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REACTION CENTERS

We have studied the slow dynamics of isolated complexes of chlorophyll-containing membrane
proteins of photosynthetic reaction centers (RCs) of Rb. sphaeroides R-26 induced by light
fluzes. The analysis of a variation of the absorption of a solution of RCs in the frame of the
three-level model is carried out. The equation defining the ratio of the populations of the elec-
tron levels of the primary and secondary quinones is deduced. The solution of this equation has
non-Boltzmann character even in the stationary case and depends on the exciting light inten-
sity. A model of the dynamics of levels of RC, which accounts for the presence of polarization
processes in a vicinity of the secondary quinone acceptor (Qg) is proposed. It is assumed that
all RCs have the same structure, but can be in different states, whose characteristics depend
on both the time interval having passed after the absorption of a light quantum and the local
viscosity and elasticity of the environment of Qg. The presence of deformational properties of
the environment of Qp yields the possibility for a configuration of RC to be changed, which
agrees with the experimental data.
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1. Introduction

It is known that the absorption of a quantum of
light in the reaction centers (RCs) of purple bac-
teria Rb. sphaeroides R-26 causes the photooxida-
tion of the primary donor of an electron, a bacteri-
ochlorophyll dimer (P). Thereafter, the excited elec-
tron appears at the primary (Q4) quinone acceptor,
passes through a number of intermediate carriers, and
then gets into the terminal quinone acceptor (Qp)
[1-3]. The process of localization of an electron at
quinone acceptors is defined by the state of intrapro-
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tein hydrogen bonds (which are formed, in particu-
lar, with the participation of water molecules of a
solution) and the protonation of the nearest amino
acid residues by ionogenic groups and is accompanied
by a conformational rearrangement of the molecular
complex of RC [2-5]. The information about regular-
ities defining the character of light-activated struc-
tural transitions of biomolecules is of independent in-
terest. The conformation determines the bioactivity
of a molecule, and the control over structural tran-
sitions opens a possibility to use them in molecular
electronics.

Despite the great number of publications devoted
to the study of photoinduced processes running in
RCs, there are the great number of obscurities in
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their theoretical comprehension. Far from being com-
pleted is the development of a model allowing the
adequate description of the intramolecular dynamics
of an electron under the action of exciting light. The
complications arising in this case are caused by both
the great number of stages of the process of elec-
tron transfer inside the complex of RC and the va-
riety of the transition channels for an electron in-
side RC. In the simple case, it is considered that RC
can be represented in the form of a protein matrix
containing some built-in molecules (redox-cofactors),
which manifest the donor—acceptor properties rela-
tive to the light-excited electron. The electron leaves
the donor, a bacteriochlorophyll dimer, appears at
the primary quinone Q4, passes a distance of 30—
40 A through a number of intermediate states, and
is stabilized at the secondary quinone-acceptor Qpg,
by generating, in this case, the difference of poten-
tials on a photosynthetic membrane. The displace-
ment of the electron induced by exciting light can
be described [5] in the frame of the three-level model
with the level of acceptor Qp, which slowly varies
in the process of electron transfer. A change of the
energy level of Qp is defined by structural transi-
tions in RC and polarization processes in its envi-
ronment. A change of the energy characteristics of
RC must lead to a change of the rate constants
of photoinduced electron transitions. At the present
time, the kinetics of these most important charac-
teristics of RC 1is studied slightly. The posed prob-
lem [2, 5] concerning the electron transport in RC is
complicated, and, therefore, the additional simplify-
ing assumptions are used in its analysis [2, 5]. Two
of such assumptions are the quasiequilibrium be-
havior of the ratio of the electron populations on
quinones Q4 and Qg and the independence of this
ratio of the intensity of exciting light. The conditions
for these assumptions to be valid require the addi-
tional analysis.

