
Abstract. The results of spin chemistry studies of the singleThe results of spin chemistry studies of the single
electron transfer step and the role of spin states of para-electron transfer step and the role of spin states of para-
magnetic intermediates in the enzymatic oxidation of organicmagnetic intermediates in the enzymatic oxidation of organic
substrates induced by horseradish peroxidase are generalised.substrates induced by horseradish peroxidase are generalised.
Detailed theoretical description of the approach used toDetailed theoretical description of the approach used to
analyse the magnetic field effects in enzymatic multispinanalyse the magnetic field effects in enzymatic multispin
systems is presented. Prospects for the use of spin chemistrysystems is presented. Prospects for the use of spin chemistry
techniques for elucidation of themechanisms of radical steps oftechniques for elucidation of themechanisms of radical steps of
enzymatic processes are considered. The bibliography includesenzymatic processes are considered. The bibliography includes
80 references80 references..

I. Introduction

Spin chemistry methods are used in studies of radical reactions
the rates and, often, directions of which depend on the
orientation of the electron and nuclear spins of transient
radical species and on the strength of external and local
magnetic fields. Spin chemistry became an individual avenue
of chemical research nearly twenty-five years ago and currently
there is no need to introduce it to the reader. The term `spin
chemistry' refers to the chemistry of the radical processes
mentioned above and to the methods employed. The latter
comprise the methods based on the phenomena of chemically
induced dynamic electron and nuclear polarisation (CIDEP
and CIDNP, respectively), magnetic field effect (MFE), mag-
netic isotope effect (MIE) and related techniques that have
been comprehensively described in a number of reviews and
monographs (see, e.g., Refs 1 and 2).

After completion of theoretical description of the magnetic
field effects detected in model systems, the last decade was
marked by the trend to practical application of this knowledge
to the studies of complex chemical and biochemical processes
by spin chemistry. This avenue of research seems to be quite

important because elucidation of the structure and properties
of short-lived intermediates in chemical reactions belongs to
the key problems in modern chemistry. Spin chemistry
methods make it possible to study paramagnetic intermediates
with lifetimes from a few nanoseconds to a few microseconds,
viz., radical ions and neutral free radicals, biradicals, carbenes
and carbene analogues and triplet-excited molecules.

The involvement of radical ions, radicals and biradicals in
some reactions was only postulated; remarkable examples of
successful use of the CIDNP and MFE techniques for eluci-
dation of the mechanisms of these processes have been
reported.3 ± 5 Of particular interest are recent spin chemistry
studies in biology 6 including investigations of oscillatory
enzymatic reactions,7 structural features of reversible protein
folding,8 type of the intermediates in the reactions of B12-
dependent enzymes 9 and simulation of protein ± nucleic acid
interactions.10

Recently, the experimental data suggesting that free-radi-
cal states initiate processes that damage cell structures, certain
proteins and nucleic acids have been accumulated increas-
ingly.11 It is believed that free radicals are responsible for the
development of cardiovascular diseases,12 compromised
immune response,13 cataract development,14 development of
Parkinson's disease,15 schizophrenia,16 and Alzheimer's
disease,15, 17 as well as accelerated ageing and higher risk of
cancer.18 According to modern concepts, destructive changes
in living organisms are most probably due to the processes
involving reactive oxygen species and oxygen-containing radi-
cals (Oÿ2 , HO2

.
, HO

.
and 1O2) that induce oxidative stress,

diseases and senilism.19 In this connection, a demand arose for
spin chemistry studies of reactive paramagnetic intermediates
in biological systems.

Paramagnetic species play an important role in some
processes that are responsible for normal activity of mamma-
lian cells.20 The involvement of radical species in many bio-
logical processes was reviewed.21, 22 Enzymatic processes in
living systems are sources of various free radicals, in particular,
HO2

.
(Ref. 23). The present review is devoted to reaction

mechanisms of horseradish peroxidase (HRP), which is the
source of intermediates that react with many free radicals; of
note is the appearance of the expression `the free-radical
chemistry of peroxidase'.24 Peroxidase is present both in
mammalian organisms and plants, where it decomposes toxic
hydrogen peroxide and can serve as a scavenger of free radicals.
It should be noted that at present researchers are far from
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knowing all sources of free radicals in the living systems in
health and disease.

Taking into account the aforesaid, studies on the elemen-
tary processes resulting in emergence of free radicals, in
particular, enzymatic reactions, are of considerable interest.
The mechanisms of enzymatic reactions are studied by various
modern physicochemical methods. Identification of paramag-
netic species often faces severe difficulties.25 Problems con-
cerned with detection of free radicals by EPR spectroscopy
(low steady-state concentrations of radicals in biological
systems) are well known.26 Using the spin trap technique in
EPR spectroscopy, one can solve the `concentration' problem,
but some new problems often arise, e.g., the need of suppres-
sion of EPR signals corresponding to further transformations
of spin traps and stable radicals that formed.26 In addition,
when observing the EPR signal of a free radical, it is unclear
whether the radical is involved in the process under study or it
is the side reaction product. Spin chemistry studies of radical
intermediates in biological processes could answer this ques-
tion. Clearly, enzymatic processes are also promising subjects
for spin chemistry studies, because chemical transformations in
the active sites ofmanymetal-containing enzymes involve spin-
change reactions and interconversions of the intermediates
existing in different spin states; it is the oxidation states of such
metals as Fe, Cu, Zn, etc. that are dealt with. For instance, the
catalytic cycle of HRP involves reliably characterised reactive
intermediates, the so-called HRP-Compounds the active sites
of which contain iron atoms in different oxidation and spin
states (high-spin state in native HRP and ferroperoxidase and
low-spin state in Compounds I ± III).24

However, until very recently the lack of comprehensive
theoretical description of multispin systems precluded the
extension of spin chemistry studies of enzymatic processes.
Even a few years ago a relevant theoretical description (radical
pair theory) was only developed for the cases where reaction
products were formed from radical pairs with half-integer spins
(S=1/2). Meanwhile, iron-containing intermediates in the
high-spin states are paramagnetic intermediates in many bio-
logical processes (e.g., in reactions involving iron ions or haem-
containing enzymes including HRP and cytochromes). Usu-
ally, in such systems a multi-electron atom having several
unpaired electrons serves as the radical centre.27 Here, analysis
of the MFE requires knowledge of the specific features of the
evolution of spin states in multispin systems. At present,
intensive experimental research of multispin systems has been
carried out taking the processes in radical pairs (RP) induced
by the so-called third or fourth spin (usually, the spins of stable
radicals or biradicals) as examples.28, 29 Progress in this field of
research, which is in the early stage of development (accumu-

lation of experimental results), was stimulated by the stu-
dies 30, 31 in which a novel phenomenon called `spin catalysis'
was discovered.

The magnetic field effects treated in a broad sense, i.e., the
effects of external magnetic fields on various processes in living
organisms, from migratory orientation of birds to the effect of
the so-called magnetic storms on human health, belong to
popular subjects of research.32 Since such effects undoubtedly
have a complex nature, detection of the changes occurring in
the presence of a magnetic field usually provides no informa-
tion on the mechanisms of generation of the MFE signals and
on the magnetic field-sensitive steps of the processes under
study.

Mechanistic studies of the magnetic field effect on parti-
cular stages of in vitro processes using spin chemistry techni-
ques are much more informative. These methods were used for
comprehensive treatment of enzymatic processes involving
magnetic field sensitive steps with participation of the pairs of
paramagnetic species generated in single-electron transfer
reactions.33 ± 35 Conclusions about the involvement of radical
pairs in an enzymatic process are based on a comparison of the
experimental and calculated dependences of the rate constants
for transformations of paramagnetic intermediates on the
magnetic field strength. Such studies were carried out for
transformations of reactive paramagnetic intermediates in the
catalytic cycle of the oxidation of some HRP substrates in the
steady-state 33 ± 35 and oscillatory regimes.7 An important
result of these investigations consists of the demonstration of
the role of spin states of the paramagnetic intermediates in the
catalytic cycle of the enzymatic process.

The magnetic field effects in biological systems were
considered in a review,6 which also summarised the data on
possible biological effects under the action of static and
alternating magnetic fields. In the present review, we make an
attempt at systematisation and interpretation of the available
material concerning theoretical description of the spin and
magnetic field effects in multispin enzymatic systems and the
results obtained in experimental studies of the dependences of
the rates for enzymatic oxidation of organic substrates by
horseradish peroxidase on the strength of the external mag-
netic field.

