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In a given paper, kinetics of electron transfer in bacterial reactive centres
(RC) is discussed. Aspects of relaxation processes and photoinduced struc-
tural changes in a molecular complex RC of Rhodobacter sphaeroides as a re-
sult of intramolecular electron transfer are studied by the wavelet analysis.
Relaxation kinetics has S-shaped character of the time-dependence of a con-
stant of rate of electron return from an acceptor after turning off stimulat-
ing light. Relaxation curves of RC are non-stationary (time-dependent). Two-
level model of electron transfer is considered. Reaction centres are regarded
as dynamic in time and identical with each other. Wavelet analysis of relaxa-
tion kinetics allows us to assume that exponents of relaxation curves are not
involved simultaneously, but appear by turns.

B maunoi1 pabore obcyskaaeTcsa KMHETUKA IePeHOca SJIEKTPOHOB B GaKTepUaJIh-
HBIX peaKTUBHBIX eHTpax (PI]). AceKTHI peslaKCaIlOHHBIX IIPOIIECCOB U (DOTO-
UHIYIIUPOBAHHBIX CTPYKTYPHBIX M3MEHEHUI B MOJEKYJApPHOM KoMmiuiekce PIJ
Rhodobacter sphaeroides Kak pesyibTaT BHYTPUMOJIEKYJIAPHOTO IIEPEHOCA JIeK-
TPOHOB OBLIM M3yYeHbI IIPYU IIOMOIIM BeliBeT-aHAIN3a. PelakcanmoHHas KuHe-
THUKa UMeeT S-00pasHbIll XapaKTep 3aBUCHMOCTH OT BPEMEHU KOHCTAaHTHI CKOPO-
CTH BO3BpATa 3JIEKTPOHA OT AKIENTOPa ITOCJTE BHIKJIIOUEHUA CTHUMYJIUPYIOIIETO
cBera. Pemakcanuonnsle KpuBble RC ABIAIOTCA HeCTAIlMOHAPHBIMY (3aBUCAT OT
BpeMeHM). PaccMoTpeHa IByXypOBHEBas MOJENb IepeHoca 3jieKTPoHOB. IleHTphI
peaKIuy pacCMaTPUBAIOTCA KaK JUHAMUYECKYe BO BpeMEeHU U UAeHTUYHbIe IPYT
Ipyry. BeliBmer-aHain3 KMHETUKU PeJIaKCaIluU IIO3BOJIAET MPEANOJIOKUTb, UTO
9KCIIOHEHTHI PEJIaKCAIIMOHHBIX KPUBBIX HE BKJIIOYAIOTCA OSHOBPEMEHHO, a MOSB-
JIAIOTCA IT00YEPETHO.

YV nmaniit pob0Ti 06roBOPIOETHC KiHETHKA IIePEeHOCYy eJIeKTPOHIB Y 0aKTepiainb-
HuXx peakTuBHuX 1neHrpax (PII). ActmexTu penakcamifiHux mporiecis i poToin-
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IYKOBAaHUX CTPYKTYPHUX INEPETBOPEHb y MOJEeKyJIApHOMY KoMmiuiekci PIJ
Rhodobacter sphaeroides AK pe3yabTaT BHYTPIITHEOMOJIEKYJJISAPHOTO IIEPEHO-
Cy eJIeKTPOHiB 0yJi0 BUBUEHO BeliBieT-aHaIi3010. Penakcarifina KiHeTuka mae
S-momi6HMIT XapaKTep 3aJeKHOCTHU BiJ Yacy KOHCTAHTH IIBUIKOCTU IIOBEP-
HEeHHJA eJIEKTPOHA BiJ] aKIeNITOpA ITic/Iis BUMUKAaHHA CTUMYJIIOBAJIBHOTO CBiTIA.
Penaxcaniiai kpusi PI] € Hecramionapaumu (3amexars Binx yacy). Posriany-
TO IBOPiBHEBUM MOJEJNb IEPEHOCY eJIeKTPoHiB. IleHTpu peakIiii po3rasHyTO
AK TUHAMiuHi y yaci i1 izeHTUYHi oguH 10 ogHOTrO. BeiiBieT-aHaiza KiHeTUKHN
penakcarlii mo3BoJIsIE MIPUITYCTUTH, IO €KCIIOHEHTH peJaKCAIlilHUX KPUBUX
He BKJII0UAIOThCA OJHOYACHO, a 3’ ABISAIOTHCS 10 Uuepai.
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1. INTRODUCTION

