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INTRODUCTION 

The detailed description and understanding of membrane bound 
proteins has greatly increased in the past decade. In large part this 
advancement resulted from the investigation of the structure-function 
relationship for the photosynthetic electron transfer process occurring in 
bacterial reaction center proteins. The most important development was 
the growth of reaction center protein crystals (Michel, 1982) and the 
following structure determination for this reaction center protein complex 
(Deisenhofer et al., 1984; Chang et al., 1986; Allen et al., 1987; Chang et 
al., 1991; EI-Kabbani et al., 1991). The second important breakthrough 
was the expression of the genes encoding for the reaction center (You van et 
al., 1984) and the subsequent development of site-specific mutagenesis 
(Zoller and Smith, 1982; Bylina and Youvan, 1987). These genetic 
techniques, in conjunction with the x-ray structure, have allowed the 
alteration of a specific amino acid in the reaction center protein. Thus a 
method for directly testing proposed mechanisms of function involving the 
protein environment has been developed. For example, the mechanisms for 
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controlling electron transfer, redox potential, optical properties, the role of 
symmetry, etc. can now be investigated rather routinely. Consequently, the 
reaction center has become a "model" system for understanding membrane 
bound proteins as well as electron transfer reactions. 

The reaction center protein isolated from the Rhodospirillaceae 
subgroup (Rhodopsuedomonas viridis, Rhodobacter sphaeroides, and 
Rhodobacter capsulatus) consists of three polypeptide protein subunits, four 
bacteriochlorophylls, two bacteriopheophytins, two quinones, and a non-
heme iron (Straley et al., 1973). Reaction center preparations from Rp. 
viridis also have an additional bound cytochrome subunit which contains 
four c-type heme groups. The three conserved polypeptide subunits in all 
these species are labeled H (for heavy), M (for and L (for light) 
from their apparent molecular weights from SDS polyacrylamide gel 
electrophoresis (Okamura et al., 1974). The secondary and tertiary 
structure of the Land M subunits are related by approximate C2 symmetry. 
Moreover, the prosthetic groups of the reaction center protein arranged 
along two branches of the Land M subunits also are related by the C2 
rotation axis which passes through the non-heme iron (Figure I). Two of 
the bacteriochlorophylls strongly interact with each other and form the 
primary electron donor special pair, designated P (Norris et al., 1971). 
Adjacent to the special pair are the two accessory (bridging) 
bacteriochlorophylls (BL and BM), one along each branch related by the C2 
axis. Next to the monomeric bacteriochlorophylls are the two 
bacteriopheophytins HL and HM (HL next to BL and HM next to BM), 
followed by the two quinones QA and QB (QA next to HL and QB next to 
HM). The non-heme iron is between the two quinones and lies on the C2 
axis which extends to the midpoints of the two Mg atoms of the special 
pair. 

In about approximately 3 ps at room temperature, the electron is 
transferred from the singlet excited state of the special pair donor (P) to 
the bacteriopheophytin associated with the L subunit (HL) (Holten et al., 
1980). The electron is then transferred to QA in approximately 200 ps 
(Rockley et al., 1975; Kaufmann et al., 1975). There are three major 
unresolved issues concerning the initial electron transfer in the purple 
photosynthetic bacteria. One is the unidirectionality of the electron 
transfer. Even though there are two roughly equivalent branches of 
chromophores related by a pseudo C2 symmetry axis, the electron transfer 
occurs only down the one branch that is most closely associated with the L 
protein subunit. A second is the role of the accessory bacteriochlorophyll 
(BJ in the initial electron transfer mechanism. Does the BL work through 
superexchange or is it just a short lived intermediate? The difference 
between the two mechanisms is that P+BLHL is a true chemical 
intermediate in the sequential mechanism but is not in the superexchange 
mechanism. The third and last aspect is the temperature dependence of the 
electron transfer chemistry. This paper addresses only with the issue of 
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FIGURE I. Stick drawing of the reaction center showing the two 
potential chemical pathways and the associated C2 symmetry. 

unidirectionality of the initial 3 ps electron transfer step and neglects 
subsequent electron transfers. 

