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Membrane catalysis: synchronous multielectron reactions at the interface
between two liquid phases. Bioenergetic mechanisms

Yuri I. Kharkats and Alexander G. Volkov

The A.N. Frumkin Institute of Electrochemistry, Academy of Sciences of the U.S.S.R., Moscow (U.S.S.R.)

(Received 18 August 1986)
(Revised manuscript received 10 December 1986)

Key words: Electron exchange; Interface, liquid-liquid; Multielectron reaction kinetics; Thermodynamics;
Membrane catalysis

Kinetics of multi-electron reactions at the interface between two immiscible liquids are considered.
Calculations of the energy of solvent reorganization, of the work required to bring reactants and reaction
products together, and of the electrostatic contributions to the Gibbs free energy of the reaction during
electron transfer between reactants which are in different dielectric media are reported. Conditions under
which the free energy of activation of the interfacial reaction of electron transfer decreases are established.
The influence of the distance between reactants and of the dielectric permittivity of the non-aqueous phase
on the solvent reorganization energy value is studied. Conditions under which multielectron reactions at the
interface proceed are discussed. The biophysics and biochemistry of photosynthesis and respiration are

considered as examples of multielectron processes.

Introduction

The quantum theory of chemical reactions in
polar media [1-15] can be used as the basis for a
theory of charge transfer at the interface between
two dielectric media — oil/water and biomem-
brane/water; by this theory one can express the

Abbreviations: Chl or Mg=Ch=0, chlorophyll; P-680, primary
electron donor, special Chl @ molecule; Pheo, pheophytin; PQ,
plastoquinone electron acceptor; Q,, bound plastoquinone
electron acceptor; Qy,, second bound plastoquinone ¢lectron
acceptor; RC, reaction center; S,, state of oxygen-evolving
complex; Z, plastoquinol electron donor; LHC, light-harvest-
ing complex; A;, bound acceptors of PS I which have the
nature of Fe-S centers; Fd, ferredoxin; C, capacitance; R,
resistance; E;, solvent reorganization energy; E,, free energy
of activation; h;, distance from interface.
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electron transfer rate in terms of the dielectric
properties of the medium and the characteristics,
describing the electronic properties of reactants.

Charge transfer at the interface between two
dielectric media is an important stage in the chem-
ical processes taking place at biological mem-
branes [16,17]. The investigations of electron ex-
change reactions at the liquid/liquid interface
began to develop 60 years ago [18]. In present
communication the kinetics and thermodynamics
of a liquid/liquid interface are discussed.

The theoretical and experimental investigation
of synchronous multielectron reactions at bio-
membranes has lately drawn the attention of
chemists and biologists. The biotechnological ap-
plication of multielectron reactions makes it possi-
bie to realize redox reactions in relatively mild
conditions under the action of weak oxidants and
reductants. Synchronous multielectron reactions
may proceed without formation of intermediate
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radicals, which are highly reactive and can readily
enter into a side reaction of hydroxylation, oxida-
tion and destruction of the catalytic complex or
photosensitizer.

Since multielectron reactions do not poison the
environment with toxic intermediates (and so are
ecologically pure), they are used by nature for
biochemical energy conversion in photosynthesis
and respiration. Thus, for example, oxygen photo-
evolution from water due to solar energy may
proceed through concerted 4- or 2:2-electron
transfer mechanisms in the reactiom center of the
Photosystem II of chloroplasts or in model sys-
tems [19-27]. About 90% of the oxygen consumed
on Earth is reduced in a four-electron transfer
reaction by cytochrome-c oxidase (ferrocyto-
chrome-c:oxygen oxidoreductase, EC 1.9.3.1)
catalysis.

Thermodynamics of a heterogeneous reaction

Let us assume the following redox reaction
takes place in a heterogeneous system:
red 2 ox + ne 1)

The electrons which are the products of reaction
(1) may be accepted by some other substances.
The standard Gibbs energy of reaction (1) for
each phase, I and 11, is:

AGT = preg — 1ox — B2 2
AGT = BT — 11Pox — Mg 3)

Subtraction of Eqn. 2 from Eqn. 3 gives the change
in the standard Gibbs energy at the interface if the
electron acceptor is in one phase only, or if it is
localized at the phase boundary:

AGH — G = (1M3ea — 1h3ed) — (uMdx ~1Hox) 4)

or in the general case:

B
AG® = RT 1nB;°“ 5

ox

where B, is the distribution coefficient of the ith
ion:

RT In B; =qui —p}

i
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In the case of a multielectron reaction, the stan-
dard redox potential at the interface is determined
by:

B
aEe=RE 5

6
nF By ©®

where AE° is the change in the standard redox
potential at the interface, and »n is the number of
electrons.

