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Aim. To extract information on the nature of protein structural relaxation from the kinetics of electron
transfer reaction in the photosynthetic reaction centre (RC). Methods. The kinetic curves obtained by
absorption spectroscopy are processed by a maximum entropy method to get the spectrum of relaxation
times. Results. A series of distinctive peaks of this spectrum in the interval from 0.1 s to hundreds of seconds
is revealed. With the time of exposure of the sample to actinic light increasing, the positions of the peak
maxima grow linearly. Conclusions. Theoretical analysis of these results reveals the formation of several
structural states of the RC protein. Remarkably, in each of these states the slow reaction kinetics follow the
same fractional power law that reflects the glass-like properties of the protein.
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Introduction. Biochemical reactions with the
participation of biological macromolecules (proteins
mostly) are usually known to demonstrate “deviations
from simple behaviour” [1].

Even “simple” reactions of monomolecular type,
for instance, binding of ligands or one-electron
oxidation/reduction, are featured by complicated and
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evidently non-exponential kinetics. Besides, thermal
behaviour of the reaction rate constants is
non-Arrhenius. Both factors testify that description of
these reactions in the framework of standard chemical
kinetics is insufficient.

In recent decades the deviations are generally
explained as a result of direct impact of structural
movements of protein and its conformational
fluctuations on the reaction. The fluctuations change
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more or less the characteristics of an active centre,
promote the evolution of a reaction barrier, etc. The
time spectrum of fluctuations can be extremely wide —
up to 10 orders — which causes high dispersion of the
reaction rate “constants” (characteristic times).

A classic example (which is still one of the main re-
actions while investigating a regulatory role of slow
structural motions of protein) is the reverse binding of
photodetached CO ligand to macromolecule of
myoglobin, the kinetics of which is registered in the in-
terval from submicroseconds to seconds and longer [2,
3]. A similar situation is also notable for the reactions
of electron transfer in the pigment-protein complex of
the photosynthetic reaction centre (RC) [4, 5].

Naturally, such significant deceleration of elemen-
tary biochemical reactions complicates their simula-
tion, as it almost eliminates the possibility of computer
simulations of MD-type even in case of well-deter-
mined static structure of protein. It is also unreal to
monitor thoroughly its dynamics during the experi-
ment. The latter is usually performed to register only
the kinetics of the main reaction (i.e. the state of ligand,
electron or any other “substrate” of the reaction).

Therefore, all suggested mechanisms of structural
regulation are of hidden nature and so far cannot be
directly proven. The only criterion of adequacy of
models is their capability of reproducing observed fine
details of the respective reaction, and, more seldom,
their  predicting capability for independent
experiments. It should be noted that the quality of both
experimental data and methods of their analysis
becomes critical.

The results of numerous works, devoted to the reac-
tions in complicated relaxing environment [6, 7], in-
cluding those of proteins, may be summarized as fol-
lows. First, the motion along conformational degrees of
freedom is diffusive, while the description of reactions
in the framework of two—three discrete conformations

“active-inactive” type, etc.) is insufficient (see e.g. [8,
9]). Second, this diffusion is of non-standard character,
related to hierarchical “tier” structure of the protein en-
ergy landscape [10] and to peculiar hierarchy of free-
dom degrees, when faster ones “limit” motion along
slower [11, 12]. Usually, it comes]to a time-dependent
diffusion coefficient for the variable determining the
reaction barrier. In its turn, this causes the observed re-

laxation dependences of “stretched exponential” type
(exp(~t/t,)’, where B < 1) or power decrease (£, o.>0),
which is typical for glass-like materials similar in this
sense to proteins [7, 13—15].

In general, this problem is far from trustworthy
conclusions on the mechanisms of structural regula-
tion. Therefore, the non-trivial evidences of the impact
of conformational fluctuations on the kinetics of elec-
tron transfer between the cofactors of reaction centres,
analyzed in this work, may be quite informative.