A goal of the present work is the development of
a model of the processes defining structural photoin-
duced changes in the molecular complex of RC. It is
assumed that all molecules of RCs are the same and
differ from one another only by the stages of light-
stimulated changes. We took the influence of the in-
tensity light on the ratio of the electron populations
of P, Q4, and Qp into account. As the objects of
investigations, we chose the transition rate constants
in RC.
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2. The Three-Level Model
of the Dynamics of an Electron in RC

The structural transitions can be registered either di-
rectly (on the use of X-ray diffraction or photolumi-
nescence analysis) or mediately with the help of in-
terferometric, photoacoustic, or optical methods [2,
5,6, 7.

In what follows, we will analyze only the questions
concerning the electron transport dynamics in RC
by studying the dynamics of the optical absorption
spectrum at the wavelength Ao = 865 nm [1-7]. The
possibility of such an approach is caused by the de-
pendence of the interaction cross-section of photons
with wavelength )y on the electronic state of the com-
plex of RC, which is changed under the action of the
illumination of a specimen containing RCs by excit-
ing light with intensity I and wavelength A\g. When
the electron leaves the bacteriochlorophyll dimer, the
RC losses the ability to absorb the light with wave-
length Ag. In this connection, a change of the absorp-
tion (AA) of a specimen is proportional to a change
of the probability p(¢) of the presence of an electron
on the bacteriochlorophyll dimer [2, 5] at the time
moment of the observation t:

AA(t) ~ p(t)- (1)

Relation (1) implies [5] that the rate constant (ka1)
of the return of electrons onto P (donor) from accep-
tors (Qa, Qp) can be determined by the relation

L AA@
AW —A(0) At @)

kar(t) = —

We now write the system of equations [5] describing
the electron transfer in such a system. By ga(t), we
denote the probability of the presence of an electron
on the primary quinone acceptor Q4; and let gp(t)
be the probability of the presence of an electron on
the terminal quinone acceptor Qp. Then the follow-
ing relations are valid:

d%t) = —kpap(t) + kapr qa(t) + kpp qp(t);

dq§t(f) = kpap(t) +kpaqn(t) —kapaa() = ()
—kapqa(t);

quL?t(t) =kapqa(t) —kpags(t) — kepqp(t).
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Here, k;; is the transition rate constant between the
levels ¢ — j. The processes running in the molecule
of RC are initiated by exciting light, and, therefore,
the parameter kp4 depends (is proportional to) on
the intensity of exciting light I.

The system of equations (3) should be supple-
mented by the relation

p(t) +qa(t) +¢p(t) =1 (4)

testifying to the closedness of the RC system.

Values of the quantities k;; (except for kp4) for RC
are given in the literature [2, 5]. It is known that the
transition rate constants have the following orders of
magnitude: kap ~ 10 s7!, kpp ~ (0.02 — 0.2) s~}
kag ~ 10* s71, kpa ~ 10% s7!. The analysis of the
system of equations (3) (without its solution) allows
us to obtain the essential information significant for
the comprehension of specific features of the function-
ing of RCs.

We now determine the ratio of the populations of
an electron on Q4 and Qp, namely,

_ qa(®)
The use of this quantity allows us to write
B0 1) 145 ) DD = ko p(t) + kpaan(t) -
—(kap +kag) f(t) aB(t). (6)
Substituting the last of Egs. (3) in (6), we get
s £(8) ~ kia — kel as() 5(0) + () D =

=kpap(t)+kpaqp(t) — (kap+kas) f(t)gs(t), (7)

which yields

lean F(£) — kpa — kpp) £() + %’5) _
= kea 20 ki — (kg + k) £00). )

It follows from (8) that, even in the stationary case,
the ratio of the electron populations of the levels of
Qp and Q4 in the presence of the exciting illumi-
nation is not described by the Boltzmann relation,
but depends on the intensity I. The ratio of the pop-
ulations of an electron at Q4 and Qp acquires an
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especially simple form in the absence of the exciting
light (kpa = 0). Then we have

dfT(tt) =kpa+ (kpa +kpp —
—kap —kag) f(t) — kap [*(t). 9)

