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An essential feature of efficient photo-initiated charge separation is sequential electron transfer. 
Charge separation is initiated by photoexcitation of an electron donor followed by rapid electron transfer 
steps from the excited donor through a series of electron acceptors, so that, after one or two successive 
steps, charge separation is stabilized by the physical separation between the oxidized donor and reduced 
acceptor. The prime example of this process is the sequential electron transfer that takes place in the 
purple photosynthetic bacterial reaction center, resulting in the charge separation between P' and Q; 
across a biological membrane (Fig. la). We have developed magnetic resonance tools to monitor 
sequential electron transfer. We are applying these techniques to study charge separation in natural 
photo-synthetic systems in order to gain insights into the features of the reaction center proteins that 
promote efficient charge separation. As we establish what some of these factors are, we are beginning 
to design artificial photosynthetic systems that undergo photoinduced sequential electron transfer steps 
(Fig. lb). 
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Our approach to monitoring sequential electron transfer involves two related methods. The first 
is continuous wave time resolved electron paramagnetic resonance (EPR) spectroscopy by which we 
observe the electron spin polarization (ESP) that develops on the charge-separated state. We have 
previously developed a complete model of the ESP that includes sequential electron transfer. More 
recently, we have rehed the model and used it to demonstrate the effects of sequential electron transfer 
on the ESP EPR spectra that become increasingly signrficant at high magnetic fields. This is important 
because researchers fiom other laboratories are attempting to obtain structural information but they have 
so fir neglected the sequential nature of electron transfer. Second, we observed, a number of years ago, 
unusual signal phase behavior when monitoring sequential electron transfer in the photosystem I reaction 
centers with pulsed EPR methods. More recently we have worked out a theoretical model to describe this 





behavior. In both cases, the data provides kinetic and structural information on the charge-separation 
process, including informaton about the transient species that precede and succeed the stabilized charge- 
separated state. 

We are applying these tools to understand how the structure of the photosynthetic reaction center 
co-Mors and proteh dictates function. We are investigating how protein modiiication af€ects electron 
transport. A notable biochemical modification of the protein that affects the electron transfer rate from 

reaction center protein of the non-heme iron. E in addition to removing iron, the H-subunit of the protein 
is removed, the rate of electron transfer from the reduced pheophytin to Q A  is not affected as compared 
to the rate in native iron-containing reaction centers. On the other hand, iron removal that leaves the H- 
subunit intact results in a 20-fold reduction of this electron transfer rate, reducing the quantum yield of 
the charge separated state because the back reaction between the oxidized P' and the reduced pheophytin 
competes with electron transfer to Qk We are examining the ESP fiom the two cases to determine what 
factors determine how these modifications consistently affect the electron transfer rate. For example, is 
there a change in the quinone binding that affects the redox properties of QA? 

The protein can also be modified by site-specific mutagenesis. We are investigating rates of 
electron transfer in several site-specific mutants (incapable of photosynthetic growth) and 
photocompetent phenotypic revertants from Rhodbbacter capsulatus which carry modifications in the 
region of the protein which binds the two quinone molecules. Results, so far, suggest that electron 
transfer from the reduced pheophytin to Q A  takes place in the revertant reaction centers, however, with 
a reduced rate. Thus, quinone binding is probably a factor in determining the efficiency of electron 
transfer. 

We have previously 
demonstrated that the native phylloquinone acceptor, A,, in photosystem I is easily exchanged with an 
exogenous, isotopically labeled phylloquinone in photosystem I particles. Our computer simulations of 
the ESP EPR signals from the quinone-exchanged and native samples veri@ that the quinone exchanges 
into the AI binding pocket of the protein. The quinone exchange appears to be quite general in 
photosystem I. We have observed that it occurs in photosystem I derived from spinach and thermophilic 
and non-thermophilic cyanobacteria. We have also demonstrated that quinone exchange in photosystem 
I takes place in thylakoid membranes. Thus, apparently AI is less tightly bound to the photosystem I 
protein than Q in the purple bacteria reaction center. 

Initial work to design artificial photosynthetic systems has involved surface modification of 50 A 
TiO, nanoparticle colloids, in order to improve the kinetic and redox characteristics of this 
semiconductor. The surface was derivatized with different bidentate ligands. When the modifier contains 
a thiol group in the a position with respect to a carboxyl group, the surface Ti(IV) atoms become 
chelated with both the carboxyl and thiol groups, forming a five-membered ring (Figure lb). This results 
in the formation of a charge transfer complex with an optical absorption threshold at 520 nm. 
Illumination at 77K of TiO, with surface chelated Ti(N) atoms in the absence of electron scavengers 
leads to the formation of the carboxyl cation radical and three distinct Ti(III) centers (observed with EPR 
at 4.2 K). When the temperature is increased, the hole moves to the CH, group, which is farthest from 
the colloid surface, resulting in a spacial separation of the photoinduced charges. In the presence of 
electron accepting species, the EPR signal for the trapped electron changes with increasing temperature 
indicating migration of the electron through a series of trapping sites. A number of techniques, including 
FTIR, EXAFS, and S A N S  are being employed to hlly characterize the effects of surface modification 

I the reduced pheophytin intermediate (€3) to the first quinone acceptor QA involves removal from the 

In related studies we examine quinone binding in photosystem I. 



of the colloids. We are attempting to follow the sequential electron transfer steps in these systems with 
time-resolved EPR. 
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