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1. Introduction

The description of biological oxidation-reduction processes at the
elementary step level is virtually impossible owing to the complexity
of the protein objects studied, but the various kinds of model
systems which reproduce in a simplified form particular functional
features of biological systems can help.

In the present review, we shall confine ourselves to the
examination of problems of the modelling of the elementary
mechanisms of the action of metalloenzymes catalysing processes
with participation of O,.! Attention has been traditionally
concentrated on these processes as a consequence of the great
importance of O, for the vital activity of organisms, in connection
with the prospect of using O, as an ecologically pure oxidant, and
also because of the abundance of processes with participation of O,
in the environment.

In examining metalloenzyme systems and their models, one must
take into account the chemical and biological characteristics of
each elementary step. The chemical characteristics are of a general
character for many enzyme systems, while the biological characteristics
define the specificity of the given system, determined by the structural
features of the active centre and of the entire metalloenzyme molecule,
and the dynamic properties of macromolecules with their multipoint
intermolecular interactions. It would be premature to make any
kind of generalisations for complex systems of this kind. On the
other hand, the chemical characteristics of the elementary step make
it possible to consider from general standpoints the mechanisms of
oxidation-reduction reactions in both enzyme and model systems.

This postulate constitutes the basis of the review. Its aim is an
attempt to represent biological oxidation-reduction processes in
terms of the electron transfer step.

The theory of outer-sphere electron transfer has been developed?
and its quantitative aspect has been applied.>

Outer-sphere electron transfer takes place in a collision
(unoriented and unstabilised) complex as a consequence of the
fluctuations in the dipoles of the medium which equalise the energy
levels of the initial and final states:>*

A+D® > (A.D° <= A°.. D) > A+D°,

where A is the electron acceptor and D° the one-electron donor.

The energy of the reorganisation of the solvent in the outer-sphere
electron transfer depends quadratically on the number of electrons
transferred. By virtue of this, the transfer of two electrons via the
outer sphere mechanism is relatively ineffective although it has been
detected in many instances. On the other hand, when one speaks of
reactions with participation of O,, in enzyme systems its reduction
takes place as a two-electron process with formation of 03~(H,0,)
or effectively as a four-electron process with formation of O*~(H,0).
These reactions occur mostly as a result of the formation of complexes
between O, and reduced variable valence metal jons—usually copper
and iron ions. In general, one may call such reactions inner-sphere
electron transfer reactions. Intramolecular electron transfer is
sometimes also implied by the inner-sphere transfer:

A "N AANNny DS e A’ AN ANSD.

Such transfer usually takes place either when the molecule contains
bridging electron-conducting groups (with a "rigid" molecular
structure) or as a result of intramolecular collisions of the donor-
acceptor functional groups (flexible dynamic structure).

Consideration of complexes between electron-donating and
electron-accepting species led Mulliken to introduce the concept of
charge transfer complexes (CTC).%® The studies by one of the
authors of the present review have been devoted to the role of such
complexes in oxidation-reduction reactions.®’  Subsequently
oxidation-reduction reactions with participation of O, in model and
enzyme systems were considered from the standpoint of ideas
postulating intramolecular electron transfer as a chemical step in
which the products of the final electron transfer are formed on
decomposition of the intermediate donor-acceptor complex with
partial charge transfer (PCTC):

A+D® € (AD) - A® + D,

where (AD)® is a PCTC with one-electron inner-sphere transfer.
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The final two-electron process can be represented analogously:
A+D? Z(AD)** > A* +D.

The fundamental difference between the "activated" collision
complex and the PCTC consists in the mutual orientation of the
donor and acceptor and the distance between them or, more
precisely, in the extent of the electron-exchange interaction (V) of
the donor-acceptor orbitals. In the outer-sphere case, the reactants
approach one another to a distance 24 A and V < kT, in the
inner-sphere case, the distance between the reacting species is less
than the sum of the van der Waals or ionic radii but is greater than
the sum of the covalent radii of the atoms in contact, while the
energy of the exchange donor-acceptor interaction exceeds the
energy of the thermal motion: kT < V < 10 kT. Evidently,
depending on the values of F, the intermolecular transfer can take
placeeither via the "outer-sphere" mechanism or via the "inner-sphere”
mechanism [a partial charge transfer (PCT) state is produced].
Intramolecular electron transfer over long distances is the most
typical property of biological electron-transport systems.

II. Characteristic features of inner-sphere electron
transfer reactions and of intermediate complexes with
partial charge transfer

We shall consider the distinctive features of the donor-acceptor
PCTC by virtue of which they play an important role in metal
complex and especially metalloenzyme catalysis. Their main feature
is the existence of a rapidly established (thermal) equilibrium
between the ground (N) and electronically excited (E) states. At the
present time, complexes of this kind are referred to as examples of
redox isomerism. In the ground state, the complex decomposes into
the initial reactants, while in the electroncially excited state it
decomposes into the electron transfer products:

- kT
A+D* T (AD)X “ (AD); = A°® + D,
kT
A +D?* Z (AD)¥ < (AD)E* > A +D.

As a result, the PCTC can interact with any "third" species and,
existing simultaneously in two (ground and electronically excited)
states, it can manifest the properties of both the initial reacting
species and of the electron transfer products. Such "duality" in the
properties of the PCTC has been clearly interpreted in terms of the
ideas of Mulliken’s resonance theory,** according to which the
PCTC can be represented by a "superposition" of states without
charge transfer and with complete charge transfer:

(AD)® = (AD® < A®D),
(AD)?¢ = (AD?® «— A?°D).

Identical contributions of the limiting structures obtain when the
energies of the donor-acceptor pair without (i) and with (' ) complete
charge transfer in the absence of electron-exchange interaction are
equal.%® The difference between the energies of these states (AH,)
can be estimated from thermodynamic considerations:

AH, = AgY + RT In (Kc/Ke.5),

where Aoy is the difference between the redox potentials of the
donor and the acceptor and the constants K, are the stability
constants of the hypothetical complexes of the initial and final states.
When the values of K. ; and K, , are similar, the condition

AH, ~ Ao, ~ 0 implies the approximate equality of the redox
potentials of the partners involved in the bond:

Po(AJAS2) = po(D*2¢/D).

When the values of K, ; and K,  or methods for their formation are
available, account can be taken also of the contribution by the
complex formation effect to AH,.

The thermodynamic factor determines not only the properties of
the PCTC (the degree of charge transfer in the ground and
electronically excited states depends on AH,) but also the relative
probability of the decomposition into the electron transfer products.

The rate of the final electron transfer via the inner-sphere
mechanism depends on the nature of the intermediate PCTC and the
process thermodynamics. It is possible to differentiate two extreme
cases:® the rate of the electron transfer is determined either by the
rate of formation of the PCTC (as a rule when AsY < 0) or by the
rate of its decomposition into the electron transfer products (usually
when A > 0).