The change of the standard Gibbs energy at the
liquid /liquid interface does not depend on the
manner in which the reaction proceeds (multistage
one-electron or synchronous multielectron charge
transfer). It depends on the initial and final states
of the system.

Thus, by selecting a corresponding solvent, we
can shift the redox potential scale in the necessary
direction and carry out the reactions that occur
hardly at all in a homogeneous phase.

If the resolvation energies of substrates and
products are very different, the phase boundary of
two immiscible liquids may act as a catalyst.

Thus, for example, in Refs. 17-23 the four-elec-
tron reaction of water photooxidation sensitized
by chlorophyll is described. At the octane/water
interface, the AE° shift calculated from Eqn. 6 in
the water photooxidation reaction amounts to 0.1
V, which makes the participation of chlorophyll
cation in the water photooxidation reaction possi-
ble. At the nitrobenzene / water interface, this shift
is equal to 0.03 V. This difference in AE° leads to
a 10-fold increase of the equilibrium constant of
the water oxidation reaction at the octane/water
interface as compared to that at the nitrobenzene/
water phase boundary.

For one-electron reactions the shift of AE° is
n-times more, and results in a sharp increase of
the reaction rate constant.

In the multielectron reaction which takes place
in a series of consecutive one-electron stages, the
Gibbs energy necessary per single electron trans-
fer obviously cannot be completely uniformly dis-
tributed over the stages. The energy needs for
various stages will be different and the excess
energy in the easier stages will be converted into
heat. In a synchronous multielectron reaction the
energy will be utilized very economically [26].
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Charge transfer kinetics at the interface

The rate constant of charge transfer across the
interface between two immiscible liquids was
calculated in Refs. 11, 15, 28. Thus, allowing for
interaction between the reactants, one can write
the expression for the probability of electron
transfer as

U (B +If—I+U-UV
{ £ 3 }} (7)

W‘“"p{_ﬁ_ 4E kT

where U, is the work which must be performed
upon the system in order to attain the reaction
configuration where the reactants are at distances
h, and h, from the interface, U; is the corre-
sponding work for the reaction products, I and
I are the Gibbs energies of the reaction products
and reactants when they are at a finite distance
from the interface, E, is the solvent reorganiza-
tion energy, and A is the pre-exponential factor,
which is proportional to the transmission coeffi-
cient.

The transmission coefficient, «, of the reaction
for a nonadiabatic process is proportional to the
square of the electronic matrix element. Theoreti-
cal analysis shows [1,2,5] that the most effective
electron transfer takes place at a close (practically
contact) disposition of reaction centers. If & is
smaller than unity, the process may be considered
as nonadiabatic. The transmission coefficient for
n-electron transfer in this case also corresponds to
a nonadiabatic process and may be substantially
lower with respect to k for a one-electron process.
At the same time the activation factors for one-
and multi-electron processes may differ essen-
tially. The main attention of the present work will
be centered on the investigation of the dependence
of the expression for the activation factor for the
charge transfer probability through the interface
upon the system parameters.

For simplicity we shall limit the consideration
of total reorganization energy by the exclusive
consideration of the solvent reorganization energy,
while the effects of molecular configurational
changes and modifications of the first ionic coor-
dination layer will be neglected.

The Gibbs free energy for substrates and prod-

ucts may be found using the Born relation

fo = fo 4 B, 22 8
P8 T 2qa  2e,b7 ®
Jo—io4 (z1+ n)ze2 (zz—n)ze2 9
£ 2¢,a 2be, ®

where I and [ are components which do not
depend on the dielectric properties of media I and
IL

Using Eqns. 8 and 9, the value for I — I° in
Eqn. 7 may be written as:

109

2 2
- - n“+2xn n°-2nz
1;’—1i°=1f°—1;+e2( ! 2)

2q,a + 2¢,4b

The calculation of the electrostatic contribution
to the solvation Gibbs free energy within the
framework of the simple Born model has rather a
qualitative than a quantitative character. More
accurate calculation can be performed using non-
local electrostatics; see, for example, Refs. 29, 30.

