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;Lbstraet 

The following approaches have been developed to estimate the factors affecting electron transfer (ET) in proteins: (1) an analysis of the 
t: orrelation between the rate constants of ET (kEr) in a donor-acceptor (DA) pair and the dynamic parameters of various modes of relaxation 
~:f media traced by spin, fluorescent, triplet and M6ssbauer labelling methods; (2) the use of spin exchange (SE) data in biradicals and 
t omplexes of transition metals with paramagnetic ligands and triplet-triplet energy transfer (TI'ET) data, which are considered as simple 
J:aodels of El', for the estimation of the attenuation parameter (3'x) of superexchange through an individual chemical group X and through 
homogeneous "conducting" and "non-conducting" media. The application of the aforementioned approaches to ET in photosynthetic 
~:eaction centres (RCs) and DA pairs in simple liquids and proteins is reviewed. The mechanism of ET in the systems under consideration is 
discussed. A new procedure of analysis of kinetic-thermodynamic relationships, including predictions by Marcus theory, is proposed. 

,~Teywords: Long-distance electron transfer; Donor-acceptor pairs; Spin exchange; Triplet-triplet energy transfer; Photosynthetic reaction centres; Molecular 
:lynamics; Proteins and membranes; Marcus theory 

l. Introduction 

Long-distance electron transfer (LDET) in proteins has 
:~een investigated extensively during recent decades [ 1 ]. 
~ecent reviews are given in Refs. [ lb - lg ,  lj,2]. The wide 
nethodological and theoretical arsenal of chemical physics 
aas been used to study LDET in proteins. In spite of the 
~ssential progress that has been achieved in measuring the 
LDET rate constants and in the theoretical treatment of the 
phenomenon, little is known about the factors which affect 
ET in proteins. The specific organization of a protein globule 
means that special properties are observed, such as a mosaic 
of local dynamics, a polarity effect and the capacity to delo- 
,:alize electrons. From a review of the literature, it can be seen 
Lhat the principal shortcoming in many recent approaches has 
been the underestimation of these special properties of 
proteins. 

Some attempts, both theoretical and experimental, have 
been made to take into account the specificity of the electron 
pathways and local dynamics in proteins. This was performed 
by studying native and model systems with a known structure, 
e.g. donor-acceptor (DA) sites in photosynthetic reaction 
centres (RCs) and hybrid molecules consisting of a photo- 
active luminescent chromophore in the excited state as an 
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electron donor and quinone Or nitroxide radical as an acceptor 
[ le,lf,  lj,lk,2a-2c,2e,2f,2i,3]. 

In an attempt to estimate quantitatively the factors which 
affect ET in proteins, the following approaches have been 
developed [3,4] : ( 1 ) an analysis of the correlation between 
the rate constants of LDET and various modes of intramolec- 
ular dynamics of the surrounding protein matrix traced by 
spin, fluorescent, triplet and M6ssbauer labelling methods; 
(2) the use of spin exchange (SE) and triplet-triplet energy 
transfer (T'I'ET) data in compounds with a known structure 
for the estimation of the attenuation parameter (y)  of super- 
exchange through an individual chemical group including the 
peptide unit. 

According to the theoretical treatment of outer-sphere ET, 
the effect of the dielectric relaxation of the medium on the 
ET dynamics depends on whether or not the solvent polari- 
zation is in equilibrium with the momentary electric charge 
distribution [ lf,2i,2j,5]. The Marcus treatment of the adia- 
batic ET and non-adiabatic ET theory of Levich and Dogon- 
adze implied that dielectric relaxation does not constitute the 
rate-limiting step [ lj,6]. In the case of fast ET, the overall 
rate can be determined by the rate of the medium dipole 
reorganization [5a,5b]. Another situation occurs with the 
formation of conformationally or solvationally non-equilib- 
rium redox states which react before the corresponding 
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equilibrium is established [2j,3b-3f,5k,5m,7]. Such proc- 
esses may be detected in the analysis of the correlation 
between the rates of definite steps of ET and the molecular 
dynamics parameters of the medium. The latter can be mon- 
itored in proteins by the use of spin, fluorescent, triplet and 
M6ssbauer labelling methods. Investigations in this direction 
were started in the late 1960s [ 8 ] and have revealed a general 
picture of protein intermolecular dynamics over a wide range 
of temperature and correlation time (%) [ 3a,4a,4e,9 ]. 

As repeatedly stressed in the literature [ 3a,4a, 10], there is 
a strong analogy between ET and SE interaction between 
paramagnetic centres. In both cases, the efficiency of the 
process is proportional to the value of the overlap integral S". 
As shown in Refs. [ 10] and [ 11 ], the value of the exchange 
integral (J  ~ S z) depends on the character of the bridge con- 
necting the interacting centres. An examination of the exper- 
imental data on the exchange integral for SE between 
paramagnetic centres in biradicals and in metallo-complexes 
with paramagnetic ligands allows the attenuation of the 
exchange interaction between a nitroxide radical R and a 
paramagnetic group P (nitroxide, transition metal ion) in the 
structure RY-X-ZP (where X is a fragment of the bridge), 
compared with the interaction in the structure RY-ZP, to be 
quantified. The values of the attenuation parameters for var- 
ious X groups can be tabulated and can be used for the anal- 
ysis of alternative pathways of ET in protein and model 
systems. 

The photosynthetic RCs of purple bacteria and photosys- 
tem I (PSI) of green plants and the DA pairs in model protein 
systems are convenient models for studying the factors affect- 
ing LDET in proteins. X-Ray structures of these photoenzy- 
mes with high atomic resolution are available [12]; the 
kinetic properties have been studied down to the subpicose- 
cond time range, and the thermodynamics of the redox inter- 
mediates have been investigated [4,13]. The molecular 
dynamics properties of the RCs of photosynthetic bacteria 
and protein model systems have been investigated over a wide 
range of temperature and correlation time [3a,4]. 

In this paper, we review the experimental results and the- 
oretical considerations on orbital overlap effects, the corre- 
lation between the rate constants of the elementary steps of 
LDET in RCs from native and model photoactive systems 
and the parameters of the local dynamics of the medium as 
measured by physical labelling techniques in the temperature 
range 77-300 K and at correlation times of milliseconds to 
subnanoseconds. 

