
vv

057

Citation: Barabash YM, Serdenko TV, Knox PP, Bondarenko O (2019) Analysis are of the hidden properties of the macromolecular system as an example of the 
reaction centers of bacteria Rhodobacter sphaeroides. Open J Anal Bioanal Chem 3(1): 057-064. DOI: https://dx.doi.org/10.17352/ojabc.000012

https://dx.doi.org/10.17352/ojabcDOI: 

C
H

E
M

IS
T

R
Y

 G
R

O
U

P

Abstract
Relevant: Is the study of the response of biological macromolecules to external stimuli. Often the 

reaction of macromolecules has an effect of structural self-regulation. In this case, their reaction is not 
only external infl uence, but also the spatial-temporal motions of the macromolecule. In this situation 
deserves the attention of electronic-conformational interactions of macromolecules. As objects are 
isolated Reaction Centers (RC) of bacteria Rhodobacter sphaeroides, the structure of which is well studied. 
During prolonged illumination, the RC occurs intramolecular electron transfer of RC, the kinetics of which 
has expressed as a sum of three different exponential functions with negative values decrements. In this 
case, can considered two models of electron transfer with variable or constant with time of the kinetic 
parameters. 

Problem: Arises of analyzing the kinetics of electron transfer, which infl uenced by the latent 
parameters of the RC protein structure, which are diffi  cult to determine in the experiment. 

Aim: Of the work is to determine the features of intramolecular electron transfer between the 
conformational states of RC, which are associated with a change in the structure of the macromolecule.

Result: It was determined that the position of the maxima of the wavelet transform spectrum of the 
logarithmic derivative of the electron transfer kinetics corresponded to the minimax values of the time 
dependence of the probability density of the presence of an electron in various redox-conformational 
states of the RC (population of redox states). Minimax values of the population of RC states corresponded 
to: 1–6s, 30–60s, 100–140s for various parameters of RC photoexcitation.

Conclusion: That the existence of minimax values of the probability density is the electron in the 
conformational states of the RC can related to the effects of structural self-regulation of the electron 
transfer process.
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Abbreviations

RC: Reaction Center; P(BChl): is an Electron Donor Represented 
by a Bacteriochlorophyll Dimer; B: Bacteriochlorophyll; H: 
Bacteriopheophytin; BA: First Acceptor (Bacteriochlorophyll); 
HA-Primary Electron Acceptor (Bacteriopheophytin); Fe: 
Non-Heme Iron; QA,QB: Electron Acceptors (Quinones); 
LDAO: Lauryldimethylamine Oxide (Detergent); Xi: The time 
Dependence of the Probability Density of Tinding an Electron 
(population) in the Conformational States of the Reaction Center; 
Texp: Time the Light Exposure of Reaction Center; Ai: The Weight 
of the Exponential Component of the main Reaction; di: Is the 
Exponential Component (decrement) of the main Reaction; ki-
j: The Rate Constants of the Kinetic Reaction in the Balance 
Equations

Introduction

Membrane protein-pigment complexes isolated, 
photosynthetic reaction centers of Rhodobacter sphaeroides 
are macromolecular systems that used to study the physical 
mechanisms of electron and proton transfer in biological 
structures and the regulatory role of molecular dynamics. 
The structure of the RC has been well studied. When the 
photo is excited by the RC, the absorbed light quantum causes 
the excitation of a bacteriochlorophyll dimer (RC donor). 
An excited electron passes through the bacteriochlorophyll 
monomer to pheophytin, then from pheophytin to acceptors 
(Quinones QA,QB), overcoming a distance of 40Å. On each of 
these cofactors (Figure 1) of the electron transfer chain, the 
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structural and dynamic properties of RCs play an important 
role [1-4].