II. Phenomenological description of the magnetic
field and spin effects in enzymatic systems

Reactions the rates and, sometimes, directions of which
depend on the orientation of the electron and nuclear spins of
the paramagnetic precursors of reaction products are themajor
subject of spin chemistry studies. An example of such a
reaction is shown in Scheme 1.

Scheme 1

A radical pair emerged in, e.g., photochemical or thermal
decomposition of a molecule exists in one of the two correlated
spin states, namely, in a singlet (S ) or a triplet (T ) state. The
total electron spin of the radicals is equal to zero in the former
state and unity in the latter. Usually, the triplet state of the
radical pair is non-reactive (or low reactive),1 and the RP
recombination mainly occurs from the singlet state. Magnetic
and spin interactions induce transitions between the non-
reactive T-state and reactive S-state (the so-called T7S-
transitions responsible for the change in the fraction of the
reactive species). These singlet ± triplet transitions represent the
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physical essence of the spin and magnetic field effects in
chemical processes. The most important magnetic interactions
that induce the singlet ± triplet transitions and affect their
efficiency include the Zeeman interaction of the unpaired
electrons in the RP with the external magnetic field, hyperfine
coupling (HFC) between the electron spins and the magnetic
nuclei (nuclei with a non-zero nuclear spin I ) of the radicals
and electron exchange interaction between the unpaired elec-
trons in the RP. Figure 1 schematically presents two limiting
cases of singlet ± triplet mixing. For instance, in weak magnetic
fields (Fig. 1 a) the hyperfine interaction induces S7T-tran-
sitions between all the three triplet Zeeman sublevels (T0 , T+1

and T71) and the recombining singlet state (HFC-mechanism
of singlet ± triplet transitions). In strong external magnetic
fields that exceed substantially the local magnetic fields due
to HFC, a large splitting between the T+1 and T71 sublevels
leads to the situation where the hyperfine interaction only
affects the transitions between the singlet state and one triplet
state (T0). Isotropic hyperfine interaction does not involve the
other two triplet states (T+1 and T71) in the S7T-transition
(Fig. 1 b). Mixing of the S and T0 states of a radical pair can
also be due to the g-factor difference between the radicals (Dg-
mechanism of singlet ± triplet transitions). Thus, even weak
(e.g., Zeeman and hyperfine) magnetic interactions the con-
stants of which are 5 ± 6 orders of magnitude lower than kT can
increase the fraction of the reactive state of the radical pair
owing to the S7T-transition.

The manifestation of singlet ± triplet transitions requires
that the RP lifetime be rather long. In a condensed medium,
this can be attained due to the cage effect. This effect deter-
mines two key features of the reactions under study, namely,
the relatively long time of contact between partners and the
possibility of repeated contacts of the same pair of reactants in
the course of diffusion motion. The characteristic cage size (R)
and the residence time (t) of the reactants in the cage are
governed by the kinematics of the relative motion, interaction
between the reactants and some other properties. For instance,
the hyperfine coupling constant between the unpaired elec-
trons and magnetic nuclei (o, in frequency units) in organic
free radicals is of the order of about 108 ± 109 rad s71 and the
probability of singlet ± triplet transitions on the time scale
t* 1079 ± 10710 s is

ot* 0.01 ± 0.1.

The probability of S7T-transitions increases with an increase
in the viscosity of the solution (as t increases) or in the reactions
involving radical ion pairs (due to the Coulomb interaction
between the partner radicals).

The singlet ± triplet conversion depends on the orientation
of electron and nuclear spins of the partners in the RP and the
singlet ± triplet conversion rate is affected by the HFC, Dg and
external magnetic field. An important consequence is the
possibility of manifestation of the magnetic field and spin
effects (MIE and CIDNP) in chemical and biochemical reac-
tions.

The MIE is due to the T7S conversion rate difference
between the radical pairs containing magnetic nuclei and the
RP devoid of such nuclei. The MIE provides the isotopic
selectivity in different reaction products. Chemically induced
dynamic nuclear polarisation is a manifestation of the a- and
b-spin selection in different reaction products. When carrying
out the reaction in the probe of an NMR spectrometer, the
lines observed in the NMR spectra at the very beginning of the
process correspond to the distribution of the spin sublevel
population that differs from the Boltzmann (equilibrium)
distribution. A detailed description of the spin and magnetic
field effects can be found in a monograph.1

At present, the effect of the external magnetic field and
CIDNPwere detected for a number of chemical processes, such
as single-electron transfer steps in the reactions previously
treated as nucleophilic substitution;3 cis ± trans-isomerisation
of alkenes including biologically valuable polyenes (retinal and
carotenoids);36 donor-acceptor interactions of synthetic
analogues of nicotinamide adenine dinucleotide (NADH),
namely, 1,4-dihydropyridines containing electron-with-
drawing groups 37 ± 40 and many other processes.

Now we will consider the specific features of manifestation
of themagnetic field and spin effects in biochemical systems. In
homogeneous solutions, a strong cage effect is most probably
due to a high viscosity of the solvent and to the electrostatic
interaction between partners in radical ion pairs. Pronounced
cage effects are also characteristic of the reactions occurring in
molecularly organised media, e.g., liposomes, micelles,
`guest ± host' inclusion complexes, etc. (here, the time spent
by radical pairs in the contact zone due to the so-called weak
interactions is longer than in non-viscous systems). Weak
interactions also include the enzyme ± substrate interactions
(enzyme ± substrate binding) in the active site of enzyme, which
is usually considered as themain factor responsible for the high
selectivity of enzymatic processes.41 By analogy with well-
studied processes in complexes or micelles,42 one can expect
that the radical intermediates formed in an enzymatic process
will also form quite a long-lived enzyme ± substrate complex.
Binding of the partners in the active site of enzyme gives
grounds to expect manifestations of rather strong electron
exchange interaction between paramagnetic species in the
enzyme ± substrate complexes, which can be detected by spin
chemistry techniques.

Now we have to dwell on basic differences between
manifestations of the magnetic field and spin effects in homo-
geneous radical and enzymatic processes. In a radical reaction,
the magnetic field effects consist of a change in the ratio of the
recombination probability of free radicals to the probability of
their escape into the bulk.1 In enzymatic reactions, where the
paramagnetic intermediates are involved in the catalytic cycle,
two different spin states of a pair of paramagnetic species
(corresponding to recombination and escape to the bulk, see
Scheme 1) can characterise different steps in the catalytic cycle.
Thus, the magnetic field will affect the ratio of recombination
probabilities (or back electron transfer in the case of single-
electron transfer) and transition to the next step in the catalytic
cycle. As an example, we will consider a model catalytic cycle
shown in Scheme 2.

The cycle begins with the formation of an enzyme ± sub-
strate complex [E_SH] in which an electron is transferred
from the donor (substrate) to acceptor (enzyme) to form the
(P1 SH+.) radical pair in, e.g., the singlet state. Magnetic
interactions induce the singlet ± triplet conversion; when the
RP is in the singlet state, back electron transfer (recombina-
tion) and regeneration of the starting enzyme (E) and substrate
(SH) are possible. The triplet RP is a precursor of the next stage
of the catalytic cycle, which involves the formation of the
intermediate P2 . Thus, this example clearly demonstrated the
possibility of the effect of the spin states of paramagnetic
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Figure 1. Energy levels of a radical pair and allowed transitions between

the S- and T-states in weak (a) and strong (b) magnetic fields.
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Scheme 2

intermediates on the rates of the processes occurring in the
catalytic cycle of the enzyme.

The effect of the magnetic field on an enzymatic process
will manifest itself as the dependence of particular steps of the
catalytic cycle on the strength of external magnetic field. In this
case, themagnetic field a effect can be defined as the ratio of the
rate constants for the reactions carried out in a magnetic field
of specified strength to the corresponding rate constants
measured in zero (geomagnetic) field. Analysis of the magnetic
field effects detected in enzymatic processes involves measure-
ments of the dependences of the rates of particular steps of the
catalytic cycle or the overall process on the strength of the
external magnetic field (magnetic field dependence) and a
comparison of the experimental and calculated dependences
on the magnetic field. In the case of enzymatic processes, the
recombination (back electron transfer) probabilities are calcu-
lated for a pair of paramagnetic species with specifiedmagnetic
resonance parameters (HFC constants, g-factors of radicals,
effective electron exchange interaction constant J ) with allow-
ance for the lifetimes of the paramagnetic pair and the multi-
plicity of the initial and recombining states. Now we will
consider an approach to the calculation of a recombination
probability in multispin systems including enzymes.