Materials and Methods The photosynthetic RC of
bacteria and reactions of electron transfer in it are one
of the most studied biophysical systems (for instance,
see [16]). The scheme of primary oxidation-reduction
reactions in RC, isolated from  bacteria
Rb. sphaeroides, may be presented as follows:

PO,O;S PO, 0,5 P00, M

where P, Q,, O, are cofactors, built in RC protein (P —
primary donor of the electron, presented by a dimer of
bacteriochlorophyll; Q,, O, — primary and secondary
acceptors of quinone nature, respectively). The
light-activated photodonor at first very quickly (in
~100 ps) transfers the electron to the primary quinone,
and then the charge separation is stabilized by electron
transfer from Q, to Q, If there is no further
photochemical channel the electronin response to RC
pulse excitation returns to the oxidized photodonor in
~1 s at physiological conditions; this very reaction will
be a subject offurther analysis as it is the most liable to
the impact of structural fluctuations [17]. Since the
intermediate state P*QA4 OB of scheme (1) is negligibly
populated, we considered a simplified scheme:
hv

PO, SP"Q,, 2)

It should be taken into account that the return of the
electron via Q, depends on the reaction barrier
determined by the difference in the electron free
energies at O, and O, [18]. The rate of direct reaction is
proportional to the intensity of actinic light. It is
noteworthy that contrary to the majority of studies on
RC reactions in response to impulse excitation, we
study the consequences of continuous excitation of
specific duration and intensity, as only in this case the
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effects of RC conformational rearrangements are
especially significant (for details see [19-21] ).

In the scheme (2) the kinetics is mostly registered
by the methods of differential absorption spectroscopy,
as the system has a stable optic marker — an absorption
band at 865 nm, which bleaches at the donor P
photooxidation of . The absorption changes in this
band, taken with the opposite sign and properly
normalized, are a quantitative indicator of the charge
separation (i.e. they present the population of P'Q,
state). The hardware - software complex for
registration of these changes in time and the method of
obtaining preparations of isolated RC are described in
[22]. Finally, the analysis of kinetics of recombination (
distribution of relaxation times) was performed using a
version of the maximum entropy method (MEM)
developed by us (for details see [22]).

Results Fig.1 presents a typical series of experi-
mental kinetic curves, reflecting the process of
photoseparation of charges and subsequent recombina-
tion according to the scheme (2). In this case the inten-
sity of exciting light was the same for all the curves, but
the exposure time 7., was in the range from 10 to 100 s.
The following distinctive features of the process are
clearly evident. In the beginning of photoactivation
there is fast oxidation of the donor (reduction of the ac-
ceptor), accompanied by additional and relatively slow
charge separation (until the moment of switching off
the exciting light). The latter is related to structural ad-
justment of RC protein (in O, environment mainly) to a
new charge state [19]. The same is the reason of evi-
dent deceleration of the electron return after switching
off the light and increase of 7, ..

For further detailed analysis of the curves, their
relaxation (decreasing) part was expanded in a
spectrum of relaxation times using MEM which is
much more reliable method than approximation with a
small number of exponents [22]:

n(D=n0)[ g@e v (["g) =D, G

where 7(2) in this case is the population of state with the
electron transferred to Q,. A typical result of this
procedure is presented in Fig.2 for exposure z,, = 60 s,
where five peaks g(t) are well separated with the
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Fig. 1. Kinetics of absorbance changes for different exposure times:
fexp = 10,20, 30 ... 100 s, light intensity /= 0.375 mW/cm? (a.u. -
apparatus units)

maximaatt~0.1s,1s,5s,50s,and 450 s, the area for
which is proportional to the number of RCs with the
photoexcited electron recombining with the time
characteristic for the given peak. The relaxation parts
of all the curves presented in Fig.1 were subjected to
the same expansion. As a result, the recombination
curves after photoexcitation of intensity / during ¢,
can be presented as a sum of contributions from each of
obtained peaks:

5 5
n(t; 1) =n(0; 1,,)> (5 1) (M0 1) =D).
i=1 i=1

Fig.3 shows the components m, (¢, 60 s) of
relaxation curve n(z, 60 s), restored in accordance with
the expression

ni(4 fexp)=f:g[(r; top)e ', )

where g(t; 1,,) — separate peaks in the distribution of
relaxation times.