A photosynthetic reaction centre is a complex of three types of protein
that is the site where molecular excitations originating from sunlight
are transformed into a series of electron-transfer reactions. The reac-
tion centre proteins bind functional co-factors, chromophores or pig-
ments such as chlorophyll and pheophytin molecules. These ones ab-
sorb light, promoting an electron to a higher energy level. Free energy
created is used to reduce a chain of electron acceptors, which have sub-
sequently lowered redox-potentials, and is critical for the production
of chemical energy during photosynthesis.

As known [1-5], the absorption of the light quantum in RC causes
the photooxidation of the fundamental donor of the bacteriochlorophyll
dimer (P) (Fig. 1) [6]. The excited electron through the series of inter-
mediate transmitting agents gets on fundamental (®,) quinones accep-
tor (150 ps) and then on finite (®,) acceptor (107 s). Electron is carried
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Fig. 1. The structure of RC and the scheme of electron phototransfer.
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over at a distance equals to about 30 A from P to @,. Determinative role
in this process belongs to proteinaceous environment. Electron is in dy-
namic equilibrium at fixed illumination. Parameters of such equilib-
rium depend on intensity and exposure time. Absorbency of RC solution
(A =865 nm) is diminished. After the light is turned off, the relaxation
of RC to a dark state starts and sluggish return of an electron happens.
Absorbency of RC solution (A =865 nm) is recovered. If the relaxation
time of excited RC is bigger than time of light quantum inflow, we have
build-up effect of structural changes in RC.

The main goal of our investigation was analysis of electron-transfer
kinetics in bacterial RC by wavelet transformation.

2. MODEL APPROXIMATION

The described processes allow us to examine the RC system as a two-
level one [7]. As consistent with this model, the RC are in the basic
state (0) when an electron is localized on a donor P. During the absorp-
tion of light quantum, the RC passes to the excited state, and an elec-
tron is moved to acceptor @,—the state (1). Kinetics of this process is
defined through rates of direct (k,,) and reverse (k,,) transition. Ob-
servation of these characteristics provides information concerning
electron-conformational changes in RC. Transition rate of electron
from donor to acceptor (k) is proportional to intensity of stimulating
light I,,, so we can write that:

ky, = I,0, (1)

where o is time independent extinction coefficient.

Features of kinetics of RC are described by modelling of rate of re-
verse transition (k;,). It can be supposed that this rate depends on time.
Kinetics of processes in RC affected by light can be described as:

dfi(tt) = I,op(t) + iy, (1)1 — p(2)) - @

As the starting condition, we use the following one:
P0)=1. (3)

These conditions correspond to all electrons sit on donor before the
light is turned on. Processes in RC complex when the light is turned off
can be described by the equation similar to (2):

% =~k (t)g(t) and ¢(0) =g, @
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Fig. 2. The scheme of electron transitions in two-level system.

where parameter leO (t) defines the rate of transition from the acceptor

(®,) to donor (P), when light is turned off; ¢(¢) is a probability of ab-
sence of an electron on the donor RC; ¢, describes absence of electron
on donor at the moment of turning off lightening and depend on pa-
rameters of stimulating light and temperature of sample.

The relation similar to (4) can be written also for absorption A(t) of
solution of RC, which can be measured experimentally:

dA(t)

()= —3t 5
®) (4(0)- AQ)) (5)

Configuration of system is very important for macromolecules func-
tioning. Evolution of this configuration can be retraced by kinetics of
RC relaxation. Let us consider slow conformational movements
emerged by redistribution of electron density. To explain the features
of k| (t) behaviour, the particular model was suggested (Fig. 2). Elec-
tron can be on a donor (condition 1) or on an acceptor (condition 2). As
affected by light, electron makes transition 1 — 2. Reversion of elec-
tron to the reference position is described by transition 2 — 1.