In order to solve Eq. (8), it is necessary to set a value
of f(t) at a certain (initial) time moment. It is natural
to choose it as the time moment of the switching-out
of light. Therefore, in the region of transient time mo-
ments, the function f(¢) depends on the exciting light
intensity, even when the illumination is switched-
out. Equation (9) is the exact consequence of the
equations of balance (3) of the three-level system and
the condition of closedness of system (4). The analy-
sis performed by us with the account for the above-
presented transition rate constants showed that if we
do not consider the time interval (0-1073) s, then
Eq. (9) can be replaced by its stationary linear ver-
sion,

0=rkpa+ (kpa+kpp —kap —kap) f(t), (10)
which yields

kpa kpa
1® kap+kap —kpa—kpp kan (1)

Relation (11) coincides with that in [5], but it can
be used only in the study of the processes running
in RC, when the illumination is switched-out. While
deducing the approximate relation (11), we used the
above-given data on the transition rate constants for
RC. The use of (11) allows us to write
__kpa

—qB(t).

 kan (12)

qa(t)
We now use (12) in the analysis of both Eq. (4) and
the first equation in (3) written in the case where the
exciting light is absent (kp4 = 0). Then we get

dp(t k
alt) _ kapqa(t) + kppap(t) = kap 7o qp(t) +
dt kap
k
+kppqp(t) = (k’AP kB;A + k?BP) qB(t) =
AB
kapkpa+kapk
= =5 BAkAB 22 g (t); (13)
k
p(H) + 2% ap() + ap(t) =
AB
k k
:p(t) + w qB(t) =1. (14)
AB
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We now account for that RCs are characterized by
kag ~ 10* s7! > kpa ~10% s~!. Hence, relation
(14) can be replaced by

p(t) +gs(t) =1, (15)
which allows us to write Eq. (13) in the form
dp(t kapkpa+kapkpp

- (-p). ()

dt kan

Equation (16) together with the initial condition

p(t =0) =po (17)

describe the kinetics of the RC system after the
switching-out of exciting light. The parameter py in
(17) is determined by the population of the donor
of electrons at the time moment of the switching-out
of light. Relations (16) and (17) give possibility to
describe RC as a two-level system on the time inter-
vals more than 0.001 s. In this case, the rate constant
ko1 of the transition of an electron from the acceptor
(which is a dynamical combination of Q4 and Qp —
level 2) to donor P (level 1) is determined by the
relation

kapkpa+kapkpp

k‘ =
21 kAB

(18)

Thus, while studying the relaxation dynamics of the
absorption of a solution of RCs to within the times of
at least 0.001 s, we can use the equation
dp(t)

7 = ko1 (1 —p(t)).

The rate constant of the return of an electron to
the donor, ko1, is given by relation (18). As the ini-
tial condition, we use representation (17). Thus, the
quantities k9; and pg are the unique characteristics,
which can be determined from the experiments [see
formula (2)] on studying the relaxation of the absorp-
tion of a solution of RCs, which arises after the ter-
mination of its exposure with exciting light.

The repetition of the executed analysis in the case
where I # 0 shows that the kinetics of the electron
population of P can be described by the equation
dp(t)

= Tap(t)+ ke (t) (1 —p(t)),

where « is the coefficient of extinction, which is prac-
tically independent of I in the experimentally studied
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(19)

(20)

interval of light intensities (at most 20 W/m?). In this
case, the coefficient ko7 should be determined with
the help of Eq. (8). We also additionally assumed
[5, 7] that the coefficient of extinction does not de-
pend on time. Thus, specific features of the kinetics
of RC are described in the model under consideration
with the help of the modeling of the rate of inverse
transitions. We assume that this quantity depends on
time. Hence, we consider ko ().

The processes running in the RC complex at the
switching-out of light are described by Eq. (19), for
which the initial condition takes the form
p(t = 0) = po, (21)
where the parameter py describes the probability of
the presence of electrons at the donor at the time
moment of the switching-out of exciting light and de-
pends on its intensity, the dependence of the exciting
light intensity on the time, and the temperature of a
specimen.