2. SE and TTET as models for LDET 

2.1. General background 

The general expression for TI'ET between donor (D) and 
acceptor (A) centres includes the exchange integral Jar and 
the Franck-Condon factor FC [ 14] 

k ~  = ( 2~r/h )JarFC (1) 

The hamiltonian of the exchange interaction Hex between 
spins with operators S~ and $2 is described by the formula 
[ lOb] 

Hex = -2JsESIS z (2) 

In both of these cases, the value of the exchange integral 
is quantitatively characterized by the degree of overlap of the 
electron orbitals with unpaired electrons. In the first 
approximation 

/j 

:~I-IS,j (3) 

where Sii is the overlap integral of the ith and jth orbitals 
participating in the exchange. According to theory [ 10b] 

Sij ~ exp( - ~i'flii) (4) 

where Rii is the distance between the interacting centres and 
/3ij is a coefficient. Consequently 

J ~ exp( - y'J3/flo) (5) 
/j 

If the values of/3~j and Ri~ are approximately equal for all n 
interacting orbital pairs 

J ~ e x p ( - n ~ R )  (6) 

It can be expected that, in the first approximation, n = 2 for 
SE involving two unpaired electrons and n = 4 for a process 
of TTET in which four orbitals are involved: orbitals of the 
donor in the excited state, the acceptor in the ground state, 
the donor in the ground state and the acceptor in the excited 
state. 

The outer-sphere and intermolecular LDET between D and 
A centres is treated by the Fermi golden rule [ 1,3a,3b,15] 

kET = (27r/h) ] V[ 2FC (7) 

where V is the resonance integral and FC is the Franck- 
Condon factor for a given ET. The resonance integral V is 
related to the overlap integral for wavefunctions of the initial 
(i) and final (f) states 

V~&f~exp( - ~ f R D A  ) (8) 

where RDA is the distance between the donor and acceptor 
centres and a is a decay coefficient. 

Eqs. (7) and (8) are analogous to Eqs. (1)-(6) ,  and thus 
the exchange phenomenon may be considered as an idealized 
model of ET. Therefore the determination of the dependence 
of the exchange parameters kar and J on the distance between 
the exchangeable centres and on the chemical nature of the 
bridge between the centres will be extremely fruitful for eval- 
uating such dependences for the resonance integral in the ET 
formulae. 
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&2. Static exchange: dependence on the distance and 
media 

to that obtained by analysis of the experimental dependence 
OfkET on the distance RDA in model systems [ 10k,13h]. 

A vast literature is concerned with the quantitative inves- 
tigation of exchange processes (see, for example, Refs. 

3a,4a,10] ). The quantitative exchange parameters, the rate 
:onstant of TI'ET (k-vr) and the exchange integral of the 
,,pin-spin interaction (JsE) depend on the distance (R) 
~etween the exchangeable centres. The experimental data lie 
m two curves (Fig. 1) which are approximated by the fol- 
owing equation [3a,4a,10a,10h-10k] 

<TT, JSE--  1016 exp(--f iR) (9) 

IZor systems in which the centres are separated by a "non- 
sonducting" medium (molecules or groups with saturated 
:heroical bonds),/3a-r = 2.6/~-1. For systems in which the 
radical centres are linked by "conducting" conjugated 
,gonds, flSE = 0.3 ,~- 1 

We can consider the ratios 

)ITT(R) = koTT/kTT(R); ~SE(R) =JosE/JsE(R)  ( 1 0 )  

(where kovT, Jose and kTT(R), JsE(R) are the values of the 
ITET rate constants and exchange integrals at the van der 
Waals' exchange distance and the distance R respectively) 
as a parameter of attenuation of the exchange interaction of 
T rET through a given medium. Taking into account Eq. (6), 
with the values n -- 4 for T rET  and n = 2 for SE and ET, and 
Eqs. (10), we have an expression for the dependence of the 
attenuation parameters of SE and ET (YsE and YET respec- 
tively) on the distance RDA 

YEt = 3'SE = exp(~DARDA) ( 1 1 ) 

with /3DA=0.5fl-rr = 1.3 ,~-1 for a "non-conducting" 
medium and ~3DA ~ f iSt  = 0.3 ./~ - l fo r  a "conducting" bridge. 
The value of ~DA for the "non-conducting" medium is close 

~/N-(CH= CH)n-N.~) 
oN d L.,~ o 

o ~ '  ~ "--------" ~ 

sl _o -'° / u° 

o 5 IO 15 

AR(~) 

Fig. 1. Dependence of the logarithm of the relative parameters of the 
exchange interaction on the distance between the interacting centres (R); 
ke~ = Jtk, rr; J is the exchange integral of interaction between paramagnetic 
centres; krr is the rate constant for triplet-triplet energy transfer (denoted 
as E'r; 1 and 2 are conducting and non-conducting media respectively) 
[ 3a,4a,10a,10k]. 

2.3. SE through individual groups 

An examination of the empirical data on the exchange 
integral values (J) for the spin-spin interaction in systems 
with a known structure, e.g. biradicals, transition metal com- 
plexes with paramagnetic ligands and monocrystals of nitrox- 
ide radicals, allows the value of the attenuation parameter Yx 
for exchange interaction through a given group X to be esti- 
mated. By our definition, the 3~x value is 

TX = JRYZP/JRYxZP ( 1 2 )  

where R is a nitroxide or organic radical, P is a paramagnetic 
complex or radical and X, Y and Z are chemical groups in 
the bridge between R and P. 

Table 1 shows the results of the calculation of the attenu- 
ation parameter Yx by Eq. (12). As can be seen from Table 
1, the values of Yx for X - C=O, S=O, P=O, C 6 H  4 and C--C, 
calculated from independent experimental data, are similar. 
The value Yc = 7c=o was taken for further consideration 
because the O atom does not influence markedly the value of 
7 (Table 1). 

Supposing that the value of the overall attenuation param- 
eter for the exchange interaction along a chain of chemical 
groups is governed by 

i 

Toy = I-Iyi (13) 

with i being an index of the intervening group, we can esti- 
mate the unknown value of Ys using the equation 

i 
jy  = Joo ]tjotl ot2H,Yi-1 ( 1 4 )  

where Jr is the exchange integral for a given biradical or 
paramagnetic complex, al and ot 2 are the spin densities on 
the radical fragments, Joo = 1016 s-1 is the pre-exponential 
factor of empirical Eq. (9) and Yi are the known 3, values for 
atoms of compound y. The empirical value of Joo is obtained 
as J extrapolated to zero distance between exchangeable cen- 
tres. The value of the attenuation parameter for the oxygen 
atom ~o was estimated by the following procedure. We can 
represent the exchange integral J1 = 10 8 s-  l for a biradical 
[ 1 lb,1 lf] 

as a product 

J l  = 10160t2m2 (~/c=o)  - 1( T c -  2) ( ~tc-  4) ( ~/0- 2 ) (15) 

where a = 0.5 is the relative spin density on the nitrogen atom 
in the biradical nitroxide fragment [ 1 la],  ~/c = 3~c=o = 8.4 
(Table 1) and m = 2 is a coefficient due to the involvement 
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Table 1 
Values of the attenuation parameter of individual groups (yx),  van der Waals' contact (Yv) and hydrogen bond (Yhb) for spin exchange processes in biradicals 
(RY-X-ZR) and paramagnetic complexes of transition metals with nitroxide ligands (RY-X-ZM). Values of the attenuation parameter Yx for individual 
chemical groups were calculated using the formula yx=Jayz~/JRvxzM, where Ji are the experimental values of the exchange integral taken from the 
corresponding references (see Section 2.3 ) 