The solvent reorganization energy is an im-
portant parameter in the quantum theory of the
elementary act of charge transfer in polar media,

ne

1 I

water phase Qil phase
( membrane)

Fig. 1. Scheme of location of charge donors and acceptors at
interface.



and in the case of homogeneous reactions which
take place in one phase it can be described in the
long-wave approximation by the relation:

1(1 1 2
ES—E(S—W*;:)OO_J'Vb(Di—DI) v a1
where €, and €, are the optical and the static

dielectric permittivities of the medium, and D,
and D; are the inductions of the electric field
which are created in the solvent by the charge
being transferred in the initial and final state.
Integration in Eqn. 11 is carried out over the
entire volume of the reactants.

In the case where the charge transfer occurs
between reactants which are in two different di-
electric media the following expression can serve
as a generalization of Eqn. 11 [28]:

1 1 2
I
87y _y \ep(r)  &(r) ( )

‘opl €51
1 1
E(———)f(D -D) av
1 ( 1 1 ) 1 ( 1 1 )
=—|— - L+ - — | I 12
B \eop  €q 17 g €p2 €52 2 12

where subscripts 1 and 2 denote the dielectric
permittivities in media 1 and 2, and the integra-
tion ranges I and II represent the two half-spaces
of media 1 and 2 excluding the volumes of re-
actants; the latter we shall describe as spheres of
radii @ and b which lie at distances &, and h,
from the interface with charges z,e and z,e, re-
spectively (Fig. 1).

Expression (12) for the reorganization energy
corresponds to neglect of the spatial dispersion of
dielectric permeability. We use here the calcula-
tions, based on local electrostatics, since there are
no calculations of the reorganization energy at
present based on the nonlocal theory even for the
simplest case of homogeneous charge transfer.

In terms of the Marcus approximation (see, for
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example, Ref. 8) we obtain:

e L L)1 1
Es_ (ne) ((opl €51 ){20 4hl
+( 2¢ )2(_1_+L__1_)
e +ey) \8hy  8hy, 2k +hy)
of 1 1 1 1
+ —_ —_— —_— e ——
“‘”(em ‘sz){zb ah
+( 2¢5 )2(L+L__1_) 13
€+ €,y 8hy  8hy  2(hy+ hy) a3

where ne is the charge transferred in the reaction.
Expression (13) is obtained with an accuracy to
the term of the order (a/h)* exclusive.

Similarly, U; and U; can be expressed in terms
of integrals of inductions D; and D;:

2,2

Zj e Z5€

U Fdv+g Dld 2
zv!; 2ac1 2be, a4

1
— 2 2
U= o [D, av+ gmzéuf av
_(n+ n)2e2 (25— n)ze2

2ae, 2be, s

Calculation of the integrals in Eqns. 5 and 6 is
most conveniently carried out by changing to
surface integrals. As a result we obtain for [;D? dV
with the accuracy to (a/h)>, (b/h)*:

fD-z dv = dme’z? B 2me?z
‘. a hy

2¢ 2072 22 4z,2
+ 2 1 1+ 2 142
”"(<1+<2)(h hy it h, as

The expression for f D? dV is obtained from Eqn.

16 by making thensubstitutions a—b, ¢ —e,,
hy— h, and z, — z,. The corresponding expres-
sion for f; D} is obtained by making the sub-
stitutions z; = (z, +n) and z, = (z, — n).

The simplest expressions for E,, U, and U, are
obtained in the case when the reactions take place
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at equal distances from the interface, h, = h, = h:

1 o1\/1 1
E.=n’e (copl cl)(Za 4h)
1 1\/1 1
2.2 = =
tn'e (eolﬂ cz)(2b 4h) an

_ 2,2,€2 zle? (e —€3)
(g +ex)h

z%ez(ez —€) (18)
dej(eg+ex)h  dey(e+ex)h

2
(zit+n) e’ (e —¢;)
4e1(ey+€x)h

_ (it m)(z—n)el
f (e, +€)h
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4er(ert€y)h
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In the case of homogeneous electron transfer in
a dielectric medium of constant e, the work
required to bring the reactants or reaction prod-
ucts together became zero when one of the re-
actants or products was electrically neutral,
whereas in the process discussed here, U, values
are always different from zero because of the
interactions with the image charges.

The activation energy of electron transfer can
change differently depending on the charges of the
reactants and dielectric permittivity of the non-
aqueous phase. This can be used when choosing a
pair of immiscible liquids, in order to decrease the
activation energy of the reaction in question or to
inhibit an undesired process.

