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PREFACE 

This volume contains the contributions from the speakers at the 
NATO Advanced Research Workshop on "Structure of the Photosynthetic 
Bacterial Reaction Center X-ray Crystallography and Optical 
Spectroscopy with Polarized Light" which was held at the "Maison 
d'Hotes" of the Centre d'Etudes Nucleaires de Cadarache in the South of 
France, 20-25 September, 1987. This meeting continued in the spirit of a 
previous workshop which took place in Feldafing (FRG), March 1985. 

Photosynthetic reaction centers are intrinsic membrane proteins 
which, by performing a photoinduced transmembrane charge separation, are 
responsible for the conversion and storage of solar energy. Since the 
pioneering work of Reed and Clayton (1968) on the isolation of the 
reaction center from photosynthetic bacteria, optical spectroscopy with 
polarized light has been one of the main tools used to investigate the 
geometrical arrangement of the various chromophores in these systems. 
The recent elucidation by X-ray crystallography of the structure of 
several bacterial reaction centers, a breakthrough initiated by Michel 
and Deisenhofer, has provided us with the atomic coordinates of the 
pigments and some details about their interactions with neighboring 
aminoacid residues. This essential step has given a large impetus both 
to experimentalists and to theoreticians who are now attempting to 
relate the X-ray structural model to the optical properties of the 
reaction center and ultimately to its primary biological function. The 
initial photosynthetic reactions result in an ultrafast transfer of an 
electron from the primary donor, a dimer of bacteriochlorophylls, to a 
bacteriopheophytin located some 17 X away. In this electron transfer 
process the role of a monomeric bacteriochlorophyll molecule, which is 
intriguingly positioned almost in between the primary donor and the 
bacteriopheophytin, is the object of considerable scrutinity and of much 
controversy. The importance of the protein for fine-tuning the energy 
levels of the chromophores as wells as for controlling the relaxation 
steps which accompany the electron transfer and permit the remarkable 
efficiency of the transmembrane charge stabilization process is 
increasingly recognized. Most of these issues have been addressed during 
the workshop and are discussed in these proceedings. 

The NATO Scientific Affairs Division is gratefully acknowledged for 
awarding a grant that made the organization of the workshop possible. 
Additional funding support was also provided by the Institut National de 
la Recherche Agronomique, the Departement de Biologie du Commissariat a 
I' Energie Atomique, the Association pour la Recherche en Bioenergie 
Solaire and the SMC-TBT. 
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We are greatly indebted to Ms. P. Belle for her dedicated 
assistance with the secretarial correspondence and the preparation of 
these proceedings and also to Mrs. R. Vallerie for her efficient 
contribution to the smooth running of the meeting. We would also like to 
express our sincere thanks to F. Bel, M. Bombal, P. Druzian, 
F. Guichod, J. Marcesse, R. Rabette and R. Siadoux for their assistance 
with the local organization of the conference which was held in the 
pleasant and stimulating atmosphere of the medieval castle of Cadarache. 

Finally we wish to express our gratitude to the participants to the 
workshop for their enthusiastic cooperation which has resulted in the 
success of the meeting and the high scientific standard of this volume. 
There is clearly a need for meetings devoted to the photosynthetic 
bacterial reaction center at regular intervals in the future. 
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THE PRIMARY ELECTRON TRANSFER IN PHOTOSYNTHETIC 
PURPLE BACTERIA: LONG RANGE ELECTRON TRANSFER IN THE 
FEMTOSECOND DOMAIN AT LOW TEMPERATURE 

J. L. Martin*, J. Breton#, J. C. Lambry*, and G. Fleming + 

*Laboratoire d'Optique Appliquee, INSERM U275 
Ecole Poly technique ENSTA 91128 Palaiseau Cedex,. France 

#Service de Biophysique, CEN/Saclay 91191 Gif-sur-Yvette 
+Department of Chemistry, The University of Chicago, USA 

INTRODUCTION 

The conversion of light energy into chemical free energy in the 
reaction center (RC) of photosynthetic purple bacteria is a highly 
efficient process which involves very fast initial reactions able to 
efficiently compete with radiative lifetimes. The primary charge 
separation occurs between a bacteriochlorophyll dimer (P) and a 
bacteriopheophytin molecule (HL ) located on the side of the L 

polypeptide subunit. The structure of the RC, as solved by X-ray 
crystallography, shows that a monomeric bacteriochlorophyll (BL ) is 

located in between P and HL . The role of this molecule in the initial 

charge separation process is not yet understood and is the object of 
much current experimental and theoretical scrutinity. 