Group, X Yx Reference Group, X Yx Reference 

C6H4 6±0.03 [10g, lla, llc,16] 

C=C 1.7 [10g,17] HO 
I H 

-N-C- 

55 b 

c = o  ~ yv 50 a 
C J 8.4+0.4 [ 10d,10g, 1 lc-I lg] 3~b 10" 

H 12' 
NH 6.5 [ 10g, l ld] SO2 2.2 [ 10g, l ld] 
O 5 a RP=O 2.4 + 0.03 c [ 10g,1 ld] 
S=O 2.1 [10g, lld] 

3.5 [lOg,17] 

a Calculated in Section 2.3. 

b Calculated by equation Yx = Yco~ , .  

c R =- Ph-, CH2=CH-, Ph-CH=CH-,  Ph--CCI=CH. 

of two superexchange pathways in each of  the two nitroxide 
radical fragments. According to Eq. (15) ,  3'0 = 5. 

The value of the attenuation parameter for the exchange 
interaction through van der Waals '  contacts, Yv---50, was 
derived from Ref. [ 10b]. This value was calculated by the 
method of Owen [ 18]. The attenuation parameter for the 
hydrogen bond was estimated by comparing experimental 
data on the exchange integral J for two structures [ 10b, 19] 

J= 1.6" I0 Hs -I 

. . . . .  J : l . 6 *  IOHs -' 

In the first structure, the pathway of superexchange 
involves a van der Waals '  bond and the hydrogen atom; in 
the second structure, SE occurs through the hydrogen bond, 
hydrogen and oxygen atoms. Considering Eq. (13),  with the 
values y v = 5 0  and y o = 5  (Table 1), we have 

ToTHThb(H....O) = YHYv (16) 

and the value of  the attenuation parameter for the hydrogen 
bond Yhb = 10. 

The attenuation of  the exchange process passing through 
an H atom was estimated using Eq. (14) on the basis of  the 
experimental data on the exchange integral Jr for the structure 
[ 10b,20] 

" / 6* J o ' ° :  ' o 
I. c . ,  . --N\ 

o 

According to Eq. (14) 

Jr = 10|6oq or2( y c -  2) ( TH- 1) ( yv -1 ) 

and the calculated value of Yn = 12. 
The data on the attenuation parameter presented in Table 

1 can be used to analyse the effects of  orbital overlap in ET 
in biological and model systems with known structures. From 
Eqs. ( 7 ) - ( 1 1 ) ,  we can write the expression for the resonance 
integral 

V=  VOTD A - 1/2 (17) 

where Vo is the value of  the resonance integral at the van der 
Waals '  distance; we can calculate the rate constant of  non- 
adiabatic LDET using the following formula 

kET = (2'rr/h) I Vol 2yET- IFC 

= (2~r/h) IV el 2 exp( - ~DARDA)FC (18) 

which is valid in the case of  non-specific, "non-conduct ing"  
homogeneous media. For LDET along a specific pathway 
through a chain of  covalent, hydrogen and van der Waals '  
bonds, we can use the formula 

kET = (2zr/h) I Vl 2TD^- 'FC (19) 

where YDA is the product of  all the attenuation parameters of  
the individual chemical groups Yi, hydrogen bonds Yhb and 
van der Waals '  contacts Yv 
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i 

3'DA = I-'I Y~YiYhb (20) 

Eqs. (17)-(20) are used in the next section to analyse the 
~>rbital overlap effects in ET in photosynthetic RCs and model 
systems. 

3. Physical labelling methods to study the 
intermolecular dynamics and local polarity of proteins 

The principle of physical labelling involves the modifica- 
,ion of chosen sites of the object of interest by special com- 
i)ounds ( labels and probes) whose properties make it possible 
, o trace the state of the biological matrix by appropriate phys- 
cal methods. Three main types of compound are used as 
abels and probes to monitor the dynamic properties of the 
~ystem of interest: (1) centres with unpaired electrons and 
~pins (stable nitroxide radicals and paramagnetic metal com- 
plexes); (2) luminescent, fluorescent and phosphorescent 
=hromophores; (3) M6ssbauer atoms (e.g. 57Fe) which yield 
:he nuclear y-resonance (NGR) spectra. 

~. l. Spin labelling 

Data on the mobility of the nitroxide fragment of labels or 
probes in model systems at a correlation time rc = 10 -4- 
10 - "  s may be summarized as follows [3a,4a,8f,21]. In 
iliquids, the mobility parameters of the fragment, including 
the activation parameters, are close to those of the molecules 
of the medium. In polymers, at temperatures higher than the 
glass transition temperature Tg, the mobility of spin probes is 
mainly determined by the segmental mobility of the poly- 
meric chains. Below Tg, the mobility of the probes is modu- 
lated by relatively low amplitude motions of the matrix walls 
which surround the probe. 

The magnetic parameters of nitroxide radicals, the g factor 
and the hyperfine splittings Ais o and A~a~o are sensitive to the 
properties of the medium, e.g. the micropolarity and ability 
to form H bonds with the N-O" group. For example, 
Ai~o = 1.4 + 0.064( eo - 1 ) / ( eo + 1 ), where eo is the dielectric 
constant and Aiso is given in mT. 

32.  Fluorescent labels 

The excitation of a chromophore is accompanied by a 
change in the electric dipole moment of the molecule. This 
involves a change in the energy of interaction with the sur- 
rounding dipolar molecules. If the characteristic time of reor- 
ganization relaxation of the dipoles (r~) in the medium is 
much longer than the lifetime of fluorescence or phosphores- 
cence "r*, the dipoles have no chance to follow the change in 
the light-induced electric field, and a transition from the 
"unsolvated" excited state to the ground state takes place. 
In another limiting case, where rr<< r*, the interaction 
between the dipoles and the excited molecule lowers the 

energy of the system, and the emission is from the "solvated' ' 
level. The relaxation can be followed by time-resolved spec- 
troscopy, measuring the kinetics of the shift of the maximum 
of the fluorescence or phosphorescence spectrum vm~(t) 
(relaxation shift) [3a,4a,22] 

[ Vm~x(t) - V ~ a x ( ° ~ ) ] / [ V r ~ x ( O )  - V r ~ ( ° ° )  ] 

=exp( - t / ' r r )  = P  (21) 

where the indices t, "oo" and " o "  are related to v~x of the 
time-resolved emission spectrum at a given moment t, t ~ oo 
and t = 0. The value of rr can also be estimated by measure- 
ment of the temperature dependence of V'max (T) of the steady 
state emission spectrum using the formula 

[ V'm~(T) - v ~ , ( o ~ )  ] / [ V ~ x ( O )  - v k ~ ( ° ° )  l 

= r* / ( r*  + r0 = P '  (22) 

The values P and P' can be considered as empirical para- 
meters of the relative time-dependent (dynamic) polarity. 