Let us consider some examples. Let an electron
be transferred from the donor in aqueous phase 1
to the acceptor in organic phase 2 (Fig. 1). Let us
discuss the character of the dependence of the free
energy activation, E,, upon the dielectric permit-
tivity of nonaqueous phase, ¢,:

2
(E,+ I -1+ U - U)
E,=U+ 4F,

(20)

where U,, U; and E are determined by Egns. 17,
18 and 19. The reorganization energy increases
with ¢,, acquiring the maximum asymptotic value
at €, €,5!

1 l) 1 1 1 1 1
max _ 22 1 1 _1y, 22(___)
g =ne(s - (em el) e

2
E /€
i
4
5
10 3
> 2
1
0 10 o 30 ¢

2

Fig. 2. Dependence of solvent reorganization energy on dielec-
tric permittivity of nonaqueous phase ¢, at parameters: €op1 =
€op2 =18, € =80, a=b=h,and n=1 (1), n=2(2), n=3
(3)and n=4 (4).

and at €, =¢_, becoming minimal and equal to:

op2

; 1 1 1 1
min _ 2,2{ + 1 =
E ne ( 2a 4k )( €opt € ) 22

Keeping in mind that the first two terms in
Eqns. 18 and 19 are small, since ¢, = 80 > 1, the
dependences of U, and U; on €, are determined
mainly by the third term and, in contrast to E,,
depend not only on the value of the charge being
transferred but also on the values of the reactant
changes proper. Examples of the dependences of
E,, E, and U, for different sets of parameters z;,
z, and h/a are presented in Figs. 2, 3 and 4.

Eqgn. 17 shows that in synchronous multielec-
tron reactions the solvent reorganization energy
increases n? times as compared to E, in one-elec-
tron processes, which leads to a significant rise in
the free energy activation (Fig. 2). At the same
time there are reactions for which the multielec-
tron mechanism is thermodynamically preferable.
For instance, the reaction of water photooxidation
in the reaction center of Photosystem II [23-25],
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Fig. 3. Dependence of the activation energy, E,, on dielectric
permittivity of a nonaqueous phase, ¢,, calculated by Eqns. 10,
17-20) with parameters: a=b=h; n=1 (3-6), n=2 (1, 2)
and (1, 5): z,=0, z;=—1, AT =0; (2-4, 6):2,=0, z, =1,
Af = (n%?)/4a (3); Al = -22(n%%/4a (4); Al-=
0.7(n%?%)/4a (2); AT =0.

water photooxidation at the octane/water inter-
face, sensitized by chlorophyll [19-22,31], reduc-
tion of NAD* and NADP™ [32-34], reduction of
nitrogen and oxygen, catalysed by nitrogenase
[11-14,26] and cytochrome-c¢ oxidase, are multi-
electron processes. The conditions for decreasing
the activation energy are examined in Refs. 1214,
25, 35-37. In multielectron processes the charge
being transferred can be redistributed among a
number of reaction centers. Calculation of the
solvent reorganization energy in reactions with
complex charge redistribution in reactants was
discussed in Refs. 35-37.

Eqn. 19 shows that, in contrast to homogeneous
reactions, U; can contribute greatly to the activa-
tion energy of redox reactions at the oil /water
interface at small e,. This contribution is com-
parable with E_ at z, =0 and even exceeds E, at
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2
U-U, /‘%
o5}

_0.5_

Fig. 4. Dependence of U; —U; on dielectric permittivity of
nonaqueous phase €, at parameters: (1) z, =0, z;=—1, n=1;
@) z,=0, z;=1, n=2; 3) z,=1, 2;=0, n=1; (4 z,=1,
21=0,n=2;(5) z,=1, z;=0, n=4.

z,< —1. At z,>0 the U; contribution to the
activation energy is much less than that of the
solvent reorganization energy.

It is clear from Fig. 3 that the activation energy
of the process decreases (increases) greatly at small
€, and, accordingly, the rate constant of charge
transfer across the interface increases (decreases)
sharply at relatively small ¢,.

The influence of distance h between the re-
actants on the value of the activation energy is
shown in Fig. 5, where the case a=b, a<h<
is considered. When the relation h/a decreases,
the activation energy diminishes and at a=~# it
becomes minimal. This leads to significant in-
tensification of the process when the ions are in
contact with the interface.