The electron in condition 1 is localized near a point y,. Assuming
that y, =0, change in potential energy of electron by its deviation from
equilibrium position can be described within the linear approximation
by potential energy U, (y) in cusp form:

a o
Ul(y)_Ey ) (6)

where a is the parameter, which defines slope of potential sidetracks
U, ().
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When electron makes transition to the condition 2, the centre of its
equilibrium state shifts to the point y,. In such case, surrounding of
electron is changed, so its interaction has to change too. Potential en-
ergy of electron in condition 2 in linear approximation is as follows:

Uz(y)=§(y—y2)2+E2, (7)

where b is the parameter, which determines slope of potential side-
tracks U,(y). E, determines minimum value of potential energy of
electron in condition 2. It is supposed that location of electron
neighbours in condition 2 is not rigid. Therefore, at the expense of in-
teraction of electron with surroundings, polarization of the localiza-
tion area is happen. This polarization has some time dependence.

E,, b, and y, have some time dependence too. To explain the features
of kinetics of &, (), let us consider features of transition 2 — 1. Fig-
ure 2 shows the scheme of electron transitions in two-level system. The
value of &, was defined by features of barrier between 2 and 1 with
correlation:

k) (t)=vexp (— ?2} . (8)

Here v is frequency of electron coming up to barrier A(¢), kg is Boltz-
mann constant, T [K] is temperature of sample.

Position of function U,(y) depends on time. Figure 2 shows that po-
tential barrier height A, which prevents transition 2 — 1, depends on
time too, because it is determined by the cross point of plots U,(y) and
U,(y) . It is clear that value of barrier is decreased (A(¢,) > A(¢,) when
function U, is subsided). Therefore, we can make the conclusion that re-
version of electron from condition 2 to 1 will be as easier as U, is sub-
sided at the expense of polarization processes. Let us define dependence
A(t) on value E,(t), which is minimally probable value of U,(y) at the
moment ¢. Subsidence of E,(¢) in relation to equilibrium dark state is
Eg — E,(t). Let us define cross point y, for plots U =U,(y) and
U =U,(y) from equation U,(y,) =U,(y,) . Using equation (7) and (8),
we obtain such an expression for y, :

_ by, (t) +/2(a - b)E,(t) + aby,’ ()

9
" a-b ©)
In the case if a = b, this expression obtains such an easy form:
2(t)+ 2E, (¢
yn(t) — ay.‘Z( ) 2( ) . (10)
2ay,(t)

Let us make assumption about probable y,(t) dependence. The shift
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Szy& y2(t) is proportlonal to the value of ‘slump or subsidence’
E,(t), where yy is a grid point of the centre of level 2 in equilib-
rium dark stage. Therefore, we have correlation:

- y,@) = o(E; - E, @), (11)

where o is a dimension coefficient of proportionality. Using (10)
and (11), we can present the value of energy barrier A(t) as:

E2*(t) _E,®
2a[y2° —o(E —Ez(t))z} 2

A(?) :%[y;’ —oc(EzO—E2(t))2}+ . (12)

Last relation shows that the value of barrier for electron transition
2 — 1is completely defined by kinetics of E,(t) and y,(¢) . The separate
task is development of model for level 2 shifts. When electron is found
on level 2 (with probability ¢), polarization of surroundings happens
under electron electric field [8, 9]. Level 2 lowers. Let us suppose that
the rate of electron potential energy decreasing is proportional to
probability of electron being on level 2 (denote the proportionality co-
efficient ). Electron leaves level 2 and relaxation of level to the initial
value starts. Let us suppose that the rate of this process is proportional
to the shift of initial level (Ej — E,(¢)). Characteristic time of relaxa-
tion 1 does not depend on this shift. Therefore, the equation for level 2
dynamics is as follows:

dE,(t) _ E,®
e Hq(t) W2 . (13)

Starting condition for (13) is:
E,(t=0)=E,,, (14)
where E,, is the value of level 2 energy at the moment of turning

off exited light.
Solution of (13), (14) is as follows:

t to t—t") .
E,(t) = Ezo _(E2° _Ez’o)exp(—;)—pj.q(t )exp(— . jdt . (15)
0
The next condition has to be satisfied:
(Ey - E,,)20. (16)

Thus, the set of equations, which describes the process of elec-
tron return to the initial position on donor RC, is:
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% = BT (0)q(t), KL (8= v exp(— A(”j :

kT

E;(t) _E,®)
y20 —OL(E;) _Ez(t))z} 2

A(t):%[yg —(x(E;)—Ez(t))z}+2 [ ,(17)
a

t 0o t—t") .
E2(t)=E§—(ES—EZ,O)eXp(—;j—uJ.q(t)exp[— - jdt,
0
E,t=0)=E,,, qt=0)=q,.