However, in real systems, deviations from the abovemen- 
tioned simple physical picture are observed, caused by the 
effect of the electric field of the excited chromophore on the 
motion of the medium molecules in the vicinity of the chro- 
mophore (induced relaxation) and by the intrinsic microh- 
eterogeneity of the samples. If we assume a gaussian 
distribution of the free activation energies (AF) of the ori- 
entation of the chromophores, it is possible to find an expres- 
sion for the apparent activation energy [ 3a,4a,23] 

Eap p = E ~ ,  - A Fo2 / RT  

where Em~, is the most probable activation energy and AFo 2 

is the second moment of the distribution curve. The values 
of Em~ were found to be close to the activation energy of 
dielectric relaxation in the bulk solvent. The distribution par- 
ameters AF o, obtained by analysis of the temperature- 
dependent relaxation shift of the phosphorescence spectra in 
simple liquids, were similar to that established using the time- 
resolved technique [ 23 ]. 

As shown in Ref. [ 24], at high temperature, the Arrhenius 
plot ~'r(T) calculated using Eq. (21) is related to the spon- 
taneous dielectric relaxation in the bulk solvent. At low tem- 
perature, the induced relaxation appears to be the main 
contribution to P'. Extrapolation of the high temperature 
Arrhenius plot ~'~(T) to low temperature allows the parame- 
ters rr and P'v to be calculated. The latter is related to the 
effective dynamic polarity in the bulk solvent at all available 
temperatures. 

Correlation can be expected between the kinetic parame- 
ters of ET and P'v for processes limited by the spontaneous 
motion of the medium molecules. If ET is controlled by 
induced relaxation, a correlation may exist between the kinet- 
ics and the local dynamic parameter P'. 

3.3. M6ssbauer labels 

The integrated intensity of M/~ssbauer (NGR) spectra ( f ' )  
is related to the amplitude of the mean displacement of the 
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57Fe nucleus in the recoil direction ( (x 2) ) during the lifetime 
of the excited state ( ~'n* = 1.4 × 10- 7 s) [ 3a,4a-4d, 8d ] 

f '  = exp( - 47r2(x 2)/A 2) (23) 

where A is the y-quantum wavelength and x is in nanometres. 
If the 57Fe nucleus participates in Brownian motion with a 
diffusion coefficient D and the Stokes-Einstein law is ful- 
filled, the magnitude of the relative broadening of the spec- 
trum is given by 

A F / F =  IOT/~TR (24) 

where ~7 (P) is the viscosity and R (nm) is the radius of the 
particle that is rigidly linked to the nucleus. The foregoing 
formulae represent the effect of the dynamics of the medium 
on the NGR spectrum. For example, when the amplitude of 
the 57Fe vibration increases by 0.05 nm, f '  decreases by a 
factor of 105 . Such properties can be used to study the dynam- 
ics of biological objects. 

4. LDET in RCs: orbital overlap effects 

15 ~,,~y 08 

,o io 

I I 
O~ I0 15 20 25 

R (~,) 

Fig. 2. Dependence of the experimental rate constants of ET (kFr) in pho- 
tosynthetic RCs of bacterial and plant PSI l 1 e, 13 ] on the edge-edge distance 
between the donor and acceptor centres (R) [ 12] : 1, Ao- ~ A~; 2, H- ~ QA; 
3, A~Fx; 4, H----*P+; 5, C559--.P+; 6, Fx-*F^; 7, Q^- ~P+; 8, 
P- --* Behl; 9, P700 ~ Chl; 10, Q^- ~ Qa. The straight line is related to the 
dependence of the attenuation parameter y(R) derived from Eqs. ( 11 ) and 
(18) for SE and ET processes in homogeneous "non-conducting" media. 
Filled circles correspond to a "regular" dependence, open circles to a 
"deviation". 

The following scheme of ET in the RC of photosynthetic 
bacteria has been shown to take place [ 1 e, 12,13 ] 

( B c h l ) 2 - - B c h l  > Bph ' QA > QB 
P H 

where the bacteriochlorophyll dimer (Bchl)2 (P) is the pri- 
mary donor, Bchl is bacteriochlorophyll, Bph (H) is bacter- 
iopheophytin and QA and Qs are the primary and secondary 
quinone acceptors respectively. 

In the RC of PSI, the primary photochemical steps occur 
along the cascade of the redox centres [ lg,12c,13] 

P700 ' Ao ' AI ' Fx >FA 

where PT00 is the chlorophyll dimer, Ao is chlorophyll, A~ is 
phylloquinone and Fx and FA are the 4Fe-4S clusters. 

Experimental rate constants of ET (kET) in RCs of purple 
bacteria and PSI are plotted against the edge--edge distance 
(R) between the donor and acceptor centres in Fig. 2. The 
dependence of log kEr on R is similar to that found for bio- 
logical and model systems reported elsewhere [ 13h]. It 
should be stressed that the slope of the curve corresponds to 
the slope of log YET VS. RDA, predicted for long distance 
superexchange orbital overlap through "non-conducting" 
media by the shortest pathway (Eqs. (11) and (18) with 
/3DA = 1.3 .~- l). 

For the first step of ET from the primary donor (bacter- 
iochlorophyil dimer, P) to the intermediate bacteriopheo- 
phytin acceptor (H) and from P700 to the pheophytin 
intermediate acceptor, the experimental rate constants are 
considerably larger than those expected from Eq. (18) and 
the "regular" dependence shown in Fig. 2. Such a deviation 
has been explained elsewere [ ld,13a,13e,15g]. 

Another deviation is related to ET from the primary qui- 
none acceptor QA to the secondary quinone acceptor QB. The 

process takes place at an edge-edge distance of about 14/~, 
but there is an intermediate with two hydrogen bonds and 
an Fe atom coordinated with two imidazole groups 
[ le, 12a, 12b, 12d]. The estimation of the resonance integral 
VQAQB for the process was based on this fragment of the X- 
ray model of RC using the values of the attenuation parameter 
Yx (Table 1) and Eq. (15), which gives in this case 

VQAO B = V o h b ( Y i m - 1 )  ( Y M - 1 / 2 )  

where Yim = YX = 3.3 (X is the thiophene group), y~ is the y 
value of the Fe atom with its highly conducting d orbitals 
( YM- 1/2 = lndash;0.7) and Vohb is the resonance integral for 
a hydrogen bond. The latter value is larger than that at the 
van der Waals' distance Vo = 2.5 eV. As a consequence, 
VQAQS > 0.5 eV and exceeds the limit for adiabatic processes 
(V~ = 2.5 × 10- 2 eV at room temperature). This implies that 
ET from the primary acceptor to the secondary acceptor runs 
adiabatically in spite of the relatively large distance between 
QA and QB. 