Since the properties of the PCTC and the probability of their
decomposition into the electron transfer products depend on
parameters such as AH, and AcY, there is a possibility of the
operation of several "external" mechanisms whereby these parameters
are influenced.

When ionic and highly polar reactants participate in the reactions,
the values of Ac% depend on the polarity of the medium. Solvation
effects diminish AH, and correspondingly increase the degree of
charge transfer in the donor —acceptor complex. Appreciable changes
in the polarity of the medium usually occur at the water-non-polar
phase interface, as a result of which effective charge transfer, induced
by relatively small movements of the reacting species in a medium
with a polarity gradient, are to be expected in precisely such
boundary regions.

Another pathway leading to the final electron transfer in PCTC is
associated with the effects of the coupling of oxidation-reduction and
acid-base reactions. The mechanism whereby a proton is supplied
to the acceptor can be various: a proton can be drawn from the
aqueous medium or from other proton donors in close proximity.
The transition from an ionic to an electrically neutral reaction entails
a sharp alteration of Ac% and AH,. In fact such energy coupling of _
electron and proton transfer appears as the transfer of a hydrogen
atom in a one-glectron process or of a hydride ion in a two-electron
process. In protein macromolecules, there is an inter-relation
between small local changes in the relative disposition of the atoms
in the active centre and the change in the structure in the entire
macromolecule.” As a result of this, there is a possibility of the
energy coupling of the structural and electronic-structural
characteristics accompanied by a change in ¥ and Acy. The
dynamic conformational properties of the macromolecule thereby
determine also its functional possibilities in effecting electron transfer.
Any coupling merely "manifests" some property characteristic of the
PCTC, while the essential feature of the inner-sphere electron
transfer remains unaltered.

The intrinsic concept of an "inner-sphere" process refers usually to
electron transfer reactions in the inner coordination spheres of
transition metal ions.
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In contrast to the intermolecular donor —acceptor (valence) bond,
in the case of metal ions the coordinate bond is collective in
character. By virtue of this feature, appreciable changes in the
geometrical and electronic structures of the complex can occur
without appreciable energy expenditure.!! Two consequences of
such collective binding are very important for the occurrence of
"true" inner-sphere electron transfer reactions.

The first concerns the dynamic character of the metal —ligand
bond: despite the high strength of each bond considered separately,
in the absence of steric limitations or chelation the complex ion exists
permanently in the state of ligand exchange. This occurs either as a
result of conformational instability (the dynamic Jahn-Teller effect)'?
or as a result of transitions between close conformationally excited
states of the complex differing in the symmetry of the ligand
environment and hence in the electronic-structural characteristics of
the central ion.® In transition metal ions, there may be three types
of conformationally excited states:

(1) For an unchanged coordination number (CN), only the
symmetry of the ligand environment changes, which can entail a
change in the spin state and population of the 4 orbitals of the
central ion.

(2) In conformational excitation, the CN increases by 1 or
2—vacant sites appear in the coordination sphere and are available
for the introduction of one or two ligands.

(3) On conformational excitation, the CN diminishes by 1 or
2—the dissociation of the ligands (one or two) takes place.

The second consequence is associated with the possibility of
identifying the donor —acceptor bond between the metal ion and the
redox ligand as a "valence" bond. Bearing in mind the limitations
to the strength of such a bond (V' < 10 kT') and the types of
conformationally-excited states of the metal complex ion quoted
above, one can infer a priori the presence or absence of sites in the
coordination sphere of the metal ion potentially vacant and available
for the binding of a redox ligand with formation of a coordination
PCTC.

Variable-valence metal ions in the oxidised state (M2*) are
usually coordinatively unsaturated to the maximum extent. In
this case the incorporation of redox ligands—two-electron donors
(D*)—in the inner coordination sphere is possible only via the
ligand substitution mechanism:

-L
LM2* + D* €MD 2 M" + D~

On the other hand, in the reduced form, metals frequently have
potentially vacant sites for the binding of a redox ligand. The
incorporation of the ligand in the inner coordination sphere takes
place in this case via a mechanism of the oxidative addition type:

LM* + A= L(MA)* LM 4+ A
If A is a two-electron acceptor, there is a possibility of an
inner-sphere two-electron transfer with formation of the metal ion in
the superoxidised state M3
M* 4 A2 MAY 2 M3* A%,
An inner-sphere two-electron reaction can take place analogously

also in the interaction of the M>*ion with a two-electron donor D>:

M3*+ D" 2MD—> M* +D.

In each of the examples of the one- and two-electron inner-sphere
transfer, the intermediate complex exists simultaneously in the
ground and electronically excited states, decomposing respectively
into the initial reactants or the electron transfer products. In order
to have a clear idea about the nature of the PCTC, the initial
reactants from which it is formed, and the products into which it
decomposes, in describing the PCTC it is convenient to use
Mulliken’s terminology,’ defining "limiting structures" as respectively
the initial reactants and the products of the final electron transfer.

In this case, the intermediate binary PCTC with inner-sphere one- or
two-electron transfer can be represented as a "superposition" of
structures without and with complete charge transfer:
(MAY); = (M*A > M¥*A™),

(MAY) = (MPA « M2 AT),

MD = (M**D?*" <> M'D~,

MD" = (M**D?"~ <> M'D),
The double arrow between states without charge transfer (initial
reactants) and those with full charge transfer (products) reflects here
the mixing of these two stages on formation of the PCTC.

Ternary PCTC can include either one or two metal ions.
former case, inner-sphere electron transfer takes place in the
coordination sphere of one metal ion. Such complexes are formed
in the interaction of binary PCTC with a redox ligand. Accordingly,
four types of ternary complexes can be formed:

In the

(DMA™); = (D*M'A <> D"M?*A?” <> DM*A?"),

(DMAT )y = (D M'A <> D"M"A7 <> D"M2*A2" <> DM + A?"),
(AMD) = (AM?*D?” <> A"M2*D7 <> A"MD <> A2 M?*D),
(AMD") = (AM3*D?™ <> A"M?*D <= ATM3*D7 <> A2"M**D).

Their decomposition into particular electron transfer products is
determined by the corresponding values of Ac% and can be controlled
by the energy coupling effect manifesting particular "limiting"
structures.

A second metal ion can also play the role of a redox partner in
the binary PCTC with the resulting formation of dinuclear bridged
PCTC:

M* 4 (MA")y = (MAM)?* > 2M2* AT
MD + M?* 2 (MDM)?* » 2M* + D,
Mt 4+ M(A—A) 2 (MA—AM)®" — 2 (MA¥); —> 2M> } 2A",
MD' + MD* < (MD - DM)?* - 2M* + D—D.
Dinuclear bridged PCTC can be formed also in the interaction

of the initial dinuclear metal complex ion (ion pair) with the
corresponding redox ligand:

M ML AZ (MAM)? — M2Y . M2 4 AP,
| | (— | |

M2t M2* + D" & (MDM)2* = M*..M* + D.
I i {

l—  S—

Polynuclear cluster complexes with a strong metal —metal bond
can also participate in energy coupling effects:

—MF—M* A 2 (—MMAY > M2~ M2+ |- A%,
~M>*=M?*+ D> €-M"-M'+D.