Rate constant of electron relaxation (donor recovery) considerably
depends on probability of electron lack on donor. Therefore, the prob-
lem is self-consistent. Increase of deformation is proportional to the
value of subsidence of level 2.

3. EXPERIMENTAL SETUP

The experimental investigations of changes in absorption coefficient of
RC water solution in different modes of light were carried out. For ex-
perimental investigation of RC optical absorption kinetics, the hard-
ware—software complex (Fig. 3) was developed. Hardware—software
complex allows to measure kinetics of optical absorption of solutions in
the range 0—1 (£0.0005) at the wavelength (A) of 865+10 nm.

Characteristics of this complex is low-intensity light (0.2 pW/sm?,
LED L53SF4BT), flashing with a frequency of 5 kHz and additional op-
tical channel with A=870+50 nm and intensity up to 5 pW/sm? (LED
L53SF6C).

Complex is constructed on the basis of IBM PC with conjugate plate in
system unit of PC and digital and analogue data acquisition system.
Complex consists of three major components. Optical scheme is placed in
the first major component, signal-processing module—in the second,
and digital-analogue conversion module—in the third one. Optical
scheme module contains light-emitting diodes as testing and stimulat-
ing light sources, shaping channels of testing, stimulating light, and
light, which was transmitted through solution. As a testing light
source, one LED was used. The set of 10 LED with maximum power 50
mW was used as stimulation light. Stimulation light intensity can be
regulated from 0 to 5 mW/sm? (step is 10 pyW/sm?). Optical scheme
module provides forming of testing and stimulating light currents for
appropriate LED in optical module, basic amplification of signal from
measuring channel output in optical module up to+10 V, digital division
of amplified signals in measuring transmitted and testing light chan-
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nels, taking the logarithm of amplification results, and testing light
stabilization. Optical scheme module output is connected with input of
digital-analogue converter module. Digital-analogue converter module
consists of tree-channel analogue-to-digital converter with choice-
storage device and one digital-to-analogue converter. Signal levels are
from 0 to 10 V, conversion time is 200 ps, and resolution is 12 bit with
parallel interface for connection with PC.

Hardware—software complex allows testing solutions in independent
mode under the guidance of PC operator as consistent with defined pro-
gram of investigation and provides digital indication of parameters and
result of working under the management of ‘Windows 98’.

In line with research technique of photostimulated electron transport
in RC, the programs for hardware—software complex control were de-
veloped. These programs provide RC illumination mode with pulses
which have different intensity up to 5 mW /sm? (step is 50 pW/sm?) and
different duration from 1 to 500 s. Measurement procedure is divided
into 6 time intervals for the purpose of PC resources saving. On the first
interval, 20 counts register initial value of RC solution absorption. Dur-
ing front acting or pulse trail of stimulation light (the second and the
fourth intervals) 5 s, the sampling increment was constant (0.01 s).
During the third interval (RC illumination) and the fifth interval (RC
relaxation), the sampling increment and number of steps were deter-
mined programmatically according to experimental conditions. During
the sixth interval (RC relaxation), the sampling increment in time was 1

2 12

Fig. 3. Block diagram of arrangement: 1 —PC; 2—testing light-shaping chan-
nel; 3—testing light-emitting diode (LED) system; 4—measuring line of test-
ing light intensity; 5, 6—measuring line of stimulating light intensity; 7—
focusing lens; 8, I12—stimulating light-shaping channel; 9, 11—light-
emitting diode system of stimulating light; 10—cell with solution of RC; 13—
photodetector; 14—preamplifier; 15—signal processing module and digital-
analogue converter module.
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Fig. 4. Dependence of change of absorption in water solution of RC after sti-
mulating light was turned off (after turning off of stimulating light) (¢ =0
sec) for different values of exposure time (1, 5, 10, 20, 30, 40, 50, 60, 90, 120,
300, 600 sec), I, =1, 3, TmW /sm?.

s. Number of steps was defined by time for RC solution absorption re-
covery to initial value. For this purpose, comparison of current and ini-
tial (measured on the first interval) absorption value was carried out.
As soon as RC solution absorption value (after 20 counting) became
equal to initial RC solution absorption value, measurement was stopped.
Such measurement procedure reduces influence of human factor and
provides replicable experimental results.