Fig. 6 shows the influence of the relation of the
reagents’ radii on the value of the activation en-

ergy.
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Fig. 5. Dependence of activation energy on distance s at
a=b, e =€y =18,€,=4,€6,=80,2=0,2,=1 and n=1
1), n=2(2).

o

Thus, the analysis given here shows that the
kinetics of interfacial charge transfer depends to a
great extent upon the value of the charge being
transferred, the charges of reactants, their location
in relation to the interface, as well as upon the

n2e2
16h
10f E,
57—
/EO
0 1 2 3 4 5
c/b

Fig. 6. Dependence of solvent reorganization energy, E;, and
activation energy, E,, on the ratio a /b at parameters: €., =
€p2 =18, ¢,=80, ¢;=4, z7,=1, z;= 0.

dielectric properties of the media in contact.

The equations given below describe the charge
transfer process at the oil /water interface within
the framework of the simplest model and can be
used as a basis for the description of more com-
plicated processes in membrane, micellar and
emulsion catalysis as well as bioenergetic processes
taking place on the surface of the membranes of
mitochondria, bacteria and chloroplasts.

Let us consider some examples of the most
important biochemical processes transforming en-
ergy in living systems through multielectron mech-
anisms.

Cytochrome oxidase is a multielectron H* pump

Cytochrome oxidase (EC 1.9.3.1) is the termi-
nal member of the respiratory chain catalyzing the
reduction of dioxygen to water by ferrocyto-
chrome c¢. This function has been demonstrated to
be linked to proton translocation across the inner
mitochondrial membrane [38].

It was shown in Refs. 12, 14, 38 and 39 that in
native conditions cytochrome oxidase may reduce
oxygen by the multielectron pathways. Fig. 7 shows
schematically the energetics of possible reaction
pathways:

4e+4H"+0,22H,0 (23)

AGS, kJ-mol”

2001

1001

-100F

238y

-200¢ o8

-300r

Fig. 7. Energy diagram of possible routes of the reaction
0, +4H"* +4e 22 H,0. Abbreviations: G, midpoint free
Gibbs energy; n., number of electrons.



Fig. 7 shows that only two mechanisms — 2:2
electron

2e O,
Fel* Cui} — Fel; Cuj, — Fe;; ~0-0-Cul}

lZe
4H™

2H,0 Fel' -0-0-Cuj,

and 4-electron

€
24 T3+ (0 2+ Fad+ F Rad+ 2+ Faldt
Cuy; Fe, 7 Cuy" Fe; ¥ — Cug Fe * Cu " Feg,
€

Cu} Fel*Cuy Fe*

€
2 2 ¢
[Cuj Fel’ Cuj Fel* 10O, 4—02\ l

+ Rad+ + 24
Cuy,Fe, " Cu; Fe;

2H,0 < \-4H"

can take place without production of highly reac-
tive intermediates which can destroy the biomem-
brane and the enzyme itself. In 2:1:1 electron
transfer mechanism, the reduction of O~ can
proceed through a radical intermediate. Neither is
hydrogen peroxide a desirable substance for the
biomembrane ~ it may initiate peroxide oxidation
of the membrane. Evolution could preserve the
2:2- and 4-electron mechanisms in which the
intermediate is strongly bound in the catalytic
center.

The dependence of the rate of oxygen reduction
by cytochrome oxidase on temperature is investi-
gated in Ref. 40. The activation energy of di-
oxygen reduction by fully reduced oxidase at tem-
peratures between 23 and 35°C is 15.9 kJ/mol.
The low value of E, shows that, in vivo, one-elec-
tron mechanisms of O, reduction, 1:1:1:1,
1:2:1,1:3 and 1:1:2, are impossible, since the
heat of the endothermal reaction of the addition
of the first electron to dioxygen is several times
greater than the measured activation energy (even
with account of the bonding energy of dioxygen
with enzymes, which is equal to 21 kJ/mol [41]).
Therefore, in the first step of the reaction two or
four electrons must be synchronously transferred
from enzyme to dioxygen. So, in vivo, 2:2- and
4-electron pathways of dioxygen reduction by cy-
tochrome oxidase are possible. The energy re-
leased may be dissipated into heat or used for
proton transfer through the mitochondrial mem-
brane. The endothermicity of the step of the ad-
dition of the first electron to O, is the reason for
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the relative chemical inertia of dioxygen in nature.
This is the reason for the existence of life on
Earth.

Oxygen evolution in photosynthesis

The redox map of photosynthesis can be de-
scribed by the well-known Z-scheme of photo-
synthesis (Fig. 8). The molecular organization of
the thylakoid membrane and its equivalent electri-
cal circuit are shown in Fig. 9. The molecular
mechanism of the photoevolution of oxygen from
water is the key problem of the bioelectrochem-
istry of photosynthesis.