III. Theory of the magnetic field and spin effects
in enzymatic multispin systems

A model of a multispin system differs from that model used in
the radical pair theory in the number of unpaired electrons
(>2). For instance, the spin catalysis 30 deal with systems
comprising three radicals (triads) or pairs of species with
spins I>1/2. Thus, the description of multispin systems
requires taking account of possible correlated doublet, quartet,
quintet and higher spin states. Recombination probability
calculations for such multispin pairs should be carried out
with allowance for a large number of subensembles of radical
pairs, each corresponding to particular configurations of
electron and nuclear spins. The interaction of RP spins with
external magnetic fields and the spin ± spin interactions induce
transitions of a given RP from one subensemble to another.
These interactions are described by systems of a large number
of coupled kinetic equations. In addition, description of the
dynamics of the RP spin state requires the use of quantum
mechanics. The density matrix formalism is the most appro-
priate for simultaneous consideration of the spatial motion and
spin dynamics of a radical pair. Now we will calculate the
recombination probability in the framework of this method.

If the density matrix, r�~r; t�, of a pair of paramagnetic
species separated by the distance r depends on r, changes in
r�~r; t� with time (t) are governed by three factors, viz., the spin
evolution of the unpaired electrons due to the spin ± spin
interactions and spin interactions with external and local

magnetic fields, the relative motion of reactants and recombi-
nation of radicals 1

qr�~r; t�
qt

�
�
qr
qt

�
spin

�
�
qr
qt

�
motion

�
�
qr
qt

�
recomb

: (1)

This equation is usually written as follows:43

qr�~r; t�
qt

� iL̂�~r�r�~r; t� �R̂�~r�r�~r; t� ÿÛ�~r�r�~r; t�, (2)

where L̂�~r� � Ô� iR̂� Ĵ�~r� is the Liouville operator (Liouvil-
lian), which allows for the coordinate-independent spin evolu-
tion due to isotropic HFC and the Zeeman interaction with
external magnetic fields (Ô), the spin relaxation processes (R̂),
and the coordinate-dependent spin evolution induced by the
exchange interaction [Ĵ�~r�]. The operator Û�~r� describes the
spin-dependent RP recombination, and its matrix elements
characterise the rate of transformation of different compo-
nents of the density matrix to the reaction product (or
products). The functional operator R̂�~r� specifies the motion
of reactants, which is usually treated in the framework of
classical mechanics.

The probability of RP recombination from a certain spin
state at the instant t is given by the corresponding components
of the vector ŵ�t�

ŵ�t� �
�t
0

�
Û�~r�r�~r; t�dtd~r . (3)

Among a large number of methods for solving Eqn (2), the
Green function formalism is most often used. The Green
functions specify the character of the relative motion of other
paramagnetic species in the pair.44 This method makes use of a
physically substantiated admission that the reaction zone is
always a rather narrow region in the space of motion of
reactants. In this case, the general matrix expression for the
probability of recombination of a pair of paramagnetic species
from a certain spin state has the form:43

ŵ �Û0 ĝ
�
1�Û0 ĝ

�ÿ1
r0 , (4)

whereÛ0 is the matrix of recombination constants for different
spin states (generally, recombination from any electron spin
state is possible, but at different rate); ĝ is the operator
(averaged over the reaction zone) characterising the relative
motion and the spin dynamics in the pair. The matrix of this
operator is the matrix of characteristic `times'. For instance,
the matrix element gnn; kk is the mean lifetime of the RP in the
spin state jnni provided that the system initially was in the
electron spin state jkki. All elements of this matrix are
expressed through the one and only function g(s) character-
ising the relative motion (changes in themutual position) in the
pair of recombining paramagnetic species.

Carrying out particular calculations often requires know-
ledge of only certain elements of the matrix ĝ, i.e., one or
several of characteristic `times'. Consider a typical case where
the RP can recombine only in a particular electron spin state,
e.g., a doublet or singlet state. Let the spin evolution in the RP
occur in such a way that no transitions between different
recombining states of the radicals occur. Then, the whole
ensemble of radical pairs can be divided into subensembles
with a particular configuration, {m}, of nuclear spins in the
doublet (or singlet) state. Calculations for each subensemble
are performed independently; the recombination probability
for a specified subensemble is given by

SH S+

P2

E P1

SH+S + H+ SH+

SH SH+
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P1 SH+
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wm �
U0tm

1�U0tm
, (5)

where the quantity tm is the mean residence time of the radical
pair in the reaction zone in the doublet state with the specified
spin configuration {m} provided that the pair was born in the
reaction zone in the doublet state with the same spin confi-
guration {m}.

In some cases, transitions between doublet states can play
an important role. Suppose that a transition from the doublet
state with the nuclear spin configuration {m} to the doublet
state with the spin configuration {m0} is possible. We thus
obtain a more general expression compared to Eqn (5)

wm � U0

tm � tmm 0 �U0�tmtm 0 ÿ tmm 0tm 0m�
1�U0�tm � tm 0 � �U 2

0�tmtm 0 ÿ tmm 0tm 0m�
. (6)

Here tmm 0 is the mean residence time of the RP in the reaction
zone in the doublet state with the preset spin configuration {m}
provided the start is from the doublet state with the preset spin
configuration {m0}. The parameter tm 0m has a similarmeaning.

Further calculations require specifying of the spin Hamil-
tonian of the RP to describe the spin evolution and choosing an
appropriate model for the relative motion to describe the
spatial motion of the species. Changes in the mutual position
of the species in the enzyme-substrate complex can be
described using a rather simple two-position model,45 accord-
ing to which two states of an RP in the cage are possible: (i)
radicals contact each other and can recombine and (ii) radicals
do not contact each other but can return to the contact state.
The state (i) is characterised by the time t1 necessary for
transition of RP from this state to the state (ii). The state (ii)
is characterised by two parameters, namely, the time t2 of back
transition from the state (ii) to the state (i) and the time tc of
irreversible decomposition of the RP. The singlet ± triplet
transitions occur in the state (ii) of the RP.

In the framework of the two-position model, the function
g(s) characterising the changes in the mutual position in a pair
of recombining paramagnetic species is given by:45

g�s� � tp
n� 1

1� n

1� stc

� �
, (7)

where n is the number of repeated contacts and tp � nt1.
The spin evolution is described using appropriate basis spin

states ji . For instance, the singlet ± triplet basis is suitable for
the description of a pair of species with I=1/2. If a pair
comprises two species with I=1/2 and 1, the resultant spin
state can be doublet or quartet. The spin functions of these
states have the form

Dj i �

���
2

3

r
bT�1 ÿ

���
1

3

r
aT0���

2

3

r
aTÿ1 ÿ

���
1

3

r
;bT0

8>><>>: , (8)

Qj i �

aT�1���
1

3

r
bT�1 �

���
2

3

r
aT0���

1

3

r
aTÿ �

���
2

3

r
bT0

bTÿ1

8>>>>>>><>>>>>>>:
.

By specifying the spin Hamiltonian of the system it is
possible to determine the stationary energy levels (Ei) and the
eigenfunctions (wavefunctions) of the system (ci). The sta-
tionary wavefunctions in the ji basis set are represented by

ci �
X
j

�Q̂�ijjj ,

where �Q̂�ij is the matrix that describes transition from the
initial spin basis set to the basis of eigenfunctions. The depen-
dence of the wavefunctions on time is as follows:

jc�t�i � exp�ÿiĤt�jc�0�i.

Now we will write the density matrix in the basis of the ji

functions. The action of the operator Q̂ on the functions ji

leads to

jj�t�i � Q̂ÿ1jc�t�i � Q̂ÿ1 exp�ÿiĤt�jc�0�i � (9)

� Q̂ÿ1 exp�ÿiĤt�Q̂jj�0�i;
since

r̂�t� � jj�t�ihj�t�j ,
one gets

r̂�t� � Q̂ÿ1 exp�ÿiĤt�Q̂jj�0��
j�0�jQ̂ÿ1 exp�iĤt�Q̂ . (10)

For instance, the probability for theRP to exist in a doublet
state at any instant is given by:

rDD�t� �
D
D
���Q̂ÿ1 exp�ÿiĤt�Q̂

���DEDD���Q̂ÿ1 exp�iĤt�Q̂
���DE. (11)

Here Q̂ represents the matrix coefficients; therefore, the
expression for rDD�t� can be transformed as follows:

rDD�t� �
X
i

Q4
i1 �

X
i; j

Q2
i1Q

2
j1 exp

h
ÿ i�Ei ÿ Ej�

i
t � (12)

�
X
i; j

Q2
i1Q

2
j1 exp

h
i�Ei ÿ Ej�

i
t.