A quantitative estimate of the resonance integral allows 
the coupling and Franck-Condon effects of ET in the pho- 
tosynthetic RCs to be analysed separately (see Section 5). 

5. Kinetics of ET and molecular dynamics in the RC of 
photosynthetic bacteria 

Complex systems, such as globular proteins, undergo a 
number of dynamic processes, which have specific frequen- 
cies and amplitudes. A wide range of physicochemical meth- 
ods have been used to study the intramolecular dynamics of 
protein globules and adjacent solvent and lipid molecules. 
The joint application of spin, fluorescence, triplet, MOssbauer 
and radical pair labelling techniques makes it possible, in 
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Physical labelling has been applied to the investigation of 
the molecular dynamics properties of  RCs extracted from R. 
sphaeroides in the isolated state and incorporated into chro- 
matophore membranes [ 3a,4]. This system appears to be an 
ideal model for the analysis of  the possible correlation 
between dynamics and ET. 

Spin, M6ssbauer, fluorescent and phosphorescent labels 
were introduced into various portions of  the photosynthetic 
membrane; they were covalently bound to the surface groups 
of the RC, adsorbed by the hydrophobic segments of  proteins 
and the lipid portions of the membrane, and 57Fe atoms were 
introduced by way of biosynthesis into iron-containing pro- 
teins. In these samples, the dependence of the label mobility 
and rate constant of ET between the components of  the pho- 
tosynthetic chain on the temperature and moisture content 
was measured. The results from some of the experiments are 
illustrated in Figs. 4 and 5. It can be seen from Fig. 4 that the 
emergence of an electron from the primary photosynthetic 
cell, i.e. transport from the primary acceptor QA to the sec- 
ondary acceptor QB, takes place only under conditions in 
which the labels record the mobility of the protein moiety of 
the membrane with % < 10 -7 s. This time is at least 103- fold 

I I T  x I 0  3 K ° 

Fig. 3. Data on the correlation frequency of the mobility of physical labels 
and their environment in bovine and human serum albumins and in the RC 
of R. sphaeroides [3a,4], and rate constants of ET from the primary donor 
P to the baeteriopheophytin acceptor H (kpH) [ 13c] in the Arrhenius coor- 
dinates. 1, fluorescent labels; 2, spin labels; 3, M0ssbauer labels; 4, phos- 
phorescent labels; 5, translational jumps of 02; 6, PMR; 7, 8, Arrhenius 
dependence calculated from the experimental data on the recombination of 
radical pairs and diphenylamine radicals in hydrophobic centres for fractions 
with maximum (7) and minimum (8) activation energy of recombination; 
straight line is related to the experimental temperature dependence of kin. 
Arrows indicate the data related to the experimental parameters of the 
dynamics of the RC. 

particular, to study the dynamics over an extensive range of 
characteristic correlation times % = 10-2-10-1o  s. Such stud- 
ies have been pursued for a number of  proteins including RCs 
of photosynthetic bacteria [3,4,8]. 

Fig. 3 shows the Arrhenius dependence of the correlation 
frequencies of  the dynamic processes in bovine and human 
serum albumins. A general trend can be seen in Fig. 3: the 
lower the value of the characteristic frequency of the method 
applied, the lower the temperature at which the label mobility 
can be recorded. In the wide temperature range of 130-300 
K, the experimental data for the labels located on the protein 
globule surface lie around an Arrhenius straight line with an 
activation energy Eaop=70 kJ mo1-1 and an activation 
entropy ASapp = 160 eu. Thus the mobility is the result of  a 
gradual softening of the water-protein matrix rather than of 
individual phase transitions. The mobility of  the hydrophobic 
spin probe and diphenylamine radical pair in the hydrophobic 
pocket of  human serum albumin was characterized by the 
following parameters: E~p = 20 kJ m o l -  ~ and AS~op = - 23 
eu in the temperature range 50-280 K [3a,4a]. 
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Fig. 4. Temperature dependence of the effectiveness of El" (N) from the 
primary acceptor (Q^) to the secondary acceptor (Qe), correlation time of 
spin label rotation ( % ), intensity of the NGR spectrum (f ' )  of the M6ssbauer 
label (STFe) and maximum of the fluorescent label (fluorescein) emission 
Spectrum (Amax) in chromatophores from R. rubrum [3a,4al. 
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Fig. 5. Temperature dependence of the characteristic time ofET (~'1/2) from 
the reduced primary acceptor (QA-) to the oxidized primary donor (P+) 
(a), intensity (1~) and maximum wavelength (Amax) of the phosphores- 
cence spectrum of eosin attached covalenfly to membrane proteins (b) and 
% of the spin label in the chromatophore membranes from R. rubrum (c) 
[3a,4a]. 

longer than the time of ET (kET). Therefore, in this case, 
thermal equilibrium between the donor-acceptor centres and 
the surrounding protein medium throughout the process can 
be assumed. 

The rate constant of recombination between the reduced 
primary acceptor (QA-)  and the oxidized primary donor 
(P1 ÷ ) decreases from 30 to 10 s -  1 when dynamic processes 
with "r c = 1-10 -3 s occur (Fig. 5). This result may be caused 
by a slight change in the distance between and/or mutual 
orientation of the centres. 

Fig. 3 shows that the values of the correlation frequency 
of mobility of spin, fluorescent, triplet and M6ssbauer labels 
introduced into RCs agree reasonably well with the general 
Arrhenius plot. As shown in Fig. 3, a drastic change in the 
molecular dynamics parameters as a function of temperature 
is not accompanied by a significant change in the rate constant 
of ultrafast ET (kpH) from the primary donor (P) to the 
intermediate acceptor bacteriopheophytin (H).  Throughout 
the experimental temperature range, kpH=3.3× 101° tO 
4X101! s - l .  For ET from H -  to QA, kHQA =5X109 S-I 

[ l e, 13a, 13e ], which is markedly larger than the correlation 
frequency )'c = % - ' <  109 s - i .  Therefore ET occurs more 
rapidly than orientational relaxation of the protein medium. 

6. ET and local dynamics in donor-acceptor pairs 
(DAPs) in model protein and fiquld systems 

6.1. DAPs in liquids 

In order to determine the influence of the molecular dynam- 
ics and local polarity of the medium on ET, the effect of the 
temperature and nature of the solvent on a model photochem- 
ical reaction, involving the reduction of a nitroxide radical 
covalently bound to a photoactive chromophore, was studied 
[3b-3f].  

D A 
H3C. 

/ 0 
H3C JSI77,0 / ~  

In such a hybrid molecule, the chromophore fragment in 
the excited state (D s) can serve as an electron donor and the 
nitroxide fragment as an acceptor (A). The process of D s 
quenching by the nitroxide fragment of the DAP can be mon- 
itored by time-resolved and steady state fluorescence tech- 
niques; the photoreduction of the nitroxide fragment, which 
is accompanied by enhanced fluorescence, can be followed 
by electron spin resonance (ESR) spectroscopy and, inde- 
pendently, by the fluorescence technique. 