3. Specimens, Results
of Measurements, and Their Discussion

In the present work, we used the isolated protein-
pigment complexes (RCs) separated at the Chair of
Biophysics of Lomonosov Moscow State University
from the photosynthetic membranes of Rhodobacter
sphaeroides cells by using a detergent lauryldimethy-
laminooxide (LDAO). To ensure the long-term stabil-
ity of the parameters of RC, we used a water solution
of 0.01 M sodium-phosphate buffer at pH 7.2 with the
addition of 0.05% detergent. The measuring cuvette
was 3 X 5 x 2.5 cm in size with quartz walls of 1 mm
in thickness.

The solution of RCs with a concentration of
~107% M was held in dark at room temperature for
at least 12 h (dark-adapted state). The light-adapted
state was formed under the illumination of the solu-
tion of RCs with a light pulse with varying duration
and intensity [1-7]. The spectral range of an exciting
light-emitting diode overlapped the most part of the
absorption band of the RC “antenna”. The relative
number of centers and the transition rate from one
state to another one were determined from the kinet-
ics of the optical absorption spectrum at Ay = 865 nm
with the use of Eq. (19).

The results of measurements are illustrated by
Figs. 1 and 2, where we show the recovery kinet-
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ics of the absorption of RCs after the switching-out
(t =0) of exciting light (865 nm) with various inten-
sities and durations. It is seen from the data that, af-
ter the switching-out of exciting light, the absorption
of RCs approaches a stationary regime in 10 s. The
jump of the values (Ai—gy+A>10s) increases with
the exposure of RCs. The results of processing of ex-
perimental data with the use of relation (18) are given
in Fig. 2, where the kinetics of the relaxation rate
constant ko1 (t) of RCs to the dark-adapted state af-
ter the switching-out of exciting light with various
intensities and durations is presented. This allows us
to draw the following conclusions:

1) for the first 0.1+2 s, the value of ko;(t) is maxi-
mal and slightly varies in the course of time. After the
termination of this time interval, the value of ko1(t)
decreases by 2-+3 orders for ~1-+3 s and then remains
constant, kop. This fact testifies to the invariability of
properties of RCs in this time interval;

2) an increase of the exposure duration of a spec-
imen by exciting light or an increase of its intensity
leads to a decrease of the parameter ko1.

Such a dependence of the relaxation rate constant
k21 (t) of RCs on the time can be a consequence of the
peculiarities of polarization effects in a vicinity of Qp
due to viscoelastic properties of the environment. In
order to obtain the information directly about the
transition rate constants in RCs with the help of ex-
perimental data on ks (t), we use formula (18) and
the assumption that the transition of an electron from
Qp directly onto donor P is strongly suppressed, and,
therefore, we can set kgp = 0. In this case, the fol-
lowing relation is true:
ka1 (t) = k“‘}fﬂ_

AB
According to the literature data [4-7], the rate con-
stant kap does not depend on the time, and, there-
fore, the kinetics of koi(t) is completely determined
by the rate constants kpa and k4p of the transitions
of an electron between quinones Q4 and Qp.

4. Model for k21 (t) in the Dark State

To explain the indicated peculiarities of the behav-
ior of ko21(t), we propose a model which accounts
for the established relations between experimentally
measured quantities and is schematically presented
in Fig. 3. In this figure, we also show the poten-
tial energies of the quinone molecules Q4 and Qg,
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Fig. 1. Experimental data on the absorption of a water solu-
tion of RC complexes separated from the photosynthetic mem-
branes of Rhodobacter sphaeroides cells after the switching-out
of exciting light at the time moment ¢ = 0 at various exposures
(1, 5, 10, 20, 30, 40, 50, 60, 90, 120, 300, 600 s). The higher
exposure durations correspond to higher positioned curves