The average lifetime of an RP in a doublet state provided
that the RP was born in the same state can be determined from
the following expression

t � ĝ� �DD;DD�
X
i

Q4
i1g�0� �

X
i;j

Q2
i1Q

2
j1g
h
ÿ i�Ei ÿ Ej�

i
� (13)

�
X
i; j

Q2
i1Q

2
j1g
h
i�Ei ÿ Ej�

i
.

For the two-position model, the equation for t takes the
form

t � tp

"X
i

Q4
1i � 2

X
i> j

Q2
1iQ

2
1j

n� 1

 
1� n

1� ��Ei ÿ Ej�tc�2
!#

. (14)

The probability of recombination from the doublet state
provided that the RP was formed in the doublet and quartet
state, respectively, can be calculated using the following
relationships:

wD � 1

2

U0t
1�U0t

, (15)

wQ � 1

4

U0 tp ÿ t
ÿ �

1�U0t
. (16)

Recombination probability calculations for such systems
are exemplified by the reactions catalysed by horseradish
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peroxidase containing an iron atom in the active site (see
below).

IV. Magnetic field effects in enzymatic reactions
catalysed by horseradish peroxidase

1. Modern concepts of the mechanisms of horseradish
peroxidase-catalysed oxidation of substrates
Two models for the mechanism of the HRP catalytic cycle are
available in the literature, a `simplified' model 27 and a `chemi-
cally realistic' one.24 The former model (Scheme 3) was pro-
posed as a possible mechanism of the oxidation of the natural
peroxidase substrate (NADH) in the presence of an initiator
(hydrogen peroxide) and involves successive transformation of
native HRP (Per3+, FeIII) into reactive paramagnetic HRP
intermediates, namely, Compound I containing a haem oxo-
form p-radical cation (FeIV=O+.) in the active site and
Compound II (FeIV=O).

Scheme 3

The secondmodel (Scheme 4) was used to describe the NADH
oxidation in the absence ofH2O2 . It is based on the assumption
that slow oxidation of NADH with oxygen present in the
buffer solution in an acid medium results in the formation of
H2O2 and that the amount of H2O2 formed is sufficient for
initiation of the catalytic cycle,46 which includes interconver-
sions of native HRP (Per3+, FeIII), Compound I
(FeIV=O+.), Compound II (FeIV=O), Compound III
(FeIV7O7OH) and ferroperoxidase (Per2+, FeII).

However, the efficiency of the hypothetical step of H2O2

generation casts some doubts. The authors of the present
review believe that single-electron transfer between the native
HRP and substrate (NADH) is much more probable, because
this is a commonly accepted starting point of oxidation in the
reactions catalysed by other haem-containing enzymes.47, 48

Indeed, according to published data on HRP-catalysed oxida-
tion of substrates,49, 50 the binding of a substrate in the active
site of enzyme occurs near the haemplane, which permits direct
electron transfer from the substrate to the haem. Here, the rate
of single-electron transfer from the substrate to the haem in the
enzyme ± substrate complex should be much higher than the
rate of the substrate oxidation by dissolved oxygen (for
NADH, k=3.061076 s71).24 It should be noted that high
probability of single-electron transfer is also due to the donor
properties of NADH (E 0=7320 mV) and acceptor proper-
ties of HRP (E 0=7306 mV).51

However, in spite of these arguments, the concept consi-
dering the formation of H2O2 as the starting point of the
peroxidase-catalysed substrate oxidation still dominates in the
literature.24, 47 Nevertheless, the aforesaid suggests34, 35 that
the single-electron transfer step can occur in the [Per3+_
NADH] enzyme ± substrate complex. It should be noted that
the possibility of electron transfer betweenHRPandNADH to

give ferroperoxidase (Per2+) was discussed in a study of HRP-
catalysed oxidation of photoexcited NADH.52

Thus, the possibility of electron transfer between the native
HRP and NADH requires experimental proof. Of particular
interest are the experimental proofs of the involvement of the
NADH+.

radical cation in the enzymatic oxidation processes.
Discussion of whether the multistep mechanism involving
electron transfer is possible in biological systems

NADH NADH+.
NAD

.
NAD+,

or the oxidation occurs as the hydride transfer remains to-
pical.53 It should be emphasised that the radical steps were
proposed for almost all processes involving HRP, that is,
hydrogen peroxide utilisation, initiation of polymerisation in
the synthesis of plant cell membranes, etc.47 Meanwhile, only
reactive paramagnetic intermediates of the native HRP, i.e.,
Compounds I ± III, were experimentally detected to date.46

Since the involvement of paramagnetic intermediates (Per3+,
Per2+, Compounds I ± III) in the catalytic cycle of HRP can be
considered proven (see Schemes 3 and 4), it was quite natural
to expect that the use of spin chemistry methods will provide
reliable information on hypothetical reactive paramagnetic
substrate species generated in these processes.

Further, we briefly outline themethodology of experiments
and analysis of the magnetic field effects, which permits
reliable establishment of manifestations of the radical steps in
the HRP-catalysed oxidation of organic substrates.

2. Methodology of studies on the magnetic field effects in the
substrate oxidation catalysed by horseradish peroxidase
To date, detailed magnetic-field-effect-based spin chemistry
studies were carried out of the HRP-catalysed oxidation of
organic substrates, namely, 2-methyl-1-(trimethylsilyloxy)-
prop-1-ene (Me2C=CHOSiMe3 ) in the presence of H2O2,33

NADH34 and its synthetic analogue, 3,5-di(methoxycar-
bonyl)-2,3-dimethyl-4-nitrophenyl-1,4-dihydropyridine (nife-
dipine, NF), in the absence of H2O2.35 In all the three cases, the
effective rate constants for transformations of particular
intermediates of the catalytic cycle of HRP (Per3+, Per2+,
Compounds I ± III) were measured using a rapid-scanning
stopped-flow spectrophotometer. Since the intermediates
listed above show different absorption spectra 46 (Fig. 2), it is
possible to monitor the kinetics of corresponding interconver-
sions. For instance, in the study of Me2C=CHOSiMe3
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oxidation, the changes in the absorption (A) of the reactive
HRP intermediates were detected at 418 nm (maximum
absorption of Compounds II and III, see Fig. 2) over a period
of 1 s with a time resolution of 1 ms.33 The time resolution was
16 ms in the NADH oxidation 34 and 32 ms in the NF
oxidation,35 because the reactions with these substrates took
much longer time to complete (up to 500 s). To study the effect
of external magnetic field, the mixing cell in which the reaction
of the substrate with HRP occurred, was placed between the
poles of an electromagnet and the magnetic field strength was
varied from 0 to 4500 G. The kinetic traces recorded in each
case were compared with the corresponding traces obtained in
zero magnetic field (to this end, the residual magnetisation of
the electromagnet was compensated up to a value of 0.3 to
0.5 G). The effective rate constants for interconverions of the
HRP intermediates were determined using the Levenberg ±
Marquardt non-linear regression algorithm. The analytical
solution to the system of differential equations describing
successive transformations of intermediates of the catalytic
cycle of HRP with allowance for their molar extinction
coefficients at 418 nm 24, 47 was used as the fitting function.
The magnetic field effects were detected as the dependence of
the ratio of the effective rate constant in a particular magnetic
field to the correspondig rate constant determined in terrestrial
magnetic field on the strength of the external magnetic field.

3. Analysis of magnetic field effects in the oxidation
of 2-methyl-1-(trimethylsilyloxy)prop-1-ene by horseradish
peroxidase
The oxidation of Me2C=CHOSiMe3 by horseradish per-
oxidase in the presence of hydrogen peroxide 33 was the first
example of the substrate oxidation by a haem-containing
enzyme, in which the effect of magnetic field on transforma-
tions of paramagnetic intermediates was detected.