0
2 (-MMD)** <

The above schemes describe in a general form virtually all
cases of the formation of molecular and coordination PCTC in
oxidation-reduction reactions.
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The proposed classification of the PCTC is useful when the
nature, properties, and reactivities of the intermediate complexes
formed in catalytic redox reactions are considered. In fact, knowing
the structural and energy characteristics of the metal ion and the
redox ligand, it is possible to predict the possibility of the formation
of the PCTC, its reactivity in relation to "third" species, the preferred
decomposition channels, and the rate constant for the final electron
transfer.”'” ldeas about PCTC have proved extremely productive in
the analysis of both the general questions and specific examples of
the activation of molecular oxygen by variable valence metal ions.”

II1. The ligand properties of molecular oxygen and
the reactivity of metal —oxygen complexes

Molecular oxygen is a redox ligand without unshared electron
pairs for the formation of the usual (o-donor) coordinate bond.
By virtue of this factor, the incorporation of O, in the coordination
sphere of a metal ion is possible only at a potentially vacant site in
the conformationally excited complex. A donor-acceptor
metal —oxygen bond is formed on partial transfer of one or two
electrons from the ¢, orbital of a metal ion, which existed initially in
the reduced form, to the antibonding orbitals of the O, molecule.

This question has been investigated in detail>'*'* and we shall
consider only the geometrical structure of the metal —oxygen
complexes. It follows from symmetry considerations that the
combination of the 1*(0,) and #,,(M ™) orbitals can be achieved in
two ways—with retention or breakdown of the equivalence of the
O atoms. In the former case, the product is only PCTC of the
peroxy-type (oxvgen acting as a bidentate ligand) with inner-sphere
two-electren transfer:

.0 O~
(MO}, = (M+=j |« M+ )
'O \O_

The latter case involves a one-electron transfer with formation of a
complex of the superoxide type (oxygen acting as a monodentate
ligand) with a "linear" structure:

( /o o
(MOD);, = \M* ... o/('A) o MRt —o/ ) .

The establishment of singlet oxygen (sp*-hybridisation of the
atomic orbitals) in a complex of the "superoxide" type has been
confirmed by the results of quantum-chemical calculations'® and by
direct measurements using IR spectroscopic methods.!®  Together
with the singlet oxygen structure, the presence of the superoxide
radical has been detected in the complexes with the "linear"
structure.! ™18

Complexes of the "superoxide" type have been isolated in the
solid state for Co®™ (d7) and Fe** (d°) ions'® in a planar ligand
environment: salicylideneamines, porphyrins, and other macrocyclic
ligands. Many such complexes have been characterised in solution
by EPR. These are (OHNTi** 03,'° Mn* ™ (porphyrin)03,%°
Co**(corrin)O%", vitamin Bj,,' Sn** 03, Z etc. Analogous
metal — oxygen complexes are formed in the interaction of HO, with
Ti** 2 and other d ® elements (V3™ Zr**, U™, Th**, Mo®*) 23-2°
and also in the interaction of vitamin By, in the oxidised form with
the O3 radical-ion.2¢

The equivalence of the O atoms in the complex with the "linear"
structure is attained only on formation of dinuclear p-peroxo-
complexes:

0...Mm*
/7

O—_M‘l‘i')
(MOM)2 = (M+ ...0

> M¥—-0~

Complexes of this type are most characterstic of ions with the d”’
electronic configuration (Co®™) 272 and also with the d ° electronic
configuration: Mn?™ (phthalocyanine) in the presence of pyridine®
and Ru?>* + EDTA in an alkaline medium.>**' Analogous
complexes are formed in the interaction of Ru>™ EDTA with
H,0,.3" The formation of dinuclear p-peroxo-complexes is possible
also for M ™ ions with the d°, @ '° electronic configuration.

The preferential formation of a particular type of oxygen complex
depends on the presence of one or two potentially vacant sites in the
coordination sphere of the metal ion and on the value of AcY for the
corresponding electron transfer reaction. .

Although the binding of O; in complexes with variable valence
metals is of intrinsic interest as regards the study of natural O,
transferring agents,'* the question of the activation of O, as an
oxidant is more significant. The complete or partial reduction of O,
to reactive products such as HO, and OH leads to the activation of
O,. Attention should be drawn to the fact that, the higher the
reactivity of the intermediate species, the smaller the chance of its
being detected or isolated in the solid state. The "unobserved"
oxygen complexes can therefore play a role in the activation of O,.

From the standpoint of the PCT concept, the reactivity of
coordinated oxygen is determined by the nature of the oxygen
complex and the possibility of the incorporation of the oxidised
substrate in the inner coordination sphere of the metal ion.

In the case of complexes of the "superoxide" type, reactions of
three kinds are most characteristic.

1. Outer-sphere electron transfer reactions similar to the reactions
of the superoxide radical-ion® but occurring much more effectively
as a consequence of the increase in the redox potential of the oxygen
coordinated to the highly charged central ion:

(MO + D? = MO, + D~

(2) Inner-sphere redox reactions for the cis-coordination of the
oxidised substrate: in this case the incorporation of the substrate in
the inner coordination sphere is possible either at a potentially
vacant site or via the ligand substitution mechanism in the
cis-position relative to the coordinated oxygen:

—y M¥ 4 HOp + R’
(MOJ)); + RH & (MORH)* —|—ees M* 4 HO, + R’

— M* + H.O0, -+ product.

The latter reaction is of greatest interest, since it entails the
two-electron oxidation of the substrate in the inner coordination
sphere of the metal ion with formation of hydrogen peroxide as the
O, reduction product and without the final change in the (reduced)
oxidation state of the metal ion. Such a reaction has been
discovered in the oxidation of ascorbic acid by copper ions”**-3¢
and in the oxidation of methanol by the complexes L,Cu™* O,

(L = 2,2-bipyridy}).>’
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When the substrate has reducing (DH") and ligand properties,
there is a possibility of the formation of a ternary PCTC and the
substrate can be bound to the metal also before the interaction with O,.

(3) Inner-sphere redox reactions with a second metal ion. These
are common in autoxidation processes:

gH+

MO} + M*

- M3t L H,0,.
Two M™ ions may exist also in a "pair":

MY MreMma + Hy0;
M. M+ 4 Oy 2 (M—O—M)™ —| I

The reactivity of mononuclear oxygen complexes of the peroxy-
type is due to two factors.