Oxidation of water to molecular dioxygen is,
seemingly, a multielectron process provided that
the reaction proceeds with high quantum ef-
ficiency [21]. This process can be realized in a
variety of different reactions involving a Mn-clus-
ter Mn%*(H,0), [23-25,41], a chlorophyll cluster
[21,22] or one chlorophyll dimer and two manga-
nese ions bound into a multicentered complex
[23]. In the present communication we consider
only the first system.

Fig. 7 shows schematically the energetics of
reaction [23]. O, evolution in photosynthesis takes
place under illumination at the wavelength 680
nm, which excludes the thermodynamic possibility
for one-electron reactions to proceed; a stronger
oxidant than the cation radical P-680 is needed.
Thus, the only possible route is the process of
four-electron oxidation of water to molecular
oxygen. That is why we do not discuss consecutive
one-electron mechanisms. It should be mentioned
that one-, two- and three-electron reactions are
thermodynamically possible if the intermediate
particles formed are in the adsorbed state as
cryptoradicals, but such particles have not been
discovered in vivo.

The possibility of four-electron {19-26,42] and
two-electron [27] mechanisms of oxygen evolution
in photosynthesis has already been discussed in
literature.

A possible molecular mechanism of water pho-
tooxidation in photosynthesis by an Mn-cluster is
shown in Fig. 10. The cation radical P-680*
oxidizes the Mn-ions in a series of consecutive
one-electron stages. Each single-turnover flash in-
duces separation of charges, transforming the re-
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Fig. 8. Scheme of electron transfer in photosynthesis of higher plants. Times of pulsed kinetic variations are given. Scale of redox
potentials is plotted at the bottom.
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Fig. 9. Molecular organization of the thylakoid membrane: (a) equivalent electrical circuit; (b) scheme of charge transfer in thylakoid
membrane.
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Fig. 10. Tentative model for water photooxidation in the Mn-cluster of Photosystem II in chloroplasts.

action center in redox state [Mn%*(H,0),]Pheo
(S,) to redox state [Mn%* (H,0),]*Pheo™ (S,, )
The positive charges generated are stored by the
dark relaxation S} — S, ; which corresponds to
the oxidation of S, by the electron chain Pheo —
Q,— Q,—PS I via univalent electron transfer
reactions until four redox equivalents are ac-
cumulated, S, decomposes to S,, water decom-
position by four-electron abstraction occurs and
oxygen is evolved (Fig. 10). This mechanism is
correlated with the four oxidation states of the
water-splitting enzyme systems. The electron re-
lease pattern 1:1:1:1 is accompanied by the
pattern of charge formation 0: + : + :0 and the
intrinsic proton release stoichiometry 1:0:1:2.
The protons released are mainly bound to a mem-
brane and can be used for ATP synthesis via
ATP-synthetase of chloroplasts.

The oxygen atoms of the two water molecules
bound in the reaction center should be sufficiently
close to one another, as, for example, is depicted
in Fig. 10. Otherwise the multielectron process
proves to be impossible on account of the large
value of the activation energy.

Water photooxidation evidently is not the only
multielectron process in photosynthesis.

Plastoquinone in non-cyclic electron transfer
between the reaction centers of the two photosys-

tems acts as a transmembrane electron and proton
carrier;

QaQbHZ ?T* QaQb
PQ  PQH,

Q,, is a two-electron ‘gate’ [42] of photosynthesis.
Q,H, transfers 2H* and 2e to plastoquinone on
the inner side of the thylakoid membrane. Thus,
Q, always carries electrons and protons across the
thylakoid membrane in pairs.

Further examples of the multielectron reaction
are the redox reactions of NADH and NADPH:

NADH —» NAD" +2e+H*

and

NADPH — NADP* +2¢+H"

which take place on the surface of biomembranes
in photosynthesis and in mitochondria during res-
piration. An energy diagram has the following
form:

JH*
NAD*—S5 NAD <5 NADH
— 850 mV 210 mV
| 320mV T

This diagram shows that the activation energy of
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NAD™* reduction by the two-step one-electron
mechanism must be E, > 83 kJ/mol. For a syn-
chronous two-electron process the activation en-
ergy can be smaller: E, > 60 kJ /mol.

In photosynthesis, as is shown on Fig. 8,
one-electron reduction of NADP* is energetically
improbable because the redox potential of
NADPH-reductase is less than —0.4 V.