The kinetic curves (Fig. 3) with allowance for absorption of
reactive peroxidase intermediates at 418 nm (see Fig. 2) can be
explained by a sequence of conversions of the paramagnetic
species. The initial decrease in the absorbance (see Fig. 3,
region 1) can be explained by the formation of Compound I
(extinction coefficient e418=35 litre mmol cm71) in the reac-
tion of the native HRP with H2O2. The subsequent reaction of

Compound I with the first substrate molecule results in Com-
pound II (e418 =115 litre mmol cm71) and, consequently, in
an increase in the absorbance (see Fig. 3, region 2). Then
Compound II reacts with the second substrate molecule to
regenerate the native HRP.

The reaction of HRP with hydrogen peroxide is too fast to
be treated correctly under the experimental conditions and at
the time resolution mentioned above. In this connection the
initial region of the fall-off of the kinetic curve was ignored in
the design of the kineticmodel for theoretical description of the
process. Therefore, changes in the optical absorption can be
described, in the framework of the sequence of conversions
shown in Scheme 5, using the kinetic model for two successive
unimolecular reactions

Since the extinction coefficient of HRP at 418 nm is much
lower than that of Compound II (see Fig. 2), the overall
function for the description of the experimentally observed
kinetics of changes in the optical absorption (A418) is given by:

Compound I Compound II Compound III.
k1 k2

(17)

0
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5

Figure 2. Absorption spectra of horseradish peroxidase and peroxidase

reactive intermediates.47

Compound I (1), Per2+ (2), Compound III (3), Compound II (4) and

Per3+ (5).
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Figure 3. Kinetic curve of chemical transformations of reactive para-

magnetic peroxidase intermediates observed at 418 nm.

Reaction conditions (all concentrations after mixing): 100 mM phosphate

buffer (pH 7.4), [Per3+]=4 mmol litre71, [H2O2]=0.1 mmol litre71,

[2-methyl-1-(trimethylsilyloxy)prop-1-ene]=16 mmol litre71; 25 8C.
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To determine the effective rate constants k1 and k2 , the
analytical solution (18) is used for constructing a correspon-
ding kinetic plot with allowance for the sequence of conver-
sions of reactive paramagnetic intermediates of the peroxidase
catalytic cycle (see Scheme 5) using the Levenberg ±Mar-
quardt non-linear regression algorithm. Figure 4 illustrates

excellent agreement between the experimental kinetic curve
and calculated function (18). The magnetic field effects were
calculated as the ratio of the rate constants k1 and k2 measured
in non-zero external magnetic fields to the corresponding rate
constants determined in the zero magnetic field. The magnetic
field dependences of the magnetic field effects determined for
k1 and k2 are shown in Fig. 5. In Section III, we showed that
the shape of the magnetic field dependence of the magnetic
field effect and positions of extrema are determined by the
magnetic resonance parameters of two paramagnetic species.1

By comparing the experimental magnetic field dependence (see
Fig. 5) and the results of calculations using the known semi-
classical approximation,54 one can determine the magnetic
field-sensitive step of the process, namely, the second stage of
the catalytic cycle, which involves the interaction of Com-
pound II with the substrate. In this stage, the event of single-
electron transfer is followed by the formation of the radical
form of Compound II and the radical anion of the enol form of
1-isobutyraldehyde (Me2C=CHO7 .). In this case the mag-
netic field effect is due to the probability difference between
back electron transfer in the radical pair in weak and strong
magnetic fields. Here, the reversible electron transfer event in
the collective triplet state of the RP is accompanied by
regeneration of Compound II, whereas the singlet state even-
tually results in the starting HRP (Per3+) (Scheme 6).

Thus, manifestation of the magnetic field effect confirms
the assumption of involvement of the paramagnetic intermedi-
ates in the catalytic cycle of HRP. This also indicates the
possibility for a new, non-studied, short-lived radical form of
Compound II to exist.24, 27, 47

4. Magnetic field effects in the oxidation of NADH and its
synthetic analogues by horseradish peroxidase
a. Enzymatic oxidation of NADH catalysed by horseradish
peroxidase
Yet another example of manifestation of the magnetic field
effect in the reactions catalysed by HRP is provided by the
oxidation of NADH, a natural HRP substrate. In the above
discussion of modern concepts of the mechanisms of oxidation
of organic substrates catalysed by HRP, mention was made
that the initiation step of the catalytic cycle in the absence of
hydrogen peroxide requires additional studies. Electron trans-
fer from the donor molecule (NADH) to acceptor (e.g., haem
of the active site of HRP) can be a highly probable starting
point of the catalytic cycle. The use of spin chemistry methods
to prove this assumption seems to be correct.

The oxidation of NADH catalysed by HRP in the absence
of H2O2 was studied by the stopped-flow spectrophotometric
technique (see above). The reactive HRP intermediates (Com-
pounds I, II and III) were also detected at the wavelength of
maximum absorption of Compounds II and III (418 nm).
Based on the known sequences of interconverions of HRP
intermediates 46 and their molar extinction coefficients 24 (see

0

0.05

0.10

0.15
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0.2 0.4 0.6 0.8 Time /s

Figure 4. Fitting of the experimental kinetic curve using the Leven-

berg ±Marquardt non-linear regression algorithm and analytical solution

(18).

Experimental data are shown by open circles and the fitting results are

shown by the solid line.
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Figure 5. Magnetic field effect on the rate constants k1 (a) and k2 (b) of

the oxidation of 2-methyl-1-(trimethylsilyloxy)prop-1-ene catalysed by

horseradish peroxidase. Shown are the standard deviations (averaging

over three experimental series including 5 or 6 measurements each).

Reaction conditions (all concentrations are reported after mixing):

100 mM phosphate buffer (pH 7.4), [Per3+]=4 mmol litre71,

[H2O2]=0.1 mmol litre71, [2-methyl-1-(trimethylsilyloxy)prop-1-ene]=

16 mmol litre71; 25 8C.
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Fig. 2), the characteristic kinetic curve of this process (Fig. 6)
was explained as follows:34 a decrease in absorption in the first
step (see Fig. 6, region 1) is associated with the transformation
of native HRP (e418=62 litre mmol71 cm71) to ferroperox-
idase (Per2+) (e418=62 litre mmol71 cm71) upon electron
transfer event from the substrate (NADH) to the starting
HRP, which results in the formation of the reduced form
(Per2+). This is followed by the reactions of ferroperoxidase
with oxygen dissolved in the buffer solution (Scheme 7), which
leads to rapid conversion of Per2+ (k=5.86104 litre
mol71 s71) to Compound III (e418=115 litre mmol71

cm71) 24 and subsequent increase in absorption (see Fig. 6,
region 2). Fast deprotonation of the NADH+. radical cation
(k=3.66106 s71) (Ref. 55) produces the NAD

.
radical,

which reacts with Compound III to give Compound I
(e=35 litre mmol71 cm71) (see Scheme 7). This process

corresponds to the `deflection' region of the kinetic curve (see
Fig. 6, region 3). Then, the single-electron reduction of Com-
pound I produces Compound II (e418=115 litre mmol71

cm71), which leads to an increase in the absorption at
418 nm (Fig. 6, region 4).

The initial portion of the kinetic curve of ferroperoxidase
formation was too fast for quantitative treatment; therefore,
the corresponding rate constant was excluded from the theo-
retical kinetic model. Therefore, in accordance with the pro-
posed sequence of reactions (see Scheme 7), an increase in the
absorption (see Fig. 6, regions 2 ± 4) was described using a
kinetic model that assumes three unimolecular reactions

Compounds II and III are characterised by equal extinc-
tion coefficients that are about three times higher than the
molar extinction of Compound I and twice as high as that of
Per2+; therefore, the overall fitting function for the description
of the experimental changes in absorbance with time can be
written as follows:

A418 �
�
compound III

�� �compound II
�� (20)

�
�
compound I

�
3

�
�
Per2�

�
2

�

� �Per2��
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ÿ 2
�
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�
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ÿ
�
Per2�

�
2

.

The curve calculated using experimental data and the
Levenberg ±Marquardt non-linear regression algorithm for
the overall analytical solution (20) to the system of equations
that describe the sequence of reactions in the catalytic cycle of
HRP (19) virtually coincides with the experimental kinetic
curve shown in Fig. 7. It should be noted that kinetic simu-
lation with allowance for ferroperoxidase formation allowed
one to obtain the best fit of the experimental and theoretical
curves. This made it possible to determine the rate constants
k1 , k2 and k3 for the reactions (19).