(1) The manifestation by such complexes of the reactive properties
of metal ions in the superoxidised state as one- and two-electron
acceptors. The formation of superoxidised states of the metal ion
can be accompanied by the complete or partial oxidation of the
coordinated ligands. Forexample, the autoxidation of the complexes
of Fe?* with 1-hydrazinophthalazine,*® phosphines,’ and EDTA is
accompanied by inner-sphere oxidation of these ligands. The
incorporation of a redox ligand in the coordination sphere is possible
both in the interaction of M* with O, and after the binding of O in
a complex with the metal. A high reactivity in relation to H* and
OH"™ with the "appearance" of coordinated hydrogen peroxide or the
superoxidised metal ion respectively is characteristic of complexes of
the peroxy-type.

(2) In complexes with strong two-electron charge transfer, the
dissociation of the O—O bond as a result of the stabilisation of O~
with "partial” formation of atomic oxygen may prove to be more
favourable than the hydrogen peroxide structure by virtue of the
increase in the effective charge on the central metal ion, especially in
weakly polar media:*

(o} (o 0
MOP); = (M* .o [ oo M| s M ] )
’ [0} (O 0

Accordingly, complexes of the peroxy-type with strong charge
transfer can exhibit the reactivity characteristic of the superoxidised
metal ion and can participate, like atomic oxygen, in substrate
hydroxylation and epoxidation reactions.

Among the model hydroxylating systems based on O, the
Fe**/Fe?” —EDTA —ascorbic acid (DH>) system, discovered in
1954 by Udenfriend*! and catalysing reactions of the type

RH + DH, + O,—~> ROH + D + H,0

has been most widely investigated. The role of the electron donor

in this reaction reduces to regenerating the reduced form of the iron
ethylenediaminetetra-acetate complex participating in the activation
of O, with formation of an oxygen complex of the peroxy-type.

IV. Activation of oxygen by metal-containing
enzymes
The biological catalysts and processes involving oxidation by

molecular oxygen are widely distributed in nature. Resorting to the
ideas and characteristic mechanisms of the activation of O, described

above, we shall consider metal-containing enzymes—oxidases and
oxygenases. The former use oxygen as an electron acceptor and the
latter use it as a donor of an O atom.*?

Oxidases—the catalysts of the four-electron reduction of O, to
water—have been most thoroughly investigated: laccase, ascorbate
oxidase, and cytochrome ¢ oxidase. A characteristic feature of all
these enzymes is the separation in space of the centres for the
transformation of the substrate and reduction of O,.

Thue "blue oxidases" (laccase, ascorbate oxidase) contain copper
ions of three types: EPR-detectable "blue" [type (I)] and "non-blue"
[type (II)] Cu®™ ions as well as a pair of Cu®” ions [type (I1I)] which
are not detectable by EPR.** In these oxidases, there is direct
electron transfer between copper ions of types (I) and (II) and
between types (II) and (III).** In fact, O, is not activated in the
substrate oxidation process for this group of enzymes. The role of
O, consists in the regeneration of the oxidised form of the enzyme.
The rate of the enzyme reaction is limited by the interaction of the
substrate with the "blue" Cu®" ion, while the rate of regeneration of
the oxidised form of the oxidase is limited by the interaction of O,
with the reduced type (III) ions.

The mechanism of the action of laccase and ascorbate oxidase is
of the same type and includes the usual cyclic scheme involving the
alternate oxidation of the substrate and reduction of O,:

D" . cu” cu®?, Cur..Cu' 0;
DH ca® w' e 2H,0
The reduced enzyme is oxidised via the intermediate formation of
a dinuclear p-peroxo-complex analogous to the complexes of O, with
the copper-containing O, transferring agent (haemocyanine) and
ceruloplasmin.*?>  The reduction of the bridging hydrogen peroxide
in such a complex to water requires the transfer of two additional
electrons from the substrate binding centre. Such electron transport
takes place via a "non-blue" copper ion in the case of laccase and
ascorbate oxidase.
Within the framework of the concept of the PCTC, the mechanism
of the four-electron reduction of O, in "blue" oxidases can be

represented by a sequence of the following inner-sphere reactions of
type (III) ions:

.0=0. ~0—0~
>Cu+:: .::Cu+<«-»>Cu”+< >Cu“<«-——'
R R/
0% ... 0%
._—»>Cu"+< >Cu3 *<
f /7
2~ 2 3 2-
Saed” T S e T e
\Cu“/O‘z—. " a--\Cu”/ it \C'u"+ (l“_u'-‘*/
N // AN T/ N\RSTON

R

R = bridging ligand.
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The inner-sphere two-electron oxidation of each copper ion in the
dinuclear complex is called upon to play a stabilising role by virtue
of the inertness of Cu?* [Cu®"? (Ed. of Translation)] in ligand
substitution reactions. In the binding of O,, the rate of the
intermolecular electron transfer from the centre (I) to the centre (III)
increases by two orders of magnitude,*? which apparently in fact
ensures the possibility of the four-electron reduction of O, before the
complex decomposes to H,O, via the py-peroxo-complex state.

A copper — polymer complex (Cu?* —polyvinylpyridine) is a
functional model of ascorbate oxidase:**** in its presence, ascorbate
anions are oxidised via a cne-electron process and O3 radical-ions do
not migrate outside the limits of the macromolecular coil because of
the high local concentration of copper ions in the metal —polymer
complex.

Cytochrome c oxidase is an enzyme which plays an important role
in respiratory processes, catalysing the oxidation of cytochrome c:

4cytochrome ¢(2+) + 4H" = 4cytochrome ¢(3+) + H,0.

It has been established by EPR that two magnetically isolated
centres enter into the composition of the enzyme——the low-spin
cytochrome @ and Cu, (S = 1/2; ©o = 0.25 V) as well as the § = 2
centre due to the antiferromagnetic coupling of cytochrome a3
(S = 5/2) and Cu,, (S = 1/2), separated by a distance of 5 A
(oo = 0.35V). 4 These two centres are apparently linked via a
bridge comprising a common ligand-oxygen (cytochrome
ay—0—Cu?"), imidazole, or sulphur.“”52 However, in the study
of various synthetic imidazole-bridged dimers, it was demonstrated
by measurements of the magnetic susceptibility between 4 and 300 K
that the antiferromagnetic coupling does not correspond to that
observed in cytochrome ¢ oxidase (~J > 200 cm™).2 It is most
likely that in the oxidised enzyme the cytochrome a; and Cu,,
centres are linked via oxygen or sulphur atoms.”® The ligands in
Cu, are cysteine and histidine residues.”> There is a haem~haem
interaction between cytochromes a and a3 accompanied by a change
from the high-spin to the low-spin state of iron in cytochrome a; as
the molecular environment in haem a is altered.** The study of the
partly reduced form of cytochrome ¢ oxidase demonstrated the
presence of reduced low-spin haem iron, type (I) copper ions in the
reduced form, and the high-spin ferrihaem a ;. Both the oxidised
and the one-electron reduced enzymes oxidise cytochrome c also in
the absence of O,. The two-electron reduction of the oxidised form
of cytochrome ¢ oxidase converts it into the active form. The
subsequent reduction is not significant for the manifestation of
catalytic activity.