They play an equally important role in the RC relaxation 
processes, when the electron returns to the bacteriochlorophyll 
dimer after switching off the light. Upon a prolonged 
photoexcitation of RC the process of electron transfer repeats 
and becomes cyclic. Once again the absorption of a quantum of 
light and the transfer of an electron from a donor to an acceptor 
QB takes place. As a rule, the kinetics of cyclic electron transfer 
has a multi-exponential character with negative decrements 
both at the stage of oxidation of the donor and at the stage 
of its reduction. The kinetics of cyclic electron transfer was 
associated with the probability density (population of state) 
of the electron being in various electron-conformational 
states RC, that is, with the probability of fi nding the RC in 
different electron-conformational states. At the same time, 
the mathematical form of the exponential functions has no 
clear features. Their parameters are interrelated and depend 
on the parameters of the photo excitation RC [5-8]. This makes 
diffi cult to physically interpret the exponential components of 
the electron transfer kinetics. Therefore, further analysis of the 
kinetics of oxidation and reduction of the donor RC it carried out 
using two RC models that used the multi exponential nature of 
the electron transfer kinetics. In one model, a two-level scheme 
with time-varying parameters was considered. The kinetics of 
cyclic electron transfer was analyzed using wavelet analysis. 
Wavelet analysis consists in convolving a wavelet with the 
function under study and allows revealing its frequency-time 
characteristics. However, the features of the studied function 
are diffi cult to interpret, since they depend on the type and 
parameters of the used wavelets [9,10]. The second model 
represented by a four-level scheme with parameters constant 
in time. It used a system of four differential equations with 
constant coeffi cients and one equation of material balance. 
The identifi cation of the system of equations has carried out by 
comparing one of the solutions of differential equations with 
the experimental kinetics of electron transfer [11]. This made 
it possible to determine the time dependence of the probability 
density of fi nding RC in four electron-conformational states for 
different photo excitation conditions. However, determining 

the values of the constant coeffi cients of a system of differential 
equations is not a simple task.

The purpose of work is to analyze the features of the 
kinetics of electron transfer of RC in various models of electron 
transfer and to estimate the assumption that these features are 
due to the regulatory role of the RC protein.

Materials and Methods

Isolated wild type RC Rhodobacter sphaeroides were provided 
by the Department of Biophysics MSU Moscow State University 
M.V. Lomonosov. They has placed in a 0.01M Na-P buffer with 
pH of 7.2, which contained 0.05% LDAO. RCs were studied using 
two-channel PC-controlled spectrometer. In the absorption 
measurement channel, light was used with a frequency of 
5kHz and intensity (0.2μW/cm2, =865±10nm), which provided 
absorption measurements in the range of values of 0÷1 with an 
accuracy of 0,0005. The RC excitation channel used light with 
a wavelength of =870±50nm and an intensity of 0÷10mW/
cm2 with a step of 5μW/cm2. The time measurement step did 
>=0.01 seconds. The measuring cuvette had dimensions of 
3×1×2.5cm with a wall thickness of 2mm. After dilution, the RC 
suspension with a concentration of 10-6M was kept in the dark 
at room temperature for 12 hours (the dark-adapted RC state). 
The light-adapted state was formed by illuminating the RC 
by light pulses of different durations (Texp=1, 5, 50, 120, 300, 
600s) with an intensity of 0.5, 1.5, 3.5mW/cm2. After the end of 
illumination and the attainment of dark absorption value, the 
RC solution was additionally kept in the dark for 1500s to reach 
an equilibrium state [12]. Then the lighting of RC was repeated 
with the next light pulse. The relative number of absorption 
centers and the rate of RC transition from one state to another 
were determined from the kinetics of fading of the 865nm line 
of the RC absorption spectrum, and were associated with the 
kinetics of electron transfer from donor to acceptor [6]. The 
change in RC absorption determined the time dependence of 
the probability of the electron being on the donor (population of 
the RC donor). The probability has normalized to the maximum 
change in the absorption of the RC suspension at a wavelength 
of 870nm with an exciting light intensity of 7.2mW/cm2. For 
the analysis of electron-conformational processes in RC two 
models of electron transfer were used: a two-level model 
[6,7] and a model with four sub states [12]. According to the 
two-level model, the RCs are in the ground (1) state when the 
electron localized on the donor P. When the light quantum is 
absorbed, the electron moves to the QB acceptor, and the RC 
goes to the excited state. The kinetics of electron transfer in 
this model is determined by the rate constant of direct (k01(t)) 
electron transfer at the RC illumination stage (fi rst stage of 
electron transfer) and the electron back transfer rate constant 
(kT

10(t)) at RC relaxation stage after illumination (second stage 
of transfer electron). The kinetics of the fi rst stage of photo-
induced electron transfer RC can be described by a differential 
equation and a material balance equation:

dp(t)/dt=-k01(I)·p(t)+k10(I,t)·(1-p(t)),  p(t)+q(t)=1            (1)

where p(t), q(t) is the probability density of fi nding the RC in 
such a state when the electron is on the donor (acceptor), i.e. 
their populations, with the initial condition p(0)=1 q(0)=0.