Figure 4 shows the observed resulted speed of change of absorption
(K (t)) after the light was turned off. Light intensity was 1, 3, 7mW /sm?.

The relaxation rate of structural changes in RC after the light was
turned off had S-shaped mode. The changes vary in a range of times
from 0.2-0.4 sec (initial field) up to 6—10 sec (finite field) depending
on conditions of experiment. Rates of relaxation of RC on initial and
finite periods differ by tens time.

Thus, structural changes of RC occur at the expense of electro-
static field, which emerges as the result of extension of gap be-
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tween @, and @,. Transfer process is cyclic. As longer electron stays
on acceptor so long, the distortions appear:

A'(t)
A(t)

K(t) = = K (t)t + k(t), (18)

where A(t) = vexp(—k(t)t) is absorption coefficient. For different k,
we have different degrees of structural changes.

The next step of our investigation was wavelet analysis of the experi-
mental diagrams. Application of wavelet analysis is predetermined by
the lacks of fitting and Fourier analysis. When we use fitting with ex-
ponential function, the same experimental curves can be described by
different sets of parameters k2 and v. It causes ambiguity of expansion.
Therefore, the problem solution is incorrect. Relaxation curves are
nonstationary (time-dependent). Therefore, time localization is neces-
sary. Fourier analysis does not allow getting time-and-frequency repre-
sentation of a signal. Wavelet analysis allows getting some features of
the S-shaped curves such as critical points or points of frequency chang-
ing.

4. WAVELET ANALYSIS

Wavelets are mathematical functions that cut up data into different
frequency components, and then study each component with a resolu-
tion matched to its scale. They have advantages over traditional Fou-
rier methods in analyzing physical situations where the signal contains
discontinuities and sharp spikes.

The main disadvantage of Fourier expansion is that it has only fre-
quency resolution and no time resolution. That means that although we
might be able to determine all the frequencies present in a signal, we do
not know when they are present. The idea behind these time-frequency
joint representations is to cut the signal of interest into several parts
and then analyze the parts separately. The problem here is that cutting
the signal corresponds to a convolution between the signal and the cut-
ting window. The underlying principle of the phenomena just de-
scribed is connected with Heisenberg’s uncertainty principle, which,
in signal processing terms, states that it is impossible to know the ex-
act frequency and the exact time of occurrence of this frequency in a
signal. In other words, a signal can simply not be represented as a point
in the time-frequency space. The uncertainty principle shows that it is
very important how one cuts the signal.

The wavelet transform or wavelet analysis is probably the most re-
cent solution to overcome the shortcomings of Fourier transform. In
wavelet analysis, the use of a fully scalable modulated window solves
the signal-cutting problem. The window is shifted along the signal and
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the spectrum is calculated for every position. Then this process is re-
peated many times with a slightly shorter (or longer) window for every
new cycle. At the end, the result will be a collection of time-frequency
representations of the signal, all with different resolutions. Because of
this collection of representations, we can speak about a multiresolu-
tion analysis. In the case of wavelets, we normally do not speak about
time-frequency representations, but about time-scale representations,
scale being in a way the opposite of frequency, because the term fre-
quency is reserved for the Fourier transform.

Formally, the continuous wavelet transform (CWT) can be written as:

¥a,b) = [ F(t)¥;,, (t)dt, (19)

where “ denotes complex conjugation. This equation shows how a func-
tion f(¢) is decomposed into a set of basis functions ¥ ,(¢), called the
wavelets. The variables a and b, scale and translation, are new dimen-
sions after the wavelet transform. The inverse wavelet transform is

f(#) = [[ wa,b)¥, ,(t)dadb. (20)

The wavelets are generated from a single basic wavelet \|I(t) , the
so-called mother wavelet, by scaling and translation:

‘P%At)zz%;Q‘ﬂiiéj. (1)

In Eq. (21), a is the scale factor, b is the translation factor, and the fac-
tor a /% serves for energy normalization across the different scales[10].