The activation of the enzyme is apparently associated with the
reduction of a dinuclear haem a3;~Cu centre, which results in the
possibility of the incorporation of O, in the coordination spheres of
copper and iron ions as a bridging ligand.

In the functioning of the enzyme, haem a and Cu, are
independent electron acceptors on contact with the substrate, while
haem a3 and Cu,, form jointly a dinuclear O, binding centre.”®
Experiments with cross-link reactants established that the electron
transfer from the haem of ferrocytochrome ¢ to the haem g of
cytochrome ¢ oxidase takes place over a long distance and at a
constant rate close to the rate of diffusion. The interaction of
cytochrome ¢ with the Cu, centre takes place independently but
much more slowly than the interaction with haem 4.5

Structural studies have shown that the plane of haem a is at
right angles to the plane of the phospholipid membrane near the
water-non-polar phase interface, i.e. in the region of a dielectric
constant gradient in the medium. The "cooperation" with electron
transfer as a result of low changes in the polarity of the medium,
mentioned previously, is thereby achieved for this enzyme. The
"proton cooperation" in the stage involving the reduction of O, to
water is also significant for the functioning of the enzyme.*>*® The
mechanism of the action of cytochrome ¢ oxidase can be represented
by a scheme analogous to that presented for ascorbate oxidase:

cyt.c(Fedt) haem a(Fe“)X
2cyt.c(Fe?* Xhaem a(Fe®* Cua3 cyma(2+> Y
+H 2
X Cua X )
cyt.e(Fed) C“a Cug,

... Cytas(2+)

In the reduction of the bridging oxygen molecule to H,O, three
intermediate compounds are distinguished: [Fe,—0—0— Cu,,,]3 *,
[Fe,,—O—0—Cu,,**, and [Fe,,—~0—0— Cu,,3]+ 57 These forms
can be regarded as dinuclear PCTC

It follows from the mechanisms of the action of oxidases
presented that the metal ion in the oxidised form (Cu?* or Fe’™)
participates in the oxidation of the substrate-electron donor
(cytochrome ¢) or H atom (ascorbate), while a pair of metal ions
in the reduced form, forming a relatively stable intermediate
p-peroxo-complex, participates in the reduction of O, to H;O. The
proton cooperation by the medium plays an important role in the
subsequent reduction of this complex.

The metalloenzymes catalysing the reduction of O, to H,0,
contain in the active centre as a rule one "non-blue" copper ion
ftype (I)]. Certain amino-oxidases, galactose oxidase, and uricase
are representatives of this group of "colourless" enzymes. The
mechanism of the action of enzymes of this group can be various.

In the case of the galactose oxidase, the catalytic cycle includes
the Cu(l) and Cu(IIl) enzyme forms, i.e. Cu(l) interacts with O, via
the inner-sphere two-electron transfer mechanism. The formation of
oxygen complexes of the peroxy-type is characteristic of copper(l)
ions, but in the absence of the substrate they are readily transformed
into complexes of the superoxide type.”®* The copper(II) formed on
dissociation of this form of the enzyme is catalytically inactive. The
inactive Cu(II) and the active Cu(III) forms of the enzyme can
undergo interconversions under the influence of one-electron redox
agents.”® Overall, the mechanism of the action of galactose oxidase
can be represented by the cyclic scheme

Cua ..cytas(3+)
0,0
ay

H20° Eout HCH..OH

/ Ecut RCHO

E = protein ligand
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The copper ion in the superoxidised state functions as the oxidant
species.

Reactions of this type have been modelled for the oxidation of
ascorbic and dihydroxyfumaric acids and methanol using aquocopper
ions and copper complexes of 2,2"-bipyridyl.?

In the case of the enzyme uricase, O is activated as a result of the
formation of a metal —oxygen complex of the superoxide type:

Cu(I) + Oy — CuOy(1l),

CuO, (I1) + substrate = Cu (I) + H,0 + product.

Here the oxidant species is a metal —oxygen complex of the
"superoxide" type.”

Xanthine oxidase is the enzyme which catalyses the oxidation of
hypoxanthine to xanthine and of xanthine to uric acid.®® Xanthine
oxidase is frequently used to generate O, radicals. The active centre
incorporates a molybdenum ion, iron sulphur clusters (eight paired
Fe atoms), and two FAD molecules. When FAD is removed, the
enzyme loses its ability to reduce O, but retains its ability to oxidise
xanthine. The function of molybdenum thus reduces to oxidising
the substrate and the function of the iron—sulphur clusters is to
transfer an electron from the reduced molybdenum to FAD, which
in fact participates in the reduction of O,. As for other
FAD-dependent oxidases, O, is reduced without the formation of a
metal-oxygen complex.

Oxygenases can be divided into copper- and iron-containing’
enzymes. The most typical representatives of the copper-containing
oxygenases are tyrosinases, characterised by a multiplicity of forms.
The coordination environment of the copper ions in the active centre
is similar for enzymes of different origin and is made up of four
histidine residues. The inhibition of the enzyme activity of
tyrosinases by carbon monoxide indicates the involvement of the
reduced form of copper in the process mechanism.®! The
mechanism of the activation of O, by tyrosinases has not been
established.

Tyrosinase exhibits both hydroxylating and oxidase activities.5?
In the reduced state, the enzyme is capable of reversible binding of
0,, the spectrum of oxytyrosinase resembling that of oxyhaemocyanine.
Like the latter, oxytyrosinase decomposes reversibly to a
Cu®*-enzyme and H,0,.®> It has been suggested®*®* that the
structure of oxytyrosinase resembles that of oxyhaemocyanine,

1.e. the active centre of this enzyme contains two copper ions. This
makes it necessary to postulate distinct oxidative properties in the
dinuclear copper-oxygen complex. The detection of electrophilic
intermediates in the mechanism of the action of tyrosinase®®-5%
indicates the possible dissociation of the O —O bond in this complex
with formation of species of the type ECuO ™.

Within the framework of the concept of PCTC, one can postulate
the coexistence of the following states of oxytyrosinase:

.0=0. 0~—0~ 0%, .0
Cu+:’_' .0 O.Z:Cu+<4——>>Cu’+< >Cu2+< <——>>Cu“*< >Cu"+<
R/ N R
T
!
O O
>Cu+{ R '\\,\.Cu+<

R = bridging ligand.