Figure 1: Structure of the wild type Rhodobacter sphaeroides reaction center. 
Cofactor structure; the route electron transfer is indicated by the arrows. Photo 
excitation of the reaction center leads to electron transfer from two exciton-bound 
BChl (P) molecules via Ba, Ha, QA (τ=200ps), non-heme iron (Fe) to QB (τ =100μs).
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The kinetics of electron transfer from the acceptor to the 
donor (upon restoration of the donor) after switching off the 
light (I0=0) is:

dq(t)/dt = -kT
10(t)·q(t) or dq(t)/dt·q(t) = -kT

10(t)              (2)

where kT
10(t) is the rate constant of electron transfer from 

acceptor (Q) to donor (P) after switching off the light.

The second stage of electron transfer is simpler than the 
fi rst stage. The left side of expression (2) (dq(t)/dt·q(t)) is the 
logarithmic derivative of the probability of fi nding an electron 
on the acceptor q(t). It determines the time dependence of the 
electron transfer rate constant from the acceptor to the donor 
after turning off the light. The kinetics of recovery of the RC 
donor during the relaxation of the RC was approximated by the 
sum of three exponential functions,  ,   1)(   d ti

i iA e A , i = 1, 2, 
3), which had the minimum error [13] (Figure 4a). Then, the 
dependence of the logarithmic derivative on time as the sum of 
three exponential functions was analyzed using the continuous 
wavelet transform (CWT). The kinetics of the fi rst stage of 
electron transfer during photo excitation of the RC was also 
presented as the sum of three exponential functions (Table 1). 
In this case, the logarithmic derivative of the probability p(t) 
of fi nding an electron on the donor under RC illumination is 
expressed not only in terms of electron transfer rate constants. 
However, if we do not consider the equilibrium absorption 
values, the absorption kinetics when illuminating the RC could 
also be well approximated by the sum of three exponential 
functions (Figure 4b). This allowed us to study the kinetics of 
electron transfer using the logarithmic derivative p(t). CWT 

determines the characteristics of the signal, their frequency 
and temporal localization. The CWT spectrum represented by 
the formula: 

     1,  
t b

W a b s t dt
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where s(t) is the function under analysis, (t) is the wavelet, a 
is the parameter that determines the width of the wavelet, and 
b is the wavelet time shift parameter.

A complex Morlet wavelet used, which is a harmonic 
function with a Gaussian envelope:
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This wavelet has good spectrogram convergence. This 
minimizes the time-frequency uncertainty and ambiguity of 
interpretation of the obtained wavelet spectra [14]. However, 
the parameters of the characteristics of the spectrum depend 
on the type of wavelet used [14,15]. It has known that the 
system of N-homogeneous differential equations with 
constant coeffi cients and with the material balance equation 
has a solution in the form of the sum N-1 of exponential 
functions [12]. The parameters of the electron transfer kinetics 
it presented as a sum of three different exponential functions 
that have a minimum mean-square approximation error 
(Tables 2-4). Therefore, a system of four differential equations 
with constant coeffi cients used to study the kinetics of electron 
transfer. The identifi cation of a system of equations is a multi-

Table 1: Parameter of exponential components of absorption kinetics of RC by lighting light various intensities for 600s.

mW/cm2 d1 (sec-1) A1 (rel. Units) d2 (sec-1) A2 (rel. Units) d3 (sec-1) A3 (rel. Units)

0.50 6.466 0.2291 0.0772 0.3549 2E-4 0.4782

1.50 5.5592 0.624 0.0748 0.2349 0.0033 0.3151

3.50 8.458 0.713 0.03 0.174 0.004 0.165

Table 2: Parameter of exponential components of the absorption kinetics of RC after off the exciting light of different durations with intensity 0.50mW/cm2.

