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Abstract The results of studies of charge transfer in cyanobac-
terial photosystem I (PS I) using the photoelectric method are
reviewed. The electrogenicity in the PS I complex and its inter-
action with natural donors (plastocyanin, cytochrome c4), natu-
ral acceptors (ferredoxin, flavodoxin), or artificial acceptors and
donors (methyl viologen and other redox dyes) were studied.
The operating dielectric constant values in the vicinity of the
charge transfer carriers in situ were calculated. The profile of
distribution of the dielectric constant along the PS I pigment—
protein complex (from plastocyanin or cytochrome c¢; through
the chlorophyll dimer P700 to the acceptor complex) was esti-
mated, and possible mechanisms of correlation between the local
dielectric constant and electron transfer rate constant were dis-
cussed.

© 2003 Published by Elsevier B.V. on behalf of the Federation
of European Biochemical Societies.
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1. Introduction

Photosystem I (PS I) catalyzes the photoinduced oxidation
of plastocyanin (Pc)/cytochrome (cyt) ¢s and reduction of fer-
redoxin (Fd)/flavodoxin (FId). The two largest polypeptides
(PsaA and PsaB) form the PS I core, which binds a chloro-
phyll dimer (P700), two molecules of monomeric chlorophyll
(Ay), a pair of phylloquinone molecules (A), and one mole-
cule of 4Fe—4S center (Fx). The chlorophylls and quinones are
almost symmetrically arranged in two branches related by the
pseudo-C, axis. The terminal acceptors Fo and Fp (4Fe-4S
centers) are located on the smaller stroma-exposed PsaC sub-
unit [1].

The light-driven steps within the PS I complex involve elec-
tron transfer from P700 to Fo/Fg via Ag, Ay, and Fx. On the
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lumenal side of PS I, Pc or cyt ¢4 are oxidized by P700",
whereas on the stromal side, Fd or FId are reduced by
(Fa/Fg)~. The net electron transfer from P700 to Fa/Fg is
electrogenic [2-5]. The experiments with chloroplasts using the
light-gradient technique demonstrated the electrogenic phase
in PS I shorter than 50 ns [6]. Further upgrade on this method
was based on the formation of a multilayer of PS I-containing
membrane fragments electrically oriented in a low-impedance
capacitor microcoaxial cell. This allowed the rise time of the
electrogenic phase to be resolved with picosecond resolution.
These measurements revealed the photovoltage generation
steps accompanying electron transfer between P700 and Ay
(time constant, 22 ps) and between Ay and A, (time constant,
50 ps) [7]. However, the time window of the low-impedance
measurements did not extend longer than 1-2 ns. A variant of
this method using a high-input impedance amplifier allowed
the time window of detection to be extended up to 50 ns.
Further extension of the time window was achieved by calcu-
lating an ideal photovoltage as the integral of the displace-
ment current and the removal of decay due to ionic relaxation
by a numerical deconvolution procedure. This procedure al-
lowed to reveal an electrogenic phase with a time constant of
~ 220 ns, which was ascribed to electron transfer from A; to
Fx and further to Fa/Fp [3]. However, because the kinetic
phase with a time constant of ~220 ns was obtained as a
decay-cleared trace rather than an actually measured kinetic
curve, it was reasonable to use a direct electrometric method
of detection of transmembrane electric potential difference
(Ay) generation within the time range from 200 ns to ~ 100
ms. The system based on phospholipid-impregnated collodion
film developed in our laboratory [8,9] seems to be well
adapted for the measurement of photovoltage kinetics on
the microsecond to millisecond time scale.

In a series of our works (1996-2001) [4,10-14] the direct
electrometrical method was used for determining relative con-
tributions of electron transfer reactions between Pc/cyt cg, the
PS I complex, and Fd/FId to the overall electrogenesis medi-
ated by PS I. The results of our photoelectric measurements in
combination with independent and virtually concurrently ob-
tained spectroscopic data reported in [15,16] provided a new
insight into the sequence of the electron transfer reactions
between the terminal electron acceptors F5 and Fg. In addi-
tion, comparison of relative electrogenicity of partial electron
transfer reactions with the projections of distance vectors be-
tween corresponding cofactors onto the membrane normal
allows the profile of changes of the effective dielectric constant
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along the whole PS T complex to be calculated. The goal of
this review was to discuss these data in more detail.