Recent femtosecond absorption data revealed that direct excitation 
of the primary donor (P) leads to the formation of the radical pair 
P+HL - within 2.8 ps (at 295K) in RCs from both Rb. sphaeroides (1) and 

Rps. viridis (2). No evidence for a transient depletion of BL ' as the 

result of formation of a BL - or BL + species, is found. While this 

observation must be reconciled with the X-ray structure data, there is a 
general agreement to give to the BL molecule an essential role in the 

primary charge separation rrocess which involves transfer of an 
electron at a rate of 3.6 x 101 s-1 over a distance of 17 A (center - to -
center). 

195 J. Breton et al. (eds.), The Photosynthetic Bacterial Reaction Center
© Springer Science+Business Media New York 1988



Several mechanisms have been recently suggested which give 
different roles to BL and are compatible with the absence of 

spectroscopic evidence for a transient bleaching of its ground state 
absorption. One such possibility is the direct electron transfer from p* 
to HL (P*BLHL ---> P+BLHL - ) via the virtual state P+B L - HL (3-5). 

This is the so-called " superexchange mechanism ". The existence of an 
actual chemical intermediate ( BL - or BL +) has also been postulated (6). 

To be consistent with the femtosecond spectroscopy data, this model 
requires a rate of depletion of the intermediate (k2 ) subtancially 

higher than its rate of formation (k1). Using k2 5 kl ' Marcus has 

recently proposed that such a two-step process is more realistic than 
the superexchange coupling mechanism (6). His argument was based on 
the estimate of the electronic superexchange matrix element which 
value (0.7 cm- 1) was too low to be consistent with the fast electron 
transfer rate observed experimentally (1,2,7). However, Jortner, 
Michel-Beyerle and coworkers disputed that such a low value does not 
exclude the superexchange mechanism, their main argument in favor 
of the latter process being that the primary electron step should be an 
activated process with a strong temperature dependence if the 
two-step mechanism was involved (4). An alternative approach to the 
above models has been proposed by Friesner at al. (8,9). Using a set of 
strongly coupled vibrationnal modes, their theory is capable of 
modelling different experimental results such as hole-burning (8) and 
temperature dependence data (9). 

In this report, we briefly present the results of the temperature 
dependence of the primary electron transfer rate following excitation 
of RCs from Rps. viridis and Rb. sphaeroides with fs pulses. We describe 
the effect of deuterium substitution as well as of 
borohydride-treatment on the RCs of Rb. sphaeroides. We also make a 
detailed analysis of the kinetic data obtained at wavelengths close to 
the maximum of the 834-nm band in Rps. viridis RCs at 10K which is 
currently assigned to the B molecules. These data confirm the absence 
of an observable transient depletion of the ground state of BL in the 

100fs to ps time domain and give new limits to the value of k2/k 1 

when the two-step mechanism is postulated. 

RESULTS AND DISCUSSION 

The Primary Electron Rate at 10K 

* An accurate determination of the decay of P and of the electron 
transfer rate is achieved by monitoring the stimulated emission on the 
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long wavelength side of the near IR band of P (1,2,7). For Res from 
Rps. viridis at 10K such a measurement at 1045nm yields a time 
constant for electron transfer of 700 ± 100 fs (Fig. la). The same 
time constant is obtained for the band shift induced absorption at 
82Inm (Fig. Ib). At 795nm the contribution of p* to the induced 
absorption is significant as revealed by the partial relaxation with a 
700-fs time constant (Fig. Ic). 