Texp (s) d1 (sec-1) A1 (rel. Units) d2 (sec-1) A2 (rel. Units) d3 (sec-1) A3 (rel. Units)

600 1.1917 0.2225 0.078 0.1756 0.0085 0.6732

300 17.476 0.0523 0.9109 0.2285 0.012 0.7049

120 0.9574 0.2421 0.0175 0.6043 0.0016 0.0776

50 2.4393 0.1893 0.2575 0.2173 0.0128 0.5732

5 3.1281 0.3063 0.4192 0.3577 0.0212 0.3061

1 2.6678 0.4125 0.6241 0.4105 0.0169 0.1293

Table 3: Parameter of the exponential components of the absorption kinetics of RC after off the exciting light of different durations with intensity 1.50mW/cm2.

Texp, s d1 (sec-1) A1 (rel. Units) d2 (sec-1) A2 (rel. Units) d3 (sec-1) A3 (rel. Units)

600 1.0265 0.3696 0.0174 0.222 0.0013 0.408

300 1.0163 0.4003 0.0239 0.1658 0.0019 0.4181

120 6.5306 0.082 0.6759 0.4778 0.0055 0.4364

50 0.9574 0.5996 0.1083 0.1277 0.0029 0.2066

5 2.4151 0.2847 0.5998 0.61 0.0098 0.0779

1 3.421 0.1912 0.7392 0.6922 0.0933 0.0852



060

Citation: Barabash YM, Serdenko TV, Knox PP, Bondarenko O (2019) Analysis are of the hidden properties of the macromolecular system as an example of the 
reaction centers of bacteria Rhodobacter sphaeroides. Open J Anal Bioanal Chem 3(1): 057-064. DOI: https://dx.doi.org/10.17352/ojabc.000012

parameter optimization task. Identifi cation has performed 
using a software product that found the values of the rate 
constants of the kinetic equations. The values of the constants 
corresponded to the minimum value of the discrepancy 
between the parameters of the exponential functions, which 
are one of the solutions of the differential equations and the 
result of the approximation of the kinetics of cyclic electron 
transfer. Two systems of differential equations used. One 
system describes the fi rst stage of electron transfer when the 
RC is illuminated (donor oxidation). Another system describes 
the second stage of electron transfer after illumination (donor 
recovery) RC [12]. The kinetic scheme for fi nding RCs in various 
electron-conformational states shown in Figure 2. The 1-RC 
state corresponds to the probability density of fi nding an 
electron on the RC donor. The 2-RC, 3-RC and 4-RC states 
correspond to the probability density of fi nding the electron 
on the RC acceptor. The determination of the coeffi cients and 
the solution of differential equations gives the kinetics of the 
probability of fi nding RCs in various electron-conformational 
states. The data on the features of the kinetics of the states of 
the RC compared with the data of the wavelet analysis.

Experimental Results and Discussion

The measurement protocol included the setting of the 
intensity, the duration of the RC excitation pulse, and the time 
step of the measurements. After the start of measurements, 
the value of the dark absorption of the suspension has recorded 
during the fi rst 20 steps. When the light pulse was turned on and 
Texp<5 seconds, the data were recorded in 0.01s increments, if 
Texp>5 seconds, the data were recorded in increments (0.1s). 
After turning off the light, the data were recorded for the fi rst 
5 seconds with a step of 0.01s, then with a step of 0.1s until the 
dark absorption value of the suspension RC was reached, and 
then with a step of 1s for 1500s. This time mode of absorption 
measurements of the RC provided the necessary accuracy of 
the approximation of the absorption by exponential functions. 
In Figure 3a,b shows the electron transfer kinetics of the RC for 
various parameters of photo excitation.

First, a measurement has made in Figure 3a, then Figure 3b 
and Figure3c, according to the measurement protocol described 
above.

In Figure 4 shows the approximation by three exponential 
functions of the time dependence of the probability density 
of fi nding an electron (population kinetics) on the donor 
(acceptor) of RC during photo excitation of RC. This number 
of functions corresponded to the minimum mean square error 

[15]. These data show that the kinetics of the donor population 
when illuminated by RC can also has approximated by three 
exponential functions.

The calculated parameters of exponential functions 
(decrement and weight) for various photo modes of RC 
activation (Tables 1–4) used in wavelet analysis and in 
identifying the system of differential equations of electron 
transfer in RC.

The data in tables 2-4 showed (Figure 5) that the 
parameters of the slowest exponential component of the 
absorption kinetics during relaxation of the RC after turning 
off the light can be associated with structural changes in the 
RC protein that occurred during photo excitation of the RC. The 
remaining exponential components of the electron transfer 
kinetics require additional analysis. 