2. Electrogenicity accompanying reduction of photooxidized
P700 by electron donors

2.1. Electrogenic reduction of P700 by redox dyes

In the absence of soluble electron donors and acceptors, the
kinetics of dark reduction of P700" is characterized by back
reactions from one of the bound acceptors [11]. The direct
electrometrical method developed in our laboratory
[8,9,17,18] was used to monitor the flash-induced photoelectric
responses of the proteoliposomes containing PS I complexes
from the cyanobacterium Synechocystis sp. PCC 6803 ad-
sorbed on the surface of a phospholipid-impregnated collo-
dion film. The formation of Ay corresponded to the negative
charging of the interior of the proteoliposomes. The rise time
of the Ay generation fell within a time interval shorter than
the instrument-limited response time constant of 200 ns and
was attributed to the charge separation between P700 and the
terminal iron-sulfur acceptors Fa/Fp [4]. The main compo-
nent of the Ay decay kinetics with the lifetime of ~ 100 ms
corresponded to the charge recombination between P700" and
(Fa/Fg)~, whereas the minor faster components were attrib-
uted to back reactions from Fx and A; in a fraction of the PS
I complexes with impaired forward electron transfer to Fa/Fg
[11].

The addition of a donor capable of donating an electron to
the photooxidized P700" more rapidly than the photoreduced
acceptor gives rise to competitive substitution of recombina-
tion by direct electron transfer. Reduced forms of redox me-
diators, like  N,N,N’,N’-tetramethyl-p-phenylendiamine
(TMPD), 2,6-dichlorophenol-indophenol (DCPIP), and phe-
nazine methosulfate (PMS) were widely used as artificial sec-
ondary donors, in particular, for the photooxidized bacterio-
chlorophyll dimer in bacterial photosynthetic reaction centers
and for P700 in PS I complexes [10,19]. The decay kinetics
slowed down upon increasing the redox dye concentration. At
a certain concentration of the redox dye, the fast generation
of the membrane potential related to the electron transfer
between P700 and the terminal iron-sulfur acceptor Fp was
followed by a new electrogenic phase in the millisecond time
domain, which contributed approximately 20% to the overall
photoelectric response. The reduced form of PMS was a much
more effective electron donor to P700%" than TMPD or
DCPIP. This new kinetic phase was attributed to the vectorial
transfer of an electron from the reduced form of the redox dye
to the protein-embedded Mg-porphyrin ring of P700* [10].

2.2. Electrogenic reduction of P700 by Pc and cyt cg

According to the negative sign of the photoelectric response
and the effect of non-penetrating oxidizing agent ferricyanide
on the amplitude of the flash-induced Ay, the orientation of
P700 in the proteoliposome membrane was estimated as
>95% facing external water phase [4]. Thus, accessibility of
P700" from the external water phase makes the PS I-contain-
ing proteoliposomes a convenient system for studying the elec-
tron donation from non-penetrating hydrophilic donors. As
mentioned above, cyt ¢s and Pc were alternative native sec-
ondary electron donors to the photooxidized P700 in cyano-
bacteria.

The addition of reduced spinach Pc in a gradually increas-
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ing concentration resulted in slowing the Ay decay due to
competition of Pc with (Fa/Fg)~ for reduction of P700". At
Pc concentration above 50 UM, an additional Ay rise phase is
observed in the kinetics of the photoelectric response. The
maximal amplitude makes up ~20% of the amplitude of
the fast phase attributed to P700" (Fa/Fp)~ charge separation,
whereas the apparent pseudo first-order rate constant exhibits
a saturation profile at increasing Pc concentration, thereby
suggesting the formation of a transient complex with PS 1.
Additionally, a small but detectable fast electrogenic phase
was observed at high Pc concentration. The rate constant of
this phase was independent of Pc concentration, indicating
that it is related to a first-order process. The Ay rise kinetics
at a Pc concentration of 400 uM is clearly biphasic: the small
fast component is characterized by the lifetime 7 of ~30 us
and the large slow one, by 7~3 ms [14].

The addition of cyt ¢s also caused a decrease in the Ay
decay rate and changed the kinetics of the Ay generation.
In addition to the kinetically unresolvable fast phase of the
photoelectric response, the slower phases in the submillisec-
ond time scale appeared. These phases can be assigned to the
electron transfer from cyt ¢s to P700". The amplitudes of
these phases accounted for 20% of the fast phase amplitude,
and kinetics were approximated by two exponents with life-
times of 25 and 200 ps and an amplitude ratio of 2:3. The
kinetics of the former rather than the latter phase did not
depend on cyt ¢s concentration, indicating the formation of
a specific complex between cyt ¢ and P700 [4].

