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Based en the idea of ~nfo~ation~ substates in proteins, we have analyzed the non-single exponential kinetics of an electron 
transfer system in terms of inhomogeneous width and them&energy fluctuation. A simple theoretical expression for the average 
lifetime for electron transfer has been derived together with the concept of “apparent” reorganization energy. These expressions 
provide insight into the effkiency of primary charge separation in the bacterial photosynthetic reaction center. 

1. In~duction 

The initial electron transfer (ET) process in the 
photosynthetic bacterial reaction centers (RCs) has 
led to intense investigation of various aspects of ET 
theory [ l-101. Recent investigations [ 1 l- 15 ] of the 
rate of initial charge separation in bacterial photo- 
synthesis have revealed that the photoexcited state of 
the primary donor, P*, does not decay by a single ex- 
ponential process as previously assumed. Several 
mechanisms have been suggested for the existence of 
the non-single exponential behavior, including het- 
erogeneity [ 12, 13,161. In addition optical hole- 
burning spectroscopy has revealed sample heteroge- 
neity that must be taken into account [ 17,18 J. In this 
paper we explore a simple, but general model for the 
effect of heterogeneity on electron transfer kinetics. 
Although the concepts we employ here have their or- 
igin in bacterial photosynthesis, we emphasize that 
the results are general and apply to artificial photo- 
synthesis as well as electron transfer in general. Re- 
cently, Small and co-workers [ 81 have modeled the 
decay of P* by including the effect of “dispersive” 
kinetics that results from sample heterogeneity and 
determined the effect of this heterogeneity on the av- 
erage of the electron transfer rate constant, (k). 

However, (k) cannot be extracted from the non-sin- 

gle exponential femtosecond time domain data and 
as a consequence a different approach is required 
when analyzing the experimentally observed decay 
kinetics that may be the result of heterogeneity. In 
contrast to (k) the average lifetime, ( r), can be de- 
termined from the normalized experimental decay 
curve of P*, P(t), since (7) is just the area under 
P(t). Thus, our approach will be to use the average 
lifetime (s) to characterize the non-singe exponen- 
tial kinetics but not the average rate constant (k) . 

2. Simple ET rate expressien with inhomogeneous 
width 

In addition to the evidence for hete~geneity as may 
be suggested by femtosecond kinetics and by hole- 
burning spectroscopy, the existence of many confor- 
mational substates in proteins is supported by a wide 
and growing body of experimental evidence [ 19,201. 
These additional experimental results imply a distri- 
bution of energies for the conformational substates 
where the depth of the confo~ational substates can 
be described by a Gaussian dist~bution around a 
parabolic envelope 1201. The distribution in the 
population of the energy levels created by the confor- 
mational substates can be represented by a Gaussian 
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function. We start with a simple version of the Marcus 
equation for the ET rate constant and we neglect the 
possibilities of a dist~butio~ of the electronic cou- 
pling matrix element, V [ 2 I], and of the solvent re- 
organization energy, /2. We note that Small and co- 
workers 181 treated the vibrational manifold more 
explicitly such that their equations for ( k) should be 
valid at low temperature while our simple Marcus 
approach can only be correct at high temperature, in- 
cluding room temperature. The time evolution of the 
initial donor population F(t) in the presence of a 
distribution in the free-energy gap is 

m 
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where AG is the free-energy gap between the reac- 
tants and the products of the ET process and the 
g(AG) is a Gaussian distribution of AG values cen- 
tered at AGO with a width of 2~7. Eq. ( 1) easily can 
generate a non-single exponential decay process. We 
note that eq. ( 1) was also used by Small and co- 
workers [ 8 1. The k(AG) is the ET rate constant given 
by 1223 
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If the fun~ional form of P(t) is known, then the 
average lifetime of the initial donor state in the ab- 
sence of other competing decay processes is given by 
the area below the decay curve P(t) such that 

OD #- Y 7 t 
(r)= j dtP(t)= j dt 1 d(AG) inO 

0 0 -m T=- 

(AG- AG,)2 
2(? 

exp[ -k(AG)t] . (3) 

Thus, (r} represents a fundamental parameter for 
characterizing the nonexponential decay process. 
When d equals zero, then (r} equals the time con- 
stant of a single exponential decay. In a series of re- 
action centers from mutants of both Rb, sphaeroides 

and Rb. capsulatus the non-single exponential decay 
of P* has been approximated by a biexponential pro- 
cess or by a stretched exponential [ 1 l- 15 1. When 

o< (2AkBT)“2, (4) 

then the ant-hand side of eq. (3) can be integrated 
in closed form to give the average lifetime of electron 
transfer as 

Eq. (4) specifies that the width of the Gaussian dis- 
tribution in free energy is smaller than the typical 
thermal-energy fluctuation. In contrast, if 
CO (2AkeT) , Ii2 then the value of the average lifetime 
from eq. (3 ) will not be a finite number and numer- 
ical calculations using eq. ( I ) give an extremely long 
tail on the decay of P( t). Physically, this means that 
some fraction of the confo~ational substates does 
not react and thus that fraction has an infinite life- 
time. Even a very small fraction of non-reacting re- 
action centers leads to a small but long tail on P(t) 
such that (t) becomes in~nite and may suggest to 
some that the use of (r) is not valid. The infinite 
value for (7) appears even more of a problem since 
the same small fraction of unreacting substates with 
a rate constant of zero still results in a finite number 
for (k) , However, the apparent problem of ( r> = co 
is easily corrected by limiting the lifetime of P* 
through a competing, secondary process such as flu- 
orescence or radiationless decay to the ground state. 
Actually, when (r> becomes large enough, one must 
include other processes in any experimental interpre- 
tation of P* decay. 