As shown in Refs. [3b] and [3c], the efficiency of inter- 
molecular quenching, controlled by monitoring the steady 
state fluorescence intensity of DAP in solution (75% glyc- 
erol, 20% water and 5% ethanol), is not dependent on the 
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Fig. 6, Temperature dependence of: 1 the relative rate constant of photored- 
uction of the nitroxide fragment (kre~); 2 solvent relaxation time in the 
vicinity of the excited chromophore fragment (%); and 3 correlation time 
of the nitroxide rotation (%) in DAP in solution (75% glycerol, 20% water 
and 5% ethanol) [3bl, D is the dielectric constant of the solution. 
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t,~mperature in the range 170-300 K in conditions which 
exclude the irreversible photoreduction of nitroxide (Fig. 6). 

The process of quenching was studied by picosecond flu- 
~:,rescence single photon counting spectroscopy in glycerol 
~nd cyclohexane solutions [25]. The application of decay 
time distribution analysis to the fluorescence and relaxation 
., hift kinetics shows that intermolecular fluorescence quench- 
~r~g of the donor occurs 2-10 times faster than solvent relax- 
~tion in the vicinity of the excited chromophore and 
Hon-radiative quenching (Table 2). The characteristic 
quenching time is found to be only slightly dependent on the 
temperature and on the momentary and static polarity of the 
medium. It should be noted that ET in DAP is thermodynam- 
3tally favourable even in non-polar solvents and at low tem- 
perature (Fig. 7, see below). 

Three mechanisms of quenching can be proposed [3b- 
~f,25,26]: (1) Forster resonance energy transfer; (2) 
,rxchange processes; (3) reversible ET. The first mechanism 
,:an be rejected because of the very weak overlap of the 
~mission spectrum of the donor and the absorption spectrum 
~f the nitroxide and the violation of the spin conservation 
ule. At present, it is difficult to discriminate between the 
,econd and third mechanisms of quenching. Nevertheless, 
~ome established criteria can be formulated. 

As shown in Section 2.2, the dependence of the parameters 
~f exchange processes on the distance is steeper than that for 
ET and SE (Fig. 1). For a distance R = 8  A between the 
:fitroxide group of the acceptor and the donor edge in DAP, 
:he value ofkrr is expected to be about 10 s s-  1, i.e. markedly 
:ower than the experimental value of kq = 3 X 1011 S-1. For 
~uch a distance, the maximum rate constant of ET, expected 
~:heoretically from the data on SE and the experimental data 
( Fig. 2), is kET = 1011--1012 S-  I. On the other hand, the latter 
value can be reduced by the Franck-Condon factor (Eq. 
!7) ). Therefore a preference for exchange mechanisms at 
~hort distances over ET may be expected. The latter seems to 
~e more favourable at long distances. 

If the intensity of the incident light is sufficiently high, the 
photoreduction of the DAP nitroxide fragment to the corre- 
sponding hydroxylamine is accompanied by a parallel 
decrease in the nitroxide ESR signal and an increase in the 
fluorescence intensity [ 3b-3f,26c]. The temperature depend- 
ence of the relative rate constant of photoreduction/q~l cor- 
relates with that of the solvent relaxation in the vicinity of 
the excited chromophore, the relaxation shift of the DAP 
chromophore fragment (r~) and the ESR parameter ofnitrox- 
ire mobility (r~) (Fig. 6). The analysis of the energy diagram 
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Fig. 7. Diagrams of the energy levels for ET in DAP in BSA molecules [ 3f] 
(a) and for ET in excited biantril 128] (b). 1 and 2 are unrelaxed and 
relaxed states respectively. 

of the process (Fig. 7(a)) confirms that, in the given case, 
nanosecond relaxation of the medium is necessary to provide 
favourable energetics for the reduction of the nitroxide 
fragment. 

6.2. Biantril in solutions 

Another convenient model for the analysis of the relation- 
ship between ET and the solvent dynamics is biantril, which 
consists of two identical moieties of antril (A-A),  electron- 
ically independent for steric reasons [27,28]. The energy 
diagram of photo-ET with the formation of the ion pair A +- 
A-  is shown in Fig. 7(b). In the steady state condition, the 
apparent equilibrium constant 

Table 2 
Parameters of intermolecular fluorescence quenching (~'q = kq-~), relaxation of the solvent (%~, ~'a), momentary dielectric constant a~ and macroscopic 
viscosity (7/) in the hybrid molecule DAP with dansyl chromophore as donor and nitroxide fragment as acceptor [25] 

Solvent T (°C) zq (ns) %1 (ns) ~'~2 (ns) Em ~1 (cP) 

Cyclohexane 20 0.42 2.2 0.94 
Glycerol 20 0.34 0.52 5.0 9 1240 
Glycerol - 20 0.28 1.7 11.3 18 8600 
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Fig. 8. Dependence of the relative parameter of ET in biantril (K,~) in 
glycerol ( • ) and ethanol (O, A ) on the parameters of the dynamic polarity 
of the solvents P' ( • ,  ©) and P'v (O, A) [28]. 

K =  [A+-A - ] / [A-A s ] = I(A + -A-  ) / / ( A - A  s) 

=kJ(kd+kr+ko) (25) 

where A-A s is biantril in the excited singlet state, I is the 
intensity of fluorescence, ka is the rate constant of ET and kd, 
kf and kn are the rate constants of recombination, radiative 
and non-radiative relaxation of A+-A - respectively. Since 
k~, kf and kn are only slightly dependent on temperature, we 
expect the direct ET (ka) to provide the main contribution to 
the experimental dependence of Kr~l = K(T)/K(300), where 
K(T) and K(300) are the K values at a given temperature 
and at 300 K. 

As observed in Ref. [28], the large increase in/('re, at 
elevated temperature in glycerol (T> 240 K) and ethanol 
(T > 120 K) is accompanied by an increase in the relaxation 
shift of the A-A s emission spectrum. In glycerol, K~ corre- 
lates with the parameters of solvent relaxation P' and P'v 
which are similar for glycerol solution. For the process in 
ethanol, correlation between Kr~ and the induced relaxation 
parameter P'  takes place (Fig. 8). Therefore molecular 
dynamics are necessary to provide ET in the biantril mole- 
cule. This conclusion is in accord with the energy diagram of 
the process (Fig. 7(b) ) [28] and with the data in Ref. [27a] 
which suggest that the motion of solvent molecules near 
excited biantril may be responsible for the microscopic sol- 
vation component in adiabatic ET. 

6.3. Photoinduced ET in model proteins 

We consider two model systems: (1) dansyl-nitroxide 
DAP (Section 6.1) incorporated in bovine serum albumin 
(BSA) in an ethylene glycol-water mixture (1:1); (2) a- 
chymotrypsin with the methionine-192 group modified by 

nitroxide as acceptor and with an intrinsic tryptophan in the 
excited state as donor. 