The result, which we would like to highlight in this
work, is presented in Fig.4, a, where deceleration of the
relaxation at increasing ¢, is illustrated by the shift of
the fifth peak towards even higher values, this rise
being rather well linearly approximated.

Tt ) =TS +V, o (5)

exp
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Fig. 2. Spectrum of relaxation times g(t) (see Eq.(3)); fexp = 60 s
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the “instant” recombination time t(f; 1,,) also
s follows linear law
3
é(),]ﬂ . s - Experiment oy max
‘;ﬁ T (5 1y ) =T (£ )+ V(2 ) L. (6)
%’J If the decay of each component m, (4 ¢,,) is
0,05 1 described by equation
2
2 dn.(t; t..)
S 761):_K1(t’ tex )n,(ta tex )’ (7)
. dt ’ ’
=
0,01 0.1 i 10 00 1000 _
Time, 1, 5 where the time dependence of the rate “constant” K(#;
Fig. 3. Kinetics of decay of absorption changes after 60 s exposure. loy) = I/Tr(i) (¢ [CXP) reflects all effects of “static” and

Curve 5 corresponds to the fifth component, curve 5+4 - to the sum

13 P9 : : :
of Sth and 4th, etc. dynamic” disorder [6] (i.e. an impact of

conformational substates and transitions between
them), then the formula (6) means hyperbolic decrease
of this [“]constant[*] in time. The integration of the
equation (7) yields:

A similar effect is observed for the 3", 4" peaks and
even for “immovable” first and second ones, though
with very little v*,,. The latter is natural as it is well
known that the first peak corresponds to the RC

t
(t;t,.,)=m,(0; ¢, )exp —| K.(t'; ¢, )dt'|=
fraction, inevitably present in the samples, in which the M Lo ) =108 Loy ) p[ IO 3 ) }

secondary acceptor is absent or inactive, and therefore, _ n,(0; 7.,) )
reflects fast recombination from Q, [16]. The second 1

one is related to the RC portion, which has not (1+ Vi IJV'

undergone structural changes under the charge T

photoseparation, and reflects a relaxation response of

RC to pulse excitation (see also “Discussion”). The Kkinetics of this type (transforming into the
Let us make an important assumption that even at  exponential one only in the limit v, — 0) in protein

the relaxation stage, i.e. after switching off the light, reactions was observed as early as in [23, 24] on the
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components, restored by the fifth peak, obtained using MEM (triangles) and by formula (9) (solid line) ()

two most popular systems — RC and MbCO (see also
“Discussion”).

The analytical distribution of relaxation times,
corresponding to the kinetics of (8) type, is easy to find
as according to (4), (1/t)g(t; t.p) is nothing but
Laplace transform n(; ¢, ). The reverse transformation
gives [25]:

exp

1

n[(o; texp) T,-max f e_rinax/v,r
g.(t 1) = ,

v 141/ v,
o L t
Vi

where [ is gamma function. It should be noted that
distribution (9) has one maximum at t,"* / (v;+ 1), close
to 1™ if v, << 1. Therefore, the distribution of
relaxation times, obtained from the whole relaxation
curve n(t;t,, ), corresponds to:

exp

)

i

5
g(T, texp)z Zgz(r’ teXp):
i=1

1
S n,(0; texp)(rl{mx Vi eTtMivi

—; r(lJ k v, j v )
Vi

Let us apply the theoretical dependence (10) to the
experimental results, analyzed by MEM (shown in
Fig.2 by a solid curve). It is evident that [the] theory is

(10)
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in very good agreement with the experiment. The table
presents the obtained parameters of all five peaks of
distribution g(t; 60 s).