The wavelet basis functions are not specified. This is a difference
between the wavelet transform and Fourier transform, or other trans-
forms. The theory of wavelet transforms deals with the general proper-
ties of the wavelets and wavelet transforms only. It defines a frame-
work within one can design wavelets to taste and wishes. For example,
Figure 5 shows us wavelets Mhat (Mexican hat) and Wave:

v )= o[22 o152

1,786t -b t-bY
ta,b)=_——2 2077 S22 23
Wwave ( a ) \/5 a eXp|: ( a J :| ( )

Let us consider wavelet properties. The most important properties of
wavelets are the admissibility and the regularity conditions and these are
the properties, which gave wavelets their name. It can be shown that
square integrable functions y (t) satisfying the admissibility condition,
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w(t,a,b)

Fig. 5. Wavelets Mhat and Wave.

—dm < +oo, (24)
J

can be used to first analyze and then reconstruct a signal without loss
of information. In Eq. (24), ¥ (®) stands for the Fourier transform of
y(t). The admissibility condition implies that Fourier transform of
y(t) vanishes at the zero frequency, i.e.

¥ (o) |,0=0. (25)

This means that wavelets must have a band-pass like spectrum.
A zero at the zero frequency also means that the average value of
the wavelet in the time domain must be zero,

vt =0; (26)

Therefore, it must be oscillatory. In other words, y(¢) must be a wave.

The wavelet transform of a one-dimensional function is two-
dimensional; the wavelet transform of a two-dimensional function is
four-dimensional. The time-bandwidth product of the wavelet trans-
form is the square of the input signal and, for most practical applica-
tions, this is not a desirable property. Therefore, one imposes some ad-
ditional conditions on the wavelet functions in order to make the wave-
let transform decrease quickly with decreasing scale a. These are the
regularity conditions and they state that the wavelet function should
have some smoothness and concentration in both time and frequency
domains. Regularity is a quite complex concept and we will try to ex-
plain it using the concept of vanishing moments.

Wavelet analysis makes it possible to get not only frequency re-
sponse but also information about local coordinates for definite fre-
quency components or coordinates of rapid frequency components
changes.

Spectrum of one-dimension signal is the surface in tree-dimension
space. Different ways of spectrum visualization exist. The most com-
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Fig. 6. Signal, wavelet spectrum (Mhat) and scale section for it.

mon method is the plane ab projection with isolines. It makes possible
to trace coefficient changes for different time scale and find local ex-
tremes of this surface, so-called skeleton. Figure 6 shows the example
of wavelet spectrum of the simple signal[11, 12].

The choice of certain wavelet kind depends on signal appearance
and the task of analysis. This choice is subjective but can bring new
possibilities for the analysis. Different wavelet testing is necessary.

5. RESULTS AND DISCUSSION

Three types of wavelet were tested: Wave, Mhat and complex wave-
let Morlet. By the analysis of check curves, it is possible to define
to what features of curves each of considered wavelets is sensible.

For investigation of experimental curves of RC, complex relaxa-
tion wavelet of Morlet is the most suitable.

W rMoriet (t’ a, b) = 1 l:exp (—iﬁ (ﬂjJ —exp [_ é] exp {_ (ﬂJ S\J] . (2 7)
Ta a 2 a

Figure 7 shows decrements (FTestl. (ti)) and wavelet spectra
(M arg,(dTb)) of check curves.

So, if the damping decrement (damping constant) of curve does not
change with time (test curves 1-3), then wavelet spectrum of such
curve does not have pronounced features (except boundary condi-
tions).

In case of hyperbolic dependence (test curve 4), we have dome-
shaped spectrum. This case needs further exploration. Test curve 5 has
several cascades, which show how the curves decrements change.
Wavelet spectra have pronounced peaks in this place.

Several series of experimental curves for different ranges of light-
ing (intensity of light 100, 300, 700 units or 1, 3, 7 mW /sm?) and for
different exposure time (1, 5, 10, 20, 30, 40, 50, 60, 90, 120, 300, 600
seconds) were analyzed.

Figure 8 shows wavelet spectra of relaxation curves. Wavelet pa-
rameter a = 3. Wavelet spectra of relaxation curves have pronounced
features, so analysis of experimental curves shows certain K(¢) time
dependence.