The experimental temperature dependence of the rate con- 
stant of DAP fluorescence quenching (~bl) [ 3e,3f] shows 
that, at a temperature below 120 K, the value of ~b~ is not 
dependent on the temperature; however, with an increase in 
T, ~bl increases. The temperature at which q~l increases is 
close to the temperature at which a change in the tryptophan 
phosphorescence parameters is observed, related to dynamic 
processes in the millisecond range [3a,4a]. Such slow 
dynamics cannot affect directly the excited singlet state of 
the donor, but allow the DAP configuration to be changed 
under the mechanical stress of the protein body. At T> 150 
K, a marked rise in the relaxation shift of the DAP fluores- 
cence spectrum (Ar,~x) takes place, related to the nanosecond 
dynamic processes in the vicinity of the excited chromophore. 
At temperatures above 240 K, an increase in the rate of irre- 
versible photo-oxidation of the nitroxide fragment (k~) coin- 
cides with the temperature of "unfreezing" of the nitroxide 
fragment rotation with a correlation time % < 10 -7 s. 

According to the value of the relaxation shift (AAr~x) at 
room temperature, the local apparent dielectric constant near 
the donor group of DAP in BSA is ~app = 12. The value of 
~app = 63 in the vicinity of the nitroxide acceptor fragment 
was estimated by analysis of the hyperfine structure of the 
DAP ESR spectrum. These values were used to build up a 
diagram of the Gibbs energy for reversible and irreversible 
photochemical processes in the DAP-BSA system (Fig. 
7(a)) .  As can be seen in Fig. 7(a),  the reversible ET (D-  
A ~ D + A  - )  is thermodynamically favourable over the 
whole temperature range. Assuming that this mechanism pre- 
vails over others (see Section 6.1 ), the following parameters 
of ET were estimated on the basis of experimental data on kq, 
the local dielectric constant, the structural model of DAP and 
semiempirical Eqs. ( 11 ), (12) and (17) [3c] : Gibbs energy 
at T=297 K, AGo = - 1.75 eV; Gibbs energy at T=77  K, 
A Go = - 0.25 eV; free energy of reorganization, Er = 0.9 eV; 
resonance integral, V= 1.5 × 10 -3 eV; Franck-Condon fac- 
tor at T=77  K, FC = 10- t eV. 

The photoreduction of a nitroxide acceptor covalently 
attached to the methionine-192 group of cz-chymotrypsin by 
the nearest tryptophan donor in the excited singlet state has 
been investigated in dry powder, wet powder and aqueous 
solution by the ESR technique over a wide temperature region 
[ 3g]. In parallel, the microviscosity and micropolarity of the 
medium in the vicinity of the nitroxide and tryptophan moi- 
eties were monitored by ESR (X-band and high-resolution 2 
mm band) and fluorescence spectroscopy respectively. The 
intermolecular dynamics of the protein globule were studied 
by the M6ssbauer labelling technique. As can be seen from 
Fig. 9, the temperature dependence of the relative rate con- 
stant of the nitroxide photoreduction krej correlates with the 
reciprocal correlation time ~'c- 1 of nitroxide rotation in the 
nanosecond range. Such dynamics appear to be necessary to 
stabilize the charges in the secondary redox reaction, most 
probably between the cation radical of the photo-oxidized 
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donor and the nearest group of the protein (see the energy 
diagram in Fig. 7(a) ). 

7. General discussion 

An analysis of the aforementioned data allows the mech- 
anism of the primary steps of ET in photosynthetic RCs to be 
discussed and the factors affecting ET in these systems to be 
estimated. 

As shown in Section 5, the rate constants of ET from the 
primary donor P to an intermediate acceptor H and from H 
to the primary acceptor QA exceed the values of the correla- 
tion frequency v~ in the experimental temperature region 
(Fig. 3). Such a situation indicates the formation of confor- 
mational and solvational non-equilibrium states which react 
before the corresponding equilibrium is attained. It can be 
concluded, therefore, that the elementary steps of ET in this 
system are not accompanied by significant shifts in the posi- 
tion of the medium nuclear frame nor are they governed by 
such shifts. The thermodynamic standard free energy for such 
processes (AFo n~q) appears to be less than that involved in 
the case of the equilibrium dielectric stabilization of redox 
centres (A Fo ~q). 

It can be concluded that the initial and final energy terms 
in the non-equilibrium case will be positioned closer to each 
other in space and energy compared with their positions in 
equilibrium (Fig. 10). Consequently, in the inverted Marcus 
region, the values of the reorganization energy and experi- 
mental activation energy Ea are expected to be markedly 
lower than in the equilibrium case. In the normal, non- 
inverted region, we predict a larger activation energy and a 
slower ET rate for non-equilibrium processes compared with 
equilibrium processes. The second property expected for non- 
equilibrium processes is the lack of dependence (Fig. 11, 
curve 1 ) or weak dependence (curve 2) of the experimental 
ET rate constants (for a system with close values of the 
resonance integral V) on AFo ~ in both Marcus regions 
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Fig. 10. Schematic representation of electronic potential energy surfaces: 1, 
consecutive conformational and solvational equilibrium processes with the 
essential change in the nuclear coordinates Q and the standard free energy 
A Fo~q; 2, consecutive non-equilibrium processes with a small change in Q 
and A Fo"~; 3, 4, equilibrium (full line) and non-equilibrium (broken line) 
processes in the normal and inverted Marcus regions respectively. 

I non-equilibrium 
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Fig. 11. Schematic representation of the dependence of the ET rate constants 
for processes with close values of the resonance integral on the equilibrium 
standard free energy (AFo~) :  1, conformational and solvational non-equi- 
librium processes with constant reorganization (E, ~q) and standard free 
energy (A Fo "~q) ; 2, partial non-equilibrium processes; Er ~ and A Fo ~ are 
slightly dependent on AFoeq; 3, equilibrium processes. Arrows a and b 
indicate conditions for the maxima AFom=E~ and AFoI~q=Er ~q 
respectively. 
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Fig. 12. Experimental values of parameter k~rYDA (kET in s - ' )  plotted 
against the equilibrium standard free energy ofET (AFo~q). kBT is the rate 
constant of the ET primary step in RCs from photosynthetic bacteria and 
plant PSI, and YET is the attenuation parameter (see Eqs. (18) and (22)). 
The numbers have the same meaning as in Fig. 2. The arrow shows the 
position of AFo eq = E~ ~q = 0.26 eV. Data on AFo °q and Er ~q were taken from 
Refs. [ l c - l g ] ,  [12d] and [29b]. 

(inverted and non-inverted), compared with that predicted 
by the classic Marcus expression for the equilibrium condi- 
tion (curve 3) with the Franck-Condon factor [ l j] 

FCeq = (27rE~kT) -,/2 exp{ - [(AFo~q+Er)]2/4E~kT} (26) 

Eq. (18) gives 

b = log (/~zry~A) = log ( 27rh - 1 ) I Vo I ZFCeq (27) 

where YbA = 10°56 RD^. 