An example of a multielectron reaction is
nitrogen reduction:

N, +8 H* + 8¢ » 2 NH, +H,

The enzyme nitrogenase, which catalyses the re-
duction of nitrogen in some bacteria and algae,
contains several iron and molybdenium atoms,
bound in clusters. The multielectron mechanism
of this reaction is proposed in Ref. 26.

Oxygen evolution during water photooxidation at
the oil / water interface

The interface between two immiscible liquids
on which photosynthetic pigments are immobi-
lized is the simplest, convenient model of a bio-
logical membrane for studying photoprocesses
accompanied by a spatial charge separation reac-
tion. Illumination of an octane/water interface in
the presence of chlorophyll, a proton acceptor,
dinitrophenol (DNP) or pentachlorophenol (PCP),
in octane and of an electron acceptor in water
(NAD™, FeCNZ~ or NADP™) results in evolution
of molecular oxygen from water with a quantum
yield of about 10-20% [31].

C
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A possible four-electron mechanism of di-
oxygen evolution at the octane/ water interface is
shown in Fig. 11.

The hydrated oligomer Chl,(H,0),, adsorbed
on the interface and close-packed, so that overlap-
ping of the electron clouds of the porphyrin rings
is possible, is excited under the action of light; an
oxidized form of the pigment and a reduced form
of the acceptor are produced. Water in the reac-
tion complex is coordination-bound to the mag-
nesium of one of the chlorophyll molecules and
hydrogen-bonded with the carbonyl group of
another chlorophyll molecule and a phenol anion,
also adsorbed at the interface and forming part of
the catalytic complex. The hydrophobic proton
acceptor, PCP, is essential for adsorption binding
of water in the reaction center and for the protec-
tion of chlorophyll from pheophytinization, since
it activates part of the protons liberated in the
course of the reaction. The artificial proton accep-
tor PCP does not participate in the action of
Photosystem II. The role of the surface regulator
of proton equilibrium on the membrane can be
played by plastoquinone, lipids and polar groups
of proteins.

Since the redox potential of hydrated chloro-
phyll oligomer is less than 1 V, the concerted
four-electron oxidation of water by chlorophyll
remains the only possible one of the pathways
proposed in Fig. 7. It should be noted that the
occurrence of one- and two-electron reactions (Fig.
7) is thermodynamically possible if the inter-
mediate particles formed are in the adsorbed state.
However, the radicals HO® and HO, thus formed
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Fig. 11. Tentative model for water photooxidation at the oil/water interface.



are highly reactive and can readily enter into the
side reactions of hydroxylation, oxidation and
destruction of chlorophyll and other reagents in
the catalytic complex. In fact, octane/water sys-
tems with chlorophyll can produce O, under il-
lumination for approximately 4-5 h, which is evi-
dence in favor of the multielectron mechanism.

References

10

11

12

13

14

15
16

Dogonadze, R.R. and Kuznetsov, A M. (1983) in Compre-
hensive Treatise of Electrochemistry (Conway, B.E., Bock-
ris, J.O.M., Yeager, E., Khan, SUM. and White, R.E,,
eds.), Vol. 7, pp. 1-40, Plenum Press, New York

Jortner, J. (1980) Biochim. Biophys. Acta 594, 193-230
Dogonadze, RR., Ulstrup, J. and Kharkats, Yu.l. (1972)
Dokl. Acad. Nauk SSSR 207, 640-643 (in Russian)
Dogonadze, R.R., Ulstrup, J. and Kharkats, Yu.l. (1972) J.
Electroanal. Chem., 39, 47-61

Ulstrup, J. (1979) Charge Transfer Processes in Condensed
Media. Lecture Notes in Chemistry, Vol. 10, Springer,
Berlin

Dogonadze, R.R., Kharkats, Yu.l. and Ulstrup, J. (1973) J.
Theor. Biol. 40, 259-277; 279-283

German, E.D., Dogonadze, R.R., Kuznetsov, A.M., Levich,
V.G. and Kharkats, Yu.l. (1971) J. Res. Inst. Catal. Hok-
kaido Univ. 19, 99-115

Marcus, R.A. and Sutin, N. (1985) Biochim. Biophys. Acta
811, 966-971

Hopfield, J.J. (1982) in Oxidases and Related Redox Sys-
tems, (King, T.E., Mason, H.S. and Morrison, M., eds.), pp.
35-60, Pergamon Press, Oxford

Volkenstein, M.V., Dogonadze, R.R., Mamadurov, A K.
and Kharkats, Yu.l. (1974) Dokl. Acad. Nauk SSSR 199,
124-127 (in Russian)