between which the electron transfer is realized. The
abscissa axis is the generalized nuclear coordinate
(y) describing the position of the nuclei of atoms
belonging to the composition of the corresponding
quinone. During the presence of an electron at a
quinone, the local electronic and orientational compo-
nents of the polarization of the environment are cre-
ated under the action of the electric field. These com-
ponents determine the potential energy of the corre-
sponding quinone [2]. The high-frequency component
of the electronic polarization of the environment with
frequency greater than the characteristic one of the
electron transfer goes automatically after the electron
under its transfer. Therefore, at the electron transfer,
the orientational polarization of the environment dif-
ferent from the previous one must appear in vicini-
ties of Q4 and Qp. In accordance with the Marcus
model [2, 9], we assume that the polarization of the
environment in the initial state can be randomly var-
ied and shifted in the course of the fluctuation motion
of the nuclei of quinone molecules to the direction of
the polarization corresponding to the reaction prod-
ucts. This changes the potential energy of the corre-
sponding quinones and allows the electron transfer
to occur. The energy profile in Fig. 3 arises due to
the quasiintersection of two potential curves corre-
sponding to the orientational ordering of molecules
of the environment around the initial complex and
the reaction products. If the system attains the point,
where the potential curves intersect, there occurs the
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Fig. 2. Temporal variation of the absorption of a water solution of RC complexes after the switching-out (¢ = 0) of exciting
light for various exposures (1, 5, 10, 20, 30, 40, 50, 60, 90, 120, 300, 600 s) and Ip = 3, 6, 20 [mW/cm?]. The less exposure

durations correspond to higher positioned curves
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Fig. 3. Scheme of the electron transitions between quinones
Q4 and Qp. Plots of the function Ug(y) are given for two
time moments (¢ = to is the time moment of the switching-out
of light, and ¢ > tg). The heights of the potential barriers A
and § hampering the transitions of the electron Qp — Q4 and
Q4 — Qp depend on time

instantaneous electron transfer. Let the potential en-
ergy Ua(y) of quinone Q4 attain the minimum at
the point y = 0. For simplicity, we assume that the
function Uy (y) has [2, 5, 8] parabolic character:

_X
2
Here, x is the parameter, which defines the steepness
of branches of the potential U (y) and depends on
the parameters defining the dynamics of polarization
processes (e.g., on local rheological characteristics of
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Ua(y) 2. (22)

the environment). We assume that the potential en-
ergy Ug(y) of quinone Qg is described by a formula
analogous to (22) with regard for the fact that the nu-
clear coordinate of the secondary quinone is shifted
and is located at the point we denote by yp:

Us(y) = X2 (y — yp)* — Es.

. (23)

The sense of the parameter xp is analogous to that
of x. The quantity Ep sets the minimum value of
the potential energy of the Qp molecule. We also
assume that the nearest environment of Qp is not
toughly fixed [2], and, on the appearance of an elec-
tron on the secondary quinone, its polarization varies
in time due to the Coulomb forces. This must im-
ply that the quantities xp, yp, and Ep turn out
to be dependent on the time. The assumption made
is partially supported by experiments on the mea-
suring of the volume of RCs present in the solution
[7]. Indeed, the volume of RCs decreases by 2-+4%
under the action of light. For simplicity, we suppose
that x = x5, and only yp(t) and E5(t) depend on the
time. As the important parameters of the model, we
indicate the characteristics (yo(t), Ec(t)) of the point
of quasiintersection of the curves Uga(y) and Ug(y)
(Fig. 3)

ayp(t) —2Ep(t)
2ayp(t)

yo (t).
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In the frame of the proposed model, the quantities
yo(t) and Eq(t) reveal the nontrivial dependence on
the time caused by the polarization processes lead-
ing also to the dependences yp(t) and Ep(t). Let us
assume [2] that the environment of Qp is charac-
terized by viscosity and elasticity. In this case, if an
electron gets into Qp (the probability of the presence
of an electron is gp(t)), then there occurs a polar-
ization of the environment under the action of the
electric field of the electron, which changes its poten-
tial energy. We assume that the rate of variation of
the potential energy of the electron is proportional
to the probability of its presence at Qp (by u, we
denote the corresponding coefficient of proportional-
ity). Once the electron leaves the level of Qp, it be-
gins to relax to the initial state. We assume, first, that
the rate of this process increases with a deviation of
the level from its value EY at the time moment of the
switching-on of exciting light and, second, the char-
acteristic duration of relaxation (7) is independent of
this quantity. In such a case, the equation describing
the dynamics of level 2 takes the form

dEp(t)
dt

= —puqp(t) — (26)

E} — Ep(t)
.