Good agreement is obtained also for the separate
components. For instance, Fig.4, b presents the kinetics
of decay of the fifth component which is restored, on
the one hand, by the last peak with maximum of ~450 s,
and on the other - according to the formula (9) with
corresponding parameters from the table. Finally, Fig.5
contrary to Fig.3 presents the comparison of relaxation
curve n(t; 60 s), obtained experimentally, with the
curve restored by the formula (3) with theoretical
distribution (10). The observed evident coincidence
confirms the validity of linear (hyperbolic) law of
increase (decrease) of the instant recombination time
(reaction rate constant) with time (6).

Similar results were obtained for all
exposures.

Finally, let us make another important remark.
Under normal conditions the recombination of the
electron from the secondary quinone acceptor is mainly
determined by its thermoactivated transfer to the
primary quinone acceptor [16], therefore, the following
equation is valid

other

K(t)=ae ", (11)
where a is a constant; X(z) — difference between free
energies of the electron on primary and secondary
quinone acceptors, the changes in which reflect the
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Parameters of distribution g,(t; 60 s) of type (9) for each of the
peaks of total spectrum g(t,; 60 s) obtained using MEM from
kinetics of recombination

Peak, i n,(0; 605) T7™(60 s) Vi
1 0,034 0,076 0,015
2 0,32 1,1 0.03
3 0,14 5,3 0,019
4 0,19 51,2 0,009
5 0,316 451 0,005
1,0
0.8

&
>

Acceptor population n (t; 60 s)
& =
o '
L L

0.0 =

1000
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Fig. 5. Kinetics of recombination after exposure to light for 60 s.
Solid line - theory, triangles indicate the course of experimental
curve

evolution of reaction barrier. From this it follows
directly that the hyperbolic dependence leads to the
logarithmic law of change in the reaction barrier value
X(t)=In[a(t , + V)], (12)
which was also observed in some models of
structural diffusion [26].

Discussion Use of kinetic curves to receive the
information about structural reorganizations of RC,
caused by photoexcitation and recombination of the
electron, is a non-trivial task and requires adequate
methods of experimental data analysis.

The maximum entropy method (MEM), used in this
work, permits to isolate specific relaxation components
out of the kinetic curve of the electron recombination.
As it was mentioned above, the observed component of
recombination n (7; ¢, ) with characteristic time t,"" ~

exp

0.1 s corresponds to recombination of the electron in
RC without the secondary quinone acceptor. The rest
of recombination components could be easily related to
the initial differences in RC structure, unless the
experimentally revealed RC redistributions between
the components are taken into account (for details, see
[22]). Supposing that these components correspond to
initially identical RC, a significant difference in their
kinetics can be explained by faster structural
relaxation, which occurs right after localization of the
photo-mobilized electron on the secondary quinone
acceptor. This relaxation should result in the formation
of three RC fractions, with different structural
deformations showing up as corresponding
components of n(# ¢,), i = 3, 4, 5, which have
characteristic times t,"" = 55, 7,"*~ 50 s, ;" = 450 s
(see Fig.2), differing by orders of magnitude under
exposure of 60 s.

The relaxation processes, causing the occurrence of
these states, may be considered [11, 12] as the
relaxation of higher level and related to local
rearrangements of RC structure close to the places of
localization of separated charges. It is just this slow
structural relaxation of a lower level seems to be
observed in the experiment for the formed RC
fractions. The logarithmic dependence of the reaction
barrier of electron recombination, corresponding to the
revealed linear dependences of the reverse
recombination rate, would be logically attributed to
slow non-specific relaxation of peripheral parts of
macromolecule globule [7, 26], notable for the
relaxation processes in glass-like matrices.