-0.05 a --- b 0.000 

-0.01 Exc. 870nm 0.01 Exc. 870 nm 0.008 
<-0.03 Dbs. 1045 nm Dbs. 821 nm 
<1-0.02 0.08 0.016 

-0.01 0.12 Dbs.795nm 
0.00 0.02' 

-1.2 0.0 1.2 2.4 1.[ 1.2 H 3.6 4.8 -1.2 1.2 2.4 3.6 II 
TIME (ps) TIME (ps) TIME (ps) 

1. Primary electron transfer in Rps. viridis RCs at 10K. 

Similarly upon direct excitation of P at 870nm in RCs from R b . 
sphaeroides. a value of 1.2 ± O.lps for the electron transfer time 
constant is obtained at 10K by monitoring either the stimulated 
emission from p* at 925nm or the band shift of the monomeric B 
molecules around 800nm (10). 

The Effect of Chemical Modifications of the Reaction Center 

In the structural models of the RCs, the cofactors are organized in 
two "branches" starting from the center of P which, together with the L 
and M polypeptides, are related by an approximate C2 symmetry axis 
(11-13). The electron transfer proceeds along the L branch. 
Borohydride treatment of RCs from Rb. sphaeroides allows the removal 
of the BM monomeric bacteriochlorophyll molecule located on the M 

branch (14). When such modified RCs are investigated at 10K they still 
exhibit the same 1.2 ± 0.1 ps time constant for electron transfer found 
for unmodified RCs. Furthermore the kinetic traces in the region of the 
band shift and notably close to the isosbestic point near 800nm are not 
perturbed by the chemical modification (10). These results thus 
confirm previous observations made at room temperature (15). 
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The Effect of Deuterium Isotopic Substitution 

Fully deuterated RCs isolated from Rb. sphaeroides, generously 
provided by Drs. J. Norris and S. Kolaczkowski (Argonne National 
Laboratory and the University of Chicago), still exhibit within the 10% 
precision of our measurement the same primary electron transfer rate 
at 10K as for control RCs (16). 

The Temperature Dependence of the Primary Electron Transfer Rate 

The result of an investigation of the electron transfer rate over the 
temperature range lOK-300K for RCs from Rps. viridis and monitored 
by the decay of the stimulated emission from p* is shown Figure 2. 
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Figure 2. Temperature dependence of the primary electron transfer 
rate in Rps. viridis. Theoretical fit using Eq.2 and a value 
for 11m =25 cm- i ( --- ). 



The primary charge separation process is characterized by an 
apparent negative activation energy with an increase of the rate by 
a factor of four when the temperature is decreased from 300K to 
10K. 

According to the model of Jortner and coworkers (4), this negative 
activation energy behaviour is what we can expect for an activationless 
electron transfer process. 

If we assume that the electron transfer process is non adiabatic 
then the conventional expression for the rate can be used 

k = ( 2 1t / ) , V ,2 F (1) 

where V is the electronic interaction matrix element and F is the 
thermally averaged Franck-Condon factor. 

Assuming a coupling of the primary electron transfer to low 
frequency modes of the protein and in the single mode approximation 
k can be expressed as 

1/2 
k [ exp( Airo / kT ) - 1 ] 

k(O) = exp(..Kro / kT ) + 1 
(2) 

where 

21t 1 V 12 

Ai ro ( 2 1t P )1/2 

and ro is the average frequency of the coupled mode p = L\ E / Jf ro 
and L\E is the energy gap for the electron transfer. 

Equation (2) provides a good fit to the data obtained for RCs from R b. 
sphaeroides using At ro = 80 cm- 1 (16). However the same equation 
gives a very poor fit to the data for the Rps. viridis RCs (Fig. 2) and a 
value for Af ro = 25 cm-1 is needed to try to fit a ratio of 4 for the rates 
of electron transfer between 10K and 300K. This difference in the 
temperature dependence observed between the RCs of the two 
bacterial species could possibly indicate that V increases more strongly 
with decreasing temperature in Rps. viridis than in Rb. sphaeroides. 
However it also raises the question of the validity of the hypothesis 
that the primary electron transfer is a non-adiabatic process. 