Equation (26) should be supplemented by the initial
condition

Ep(t =0) = Ep,, (27)
where Ep is the value of the energy of Qp at the
time moment of the switching-out of exciting light
(t=0).

As for the possible dependence of y5(t), we assume,
following work [10] and taking results in [6] into ac-
count, that the difference (y% —yp(t)) is proportional
to the quantity |E% — Ep(t)|. Here, y% is the coordi-
nate of Qg in the equilibrium dark-adapted state. In
this case, the following relation is valid:

yp —ys(t) = a |Ey — Ep(t)], (28)

where « is the dimensional coefficient of propor-
tionality.

Thus, relations (22)-(28) define the model of
the temporal evolution of the potential energy of
quinone Qp.

With the purpose to explain specific features of the
kinetics of ko; (t), we consider the peculiarities of the
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Fig. 4. Temporal behavior of the potential energy of the sec-
ondary quinone Qpg in the units of kg7 after the switching-
out of exciting light at various values of its intensity (curve 1
is obtained at 3 mW/cm?, and curve 2 at 20 mW /cm?2), the
exposure duration is 300 s

electron transitions Qp <> Q4. In Fig. 3, we present
the scheme of the potential energies of quinones Qp
and Q4, by setting the characteristics of the elec-
tron transitions between them. Light is switched-out
at the time moment tg = 0, and the time ¢ > ¢y corre-
sponds to the case where RC is in dark. By assuming
the activation mechanism of overcoming the barrier
separating the energy levels of electrons at quinones
Q4 and Qp [5], we note that the value of ko; is de-
termined by the height of this barrier A(t) according
to the relation

kpa(t) = v exp (—A(t)>

o7) (29)

Here, v is the frequency factor including the matrix
element of the transition Qg — Q4, kg is the Boltz-
mann constant, and T is the temperature of a speci-
men. If the electron overcomes the barrier by the tun-
neling mechanism, relation (29) should be replaced by
the relevant one from work [9]. The value of kap is
determined by the relation analogous to (29):

tast) = v (- 22)

Here, the quantity 0 (see Fig. 3) is the height of the
energy barrier, which is overcome by the electron on
the transition from quinone Q4 onto Qp. While de-
ducing formulas (29) and (30), it was assumed that
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the electron transitions Q4 <> Qp occur by the ac-
tivation mechanism; and we also take, to simplify
the consideration, that the hopping frequencies of the
electron for the transitions Q4 — Qp and Qg — Q4
are the same. Relations (22), (29), and (30) yield

)

kgl(t) = kAp exp ( (31)
We recall that Ep(t) is the depth of the potential
well, in which the electron is located during its pres-
ence at Qp, relative to the minimally possible value
of the energy of the electron positioned at quinone
Q. (see Fig. 3). From relation (31), the experimental
data given in Figs. 2—4, and the approximate relation
kap ~10 s~!, we can get the information about the
kinetics of the electron level of Qp relative to the
electron level of Q4:

Ep(t) _,
kpT

105t
n .
ka1 (t)

The temporal behavior of Fp(t) following from the
data given in Fig. 2 is shown in Fig. 4.

(32)

5. Conclusions

1. We have established the essential dependence of
the rate constant for the transition of the electron
from the acceptor to the donor on the time after the
switching-out of exciting light. This dependence has
the S-like behavior. Such a dependence of ko1 (t) can
be explained by a distortion of the electron level of
the terminal acceptor Qg as a result of polarization
effects under multiple photoinduced transitions of the
electron in the RC macromolecule.