These results suggest that the electrogenic nature of the
electron donation to P7007" is not specific for cyt ¢s and Pc
as native electron donors. Moreover, the electrogenic response
observed in the presence of artificial donors was approxi-
mately equal to the contribution of the phase observed in
the presence of Pc or cyt ¢5, (~20% to the overall photo-
electric response). Therefore, it may be concluded that the
electrogenic reduction of P700" in vivo occurs as a result of
vectorial electron transfer within the PsaA/PsaB heterodimer
molecule rather than within the cyt ¢s—P700 or Pc-P700 com-
plexes.

The mechanism of interaction of the oxidized PS I dimer
with native or artificial donors was studied on the basis of
analysis of the donor concentration dependence. Presumably,
there are two possible mechanisms of such interaction (see [20]
for review): (i) collision mechanism and (ii) formation of a
transient complex. Mechanism (i) is dominant in case of arti-
ficial donors and at low concentration of native donor. It is
characterized by linear dependence of the reaction rate con-
stant and by the lack of saturation. Mechanism (ii) is ob-
served at high concentrations of native donor in reaction me-
dium [14].

3. Electrogenic reactions at the acceptor side of PS I

3.1. Electrogenicity accompanies photoreduction of the
iron—sulfur clusters F4 and Fg in PS 1

The kinetics of forward electron transfer from A to the
Fe-S clusters in PS T is approximated by two components
with half-times ~20 and ~200 ns ([21,22] and references
therein). On the basis of photoelectric measurements on elec-
trically oriented PS I-containing membrane fragments it was
concluded that the overall electron transfer from A| to Fp
was limited by the step from A to Fx [16]. It was noted
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above that in the absence of an external donor to P700", the
photoelectric response associated with the charge separation
between P700 and terminal electron acceptors Fa/Fp occurred
within the rise time of the instrument (~200 ns) [4,10,11].
Thus, the 20- and 200-ns kinetic phases of forward electron
transfer between A; and Fa/Fp were not resolved using our
instrumentation. Our approach was based on the following
assumptions: (i) sodium dithionite was able to reduce Fa
and Fp, and (ii) treatment with HgCl, caused selective extrac-
tion of the Fp cluster [23]. The comparison of the dithionite-
induced decrease in the magnitude of the total photoelectric
responses obtained with control and Fp-less (HgCl,-treated)
PS I complexes provides an independent approach to the elu-
cidation of the relative contribution of Fx — Fp and Fx — Fa
electron transfer reactions to the overall electrogenesis within
the PS I complex.

The initial amplitude of Ay can be determined based on
extrapolation of the Ay decay kinetics. The main decay path-
way of the flash-induced Ay built-up across the membrane is
the charge recombination between P700" and the photore-
duced terminal acceptors Fo and Fy (lifetime range between
30 and 100 ms [11,22]). To determine the initial amplitude of
Ay we took into account only the charge separation compo-
nents with the lifetimes longer than 400 us, i.e. the compo-
nents related to the electron transfer steps at distances larger
than that between P700 and A;. This excluded the contribu-
tions from centers with impaired electron transfer between A
and Fx. Based on the room-temperature kinetics of P700
absorption changes, the amount of dithionite used (100
mM) was found to be sufficient to chemically reduce Fa
and Fp without any noticeable reduction of Fx in isolated
PS 1 complexes. As expected, the addition of dithionite led
to an acceleration of the Ay decay kinetics, which was mainly
due to the back reaction from Fy (lifetime ranging between
0.5 and 5 ms). The deconvolution of the kinetic curves shows
a ~30% decrease in the amplitude of the photoelectric re-
sponse in the presence of dithionite, which occurs due to the
blockage of the electron transfer between Fx and Fa/Fg.