Yet another proof of occurrence of single-electron transfer
between HRP and NADH in the enzymatic oxidation was
obtained by analysing the magnetic field dependences of the
magnetic field effect detected in this process. Themagnetic field
effect calculated as the ratio of the effective rate constants in a
magnetic field to the corresponding rate constants in the zero
magnetic field was found only for the constant k1 (Fig. 8). The
most probable magnetic field sensitive step is electron transfer

k1
Compound III

k2
Per2+ Compound I Compound II.

k3
(19)
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Figure 6. Kinetic curve of chemical transformations of horseradish

peroxidase reactive paramagnetic intermediates observed at 418 nm in

the NADH oxidation catalysed by peroxidase.

Reaction conditions (all concentrations after mixing): 100 mM MES

buffer, pH 5.6; [Per3+]=1 mmol litre71, [NADH]=100 mmol litre71;

25 8C.
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between the native HRP and NADH. Subsequent conversion
of ferroperoxidase in the reaction with oxygen occurs under
kinetic control (k=66104 litremol71 s71);24, 47 therefore, the
rate of formation of Compound III will bemuch lower than the
rate of spin conversion in the pair (Per2+ O2) and the process
will most probably be spin-independent. The interaction of
Compound III with the radical NAD

.
also cannot be the

source of a strong magnetic field effect, if a collision of this
radical with the radical NAD

.
in the bulk produces the so-

called F-pair (strong magnetic field effects are not character-
istic of this species).56 However, is it possible to consider
enzymatic reactions as bulk processes? The issue has not been
answered so far. As to the subsequent steps of the catalytic
cycle, the interaction of Compound IwithNADHproduces no
RP and the formation of peroxidase as a result of the reaction
between Compound II and NADH was not included in the
analytical function at all, because this step was not observed on
the time scale studied. Thus, we have formulated a hypothesis
that the dependence of the rate constant k1 on the strength of
the external magnetic field is due to the effect of the magnetic
field on the rate of ferroperoxidase formation in the event of
single-electron transfer between HRP and NADH.

To check the assumption that the magnetic field effect is
formed in the first step of the catalytic cycle, the magnetic field
dependence of the magnetic field effect for the paramagnetic
pair (Per2+ NADH+.

) was calculated. The RP multiplicity
was established in the framework of the theory of crystal field
by analysing 34 the spin state of the central iron atom in the
ferroperoxidase haem.57

According to modern concepts, the inorganic complex
(ferroperoxidase, Per2+) can be treated as a stable polyatomic
system in which the effect of ligands [porphyrin (N) and
histidine (NHis)] on the central ion Fe(II) is electrostatic in
nature. It was established that in a free iron atom five d-states
(dxy , dxz , dyz , dz2 and dx2ÿy2 ) with the same energy are split into
four groups with different energies in the pyramidal field of
ferroperoxidase ligands (N and NHis), i.e., the quintuply
degenerate 5D-term of free ion is split in the ligand field of the
pyramidal complex into four terms, namely, b1 (dx2ÿy2 ), b2
(dxy), a doubly degenerate e (dxz , dyz) and a (dz2 ).

The electron states of the RP are shown in Scheme 8.
Donation of a single electron from NADH to the native HRP

causes the formation of the (Per2+ NADH+.) RP in the
quartet and doublet states. Owing to intersystem crossing, the
non-reactive quartet spin state becomes a reactive doublet
state. Recombination of the latter (back electron transfer)
maintains the possibility of regeneration of the starting HRP
and NADH.

Scheme 8

The recombination probability for the RP under study was
calculated in the framework of the density matrix formalism
for the two-position model. The basics of this approach have
been considered above (see Section III). It was assumed 34 that
the observed quartet ± doublet spin evolution of the RP is
governed by the electron spin interaction with the constant
external magnetic field, isotropic hyperfine interaction
between the unpaired electrons and magnetic nuclei in the
system and by the exchange interaction between the unpaired
electrons, which causes splitting of the RP terms into a doublet
and a quartet.

The Hamiltonian of this system of interactions has the
form:

Ĥ � o1Ŝ1 � o2Ŝ2 � aŜ2 Î� JŜ1Ŝ2, (21)

where o1= g1b�h71H0 and o2= g2b�h71H0 are the spin pre-
cession frequencies of the radicals in the pair of species with the
electron spins 1 and 1/2, respectively; the g-factors are
g1=3.25 (for ferroperoxidase) 58 and g2=2.003 (for the
substrate radical cation);55 a=32.9 G (Ref. 55) is the constant
of isotropic hyperfine interaction between the unpaired elec-
tron of the radical cation NADH+.

and the magnetic nucleus
in this radical cation (I=1/2); and J is the exchange integral
between the doublet and quartet terms of the radical pair. It
should be noted that in the general case the exchange inter-
action constant depends on the distance between the radicals
(r) and the orientation angles (y and j), i.e., J= f (r,y,j). For
simplicity, only two possible conformational states of the
complex [Per2+_NADH+.] characterised by the quartet ±
doublet (Q ±D) evolution with the corresponding exchange
integrals J1 and J2 varied from 2006107 to 3006107 rad s71

were analysed.34 The best agreement between the calculated
and experimental dependences on the magnetic field applied
was attained at J1=2006107 and J2= 2656107 rad s71.

The spin Hamiltonian (21) commutates with the projection
of the total spin of the electrons and nucleus on the direction of
the external magnetic fieldH0 , the total projection being equal
to

ŜZ � Ŝ1Z � Ŝ2Z � ÎZ . (22)

Because only the states with the same total projection partic-
ipate in quantum transitions, all spin states of the radical pair
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Figure 8. Magnetic field effect on the rate constant k1 of the oxidation of

NADH catalysed by horseradish peroxidase.

The error bars show the sum of the instrumental error (3.5%) and the
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measurements each. Reaction conditions (all concentrations aftermixing):

100 mM MES buffer (pH 5.6); [Per3+]=1 mmol litre71, [NADH]=

100 mmol litre71; 25 8C.

608 M S Afanasyeva, P A Purtov, M B Taraban, T V Leshina



can be divided into the following subensembles: SZ=�2,
SZ=�1 and SZ=0, only the subensembles with the total
spin projections equal to+1,71 and 0 contributing to the RP
recombination. The behaviour of the stationary energy levels
obtained by solving the SchroÈ dinger equation with the Ham-
iltonian given by expression (21) for the subensembles men-
tioned above is illustrated in Fig. 9. Recombination
probability calculations were carried out for each of the three
subensembles. The final recombination probability for the RP
(Per2+ NADH+.

) was calculated as the sum of the proba-
bilities for each subensemble with allowance for the statistical
weights. The recombination probability W(Q) thus calculated
for the radical pair (Per2+ NADH+.) born in the quartet state
is plotted vs. magnetic field in Fig. 10.

The magnetic field dependence of the recombination prob-
ability first calculated for the multispin system was interpreted
as follows.34 According to the classical radical pair theory, a
radical pair born in the non-reactive quartet state is charac-
terised by a minimum recombination probability in zero
magnetic field, which is confirmed by calculations. Further
increase in the recombination probability W(Q) in weak
magnetic fields corresponds to removal of degeneracy of the
Zeeman energy levels on going from the zero to a non-zero
magnetic field. Interpretation of the remaining regions of the
magnetic field dependence requires consideration of the behav-
iour of the stationary energy levels of the subensembles with
the spin projections equal to +1, 0 and 71 (see Fig. 9) in
different magnetic fields. A decrease in separation between the
energy levels in the range 200 ± 250 G indicates that here one
should expect manifestation of specific features of the recom-
bination probability behaviour. Indeed, the theoretical curve
(see Fig. 10) shows an extremum at 250 G the position of
which unambiguously indicates manifestation of electron
exchange interaction (J ). The role of J is clearly illustrated in

the scheme of the RP terms in the magnetic field (Scheme 9).
Effective quartet ± doublet mixing is possible in the external
magnetic field equal to

H0 �
�3=2�J
�g1 � g2�b

.

Then, after passage of the local maximum of the magnetic
field dependence, the splitting between the energy levels (see
Scheme 9, lines 2, 3) increases again due to the Zeeman
interaction. As a result, transitions from the quartet state to
the doublet state occur at lower rates and the recombination
probability decreases (see Fig. 10). Since the frequency of
transitions between states is determined by the Larmor fre-
quency difference between the radicals in the pair

oQD � o1 ÿ o2 � �g1 ÿ g2�b�hÿ1H0 ,

the efficiency of transitions between the non-reactive quartet
state and reactive doublet state will increase again with an
increase in the magnetic field. Therefore, the recombination
probability increases in strong magnetic fields (400 ± 1000 G).

