element between the crossing S and T states
and b is the HOMO of FADK". The radical pairineq 14 isa  of the RP reaches its largest value at the crossing point (the

singlet state with electron transfer from the FAPHOMO b maximum possible in the system); the SOC is due to the oxygen
to the incompletely filledzyx MO of dioxygen. The triplet- moiety exclusively (the other atoms of the radical pair do not
state spin functions in eqs 12 and 13 have a spin projection oncontribute).

the z axis equal to zeroMs = 0. It should be noted that there From a comparison to the SOC constant of t€lXstate of

is no preferential direction in the molecule (such aszlexis the @~ ion, one can see that the SOC integral in the RP (eq
in case of an external magnetic fie). In the case of. =0 16) is equal to one-half of the observed SOC splitting in the

(a general case for polyatomic nonlinear molecules), a very weaksuperoxide ion. Though the result is approximate, there is no

internal magnetic field in the triplet state is created by two reason for an appreciable deviation (more than 1%) from this

parallel spins; a corresponding weak spapin interaction leads ~ simple prediction. The rate of the spin transition can be estimated

to a small splitting of the three triplet sublevels. The zero-field by Fermi's Golden Rule

splitting (ZFS) of the three sublevélglepends on the anisotropy -

of the two electron clouds, (i.e., the spatial distribution of the _ 1

two nonpaired electrons), which is why the ZFS and quantization krs=% |BW, | Hsol W, TPp(E)FC 17)

of the spin projection in the triplet state of a polyatomic

nonlinear molecule depend on the symmetry of its nuclear wherep(E) is the density of the rovibronic states in the final

skeleton. The axis of the ©0 bond can be chosen as the electronic state; this density is FraneRondon (FC) weighteéf’

axis in the system M-O,. In the ground triplet state of the =~ Comprehensive descriptions of the important roles of the

pair, spin-spin interaction in dioxygen determines the axis of Franck-Condon factors in spin-transition processes can be

the spin quantization. In the RPw-0,~, spin—spin interaction ~ found elsewheré?~4!

will determine the axis of spin quantization in a more compli-  Let us suppose that at the stage of electron transfer the

cated way. However, even though the second-order SOC effectsuperoxide ion is generated in tAHgx state and the radical

will be much stronger than the spispin interaction expectation ~ pair *¥x, appears (Figure 7b). The proton is far away because

value, thez axis is still preferable as the main ZFS axis. Thus, the N1-H bond is not cleaved yet. When the proton starts to

the triplet states wittMs = 0 are most useful and relevant for move, the staté¥y, (Figure 7c) becomes more stabilized: the

the present purposes. doubly occupiedzy MO is stabilized by overlap with the
The z component of the SOC operator for the four-electron hydrogen orbital. Thus, thé¥x,—Wy, crossing occurs, and

system can be written in the form (similar considerations can the T— S transition is possible. During this process, the electron

be made for thex andy components) jump 7y, — 7y occurs (Figure 8), which is equivalent to the
orbital rotation in the superoxide ion; this torque creates a

magnetic field that finally induces the spin flip (SOC).
Héo= Z 12, = ZBZISZI (15) The structure of @ in the RP of the enzyme active site is
= not strongly perturbed by the interaction with the environment
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Figure 8. m, andswy MOs of the superoxide ion in contact with the N group of the FADH cofactor M. The protonated histidine (His516) is
omitted here.

TABLE 3: Normal Modes () of Promoting Vibrations in Glucose Oxidase (in cnt?)

26.5 76.2 83.4 1278.6

X y z X y z X y z X y z
N1 —0.03 0.05 —-0.01 —0.02 0.01 0.05 0.04 0.05 -0.04 —0.06 0.07 —-0.01
H —0.03 0.04 —0.02 —-0.01 0.03 0.01 -0.03 0.04 0.06 0.27 0.05 0.20
Oy —0.02 —-0.01 —0.07 —0.02 0.01 —-0.01 —0.01 0.05 0.16 0.02 0.05 -0.08
Ob —0.04 0.00 —0.07 —-0.01 0.03 0.01 -—0.08 0.10 0.16 —0.02 —0.04 0.09
H 0.00 —0.04 —0.03 —0.02 —0.04 —0.02 —0.16 —-0.19 —0.08 0.00 —0.15 —0.47
N¢ 0.00 —0.05 —-0.01 —0.02 —-0.04 —0.03 —0.15 —-0.19 —-0.13 0.00 0.01 0.03

aQ, closer to N1P O, closer to N.