199 



The limit on the putative depletion of BL 

If BL is involved as a real intermediate in the electron transfer 

process, as it is proposed by Shuvalov et al. (17), it should be possible 
to detect a bleaching upon probing at the maximum of the ground state 
absorption of this molecule which at 10K is located at 800nm and 
834nm for the Res from Rb. sphaeroides and Rps. viridis, respectively 
(18, and references therein). The results of such measurements are 
depicted in Fig.3 for the 834-nm band of Res from Rps. viridis at 10K. 
When the probe wavelength is located about 1nm ( Fig. 3a; 833 nm ) or 
2 nm ( Fig. 3c; 832-nm ) on the high energy side of the 834-nm band, 
an initial induced absorption is observed at early time. This is followed 

-1.2 

0.02 

0.03 

1.2 2.4 3.6 U -1.2 1.2 2.4 3.6 U -1.2 1.2 2.4 3.6 
TIME Ips) TIME Ips) TIME Ips) 

Fieure 3 Induced absorption changes near the peak of the B band at 
834 nm in Rps: viridis atlOK. 

c 

by a delayed bleaching ( Fig. 3a ) or a partial relaxation ( Fig_ 3c )_ It 
should be pointed out that taking into account (i) the large absorption 
cross section of BL in this region and (ii) the fraction of excited Res ( 

about 30%), an initial bleaching should be observed at these 
wavelengths if a significant depletion of BL was taking place. The 

results of a more quantitative analysis of these kinetics is represented 
in Fig. 3 by the numerical fits which include the effects of a band shift 
and the instrumental function. 
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Simulation of the induced absorption changes in the 834-nm band 

For small !J.A, the observed signal at wavelength A is given by the 
expression 

!J.A ( 't ) = 11 N f+oo dt' T( A , 't - t' ) f+ 001 (t) I ( t + t' ) dt 
ex t 

where lex (t) and It (t) are the energy profiles of the excitation pulse 

and probe pulse respectively, 't is the delay between the excitation and 
the probe pulses, 11 is the fraction of excited molecules and N is the total 
population. 

In the hypothesis of a two-step mechanism, the impulse response 
of the medium at wavelength A can be written as 

with kl = 1 hI and k2 = 1/'t2 

B 
- 0' 

a 

and where 0' a P* and 0' a B are the absorption cross-sections of P * and B 

species respectively. 
The function '¥ a B represents a "rigid" shift of the absorption band at 

834 nm. 
The time dependence of the band shift in the approximation of a fast 

second step, is given by 

where ( Aoo - AD ) is the amplitude of the shift which is measured in a 

separate experiment. 
The energy profile near the peak of the band is known (18) and can 

be well fitted by 
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The simulations have been made assuming a smooth profile for the 
* P* absorption spectrum of P in this spectral region with a value of (J a 

not significantly different from the value determined at 795 nm . The 
only adjustable parameter is then the ratio k2 / kl . 

The results of such a simulation are given in Fig. 3b where a two-step 
process is assumed. The broken line ( --- ) represents the simulation 
for k2 / kl = 5 which is clearly not fitting correctly the experimental 

data. The dotted line ( ....... ) corresponds to a value of k2 / kl = 25 

which is also still significantly different from the experimental trace. 
Finally using k2 / kl = 70 we get the result represented by the solid 

line (- ) which is a satisfactory fit of the data. Such a value for the 
ratio of rates means a time constant of around 10 fs for the second step 
in Rps. viridis at 10K. 

Using the same set of parameters but assuming we are probing at a 
wavelength lower by only 1 nm the simulation gives a good fit of the 
experimental results at 832 nm ( Fig.3c ). 

However we must point out that the fact we obtained a satisfactory 
fit of the data with the hypothesis of a two-step process does not 
imply that we need such a model to fit the data. This is clearly shown 
in Fig.3a where the simulation has been made assuming a single step 
process. 

In the hypothesis of a two-step model, a timescale of - 10 fs for the 
second step is clearly outside the regime of conventional electron 
transfer theory. A scheme in which non-adiabatic electron transfer 
occurs between P and BL and an adiabatic process is involved between 

BLand HL is discussed by Marcus in this volume (19). 
Our data are compatible with a superexchange mechanism as 

discussed in the present volume by Bixon et al. (4) . In this hypothesis 
they conclude that a single-step nonadiabatic process is likely the valid 
mechanism. 

A way to distinguish among these models will be to study the rate of 
the primary electron transfer in the presence of an electrical field. 
Different behaviours have been predicted (4) with respect to the 
nature of the postulated models. 
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