Treatment of cyanobacterial PS I complexes with HgCl,
results in >95% destruction of the Fp iron-sulfur cluster
and in the retention of >90% of the Fa cluster [24]. For
the HgCl,-treated (Fp-free) samples we performed similar
multiexponential analyses of the decay kinetics in the absence
and in the presence of dithionite and determined the initial
amplitudes of Ay after subtracting the fast phases with the
lifetimes shorter than 400 ps. The addition of dithionite to
both control and HgCl,-treated samples resulted in similar
accelerations of the Ay kinetics, but the decrease of the initial

Table 1
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Ay amplitude associated with the blockage of electron trans-
fer from Fx to Fa was less significant in HgCl,-treated sam-
ples (15-20%). It should be noted that Diaz-Quintana et al.
[16] observed a decrease in the amplitude of the electrogenic
phase corresponding to the A} — F5/Fp electron transfer in
HgCl,-treated sample compared to control. However, this de-
crease was attributed in [16] to the treatment-induced destruc-
tion of ~30% Fa. Note, that no such decrease was observed
in our experiments [12]. The discrepancy could be due to the
differences in the PS I preparations, HgCl,-treatment proce-
dure, or techniques used to measure the electrogenic changes
(PS I-containing proteoliposomes adsorbed onto the phospho-
lipid collodion membrane [12] versus electrically oriented mul-
tilayer membrane fragments adsorbed onto the platinum elec-
trode [16]).

The data obtained unambiguously indicated that the vol-
tage changes on the reducing side of PS I were related to the
electron transfer between Fx and Fa as well as between Fa
and Fg. Based on the electrogenic nature of the latter reac-
tion, we concluded that Fy rather than F5 was the acceptor
distal to Fx [12].

3.2. Electron transfer from the terminal cluster Fp to external
acceptors is electrically silent

The electrometrical technique was also used to investigate
electron transfer between the terminal iron—sulfur centers Fu/
Fp and external electron acceptors in PS I complexes from
cyanobacteria Synechococcus sp. PCC 6301 and from spinach.
The photoelectric responses were monitored in PS I-contain-
ing proteoliposomes either in the absence or in the presence of
Fd, Fld, and methyl viologen (MV) entrapped in phospholipid
vesicles. The significant increase in the relative contribution of
the slow components of the Ay decay kinetics in the presence
of both native (Fd, Fld) and artificial (MV) electron acceptors
indicates that the interaction between the terminal Fe-S clus-
ter and acceptors is sufficiently effective. The lack of addition-
al electrogenicity under conditions of effective electron trans-
fer from the Fg redox center to soluble acceptors implies that
this reaction is electrically silent. The finding that F fails to
donate electrons to Fld in the Fg-deficient (HgCl,-treated) PS
I complexes suggests that Fp is the direct electron donor to
FId [13]. This conclusion is in line with the data obtained by
monitoring the kinetics of rereduction of the photooxidized
P700 in the presence of Fd and Fld [15] and the kinetics of Fd
reduction [16] by control and Fg-deficient PS I complexes.

The finding that Fy is the distal cluster to Fx and serves as
the immediate electron donor to Fd/FId unequivocally indi-
cates that the electron transfer on the acceptor side of PS I is

Calculation of effective dielectric constant values in the protein domains between redox cofactors of PS I

PS I protein domains between redox Projections of the

Relative photovoltages (¥) Effective dielectric

cofactors distance vectors (D) (A) constant values (¢).
Pc-P700 ~20 0.155% 9.7

P700-A, 15.5 0.38 3

Ag-A, 7.2 0.095 5.4

A-Fx 8.5 0.12 5.4

Fx-Fg 21.5 0.25% 6.6

Fp-Fld 11 <0.02° >42

2Experimental error in the determination of y in different experiments did not exceed *10%. Because geometrical parameters were estimated
from the X-ray model with sufficiently higher accuracy, the total error in the calculation of the effective dielectric constant was =+ 10%.
YThe value was taken from the previously estimated lower limit for the detectable relative photovoltage measured by the direct electrometrical

technique (see [30] for review).
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arranged as the following series: Fx = Fa — Fg — Fd/FId (see
[25] for review).

4. Profile of changes of the effective dielectric constant along
the PS I complex

Because the photoelectric signal amplitude is proportional
to dielectrically weighted distances, comparison of projections
of the distance vectors between redox cofactors onto the mem-
brane normal with the relative photovoltage amplitudes pro-
vides a unique opportunity to estimate the profile of distribu-
tion of the dielectric constant (&) values along the whole
stretch of the PS I protein complex. The dielectric constants
estimated from our experiments are effective values deter-
mined with respect to the time scale of corresponding reac-
tion. In terms of dielectric environment, the € values related to
membrane-embedded protein-bound cofactors are presumably
determined by local structural properties of the protein ma-
trix, whereas in case of electron carriers exposed to polar
aqueous medium, the aqueous phase surrounding the mem-
brane may also contribute to the € value.