The calculated recombination probability characterises the
magnetic field effect on the Q ±D transition in the radical pair
(Per2+ NADH+.), resulting in regeneration of the starting
HRP. Therefore, the experimentally detected formation of
Compound III in the bimolecular reaction between ferroper-
oxidase and oxygen molecule with the rate constant k1 is
described by the dependence of [17W(Q)] on the magnetic
field applied (Fig. 11). A comparison of the calculated (see
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Fig. 11) and experimental (see Fig. 8) magnetic field
dependences of the magnetic field effect revealed qualitative
agreement between them.

Thus, manifestation of the magnetic field effect, the
magnetic field dependence of which is described in the frame-
work of the radical pairs theory, indicates involvement of two
paramagnetic species in the NADH oxidation catalysed by
HRP. Agreement between the experimental and calculated
magnetic field dependences is attained assuming formation of
the magnetic field effect in the pair (Per2+ NADH+.

). It
should be emphasised that the conclusion about the presence
of single-electron transfer step in the catalytic cycle of HRP
also follows from the analysis of the experimental kinetic
curves (see, e.g., Fig. 6).

b. Magnetic field effect in the enzymatic oxidation of nifedipine, a
synthetic analogue of NADH
The presence of the single-electron transfer step in the catalytic
cycle of HRP was additionally substantiated in the studies of
the enzymatic oxidation of nifedipine [3,5-di(methoxycar-
bonyl)-2,3-dimethyl-4-nitrophenyl-1,4-dihydropyridine], a
synthetic analogue of NADH, which were also carried out
using the stopped-flow technique.35

The characteristic kinetic curve of the formation and decay
of the peroxidase reactive intermediates in the oxidation of NF
observed at 418 nm (maximum absorption wavelength of
Compounds II and III) is shown in Fig. 12. The kinetic curve
was analysed using the approach similar to that described
above for the enzymatic oxidation ofNADH. It was found that
the NF oxidation kinetics can be explained by a sequence of
elementary steps35 identical to that proposed 34 for the descrip-
tion of the enzymatic NADH oxidation (Scheme 10).

A decrease in the absorbance in the initial portion of the
kinetic curve (see Fig. 12, region 1) is associated 35 with the
formation of ferroperoxidase (e418=62 litre mmol71 cm71)
upon electron transfer from NF to the haem iron atom of the
enzyme, which also leads to formation of the radical cation
NF+.. Further increase in absorbance (see Fig. 12, region 2)
occurs during the reaction of ferroperoxidase with the dis-
solved oxygen to give Compound III (e418=115 litre mmol71

cm71). In the next stage, a neutral nifedipine radical (NF
.
)

formed as a result of deprotonation of the NF+. radical cation
is involved in the reaction. A CIDNP study 35 of the trans-
formations of NF+. in a model process showed that the
deprotonation takes a few nanoseconds. The radical thus
formed reacts with Compound III, which causes a dramatic

decrease in absorbance (see Fig. 12, region 3) due to the
formation of Compound I (e418=35 litre mmol71 cm71).
Single-electron reduction of Compound I by the second NF
molecule results in the formation of Compound II
(e418=115 litre mmol71 cm71); as a result, absorbance
increases (see Fig. 12, region 4). No rapid regeneration of the
native HRP occurs in the course of the reaction between NF
and Compound II; this seems to be due to inactivation of the
enzyme in the reactions with radicals.35

At the same time, a comparison of the kinetic curves of the
HRP-catalysed oxidation of NADH and NF (cf. Figs 6 and
12) clearly demonstrates significant differences between these
processes. For instance, it should be noted that each step of the
NF oxidation is much slower than the corresponding step of
the reaction of HRP with NADH. This can be explained by
several factors, in particular, a lower concentration of NF
compared to the NADH concentration (15 and 100 mmol
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litre71, respectively) and by the use of the phosphate buffer
(pH 7.0) instead of the MES buffer (pH 5.6) in which HRP is
more reactive.24 The activity of the enzyme is also affected by
the addition of EtOH (15%) necessary for solubilisation of
NF, because ethanol acts as aninhibitor of HRP.

The effective rate constants for the formation of Com-
pounds III and I were determined by treating the kinetic curves
measured at different strengths of external constant magnetic
field using the Levenberg ±Marquardt non-linear regression
algorithm. In this case, the kinetic model for two successive
unimolecular stages was considered

and fitting was performed only for the portion of the kinetic
curve that describes the kinetics of formation and consumption
of Compound III (see Fig. 12,2). It turned out that, similarly
to the NADH oxidation, only the rate constant k1 is magneto-
sensitive. The experimental magnetic field dependence of the
magnetic field effect (Fig. 13) agrees with the theoretical curve
(see Fig. 11) assuming that the magnetic field effect is formed
in the pair (Per2+ NF+.

) (Scheme 11).

Thus, we can conclude that, similarly to the case of NADH,
back electron transfer in the pair (Per2+ NF+.

) occurs in the
doublet state of the RP, whereas the quartet spin state is the
source of Compound III (see Schemes 8 and 11).

An important conclusion that can be drawn based on the
analysis of the magnetic field effects detected in the enzymatic
oxidation of the natural substrate of horseradish peroxidase,
NADH and its synthetic analogue nifedipine, is as follows. In
the absence of hydrogen peroxide, the enzymatic oxidation
begins with electron transfer between the native HRP and
substrate rather than the reaction with trace amounts of
hydrogen peroxide formed as a result of NADH (NF) oxida-
tion by dissolved oxygen, which was earlier considered as the
initiation step.24, 47

Scheme 11

5. Studies of the magnetic field effect on the NADH
oxidation by horseradish peroxidase in an oscillatory
reaction
Of particular interest is the oscillatory reaction of NADHwith
O2 catalysed by HRP, which has been a subject of intensive
studies. The reaction dynamics shows a number of specific
features dependent on the reaction conditions.59 The perox-
idase ± oxidase system exhibits bistability (i.e., two different
dynamic states can exist under identical experimental condi-
tions).24 Examples are provided by two coexisting stable
states 60 and a stable state that coexists with periodic
oscillations.61

It should be noted that oscillations in an enzymatic system
are complex biochemical processes that often involve up to
10 ± 20 coupled elementary reactions associated with either
generation or consumption of free radicals. To study the
oscillatory oxidation reaction, NADH and oxygen are contin-
uously added to a stirred aqueous buffer solution (pH 5.0 ± 6.5)
containing HRP and an initiator (usually, an aromatic com-
pound, such as 4-hydroxybenzoic acid, melatonin or Methyl-
ene Blue). Under such conditions one can observe oscillatory
processes.62, 63 Reaction products include hydrogen peroxide
and a number of oxygen-containing free radicals.24 The
formation of reactive oxygen species is undesired for cell
metabolism due to their destructive properties; additionally,
too high concentrations of H2O2 cause inactivation of HRP in
the reaction of peroxide with Compound I.64, 65 A mechanism
of inactivation of the enzyme by free-radical species is
described 66 and the role of aromatic initiators in this process
was discussed. It was assumed that inactivation is a result of the
interaction between reactive oxygen species and the side chains
of amino acid molecules and peroxidase sugar residues.67 It
was shown that reduction of inactivation of the enzyme in the
oscillatory system is followed by an increase in the concen-
tration of melatonin, which rapidly reacts with the oxygen
radical species formed, e.g., OH

.
.

Studies of the effect of external magnetic field on the rate of
oscillatory processes are of particular interest. It is quite
important to answer the question whether or not does the
enzymatic oxidation retain its magnetic field sensitivity in the
oscillatory reaction and what is the role of its initiator?

The effect of external magnetic field on the consumption of
oxygen in the oscillatory reaction of NADH with O2 catalysed
by horseradish peroxidase was first observed by Olsen et al.7

The oxygen concentrations in the solution during the reaction
in a magnetic field of strength varied from 0 to 4000 G were
measured with a Clark-type oxygen electrode. The frequency
and amplitude of [O2]-oscillations are plotted vs. magnetic field
in Fig. 14. The plots exhibit characteristic extrema at about
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1500 G. The magnetic field effect is independent of the pH
value, NADH and methylene blue concentrations, being
sensitive to the change in the concentrations of HRP and
initiator, 4-hydroxybenzoic acid (Fig. 15).7 It was assumed
that the magnetic field sensitive steps of the oxidase oscillatory
reaction can involve radical pairs including Compounds I and
II.