Previously, a biexponential decay process, charac- 
terized by one fast rate constant and by one slow rate 
constant, has been used to describe the observed pri- 
mary decay process for P* in bacterial reaction cen- 
ters [ 131. However, a plot of the logarithm of the ex- 
perimentally determined fast rate constant or slow 
rate constant versus the experimental reduction po- 
tential for the primary donor special pair results in a 
Marcus parabola for a series of mutated RCs of Rb. 
capsulatus [ 12 1. The reduction potential is assumed 
to be a measure of the electron transfer free-energy 
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gap as the RC is modified by site-directed mutagen- 
esis. Based on an analysis of eq. ( 1) we have found 
no simple analytical relationships between the free- 
energy gaps and either the short- or long-lifetime 
components. However, under the condition imposed 
by eq. (4), we are able to extract a simple ET rate 
expression in the presence of a Gaussian dist~bution 
of free-energy gaps, 

In general the reciprocal of the average lifetime, ( T) , 
is not equal to the average rate constant, (k) , for non- 
single exponential kinetics. The above rate expres- 
sion k, r> is different from that of (k) mainly at the 
denominator of the exponent. In the expression of 
(k) , the denominator of the exponent is 4AkBTC2d 
instead of 4&T- 28 as in eq. (6). It is impo~ant 
to note that plotting the logarithm of kc,, versus free- 
energy gap, AG,, predicts a different parabola from 
that of (k) versus AGo. Experimentally, we observe 
no significant difference in the width of the parabola 
based on (k) detested by the biexponential fit 
versus the parabola determined by k,,,. However, we 
do not consider this a serious problem since numeri- 
cal simulations show that determining (k) from a 
biexponential fit to the experimental data is not a 
good approxi~tion for the (k) predicted by the 
heterogeneity model while the area under the F(t) 
curve is approximated reasonably well by the biex- 
ponential decay as long as the restriction of eq. (4) is 
valid. One additional caution must be added that de- 
te~ining an average lifetime from a biex~nenti~ 
fit of the experimental data is an empirical, working 
definition of an average lifetime but is not the true 
definition of (t) in eq. ( 5). 

Numerically speaking eq. (6) is a simple modifi- 
cation of the Marcus equation for the ET rate con- 
stant. For the homogeneous system, eq. (6) reduces 
to the standard Marcus equation with a=O. The 
quantum correction for low temperatures as used by 
Small and co-workers can be included easily in eq. 
(6) by replacing all kBT factors with the average os- 
cillator energy (E) [ 227, 

(c)z ycoth 

In eq. (7) we assume that the ET process couples to 
a single harmonic coordinate representing an intra- 
molecular or inte~olecular vibration of frequency 
o. In the hip-temperature (k,T% ho) limit, 
( e} = k,T. However, we will stay in the classical rep- 
resentation for simplicity. It is worthwhile pointing 
out that in the plot of the logarithm of kcS> versus the 
free-energy gap, the steepness of the parabola rela- 
tionship will be determined by an “apparent” reor- 
ganization energy (A-02/2kBT), instead of the true 
reorganization energy I as in the case of homogene- 
ous systems. 

Finaliy, if the decay kinetics of the initial donor 
states are fitted best by a stretched-exponential decay 
law, 

P(t)=exp[-(t/r)“], Ottu<I, (8) 

the time constant r will be propo~ional to the aver- 
age time constant given in eq. (5) with a proportion- 
ality factor cr/T( 1 /LX), where r( 1 /a) is the gamma 
function of argument l/a. Thus, in the case of 
stretched-exponential decay, the parabolic relation- 
ship between the logarithm of the rate constants and 
the free-energy gaps still holds and the steepness of 
the parabola is also determined by the “apparent” re- 
organization energy. 

3. Inhomogen~us kinetics and q~a~~rn yield 

In order to quantify the discussion of the quantum 
yield of electron transfer we introduce a dimension- 
less parameter b= ri2f2dkBT to describe the inhomo- 
geneity of the system. Eqs. (5) and (6) are valid when 
b is less than one, and the system reaches the homo- 
geneous limit when b is zero. Numerical calculations 
indicate that the larger b is, the more “heteroge- 
neous” the system decay becomes. This is consistent 
with femtosecond kinetics measurements of the de- 
cay of P* which show that the non-single exponential 
behaviour of the P* decay is much larger at low tem- 
peratures than at room temperature [ 231. Physi- 
cally, this may arise because a protein at high tem- 
perature does not remain in one confo~ational 
substate, instead, it fluctuates between many [ 241, 
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increasing the homogeneity of the system. On the 
other hand, at lower temperature, an ensemble of 
proteins is frozen into different conformational sub- 
states, and the ET system experiences a much more 
inhomogeneous environment, giving rise to the non- 
single exponential decay of P*. 