It should be emphasized that the prerequisite for the esti-
mation of ¢ is the knowledge of the three-dimensional struc-
ture of the protein. Although this information was not avail-
able at the time of the first photoelectric measurements on PS
1[6,7], these experiments gave valuable structural information
about the relative transmembrane position of cofactors. To
interpret the results of the fast photoelectric measurements
on oriented multilayer membrane fragments, it was originally
assumed that the dielectric environment is homogeneous, at
least for the most part of the PS I complex inside the protein/
lipid layer [3,6]. However, this assumption proved to be too
simplistic in case of the reaction centers of purple photosyn-
thetic bacteria (BRC) [9]. It is also not supported by the gen-
eral three-phase model of membrane proteins, which implies
the increase of the effective € value in the direction from the
central hydrophobic part of the protein towards the periphery
of the protein/lipid layer [26].

Let the electron transfer reactions in the complex be de-
noted as A—B— C. Given the fact that the electron transfer
reactions in the complex are essentially irreversible, the rela-
tionship for the ratio between the mean & values correspond-
ing to B— C and A — B electron transfer stages (egc/eap) with
the photovoltage drop between B and C (ypc) and between A
and B (yap) can be described by the following approximate
equation:

(€sc/€aB) = (Dpc/Das) - (¥Bc)/(WaB)

where Dgc and Dap are the projections for the B— C and

A — B distance vectors onto the membrane normal, respec-

tively. Taking into account the distances between the PS I

cofactors [1] and the structural model of the Fd [27] and Pc

[27,28] docking sites, as well as relative contributions of the

electron transfer reactions P700—> A, and A¢g—A; [7],

A;—=Fx [3,16], Fx—Fp [12], Pc—>P700 [14] and Fg—Fld

[13] to the overall electrogenesis provided by the PS I com-

plex, the following suggestions are made:

1. Let the minimal value of the dielectric constant for the
P700 — A protein region be £~ 3. Then, the € value for
the Ag—A; and A;—Fx domains is estimated to be
~5.4.
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0

Fig. 1. a: Comparison between the transmembrane locations of re-
dox components of PS I according to the X-ray structure [l];
b: projections of the distance vectors between the redox cofactors
onto the membrane normal (adapted from [22]); c: the profile of
changes of the effective dielectric constant along the PS I complex.
Center-to-center distances are given in A; eC-A;_3; and eC-B;_3 de-
note chlorophyll ¢ molecules, and Qg-A/Qx-B denote phylloquinone
molecules bound to subunits PsaA and PsaB, respectively.

2. On the acceptor side, the ¢ value further increases up to
~ 6.6 along the PsaC subunit (Fx — Fp).

3. On the donor side between the Pc binding site and P700
Mg-porphyrin rings embedded into PsaA/PsaB hetero-
dimer (Pc—P700), the mean & value is equal to 9.7.

The results of calculation of the effective € values in the
protein domains between redox cofactors are presented in
Table 1, whereas the profile of variation of € along the PS 1
complex is shown in Fig. 1. The large value of € on the donor
side between the Pc binding site and P700 Mg-porphyrin rings
is not very surprising, because, in contrast to the PS I com-
plex, the Pc/cyt subunit is exposed to polar aqueous medium.
A gradual increase in the value of € from ~ 3 at the center of
the protein globule to ~ 10 at its periphery was also observed
in globular proteins (for review see [29]).

It should be noted that there is a hierarchy of the rate
constants of the reactions of charge transfer along the photo-
synthetic electron transport chain. The fastest primary reac-
tions of charge separation and stabilization of separated
charges occur in the photosynthetic reaction center core with-
in the picosecond time range, whereas slower secondary reac-
tions take place at the periphery of the complex within the
micro- to millisecond time range. To a first approximation,
this hierarchy qualitatively correlates with the hierarchy of the
dielectric constant values observed in our experiments (Fig. 1).
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Indeed, fastest and slower processes were found to be attrib-
uted to regions with low and high values of &, respectively.

A similar correlation also takes part, at least qualitatively,
in the case of BRC. It was shown in our earlier studies that
reduction of the photooxidized bacteriochlorophyll dimer
P870 by native donor cyt ¢, or by reduced redox dyes in
BRC-containing proteoliposomes is electrogenic (see [30] for
review). Comparison of the distance vectors to the membrane
normal with the relative photovoltage amplitudes for PS I and
BRC yields similar € values, corresponding to the electron
transfer from the native donor proteins to P700 and P870,
respectively. Note that the electron transport reactions at
the donor side of PS I and BRC share the following features
of similarity: (i) Gibbs energy differences between Pc/cyt ¢4
and P700 and between cyt ¢, and P870 are close to one an-
other; (ii) the corresponding kinetics and proposed reaction
mechanisms are very similar in PS I and BRC.