Kharkats, Yu.l. and Volkov, AG. (1985) J. Electroanal.
Chem,, 184, 435-442

Volkov, A.G. and Kharkats, Yu.l. (1985) in Kinetics and
Mechanisms of Electron Transfer in Proteins and Models
(Kulis, JuJu., ed.), p. 77, Publ. Inst. Biochem. AN Lit.
SSR, Vilnius

Volkov, A.G. and Kharkats, Yu.l. (1985) Kinet. Cat. 26,
1322~1326 (in Russian)

Volkov, A.G. and Kharkats, Yu.Il. (1986) Khim. Phys. 7,
664—671

Samec, Z. (1979) J. Electroanal. Chem., 99, 197-205
Kharkats, Yu.l., Volkov, A.G. and Boguslavsky, L.I. (1977)
J. Theor. Biol. 65, 379-391

17
18
19
20
21
22
23
24
25
26

27
28

29

30

31

32
33

34

35

36

37

38

39

40

41

42

67

Boguslavsky, L.I., Kondrashin, A.A., Kozlov, LA., Metel-
sky, S.T., Skulachev, V.P. and Volkov, A.G. (1975) FEBS
Lett. 50, 223-226

Bell, R.P. (1928) J. Phys. Chem. 32, 882-893

Volkov, A.G. (1985) Elektrokhimiya 21, 91-98 (in Russian);
Sov. Electrochem. 21, 85-92

Volkov, A.G. (1984) in Solar Energy Bioconversion (Berezin,
LV, ed), pp. 149-152, ONTI NCBI AN SSSR Publ,
Pushchino

Volkov, A.G. (1984) J. Electroanal. Chem., 173, 15-24
Volkov, A.G. (1985) Biophysika 30, 491

Volkov, A.G. (1986) Photobiochem. Photobiophys. 11, 1-7
Volkov, A.G. (1986) Mol. Biol. (Moscow) 20, 728-736
Volkov, A.G. (1986) I. Electroanal. Chem. 205, 245-257
Semenov, N.N., Shilov, A.E. and Likhtenstein, G.I. (1975)
Doklady Acad. Nauk. SSSR, 221, 1371-1374 (in Russian)
Calvin, M. (1974) Science 184, 375-377

Kharkats, Yu.l. (1976) Elektrokhimiya 12, 1370-1377 (in
Russian)

Volkov, A.G. and Kornyshev, A.A. (1985) Elektrokhimiya
21, 814-817 (in Russian); Sov. Electrochem. 21, 754-758
Komyshev, A.A. and Volkov, A.G. (1984) J. Electroanal.
Chem. 180, 363-381

Volkov, A.G,, Kolev, V.D, Levin, AL. and Boguslavsky,
L.I. (1985) Photobiochem. Photobiophys. 10, 105-111
Blankenhorn, G. (1975) Eur. J. Biochem. 50, 351-356
Hemmerich, P., Massey, V., Nichel, H. and Schung, C.
(1982) in Structure and Bonding (Clarke, M.J., Good-
enough, J.B., Hemmerich, P., Ibers, J.A., Jorgensen, C.K.,
Neilands, J.B., Reinen, D., Weiss, R. and Williams, R.J.P.,
eds.), Vol. 48, pp. 93-130, Springer-Verlag, Berlin

Willner, 1., Goren, Z., Mandler, D., Maidan, R. and De-
gani, Y. (1985) J. Photochem. 28, 215-228

Kharkats, Yu.l. and Krishtalik, L.I. (1985) J. Theor. Biol.
112, 221-249

Kharkats, Yu.l. (1978) Electrokhimiya 14, 1721-1724 (in
Russian)

Kharkats, Yul. (1979) Electrokhimiya 15, 409-412 (in
Russian)

Wikstrom, M., Kraab, K. and Saraste, M. (1981) Annu.
Rev. Biochem. 50, 623-651

Antonino, E., Brunori, M., Greenwood, G. and Malmstrom,
B.G. (1970) Nature (London) 228, 936-937

Erecinska, M. and Chance, B. (1972) Arch. Biochem. Bio-
phys. 151, 304-308

Chance, B., Saronio, C. and Leigh, J.S. (1975) J. Biol.
Chem., 250, 9226-9237

Goldfeld, M.G., Blumenfeld, L.A., Dmitrovsky, L.G. and
Mikoyan V.D. (1980) Mol. Biol. (Moscow) 14, 804813 (in
Russian)