Depending on the relative magnitude of the inho- 
mogeneous width and the thermal energy fluctuation 
(i.e. the b value), the inhomogeneous kinetics result- 
ing from the distribution of the free-energy gaps may 
have severe consequence for the efficiency of pri- 
mary electron transfer in the RC [25 J_ In the Rb. 
capsularus DLL mutant where the normal ET path- 
way is blocked, the lifetime of P*, r,,,, is about 200 
ps [ 26 J. Thus we take 200 ps as the limiting lifetime 
of the excited state in functioning RCs. Consequen- 
tially, in functional RCs, the non-photochemical pro- 
cess which competes with the ET has the rate con- 
stant of 1 ,/rnF In this case the quantum yield, @, for 
the initial ET process can be estimated from 

Pig. 1 shows the quantum yield versus the hetero- 
geneity parameter b for three different values of AGo. 
The solid line is roughly appropriate for wild type Rb. 
capsulate which is located near the top of the Marcus 
parabola [ 121 (AGo-RzO), while the dotted and 
dashed line correspond to two hypothetical mutants 
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Fig. 1. The estimated quantum yield versus the heterogeneity pa- 
mmeterb. 2nV2/fr(4nXkBT) ‘%0.37ps-‘; (O)AGo-LO, (A) 
AGO--d=2u, (+) AG,,-1=3a. 

located on the “normal” side of the parabola with 
AGO-&20 and AGo-/2=3a, respectively. In the 
calculations for fig. 1 the preexponential factor in eq. 
(2) was chosen to be the room temperature ET rate 
of the wild type (0.37 ps- ’ ) [ 12 1. Clearly the quan- 
tum yield of electron transfer drops as b increases, 
and its actual value constrains the maximum value 
of 6. Experimentally the quantum yield for the photo- 
oxidation of the special pair in RCs of Rb. sphae- 
roides has been measured to be I .02 & 0.04 at room 
temperature [ 27 J. Based on the similarity of their 
protein structures, we assume that the quantum yield 
of initial ET for wild type Rb. capsulatus is very close 
to that of Rb. sphaeroides. Unfortunately, there are 
no direct measurements of the quantum efficiency for 
the mutant RCs. If we use the quantum yield value of 
the wild type as a constraint, the heterogeneity pa- 
rameter b cannot be larger than 1 from the results in 
tig. 1, which is the condition of validation for eqs. 
(5) and (6). In this case the quantum yield for the 
mutants which are 2cr, 30 away from the wild type in 
free energy could be as low as 77% and 46%, respec- 
tively, if b takes its maximum value. This prediction 
is qualitatively consistent with the ET reaction from 
Bph-’ to QA in reaction center protein from Rb. 
sphaeroides with different quinones as QA [ 281. 
However, this point requires further experimental 
verification. 

4. Conchsions 

Several models for the nonexponentiality of the 
primary charge separation in the RC protein have 
been proposed [ 8,13,14]. The analyses and the 
expressions given above provide an additional 
framework for examination of the problem of the non- 
exponential decay kinetics, based on heterogeneity of 
free-energy gaps. This type of heterogeneity is asso- 
ciated with the conformational substate space in a 
protein complex. The complexity of proteins is in- 
trinsic to their construction and also arises from the 
lack of a periodic boundary condition that could force 
the macromolecule into a unique structure. Based on 
the relation between inhomogeneous width and ther- 
mal-energy fluctuation, one can argue that the struc- 
tural heterogeneity from conformational substates 
could be better displayed at low temperature. Also, 
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that such non-single exponential behaviour has not 
been observed in model systems is not surprising be- 
cause be 1 since /z is so large for artificial systems 
while A is very small in the primal charge separation 
process of RCs. The results of this study indicate that 
the Marcus parabola plot of the logarithm of the in- 
verse of ( r) versus the primary donor reduction po- 
tential results in an apparent reorganization energy 
instead of the true reorganization energy. According 
to the heterogeneity model used here the true reor- 
ganization energy is larger than the observed, appar- 
ent reorganization energy. However, the real reor- 
ganization energy can only be about two or three times 
larger than the observed, apparent reorganization en- 
ergy if the quantum yield is to remain 0.98 or larger. 
The quantitative implications of our model for the 
primary electron transfer in a series of mutant reac- 
tion centers of Rb. cap~~fatus are discussed in detaii 
in ref. [ 23 1. We find that the model describes the non- 
exponential kinetics as a function of free energy 
change very well. The experimental data are consis- 
tent with a very small protein reorganization energy 
( i 250 cm-’ ) at room temperature, but do not allow 
a distinction between sequential or superexchange 
mechanisms. A simpler homogeneous model also 
yields a low value for the apparent reorganization en- 
ergy in Rb. ca~s~Ia~~ [ 12 1. 
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