In the presence of the corresponding substrates (mono- and
di-phenols), oxytyrosinase exhibits either the properties of Cu>* as
an electron acceptor, similarly to the dinuclear centre of the "blue"
oxidases, or the properties of an O donor as a hydroxylating species.

Another representative of copper-containing monoxygenases is
dopamine B-hydroxylase containing one or two Cu®" ions in the
active centre.5* The activation of the apoenzyme requires two
copper ions.® Whereas tyrosinase does not require an extraneous
electron donor, dopamine B-hydroxylase functions only in the
presence of a donor (ascorbate),*? which reduces the Cu®*-enzyme
to the Cu™ -form.

Among iron-containing oxygenases, one may distinguish aromatic
aminoacid monoxygenases (phenylalanine 4-monoxygenase, tyrosinase
monoxygenase, tryptophan S-monoxygenase) and hydroxylating
enzymes containing cytochrome P-450.

Pterin-dependent aromatic acid monoxygenases contain one
non-haem iron ion (Fe®™) in the active centre.

As for the copper-containing oxygenases, the mechanism of the
activation of O, has not been established. There is only evidence
for the formation of a multicomponent charge transfer complex™®
(enzyme, substrate, and a coenzyme as the electron donor), which
can decompose in different ways on interaction with O,. In
particular, the oxidation of the coenzyme can lead to the formation
of hydrogen peroxide. The influence of the addition of peroxidase
and catalase on the process stoichiometry’® shows that the mechanism
of the action of the iron-containing monoxygenases O, may be
activated both as a result of the formation of the peroxy-type oxygen
complex FeO, and as a result of the interaction of the reduced
enzyme-substrate complex with H,O,.

During the last twenty years, the attention of investigators was
concentrated on the study of non-specific hydroxylating enzyme
systems containing cytochrome P-450.%7'-77  These enzymes are
widely distributed in nature and participate not only in processes
involving the hydroxylation of endogenic substrates but also in
detoxication reactions of various xenobiotics.”*”® O, and two
reduced equivalents, usually NADPH, participate in the substrate
hydroxylation processes:

SH + NADP-H + H* > SOH + H,0 + NADP".

The haem of cytochrome P-450 participates in the activation of
O,, its reduction occurring with the aid of the electron-transport
(reductase) enzyme system.*?

Bacterial cytochrome P-450 has been isolated in a crystalline form
and characterised by X-ray diffraction with a resolution of 5.5 A.7°
The haem iron jon in the active centres of cytochrome P-450 is
coordinated to cysteine residues in the 5-position and histidine
residues or water in the 6-positions, undergoing comparatively
readily a change in the valence spin states. In the reduced form, the
enzyme forms a complex with CO, which has an intense absorption
band at 447 nm and this has in fact given rise to the name of this
group of haemoproteins. Oxidised cytochrome P-450 exists in a
low-spin state and, on binding the substrate, it is fully or partly
(depending on the temperature, pH, the polarity of the medium, and
the nature of the substrate) converted into a high-spin
(pentacoordinate) form. The structural aspects of cytochrome P-450
have been examined in reviews®*-®? and also in other
communications.?**° In the reduced form, cytochrome P-450 exists
predominantly in a high-spin state and readily interacts with 0,.%!
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The microsomal hydroxylating system in the liver contains, apart
from cytochrome P-450, also NADPH-cytochrome P-450 reductase
and phospholipids. The role of NADPH-cytochrome P-450
reductase consists in electron transport from NADPH to cytochrome
P-450. The role of phospholipids in the hydroxylation process has
not been ultimately elucidated. The phase transition in microsomal
phospholipids at 16-25 °C alters sharply the activation characteristics
of the oxidation substrates and in many instances leads to a change
in the rate-limiting stage of the hydroxylation process. One cannot
rule out the possibility that the effect of phospholipids on microsomal
oxidation processes is associated with the manifestation of the
influence of the local changes in the polarity of the medium, noted
above, and the probability of electron transfer. The influence of
certain lipids on the conformational states and the equilibrium
involving the spin forms of cytochrome P-450 has been recorded.”?

The mechanism of the enzyme reaction involves the formation of
an enzyme-substrate complex with the oxidised form of cytochrome
P-450 as a result of the binding of the substrate to a site adjoining
haem. Asa result of localstructural changes, the cysteine ligand —iron
ion distance changes and there is a corresponding alteration in the
symmetry of the ligand environment, the spin state, and the redox
characteristics of the iron ion.”®-1°° After the one-electron reduction
of the enzyme —substrate complex, Fe?" —haem interacts with O, to
form an oxygenated complex, which in many instances may be
isolated and characterised spectroscopically.'®! The substrate is
hydroxylated in the subsequent one-electron reduction of the
oxygenated complex, which apparently takes place as a result of the
formation of a peroxy-type iron— oxygen complex (with strong
charge transfer) as the hydroxylating species.

In contrast to copper ions, whose oxidation state changes only
within the limits Cu™ —Cu®”, in the case of haem the range
of the possible formal valence state extends from Fe* to Fef™.
Admittedly, the Fe** state is hardly realisable and in the Fe**:6*
state there is charge transfer from the porphyrin ligand to the central
ion. The structural characteristics of iron-porphyrins (PFe) suggest
the formation of a peroxy-type oxygen complex in the interaction of
PFe?” with O,:°

-97

(0] O~
(PFe0,)3=P (Fez+ |« Fer | )
O o

The transfer of an additional charge to this complex leads
formally either to the formation of the oxygen complex PFe™ or to
the dissociation of the O—O bond in the limiting peroxy-structure:

o) o- o o
p(Feo_.)+=p<Fe+ i «——>Fe3+<1 s Fe | Fe”//?
o) 0~ o) o

On protonation of O%7, the last two states are found to be
stoichiometrically equivalent to the structure of compound (I) of
peroxidase.!%?

The proportions of the "limiting" structures are determined by the
structural-energetic characteristics of the enzyme —substrate complex
and the polarity of the medium. The PFe’ O and PFe** O states,
which may be formed on protonation of a coordinated oxygen
dianion, for example, via the transfer of H from an aminoacid in
close proximity, are characterised by a high hydroxylating capacity.
An oxenoid mechanism of the insertion of the O atom in a C—H
bond is to be expected for the PFe** O™ species and intramolecular

oxidation of substrates by a radical mechanism is to be expected for
species of the type PFe** 0719 The ambiguity of the evidence
concerning the radical or oxenoid mechanism of the hydroxylation of
various substrates is apparently also associated with the "dual"
reactivity of species of the type PFeQ3* 42104105

It is of interest to note that the oxidation of many substrates in
the microsomal hydroxylating system takes place in the same way
also in the presence of hydroperoxides instead of O,. This indicates
the presence of the same type of intermediate species in both
systems. Thus the question of the activation of O, is indissolubly
linked with the question of the activation of hydrogen peroxide in
the case of cytochrome P-450 as well as other oxygenases.