of the enzyme, which is indicated by the near degeneracy of force fields and slightly different vibrational frequencies with
the T and S states. The calculated frequency of theOO respect to the NH*--O,+*H—N™ intermolecular binding: the
vibration in the RP (1278 cm) is close to the @ vibrational S state has a small barrier for 2H- e~ transfer (eq 8), but in
frequency (1090 cmt). In O,7, the X[y state is doubly the T state, such a reaction is highly endothermic because the
degenerate in the absence of SOC, and we can anticipate thatriplet state of hydrogen peroxide is an excited repulsive state.
the 3W,;, and 31Pyb are close in energy. Because the electron- Thus, the movement along the reaction coordinate produces
transfer reaction energy definitely is higher than ¥#g,—3W,;, different curvatures for the S and T potentials. The same is true
energy gap, both states can be populated. Let us suppose thdor intermolecular potentials near equlibrium and for vibrational
the 3W,, state is produced. In that case, the-TS transition frequencies. The equlibrium geometries are also slightly dif-
3, — Wy, can occur with a relatively large probability, which  ferent. For example, the N2HO distance is 1.446 A in the T
follows from the SOC analysis, eq +26. If the Wy, state is state and 1.440 A in the S state of the radical pair FADHO, .
generated first, then th&P,, — 1W,, transition would occur  The shift between the two harmonic oscillator equlibria is small
with a similar SOC integral (eq 16) and with similar probability.  (0.006 A) but still nonzero. Movement along this intermolecular
The main implication of the SOC analysis is that during the T stretching vibration induces the—5 crossing and is the

— S transition the electron jump from ti@, to theIl, orbital promoting mode for the ¥ S transition. Besides this particular
(or vice versa) has to occur. This kind of electronic orbital vibration, there are four others that are seen as promoting
rotation (I,—Il, Figure 8) creates a torque and a magnetic modes: O-O and N stretchings, the hindered rotation of the
field (SOC) that finally induce the spin flip during the-+ S O, moiety around thay-bisecting axis, etc. (see Table 3). The
quantum transition. This qualitative analysis is insufficient, as hindered @~ rotation has a small frequency (83 cHy this

is any interpretation of a quantum transition in terms of movement has to make the energies equal foP#ig and3W,,
semiclassical concepts and notions, but it is still useful and hasstates. At the maximum and minimum points of the amplitude

been widely used in spectroscopy and photochemtsffhe of this vibration, the energy of the two states is interchanged.
T — S transition occurs before the 2H- e~ transfer reactions ~ Thus, it is not important which is the starting point for the
(eq 2, 3), but intermolecular vibrations that promote the- B electron transfer; the most important fact is that tHg, —

transition are connected with the reaction coordinate. From the W, crossing is induced upon this hindered rotation. The role
TS analysis, we know that the process is concerted and that theof the enzyme is to create conditions for the production of the
proton from FADH™' to O,~ moves earlier along the reaction radical pair @ +--M™. If the enzyme’s chemical environment
coordinate. It is obvious that the T and S states have different permits this RP to have a lifetime of about#6-1076 s, then
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the nonradiative T S transition can definitely occur because
the strong SOC in the £ moiety will effectively mix the T

J. Phys. Chem. B, Vol. 106, No. 14, 2002749

whereu is the reduced mass aid andRy are the equilibrium
distances. All values are in atomic units. The global FC factor

and S states. From comparisons with other chemical reactionsis the product of single-mode values. The FC factor depends
that are forbidden by the spin selection rule and that are observedon the G908 isotope substitution, mostly through the reduced

with a competitive rate and yield, one can conclude that the
SOC matrix element on the order4®0 cnt ! can provide a
reasonably efficient ¥ S transition during the movement along
the reaction coordinate, in radical pairs, or in other intermedi-
ates®® Accounting for the uncertainties in the global Franck
Condon factor and in the variety of intermolecular vibrational
modes and their normal coordinates, a lower limit of the-T

mass. We have used the equilibrium displacement sHiés (
and Ry) from the % calculation. The FC factor is changed
upon G908 substitution because the promoting modes include
the O--H—N and O-0 stretching. The most important motion

is the hindered rotation of © in the cavity of the enzyme
binding site. Rough estimates indicate that a measured isotope
effect on the order of 2% can be inferred.