The aforesaid may be presented as a scheme (Fig.
6), where each of the four two-level (electron on donor
or on acceptor) electronic schemes corresponds to its
structural state. The structural state 2 corresponds to
RC organisation with the electron on donor (i.e. it is
“dark-adapted” state); after the photoexcited electron
gets on the acceptor, structural changes are initiated re-
sulting in RC transition to one of the structural states
3-5. The RC in state 2 is replenished by RC from these
fractions after recombination of the photoexcited elec-
tron. Thus, the “dark-adapted” state 2 is of dynamic na-
ture (see also [24]). The distribution of recombination
times for this structure does not depend on the
photoexcitation exposure, its maximum is at t,”* = 1 s,
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Fig. 6. Scheme of formation of structurally deformed states 3, 4, 5

its shape is well described by Eq. (9). Independence of
the position of peak of the “dark-adapted” state on the
photoexcitation time may be explained by the fact that
due to electron fast recombination, the structure re-
mains in the initial state, corresponding to the position
of the electron on the donor.

These assumptions can be partially referred to the
structural state 3, which t,"" weakly depends on the
exposure time. The structural states 4, 5, and partially
3, formed as a result of relaxation of higher level,
continue to relax in accordance with the law (12),
specific for the systems in glass-like matrix. The time
for the structure to return to the “dark-adapted” state is
likely to depend on “deformation depth” which results
in strong dependence of t,"" on the exposure time for
the states 4, and especially 5, but weak - for 3. In other
words, on the average, after recombination of the
electron in states 4, 5 RC do not relax into the
“dark-adapted”  state  before = the  repeated
photoexcitation. The state 3 is characterized by much
less recombination time and the dependence is weakly
expressed. It is noteworthy that similar assumptions
were previously used by us in the simulation of “light-"
and  “dark-adapted” RC  under  prolonged
photoactivation [19-21].

Conclusions The experimental data obtained
according to  the  proposed scheme  of
electron-conformational transitions in the RC permit to
define the following stages in the photoexcitation
process studied:
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1. Electron transfer from the donor to the final
quinone acceptor, the rate of which K(0, 7.,) at any
moment of photoexcitation 7, , for each RC depends on
its structural state 7.

2. Relatively fast process of RC relaxation with the
electron on the acceptor from the “dark” (dynamic)
structural state 2 into one of the structural states of
higher level 3, 4, 5, which is supposed to reach
minimum free energy of the system in times not
registered in our experiment.

3. Slow processes of further relaxation of the RC
with the electron on the acceptor and in i-th structural
state occur in accordance with the law (12),
characteristic for the systems in glass-like matrix,
which is likely to correspond to relaxation of peripheral
parts of the RC protein globule, accompanying a faster
(local) relaxation of higher level.

It is noteworthy that the scheme, suggested in this
work, is simplified and does not take into account a de-
tailed character of RC transitions between structural
states of higher level, which may be revealed at differ-
ent intensity of photoexcitation. Thus, at considerably
lower intensity of photoexcitation we observed the oc-
currence of a new structural state of the RC as a result
of bifurcation [22], which may be related to the interac-
tion of relaxation processes of different levels.

The work is partially performed in the framework
of the project “Fundamental properties of physical
systems in extreme conditions” of the Department of
Physics and Astronomy of NAS of Ukraine.