As can be seen in Fig. 12 for the photosynthetic RCs, the 
value of b depends very slightly on AF~q in both Marcus 
regions. This appears to prove independently that fast primary 
steps of photosynthesis occur in non-equilibrium conditions 
and all the ETs have similar values of the Franck-Condon 
factor. A deviation of the data from the uniform dependence 
on ET from QA- to P÷ is plausibly accounted for by the 
equilibrium character of the process with a slow rate of ET 
(kET = 2 × 104 S - ' )  relative to the rate of protein dynamic 
relaxation. 

According to Refs. [ l a - ld ]  and [29], a reaction channel 
of ET may involve final vibrationally excited states and have 
an activation energy which may be lower than that of the 
vibrationally unexcited channel. In such a case, the inverted 
region is also characterized by a rate independent of the tem- 
perature and the standard free energy. Nevertheless, in the 
case of a non-equilibrium mechanism, such an independence 
is also expected in the non-inverted region. At present, it is 
difficult to estimate the quantitative contribution of the two 
mechanisms (vibrational excitation and non-equilibrium 
condition) to the given ET process in the inverted region. 

According to Eq. (17), at an edge-edge distance between 
donor and acceptor centres OfRD^ > 7--8 A, in non-conducting 
media, the value of the resonance integral V< 2.6 × 10-2 eV. 
Thus the ET process is expected to be non-adiabatic. There- 
fore all steps of ET from the primary donor P to the primary 

a c c e p t o r  QA proceed non-adiabatically and Eq. (18) with the 
coefficient flt)A = 1.3 A, Can be used to estimate the average 
value of the Franck-Condon factor. An approximate estimate 
of FC according to the data presented in Fig. 2 gives 
FC = 0.15-0.2 eV-  '. 

ET from the primary acceptor QA to the secondary acceptor 
QB with the rate constant kOAOB = 1.5 × 104 S- ' can be con- 
sidered to be adiabatic and the rate of the process is not 
expected to be dependent on the value of the resonance inte- 
gral (Section 4). It is known [ le,12a,12b,12d] that substi- 
tution of Fe 2+ in the RC of purple bacteria by other divalent 
metals, either paramagnetic or diamagnetic, completely 
restores the kinetics to the values observed in native RC. The 
adiabatic character of ET accounts for this apparently puz- 
zling effect. At physiological temperatures, the correlation 
time of the intramolecular dynamics of the RC is found to be 
in the nanosecond range and kQAQB is of the order of micro- 
seconds. It follows that ET occurs between the donor and 
acceptor centres in the equilibrium state. 

A slight dependence of the rate constant of ET on the 
temperature and the momentary and static polarity in the 
Marcus inverted region was also observed in model DAPs in 
liquids [2j,3b,3c,5k]. In the aforementioned DAP in glycerol 
solution (Section 6.1 ), the process of fluorescence quench- 
ing, most probably caused by the reversible ET mechanism, 
is found to be 2-6 times faster than the spectral relaxation 
process. 

In all the systems mentioned in this section, ET is ener- 
getically allowed in non-equilibrium conditions. In other 
cases (ET in excited biantril, irreversible reduction of the 
nitroxide acceptor in DAP in liquids and BSA and in a- 
chymotrypsin (Section 6) and the QA- --"QB transition in 
RC (Section 5) ), it was found that the reaction coordinate is 
the solvent coordinate and that the dielectric relaxation in the 
nanosecond temporal region is favourable for a given ET 
energetic profile (Fig. 7). 

Other effects were observed in DAPs in proteins: a 
decrease in the rate constant of the QA- ---' P+ recombination 
and an increase in the ET rate in DAP incorporated in BSA 
with a "defreezing" of the medium modes in the millisecond 
range (Section 6.3). These effects can be caused by a change 
in the distance and mutual orientation of the donor and accep- 
tor centres with a rise in temperature. 

8. Conclusions 

The dependence of the rate constants of the primary steps 
of ET in the RCs of photosynthetic bacteria and PSI on the 
distance between the donor and acceptor groups was found 
to be close to the corresponding dependence of the attenuation 
parameter of SE (ysE) through a "non-conducting" organic 
medium on the distance between the exchangeable centres. 
This establishes SE as an idealized model of ET. On the basis 
of this assumption, the attenuation parameter (Yx) for spin 
superexchange through individual chemical groups in bir- 
adicals and complexes of transition metals with paramagnetic 
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li gands can be used for the estimation of  the values of  the 

resonance integral (V) ,  which is an essential parameter of 
ET theory. Values of  Yx for groups of  importance in ET in 
b~ological and model  systems have been calculated on the 
b~sis of  the experimental  exchange integrals (J)  and have 
b~en tabulated. 

The calculated values of  Ysr and Yx were used to estimate 
tile resonance integrals and Franck-Condon factors (FC)  in 
E!T primary steps in the RCs. The value of  FC = 0.15-0.2 eV 

as  found to be similar for all steps. For ET from the primary 

qainone acceptor QA to the secondary quinone acceptor Qs, 
the estimated value of  V exceeds the threshold for adiabatic 
processes and the process can be considered to be adiabatic. 

Estimating the resonance integral Vallows the relationship 
between kinetics and thermodynamics to be analysed, includ- 
ing the predictions of Marcus theory, for systems with dif- 
L'rent V. 

Parallel investigations of  the rates of  ET and molecular 
dynamics,  monitored by physical  labelling techniques over a 
wide range of  temperature (77-300  K) and correlation time 
(re = 10 -2 -10  -20 s) ,  in photosynthetic RCs and model 
DAPs in simple liquids and proteins allow the effects of  

dynamics on ET to be studied. The general trends are as 
f:)llows: 
4 1 ) if  ET is faster, due to vibrational modes, than the dipole 

relaxation of  the surrounding molecules, the ET rate 
constants depend only slightly on the medium relaxation 
correlation time, micropolari ty,  local viscosity and tem- 

perature; the kET values are expected to depend only 
slightly on the equilibrium standard free energy ( A Fo ~q) 
in inverted and non-inverted Marcus regions (ET in RC 

and in DAP in l iquids);  
q 21) relatively slow mil l isecond dynamics can allow the dis- 

tance and mutual orientation of  donor-acceptor  groups 
to be changed, which leads to a change in the ET rate 
with an increase in temperature (QA-  ~ P+ recombi- 
nation, DAP in B S A ) ;  

3) nanosecond dynamics are necessary to provide favour- 
able thermodynamics and low reorganization free 
energy by the stabilization of  charges (QA-  ~ Qn tran- 
sition, photoreduction of  nitroxides);  

4) very fast adiabatic ET in biantril is limited by the induced 
dipole relaxation in the vicinity of  the solute. 
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