The time dependence of the rate constant kT
10(t) of the 

reverse electron transfer from the acceptor to the donor 
during RC relaxation is shown in Figure 6. It is S-shaped 
with three characteristic sections. The values of the constant 
at the beginning and end of the relaxation differ by an order 
of magnitude. This suggests that the two-level model with 
constant electron transfer parameters inadequately describes 
the experimental data, despite the frequent use of modifi ed 
solutions of this model. As mentioned, the parameters of the 
exponential components of the kinetics of electron transfer 
used as the objective function in the problem of determining 
the rate constants for two systems of differential equations. 
One described the electron transfer kinetics when the reaction 
center was illuminated. Another system described the electron 

Table 4: Parameter of the exponential components of the absorption kinetics of RC after switching off the exciting light of different durations with intensity 3.50mW/cm2.

Texp, s d1 (sec-1) A1 (rel. Units) d2 (sec-1) A2 (rel. Units) d3 (sec-1) A3 (rel. Units)

600 16.4643 0.1063 1.1917 0.2715 0.0041 0.5965

300 12.2189 0.1591 1.2278 0.292 0.0062 0.5463

120 13.2303 0.1665 1.1917 0.2886 0.005 0.5237

50 13.6309 0.0866 0.9864 0.4556 0.0079 0.4384

5 4.0919 0.3601 0.6058 0.5066 0.008 0.1115

1 6.402 0.2813 0.8412 0.6428 0.075 0.076

Figure 2: Kinetic scheme for fi nding RCs in various electron-conformational states 
Rhodobacter sphaeroides. The arrows denote the 12 kinetic constants of differential 
equations. They represent the rate of change in the probability of fi nding a RC in 
various states (the rate of charge transfer between the states RC).
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transfer kinetics after turning off the light. The solution of 
differential equations determines the density kinetics of the 
probability of fi nding an electron (population) of the four 
states of the reaction center. Comparison of the calculated 

population of the donor (state 1) of the reaction center with 
the experimental kinetics of electron transfer (Figure 7) shows 
their satisfactory agreement. 

This is observed at different modes of photo excitation of 
the reaction center, which allows us to consider the reaction 
center as a system of 4 electron-conformational states when 
studying the electron transfer process. Tables 5-7 show the 
calculated rate constants for the differential equations of 
electron transfer for exciting light of RC of different intensity 
with a duration of 600s of the kinetic coeffi cients for an 
exciting light of duration 600s. 

In fi rst line of tables, denote constants of rate of electron 
transfer of RC.

In second line shows values of constants rate of electron 
transfer under illumination RC.

Third line shows the values of electron transfer rate 
constants after the termination of the illumination of RC.

In Figure 8 shows the wavelet spectra of the logarithmic 
derivative of the experimental kinetics of electron photo 
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Figure 3: The kinetics of the probability density of fi nding electron an donor the RC, under various RC photo excitation modes.
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Figure 4: Approximation of experimental RC absorption kinetics using three exponential functions;
 a) - during RC coverage, (population of the donor of RC);
 b) - after illuminating the RC (population of the acceptor of RC).
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Figure 6: Dependencies of the rate constants (kT10 (t)) of the electron transfer from the acceptor (Q) to the donor (P) after turning off the light, measured at various 
parameters of the photo excitation of RC.
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Figure 7: Experimental kinetics of donor population (state1) RC and calculated kinetics obtained as the result of solving two systems of differential equations. 

Table 5: Intensity 0.50mW/cm2.

k1-2 k2-1 k2-3 k3-2 k3-4 k4-3 k1-3 k3-1 k2-4 k4-2 k1-4 k4-1 Disper

1.3975 4.96312 0.00162 0 0 0 0 0 0.09687 0.00254 0.01485 0.04152 0.00231

0 0.0425 0.04675 0 0 0.62533 0 0.01 0.06177 0.20111 0 0.44056 0.00114

Table 6: Intensity 1.50mW/cm2.