Compound I+NADH Compound II+NAD
.
, (24)

Compound II+NADH Per3++NAD
.
+H2O. (25)

The dependence of the magnetic field effects observed on
the concentration of phenolic compounds can be explained 7 by
participation of the latter in electron transfer between Com-
pounds I and II in the course of the reactions

Compound I+PhOH Compound II+PhO
.
, (26)

Compound II+PhOH Per3++PhO
.
+H2O, (27)

PhO
.
+NADH PhOH+NAD

.
. (28)

Note that the lack of a theoretical magnetic field depend-
ence 7 precludes drawing unambiguous conclusions about the
magnetic field sensitive step of the process. We can only point
to significant differences between the magnetic field depend-
ences obtained for the steady-stateHRP-catalysed oxidation of
organic substrates [Me2C=CH(OSiMe3), NADH and NF]
(see above) and measured in the course of oscillatory NADH
oxidation by peroxidase (cf. Figs 5, 8, 13 and 14). These
differences can be explained taking into account the fact that
in the course of the steady-state substrate oxidation catalysed
by HRP the magnetic field effects were detected in particular
stages of the catalytic cycle, whereas in the case of oscillatory
oxidase reaction 7 the effect of the magnetic field on the rate of
the overall process was studied. The observed dependence of
the magnetic field effect on the concentration of phenol 7 gives
grounds to assume the presence of a number of magnetic field
sensitive steps in the reaction under study, which can be a
possible reason for the differences between the magnetic field
dependences (see above).

V. Conclusion

The material presented in this review demonstrates the applic-
ability of spin chemistry methods to studies of paramagnetic
species involved in the enzymatic oxidation. Manifestation of
the magnetic field effects in enzymatic reactions points to a
relationship between the reactivity and spin states of para-
magnetic intermediates of the catalytic cycle of HRP. For
instance, it was shown that in the absence of hydrogen peroxide
the enzymatic oxidation is initiated by electron transfer
between the native enzyme and substrate. In addition, obser-
vation of theCIDNP effect 68 in the interaction of photoexcited
NADHwith horseradish peroxidase not only substantiates the
conclusion about the possibility of electron transfer between
the peroxidase haem and NADH, but also proves the forma-
tion of the radical cation NADH+.

, which was postulated in
the analysis of the magnetic field effect.34

Agreement between the experimental magnetic field
dependences of the magnetic field effects detected in studies
of the oxidation catalysed by horseradish peroxidase and the
results of calculations in the approximations used in the radical
pair theory makes it possible to draw some conclusions on the
subtle mechanisms of the processes occurring in the catalytic
cycle.

For instance, the molecular dynamics of partners in the
enzyme ± substrate complex should meet key requirements of
the radical pair theory, namely, the rates of electron transfer in
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enzymatic processes should be similar to the diffusion rates
(otherwise, manifestation of the magnetic field effect is impos-
sible), and the lifetimes of reactive intermediates should not
exceed a few microseconds. The calculated magnetic field
dependence 34 showed the best agreement with experimental
data at submicrosecond lifetimes of the pair of paramagnetic
species. Since the theoretical model is based on the concept of
diffusion of partners, one should assume that reactants to some
extent retain their mobilities in the enzymatic processes. In
addition, extrema present in the magnetic field dependences at
a magnetic fields strength of the order of hundreds of Gauss
attest unambiguously to electron exchange interaction between
partners in the catalytic cycle of horseradish peroxidase. This is
most probably due to the substrate binding in the active site of
the enzyme. One can hope that analysis of positions of the
extrema in the plots of the magnetic field dependences of the
magnetic field effects in the enzymatic oxidation of different
substrates in combination with the data obtained by other
methods for detection of enzyme ± substrate interactions will in
the future allow one to formulate criteria for evaluation of
binding.

An important result is also the observation of the magnetic
field effect in the oscillatory reaction of NADH oxidation by
peroxidase. To draw unambiguous conclusions about changes
in the processes occurring in the catalytic cycle of peroxidase in
the course of oscillatory oxidation in the presence of additional
sources of free radicals (Methylene Blue, phenol, etc.), one
should study the effect of magnetic field on interconversions of
HRP-Compounds, as was done for the steady-state oxidation.
Differences in the character of the magnetic field dependences
of the magnetic field effects detected in particular steps of the
steady-state oxidation and in the oscillatory reaction (overall
reaction) suggest the presence of non-identified magnetic field-
sensitive steps of the oscillatory process.

Summing up, it seems useful to list other enzymatic
processes that are most promising for spin chemistry studies
in order to establish the mechanisms of elementary reactions.
These are first of all the processes involving cytochrome P450
and cytochrome c oxidase,69 which have well-established para-
magnetic intermediates and are structurally similar to the
peroxidase Compounds.

Cytochrome P450 plays an important role in enzymatic
catalysis by metal-containing enzymes:47 it participates in
hydroxylation of xenobiotics, such as saturated and unsatu-
rated fatty acids,70 steroid hormones,71 cholesterol,72 bile
acids 73 and prostaglandins.74 Despite the fact that the mech-
anism of substrate oxidation catalysed by cytochrome P450
has been studied for two decades, it is still to be clarified. The
catalytic cycle of hydroxylation by cytochrome P450 involves
radical steps (Scheme 12).47 For instance, it was assumed that

the substrate oxidation starting with the binding by the
FeIV=O group can proceed by either a radical (`radical
clock' of norcarane and spiro-2,5-octane) or cationic mecha-
nism. This results in different reaction products.75

In addition, the state (high-spin or low-spin) of the active
site of enzyme in the enzyme ± substrate complex and the
changes in this spin state upon reduction as a result of single-
electron transfer are still unclear.48

Spin chemistry methods can be useful in studies of the
mechanism of hydroxylation by cytochrome P450. Indeed, by
analysing the magnetic field dependences of the effective rates
of the interconversions of reactive intermediates in the catalytic
cycle of cytochrome and the dependences of the product ratio
of substrate oxidation on the strength of external magnetic
field it is possible to determine the spin state of iron in the
enzyme active site and the spin configurations of the cyto-
chrome reactive intermediates. Analysis of the magnetic field
effects also permits monitoring of the effect of electron spins of
the cytochrome P450 intermediates on the ratio of the radical
and cationic oxidation pathways.

Yet another enzymatic system that can (potentially) be
studied by spin chemistry methods is the cytochrome c ± cyto-
chrome c oxidase system. The role of electron-transfer steps in
this system has been a subject of considerable discussion.76 The
case in point is the generation of the chemical potential within a
mitochondrion in the respiratory chain, which produces most
of the free energy necessary for life processes in aerobic
organisms by combining electron transfer and the synthesis of
adenosine triphosphate (ATP).77 The electron transfer steps
involving proteins and highly reactive paramagnetic cyto-
chrome intermediates in the mitochondrial chain is the key to
this process. At present, we know that the cytochrome c ± cy-
tochrome c oxidase system contains four cofactors, namely,
two copper atoms, a low-spin haem group and a haem group
that is a constituent of the protein containing haem iron and
copper.78During the reaction, the system adds four electrons in
four successive single-electron steps, thus reducing oxygen to
water, and at the same time creates a proton gradient across the
inner mitochondrial membrane (see Scheme 12). Recently,76

the reactive paramagnetic intermediates of cytochrome c oxi-
dase were determined spectroscopically. These are peroxide
linkers (Compounds PM and PR), ferryl intermediate (Com-
pound F), ground state (Compound O), a singly reduced form
(Compound E) and a doubly reduced form (Compound R).
Interconversions of these species involve single-electron trans-
fer between the paramagnetic intermediates of the enzyme.69

Based on the results of structural studies of cytochrome c,79, 80

possible pathways of electron transfer in the enzyme and a
mechanism involving interconversion of cytochrome c inter-
mediates were proposed; however, all these assumptions
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require additional proofs. It is desired to prove them in studies
of the dynamics of the processes occurring in the cytochrome
c ± cytochrome c oxidase system. One can expect that spin
chemistry methods, such as the magnetic field effect and
chemically induced dynamic nuclear polarisation, will provide
the possibility of establishing the role of the electron spin states
in different paramagnetic intermediates and obtaining
information on the subtle mechanism of functioning of the
system of mitochondrial breath, namely, the cytochrome c ±
cytochrome c oxidase system.
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