References

1. B G Malmstréom Ann. Rev. Biochem., 1982, 51 21
2. R A Marcus J. Chem. Phys., 1956, 24 966
3. VM Berdnikov, G A Bogdanchikov Zhur. Fiz. Khim., 1979, 53
273 [Russ. J. Phys. Chem., 1979(2)]
4. R S Mulliken J. Amer. Chem. Soc., 1952, 74 811
5. R S Mulliken, W B Person Molecular Complexes, Wiley
Intersci., New York, 1969
6. Yu I Skurlatov Uspekhi Khimii Kompleksov s Perenosom
Zaryada i Ion Radikal'nykh Solei (Advances in the Chemistry
of Charge-Transfer Complexes and Radical-Ion Salts)
(Edited by M L Khidekel’ et al.), Chernogolovka, 1986, p. 164
7. Yu I Skurlatov, Doctoral Thesis in Chemical Sciences, Institute
of Chemical Physics, USSR Academy of Sciences, Moscow,
1980
8. R R Dogonadze, A M Kuznetsov Kinetika Khimicheskikh
Reaktsii v Polyarnykh Rastvoritelyakh. Fizicheskaya Khimiya,
Kinetika (Kinetics of Chemical Reactions in Polar Solvents.
Physical Chemistry and Kinetics), Izd. VINITI, Moscow, 1973.
9. A Ya Sychev, S O Train, G G Duka, Yu I Skurlatov
Kataliticheskie Reaktsii i Okhrana Okruzhayushchei Sredy
(Catalytic Reactions and Protection of the Environment),
Izd. Shtiintsa, Kishinev, 1983
10. M MacKinen Methods and Advances in Bioinorganic Chemistry
(Translated into Russian), Izd. Mir, Moscow, 1978, p. 11
11. K I Zamaraev Kinet. Katal., 1980, 21 36
12. I B Bersuker Stroenie i Svoistva Koordinatsionnykh Soedinenii
(The Structure and Properties of Coordination Compounds),
Izd. Khimiya, Leningrad, 1975
13. 'V A Starodub, 1 V Krivoshei Uspekhi Khimii Kompleksov s
Perenosom Zaryada i Ion-Radikal’'nykh Soelei (Advances in the
Chemistry of Charge-Transfer Complexes and Radical-Ion Salts)
(Edited by M L Khidekel et al.), Chernogolovka, 1986, p. 132
14. E Bayer, P Schretzman Structure and Bonding (Translated into
Russian), Izd. Mir, Moscow, 1969, p.273
15. K Fukui, S Inagaki J. Amer. Chem. Soc., 1975, 97 4445
16. J P Collman, R R Gange, C A Reed, et al. J. Amer. Chem.
Soc., 1975, 97 1427
17. ] H Bayston, N K King, F D Looney J. Amer. Chem. Soc.,
1969, 91 2775
18. R J Wilkins Adv. Chem. Ser., 1971, 100 111