2. During the first 0.1+-2 s, the value of the tran-
sition rate constant of electrons is maximal and de-
pends slightly on the time. After this time interval,
the constant decreases by 2+3 orders for approx-
imately 3 s. Then the value of the transition rate
constant of electrons remains invariable, which tes-
tifies to the stability of properties of RCs in this time
interval.

3. We have developed a theoretical model, which
describes the transition of electrons 2 — 1 with re-
gard for the possibility for polarization processes to
occur in a vicinity of level 2. These processes are run-
ning under the action of ponderomotive forces of the
electric origin due to the field of the electron located
on level 2. It is assumed that the peculiarities of the
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formation of a polarized environment of level 2 can
be described with regard for its local viscosity and
elasticity. The model considers the possibility for the
distance between the levels to be changed under a
variation of the polarization of level 2, which can
be an analog of a variation of the conformational
variable. The model explains qualitatively the exper-
imental regularities of the relevant kinetics and de-
scribes specific features of the temporal variation of
the rate constant for the transition of electrons from
the acceptor onto the donor when the exciting light
is switched-out.

4. We have found the unique combination of the
transition rate constants for RC with the help of the
analysis of the experimental data on the behavior of
RCs after the switching-out of light and have deter-
mined the kinetics of the electron level of quinone Qp
relative to the level of quinone Q4.
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JOCJII>KEHHS KIHETUKNI

®OTOIHJIYKOBAHUX EJJEKTPOHHUIX IIEPEXO/IIB
B HAHOCTPYKTYPAX BAKTEPIAJIBHIIX
PEAKIIHUX IIEHTPIB

Peszwowme

Jocmimzkena noBinbHa JuHAMIKA 130JIbOBAHUX KOMILJIEKCIB XJIO-
podinBmicHUX MeMOpaHHUX 6i1IKiB POTOCUHTETUYHUX PEAKIIiii-
nux uenrpis (PLI) Rb. Sphaeroides R-26, ingykoBaHna moroka-
mu cBitiia. IIpoBeneno anasis 3minu norsimnanus posuuny PII
B paMKaxX TpPUpiBHEBOI MozeJii. BcTraHOBIIEHO PiBHSIHHS, SIKE BH-
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3HAYAE Bi/IHOINIEHHS 3aCEJIEHOCTI €JIEKTPOHHUX PIBHIB HME€PBUH-
HOr'O 1 BTOPMHHOI'O XiHOHIB. P0O3B’s130K 1IbOro piBHSIHHS HABITH
Yy CTalliOHApDHOMY BHIAJKY Ma€ HEOOJBbIMaHIBCHKUI XapakTep
i 3aJIeXKUTh BiJl IHTEHCUBHOCTI 30y/>KyIO4Oro CBiT/a. 3ampo-
IIOHOBAaHO MOJIe/Ib JAuHaMiku piBHiB momesi PII, sika BpaxoBye
MOXKJIUBICTB ITPOIIECIB HOJITpU3aliil B OKOJIi BTOPUHHOT'O XiHOHA
Qp. IIpunyckaerbest, mo Bei PIL MaroTs TOTOXKHY CTPYKTYDPY,
ajle MOXKYTb 3HAXOJUTUCH B PI3HUX CTaHAX, XapaKTE€PUCTUKU
KOTPHX 3aJIeXKaTh BiJ| 4acy, iKWl IIPOUIIIOB IiCJIsI MOrJIMHAHHSA
KBaHTa CBITJI&, a TAKOXK BiJ JIOKAJIBHOI B’SI3KOCTI 1 Mpy>KHOCTI
cepenoBuinia Qp. I3 HagBHOCTI HedopMaIifHUX BJIACTHUBOCTEHR
cepefoBHINa HaBKoJIO Q p BuInBae, 1mo kKondopMariis PII mo-
2Ke 3MIHIOBATHUCS, IO y3TOJXKYETHCS 13 JAaHUMU €KCIIEPUMEHTY.
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