B. H. Xapkanen, }O. M. Bapabaw, H. M. Bepeszeyxas,
M. B. Onenuyk, I1. I1. Hoke, JI. H. Xpucmogopos

3amMeieHne peakuuu rnepeHoca 3JIEKTpoHa B (1)OTOCI/IHT6TI/I'-ICCKOM

PEaKIMOHHOM ILEHTPE KakK IMPOSBICHUC q)J'IyKTyaI_II/Iﬁ €ro

CTPYKTYpPBI

Pesrome

Llenv. Onpeoderumo xapaxkmep cmpykmypHoul peiaxcayuu Oeixa u3
AHAU3A KUHEMUKU PeaKyu 21eKmpoH- H020 Mpancnopma 6 homo-
cunmemuueckom peaxkyuonrHom yewmpe (PL]). Memoowt. Kunemu-
yeckue  Kpusvle, NOIYUEHHblEe — Memooamu — abcopOYUOHHOU
cnekmpockonuu, 0opabamvléanu ¢ UCNOIb308AHUEM MEMOOd MAK-
CUMATLHOU IHMPONUU Ol NOLYUEHUS CNeKMpd 8peMeH pPeraKca-
yuu. Pesynomamor. Obnapysicen psio XapakxmepHuix HUKOE 21020
cnexkmpa 6 unmepsane om 0,1 0o comen cexyno. C yseruveruem
ONUMENbHOCIU IKCNO3UYUU 00pasya 6 akMuHUYHOM céeme Nno.io-
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JHCEHUSL MAKCUMYMOB NUKO8 NUHelHo eozpacmarom. Buvieodwl. Uz
Meopemuuecko2o aHaIu3a pe3yabmamos ciedyen, uno noseisem-
€5l HECKOIbKO CMPYKMYPHBIX COCMOAHUU 6eIK08020 KOMNOHEHMA
PI], 6 komopuix, 00HAKO, MEOIEeHHAS, KUHeMUKA PeaKyull NOOYUHS-
emcsi 00HOMY U MOMY Jice OPOBHO-CMENEHHOMY 3AKOHY, OMPadlcaio-
wemy cmexionodobuvie ceolicmea beixa.

Kniouesvie crosa: cmpykmyphas perakcayusi 6eikd, HedIKCNno-
HEeHYUQNbHASA KUHEMUKA, NepeMennblil 6apbep peakyuu, nepeudnbie
peaxyuu pomocunmesa.

B. M. Xapkanen, FO. M. Bapabaw, H. M. bepeseyvka,
M. B. Onenuyx, I1. I1. Hoke, JI. M. Xpucmogopos

VYnoBinbHEHHS peakilii mepeHeCeHHs MIEKTPOHA Y
(OTOCHHTETUYHOMY PEaKIIHHOMY LEHTPI SIK IPOsB

¢baykTyaniit Horo CTpyKTypHu

Pesome

Mema. Busnauumu xapaxmep cmpykmypHoi perakcayii 0iika 3
ananizy Kinemuxku peaxyii enekmponHo20 mpancnopmyy pomocun-
memuunomy peaxyiunomy yeumpi (PL]). Memoou. Kinemuuni kpu-
6i, 00epoicani 3 GUKOPUCIAHHAM abCcopOyitinoi cnekmpocKkonii, 00-
POONAIU MEMOOOM MAKCUMATLHOL eHMPONIi Ok OMPUMAHHI CNeK-
mpa uacieé peraxcayii. Pesynomamu. 3uaiideno HU3Ky xapakmep-
HUX niKkie yvozo cnekmpa 6 unmepeaaii ¢io 0,1 do comenwv cexkyno. 3i
3611bUEeHHAM MPUBATLOCMIT eKCRO3UYIT 3PA3KA 6 AKMUHIYHOMY C8im-
J1i NONOJICeHHS MAKCUMYMIG NiKi6 AiHiliHO 3pocmaloms. Bucnoeku. 3
meopemuuno2o aHanizy pe3yibmamie GUNIUBAE, WO BUHUKAE Oe-
KIIbKA CMPYKMYPHUX cmanie 0inikoeoco komnonenma PL], y sxux,
00HaK, NOBINbHA KIHEMUKA peakyii nionopsoKoeana 0OHoOMY U mo-
MY oHc OpiObHO-CmyneHe8oMy 3aKOHY, Wo 6100usac ckionoodioni enac-
mugocmi 6inKa.

Kurouosi crnosa: cmpykmypha penakcayis 0OiIKa, HeeKcno-
HeHyiuna Kinemuka, 3MinHuil 6ap ’cp peakyii, nepsunni peaxkyii ¢o-
mocunmesy.
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