146 Russian Chemical Reviews 58 (2) 1989
19. V M Berdnikov, P V Schastnev Kinet. Katal., 1975, 16 83 52. J T Landrum, C A Reed J. Amer. Chem. Soc., 1978, 100 3232
20. K O Ohkubo Tetrahedron Lett., 1971, 39 2899 53. R A Capaldi, F Malatesta, U Darley Biochim. Biophys. Acta,
21. J H Bayston, N K King, F D Looney, M E Winfield J. Amer. 1983, 726 135
Chem. Soc., 1969, 91 2775 54. J A Freedman, S H P Chan J. Bioenerg. Biomembr., 1984, 16
22. A P Moravskii, Candidate’s Thesis in Chemical Sciences, 75
Institute of Chemical Physics, USSR Academy of Sciences, 55. B G Malmstroem Biochim. Biophys. Acta, 1985, 811 1
Moscow, 1975 56. B G Malmstréem Biochim. Biophys. Acta, 1979, 549 281
23. W T Dixon, R C Norman Nature, 1962, 196 891 57. D F Blair, S N Witt, S J Chan J. Amer. Chem. Soc., 1985, 107
24. V F Shuvalov, N M Bazhin Zhur. Strukt. Khim., 1969, 10 548 7389
25. A Samuni, G Czapski J. Phys. Chem., 1970, 74 4592 58. G R Dyzkacz, R D Libby, G A Hamilton J. Amer. Chem. Soc.,
26. J Ellis, J M Pratt, M Green J. Chem. Soc., Chem. Commun., 1976, 98 626
1973, 70 781 59. O M Pitts, D G Priest, W W Fish Biochemistry, 1974, 13 888
27. L Vaska, L S Chen, C V Senoff Science, 1971, 174 587 60. E Hodgson, T Fridovich Arch. Biochem. Biophys., 1976, 172
28. Yu I Bratushko, K B Yatsimirskii Uspekhi Khimii 202
Koordinatsionnykh Soedinenii (Advances in the Chemistry of 61. D Kertsz, R Zito Biochim. Biophys. Acta, 1965, 96 447
Coordination Compounds), Izd. Naukova Dumka, Kiev, 62. V G Hearing, T M Ekel, P A Montague, J M Nicholson
1975, p. 7 Biochim. Biophys. Acta, 1980, 611
29. J A Elvige, A B P Lever Proc. Chem. Soc., 1959, 195 63. R L Jolley, L H Evans, H Makino, U S Mason J. Biol. Chem.,
30. N A Ezerskaya, T P Solovykh Zhur. Neorg. Khim., 1966, 11 1974, 249
1462 [Russ. J. Inorg. Chem., 1966(6)] 64. T Villafrance Copper Proteins (Edited by T G Spiro),
31. N A Ezerskaya, T P Solovykh Zhur. Neorg. Khim., 1967, 12 Wiley, New York, 1981, p. 265
2922 [Russ. J. Inorg. Chem., 1967(11)] 65. N Y Blackburn, H S Mason, P F Knowles Biochem. Biophys.
32. V M Berdnikov, L L Makarshin, L S Ryikina React. Kinet. Res. Commun., 1980, 95 1275
Catal. Lett., 1978, 3 275 66. W H Vanneste, A Zuberbuhler Molecular Mechanism of
33. N V Gorbunova, A P Purmal’, Yu I Skurlatov Zhur. Fiz. Oxygen Activation (Edited by O Hayaishi), Acad. Press,
Khim., 1975, 49 [Russ. J. Phys. Chem., 1975()] New York-London, 1974, p.371
34. NV Gorbunova, Yu I Skurlatov Zhur. Fiz. Khim., 1977, 51(4) 67. L L Ingraham Biochemical Mechanisms (Translated into
875 [Russ. J. Phys. Chem., 1977(4)] Russian), Izd. Mir, Moscow, 1964, p. 100
35. N V Gorbunova, Yu I Skurlatov Khimicheskaya Kinetika i 68. D I Metelitsa, Doctoral Thesis in Chemical Sciences, Institute
Kataliz (Chemical Kinetics and Catalysis), 1zd. Nauka, of Chemical Physics, USSR Academy of Sciences,
Moscow, 1979, p. 89 Chernogolovka, 1975
36. S O Travin, N V Gorbunova, Yu I Skurlatov Zhur. Fiz. Khim., 69. D Dolphin, B R James ACS Symp. Ser., 1983, 371
1979, 53 213 [Russ. J. Phys. Chem., 1979(1)] 70. S Kaufman, D B Fisher Molecular Mechanism of Oxygen
37. S O Travin, Yu I Skurlatov, N V Gorbunova, A P Purmal’ Activation (Edited by O Hayaishi), Acad. Press,
Izv. Akad. Nauk SSSR, Ser. Khim., 1979, (7) 1480 New York-London, 1974, p.205
38. D Walk, S Fallab Helv. Chim. Acta, 1970, 44(1) 13 71. J H Dawson, K S Eble Advances in Inorganic and Bioinorganic
39. R P Hanzlik, D Williamson J. Amer. Chem. Soc., 1976, 98 Mechanisms (Edited by A G Sykes), Acad. Press, New York,
6570 1986, p. 1
40. H S Mason Adv. Enzymol., 1957, 19 79 72. E Hiefanen, M Laitinen, O Hanninen Cytochrome P-450,
41. S Udenfriend, C T Clark, J Axelrood, B B Brodie J. Biol. Biochemistry, Biophysics and Environmental Implications,
Chem., 1954, 208 731 Elsevier, Amsterdam, 1982
42. D I Matelitsa Modelirovanie Okislitel’no-Vosstanovitel'nykh 73. L S Alexander, H M Golf J. Chem. Educ., 1982, 59 179
Fermentov (Modelling of Oxidation-Reduction Enzymes), 1zd. 74. R W Estabrook Oxygenases and Oxygen Metabolism
Nauka i Tekhnika, Minsk, 1984 (Edited by N Mitsuhiro), Acad. Press, New York, 1982, p.37
43, H P Molitoris, B Reinhammar Biochim. Biophys. Acta, 1975, 75. 1 C Gunsalus Fifth International Symposium on Microsomes and
386 493 Drug Oxidation Abstracts, Tokyo, 1981, p.2
44, R Malkin, in Inorganic Biochemistry (Edited by G L Eichron), 76. D Mansay The Coordination Chemistry of Metalloenzymes
1zd. Mir, Moscow, 1978, Vol.2 (Edited by J Bertini, et al.), Reidel, Dordrecht, Holland, 1983,
45. Yu I Skurlatov, Ya Kovner, S O Travin Europ. Polym. J., p. 343
1979, 15 811 77. M J Coon Trans. N. Y. Acad. Sci., 1983, 41 1
46. A E Cass, P F Knowles Inorganic Biochemistry, The Royal Soc.  78. K Ishihare, I Yamakawa, E Kusinose J. Biochem., 1979, 86 139
Chem., London, 1981, Vol.2, p.151 79. F P Guengerich, T L McDonald Acc. Chem. Res., 1984, 17 9
47. C M Elliott, A Kozo J Amer. Chem. Soc., 1982, 100 2671 80. W R Scheidt, C A Reed Chem. Rev., 1981, 81 543
48. G Palmer, C T Babcock, L E Vicker Proc. Nat. Acad. Sci., 81. J E Hahn, K O Hodgson, L. A Andersson, ] H Dawson
1976, 73 2206 J. Biol. Chem., 1982, 257 10934
49, K S Cynthia, A Kozo, C M Elliott, P A Oren J. Amer. Chem. 82. L A Andersson, M N Sono, J H Dawson Biochim. Biophys.
Soc., 1984, 106 Acta, 1983, 746
50. J G Maxwell, J B Kevin, S M Keith J. Amer. Chem. Soc., 83. D M Dooley, ] H Dawson Coord. Chem. Rev., 1984, 60 1
1984, 106 4227 84, P M Champson, B R Stallard, G C Wagner, J] C Gunsalus
51. S E Dessens, C L Merrill, R J Saxton, et al. J. Amer. Chem. J. Amer. Chem. Soc., 1982, 104 5469

Soc., 1982, 104 4357



Russian Chemical Reviews 58 (2) 1989

147

8s.

86.

87.

88.

89.

90.

91.

92.
93.

94.

95.
96.
97.
98.
99.
100.
101.
102.
103.

104.
105.

J H Dawson, L A Andersson, M Sano J. Biol. Chem., 1982,
257 3606
J Peisach, W B Mims, J L Davis J. Biol. Chem., 1979, 254
12379
S E Groh, A Nagahisa, S L Tan, W H Orme-Johnson J. Amer.
Chem. Soc., 1983, 105 7445
G R Janig, R Dettmer, S A Usanov, K Ruckpane FEBS Lett.,
1983, 159 S8
G R Janig, A Makower, H Rabe Biochim. Biophys. Acta, 1984,
784 8
O Dippelt, J Fiscer, R Weiss J. Amer. Chem. Soc., 1984, 106
5188
P P Tamburini, G G Gibson, W L Backes Biochemistry, 1984,
23 4526
Y L Chiang, M J Coon Arch. Biochem. Biophys., 1979, 195 178
T Y Tsong, C S Yang Proc. Natl. Acad. Sci. USA, 1978, 75
5955

C S Yang, T Y Tsong IV International Symposium on
Microsomes and Drug Oxidations. Abstracts, University of
Michigan, Ann Arbor, USA, 1979, p.79

A A Akhrem, P A Kiselev, M A Kisel’, et al. Dokl. Akad.
Nauk SSSR, 1979, 254

G G Gibson, D L Cinti, S D Sligar, ] B Schenkman Biochem.
Soc. Trans., 1979, 7 1289

G G Gibson, D L Cinti, S D Sligar, J B Schenkman J. Biol.
Chem., 1980, 255

S D Sligar, J C Gunsalus Biochemistry, 1979, 18 2290

G G Gibson, P P Tamburini Xenobiotica, 1984, 14 27

S D Sligar, D L Cinto, G Gibson, J B Schenkman Biochem.
Biophys. Res. Commun., 1979, 9 925

J H Dawson, S P Cramer FEBS Lett., 1979, 88 127

M B McCarthy, R E White J. Biol. Chem., 1983, 258 9153

J T Groves, D V Subramanian J. Amer. Chem. Soc., 1984, 106
2177

R A Sheldon J. Mol. Catal., 1983, 20 1

E C Heinbrook, S D Sligar Biochem. Biophys. Res. Commun.,
1981, 9 530