S transition rate constant can be estimated to be on the order

10*—1C° s %, which should be long enough to allow the
transition to occur during the lifetime of the RP. It is interesting

V. Conclusions

to note that this estimated rate is in reasonable agreement with  The present study of the formation of hydrogen peroxide from

the observed rate of $&71 for dioxygen reduction in glucose
oxidase®

From studies of the emission properties of organic molecules
at low temperature in rigid media (under conditions such that
bimolecular quenching and thermal collisional deactivation are
minimized), the radiative and nonradiative-$ transitions are
generally 18—10F less probable than the corresponding singlet
singlet transitiong? 10° corresponds to aromatic hydrocarbons
where SOC matrix elements betwe#ns*) and (z*) states
do not include one-center integrals and do not exceed 1.
The largest SOC integrals in organic molecules (nitrogen-

the triplet @ molecule by glucose oxidase can be summarized
as follows. The starting point for the investigation is when O
is occupying the cavity between FARHnd the protonated
histidine (His516). At this point, a spontaneous exothermic
electron transfer is obtained (Figure 2) without any barrier. The
reason this electron transfer is exothermic is that His516 next
to O, is protonated. His516 thus plays a crucial role in dioxygen
reduction in glucose oxidase. The triplet RP at this stage
undergoes a FS nonradiative transition (ISC), induced by a
relatively strong SOC that originates from SOC in the super-
oxide moiety of the RP. The organic counterpart{Ms passive

containing heterocycles, aldehydes) between T and S states arg, thjs SOC mixing. This model can therefore be applied to

about 36-40 cnTl, which provide a 1000-fold increase of
krs.1443 The maximum possible SOC integral is obtained for
dioxygen itself: (X324~ |Hsolb'Zgt = 168 cmr .44 In organic

many similar systems where molecular oxygen is activated by
initial electron transfer: SOC between triplet and singlet states
of the radical pair M*---O,*~ does not depend on the nature of

systems containing dioxygen, the largest possible SOC valueihe organic electron donor M but is determined by the nearly

is realized in the singlettriplet radical pair @ ---M™*. This

free orbital rotation in the @ moiety. The crossing between

SOC integral does not depend on the nature of the organiCiwe T and S potential surfaces has to occur at a point where

radical cation M but is determined by the SOC constant of
the X[, state of the @ ion.

As already mentioned, a notablO/*%0 isotope effect in
the rate-limiting step of glucose oxidase has been repéitée.
main origin of this effect is the condition that the energies of
the singlet and triplet states of the radical pair have to be the
same at the position of the spin transition. The energy separatio

between the states depends mainly on intermolecular modes tha
modulate the ©-M separation. The ISC rate constant (eq 17) t

is therefore sensitive to the oxygen isotope substitution through
the Franck-Condon factors. For each promoting mode, the FC
factor in the harmonic approximation can be writted®as

[S, T, 0= (1 — )" exp "9 (18)
S, 4T, 0= (1 — X2)1/4 exp—fZ(l—x)[—f(l—x)]/z (19)
where
X = wS - CUT . w_Sn
g+ w7’ N or's7

ws and ot are the vibrational frequencies in the triplet and
singlet states, respectively$, 1] means the first excited
vibrational level in the singlet state. The most important FC
factor for 1 quantum of the promoting mode (eq 19) is
proportional tof and#st, which is equal to

_RS_RT
a2’

Nst

\/EWT

these states have the same energy; therefore, it is affected by
intermolecular vibrations that to a large extent involve the O
librational motion and ©O vibrations. Furthermore, the
Franck-Condon factors for the respective modes depend on
the 180/1%0 isotope substitution, which means that the non-
radiative triplet-singlet transition rate constant will depend on
he 180/1%0 isotope effect. From the experimentally observed
ependence of the rate on this isotope effect, it is concluded
hat this is the rate-limiting step in dioxygen reduction by
glucose oxidase. When the radical pair is in a singlet state, the
second part of the process is triggered (Figure 4). In glucose
oxidase, this process includes first the proton transfer from N1
to the @~ radical, followed by an electron-coupled proton
transfer where the electron comes from the FABDHand the
proton, from the protonated histidine (His518Hfrom Ne¢ to

the QH radical) (Figure 5). The computed free-energy barrier
is only 6.6 kcal/mol. After that, the proton transfer from the
nitrogen N5 atom of the flavin ring to the nearest chemical
environment (a water molecule in the model in Figure 2) occurs
with subsequent proton transfer back to the neutral histidine
(His516) through the protein-bound network of hydrogen bonds.
The release of H and Hfrom FADH," is made easier by the
strong aromatic stabilization of the FAD molecule.

Whenever dioxygen is activated in enzymes, the question of
a spin transition must arise. Unlike that in the case of glucose
oxidase, this process is simplified for most enzymes by the
presence of paramagnetic metal centers. Copper amine oxidases,
amino acid hydroxylases, iron dioxygenases, and monooxyge-
nases are examples of such enzymes. In these cases, the triplet
— singlet interconversion is influenced both by chemical
bonding to the metal and by spin catalysis of the exchange type.
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