The main electrogenic step on the acceptor side of BRC is
due to protonation of the double-reduced secondary quinone
Qg [31]. The € value in this region increases up to ~ 20 [32],
which is about three times higher compared to the acceptor
region of PS I. Note also that the thermodynamic and kinetic
properties of the terminal acceptors in two complexes essen-
tially differ. The midpoint potential (Ey,) values for the Qa/
Q, and Qg/Qp redox couples in BRC are in the range of —50
to +100 mV, whereas the E,, values of Fx, Fa and Fg in PS I
are much more negative (in the range of —500 to —700 mV).
The time constants for the electron and proton transfer reac-
tions on the acceptor side of BRC (submillisecond time range)
are at least three orders of magnitude lower than the time
constants within the domain of iron-sulfur clusters in PS I
(in the range of tens to hundreds of nanoseconds). Perhaps,
the three-order-of-magnitude difference between the rate con-
stants of electron transfer on the acceptor side of BRC and PS
I, and the three-fold increase in the estimated value of & re-
flects the hypothetical correlation between the reaction rates
and the dielectric properties of the corresponding protein do-
mains between redox cofactors.

The process of charge transfer proceeds in several stages
including medium reorganization and electron tunneling.
The efficiency of the process crucially depends on the dielectric
reorganization of the medium. Effective relaxation processes
(e.g. polarization) of the milieu of the reacting groups are
required to provide charge stabilization. Perhaps, the correla-
tion between the dielectric constant values and the rate con-
stants of the electron transfer reactions in the PS I complex is
conditioned by the processes of relaxation. According to the
Marcus theory [33], the activation energy of the elementary
act of charge transfer AG* is determined by two parameters
(reorganization energy A and free energy of elementary act
AG):

2
AGH — (A +AG)
42

The two parameters can be represented as the sum of the
structure-dependent and polarization-dependent components.
In the simplest case of charge transfer in a homogeneous
medium, the polarization-dependent component of the reor-
ganization energy is proportional to the so-called coupling
constant C=1/g—1/es, where & and & are the optical and
low-frequency dielectric constants, respectively [34,35]. The
value of g for proteins was shown to be constant (about
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2.5) [34]. If the effective value of € deduced from our experi-
ments were proportional to the &g, then the variability of the &
evaluated in this work at different sites of the electron trans-
port chain (Pc-P700, P700-Ay, Ap—Fx, and Fx—Fp) would
correspond to a considerable (three- to four-fold) change of
the coupling constant value. Therefore, this factor might
change substantially the activation energy of the charge trans-
fer.

It should be noted that fast charge separation reactions are
activationless (at least in the case of BRC). The primary pho-
toproducts are created very close to the free energy level of the
excited P870 and relax to the final state on the picosecond and
nanosecond time scales [36-38]. These properties require that
the reorganization energy should be comparable in magnitude
to the free energy change.

A dynamic solvation model of relaxation processes was
suggested in [37] to explain the temperature dependence of
the complex exponential kinetics of BRC fluorescence decay
on the picosecond to nanosecond time scale. This model was
later refined by Trissl et al. [39] on the basis of fast photo-
electric measurements performed in chromatophores of purple
bacteria with nanosecond time resolution. These experiments
revealed that under reducing conditions the photovoltage sig-
nal decayed significantly faster than the spectroscopically de-
tected recombination of separated charges. This implies the
occurrence of considerable dielectric relaxation. It was sug-
gested that these relaxations could be ascribed to protein sol-
vation processes that decrease the Gibbs energy. Various pos-
sible molecular candidates were suggested to contribute to the
relaxation processes at different stages of charge separation in
BRC, including collectively acting ensemble of amino acids
[39].

It was also shown in [40] that in the case of very fast
reactions the time evolution of the dielectric response of pro-
tein should be taken into account. In the case of BRC, the
time evolution of the dielectric properties was described phe-
nomenologically as a set of effective dielectric constants oper-
ative in different time intervals. On the other hand, the exact
compensation of the &-dependent component of reorganiza-
tion and reaction energies was shown to be inherent only in
the fast charge separation process and did not take part in
slower charge transfer processes [40]. However, further theo-
retical and experimental research is required to provide a
deeper insight into the problem of correlation between relax-
ation processes and the kinetics of charge transfer.
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