k1-2 k2-1 k2-3 k3-2 k3-4 k4-3 k1-3 k3-1 k2-4 k4-2 k1-4 k4-1 Disper

3.06 2.53 0.044 0.055 0.014 1E-6 0.0395 0.011 1E-6 1E-7 0.0066 1E-7 0.00718

0 0.01 0.00394 0.00144 1E-6 0.21649 0 1E-7 1E-6 0.40453 0 0.40475 0.00105

Table 7: Intensity 3.50mW/cm2.

k1-2 k2-1 k2-3 k3-2 k3-4 k4-3 k1-3 k3-1 k2-4 k4-2 k1-4 k4-1 Disper

5.71 2.737 0.009 0.012 0.005 1E-6 0.024 1E-7 1E-6 1E-7 0.012 1E-7 0.001

0 11.83 0.424 1E-6 1E-6 0.816 0 0.004 0.255 1E-7 0 0.376 0.002

transfer and the calculated populations of the four states of the 
reaction center. These curves have pronounced features both at 
the stage of photo excitation of the reaction center (oxidation of 
the donor) and at the stage of relaxation of the reaction center 
(restoration of the donor) after turning off the light. At the 
stage of photo excitation of the reaction center, the fi rst narrow 
peak of the wavelet spectrum (a=3) corresponds to a maximum 

(1f) of the population of the second state. The second, broader 
peak (a=9) of the spectrum corresponds to a maximum (60s) 
of the population of the third state (Figure 7a,c,e). At the stage 
of relaxation of the reaction center (Figure 7b,d,f), two peaks 
of the wavelet spectrum (a=5,6) correspond to maxima (3, 60s) 
of populations of 2, 3 states and minimum of the 4th state of 
the reaction center. The times are hierarchical. The maxima of 
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Figure 8: Kinetics of the population of 4 the electronically conformational states of RC at different intensities of the exciting light. Parameter λ characterizes the wavelet 
width.
a), c), e) – photo excitation of RC ( oxidation of donor). 
b), d), f) - relaxation of RC (recovery of donor) after turning off the light.

the probabilistic dependences of the presence of RC in various 
electron-conformational states are due to the infl uence of a 
change in the structure of the RC during cyclic electron transfer. 
This is especially true for a simpler RC relaxation process after 
the photo excitation stops Figure 8 (b,d,f). The minimax values 
of the probability of realization of electron-conformational 
states of the RC occur when a long-lived pair of localized 
charges formed during cyclic electron transfer. In this case, 
there is a change in the electron density in the structures of 
the protein, which are located near the electron transfer path. 
As a result, there occurs a change in the free energy ΔGо, the 

overlap of the wave functions of the electron carriers and the 
reorganization energy () protein, which is diffi cult to measure 
[16,17]. The energy  of the protein reorganization corresponds 
tunneling of the electron without activation as result of a 
change in the nuclear coordinates of the nearest environment 
of the electron transfer path. A mutual relationship arises 
between the features of the kinetics of electron transfer and 
the protein motions of the reaction center, which have a fading 
character. The effect of structural self-regulation of electron 
transfer appears. 



064

Citation: Barabash YM, Serdenko TV, Knox PP, Bondarenko O (2019) Analysis are of the hidden properties of the macromolecular system as an example of the 
reaction centers of bacteria Rhodobacter sphaeroides. Open J Anal Bioanal Chem 3(1): 057-064. DOI: https://dx.doi.org/10.17352/ojabc.000012

Copyright: © 2019 Barabash YM, et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted 
use, distribution, and reproduction in any medium, provided the original author and source are credited.

 

 
 

 

Conclusions

The kinetics of photo stimulated electron transfer of the 
RC can represented by the sum of three different exponential 
functions with negative exponents.

The reaction center model in the form of a system of 4 
redox-conformational states corresponds to two systems 
of four differential equations with constant coeffi cients 
separately for the photo-excitation stage of the RC and the 
stage relaxation of the RC after the light is turned off.

Temporal dependences, the probability density of the RC 
in four redox-conformational states and the wavelet spectrum 
of the logarithmic derivative of the electron transfer kinetics 
have extrema, the time parameters of which coincide with each 
other in different modes of RC photoexcitation.

The extrema of the kinetics of the probability density of 
the redox conformational states of the reaction center and the 
wavelet spectrum lie in the range of 1, 3, 60sec. They have a 
hierarchical character and has caused by spatio-temporal 
movements of the RC protein as result of the manifestation of 
the effect of self-regulation of the electron transfer kinetics.
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