DISCUSSION 

Because the pigments involved are identical and nearly 
symmetrically arranged along the two possible electron transfer pathways, 
any major disruption of this symmetry needs to be examined as a 
contributor to the possible cause for the unidirectional electron transfer. 
Numerous deviations from exact C2 symmetry between the Land M 
branches are caused by different amino acids in symmetry related positions 
of the protein. One explanation for the unidirectionality of electron 
transfer is that the relative energy levels for electron transfer intermediates 
along the two pathways depends on the specific amino acid groups near the 
pathway, thus affecting the electron transfer rate down each of the two 
branches. One protein asymmetry which has attracted attention is the 
tyrosine residue at position M208 and its symmetry related phenylalanine 
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residue at position L181 (Tiede et al., 1988). Molecular dynamics 
calculations of Parson et al. (Parson et al., 1990) indicated that a major 
reason for the unidirectionality might be caused by the energetics of the 
two possible intermediate states P+Bi:HL and P+BMHM. They found that 
P+Bi:HL was approximately isoenergetic with .p and that P+BMHM was 
higher in energy by approximately 5 Kcal/mole (1750 cm-I). This large 
energy difference could effectively make the superexchange and sequential 
mechanisms both have very small rate constants along the M branch 
compared to the L branch, and therefore cause the unidirectionality. They 
also suggested that the main reason the L-branch intermediate energy was 
much lower than the M-branch intermediate energy was due to the 
stabilization caused by the tyrosine M208 residue, and therefore this 
residue may be the main reason for the unidirectional electron transfer in 
the reaction center. 

Through the use of site-specific mutagenesis, this hypothesis can be 
checked experimentally by changing the tyrosine residue, and in fact has 
been done by several different groups (Finkele et al., 1990; Nagarajan et 
al., 1990; Chan et al., 1991). Two of the groups have focused on 
symmetrizing the two branches at these residues by the substitution TyrM2IO 
-+ Phe in Rb. sphaeroides or by making the L branch unfavorable with the 
substitutions TyrM210 -+ Leu (Finkele et al., 1990) and TyrM2IO -+ Iso 
(Nagaraj an et al., 1990). They found that the electron transfer rate was 
slower for these three mutants and suggested this was a confirmation of 
their electrostatic calculations (Parson et al., 1990). The third group (Chan 
et al., 1991) has also studied the mutant TyrM208 -+ Phe in Rb. capsulatus 
(the numbering for Rb. capsulatus is the same as Rp. viridis for the M 
subunit, but Rb. sphaeroides has two additional amino acids and the 
numbering scheme is 2 higher at this location), but in addition the two 
other possible mutants with either a tyrosine or phenylalanine at the 
positions M208 and L18l. With these two additional mutants (PheL181 -+ 

Tyr and TyrM208_PheL18I -+ PheM208_ TyrL181), the question regarding the 
importance of the tyrosine for the unidirectionality can be better addressed 
because the double mutant which reverses the asymmetry at these residues 
can give a decisive answer depending on which branch the electron transfer 
occurs. If the break in symmetry between the TyrM208 and PheL18I is solely 
responsible for the unidirectionality, then the mutant TyrM208 -+ Phe should 
cause the electron transfer down both branches and the double mutant 
TyrM208_PheL18I -+ PheM208- TyrL18I should cause the electron transfer to 
occur solely down the normally inactive M branch. 

For these two mutants, the measured stimulated emission decay 
time constants were 9.2 ps and 3.5 ps respectively at room temperature 
(Table 1). To determine along which branch or branches the electron 
transfer was occurring, the Qx bacteriopheophytin ground state absorption 
was monitored (the two bacteriopheophytins are resolved and the active 
bacteriopheophytin BL has been determined to have a ground state 
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absorption at 545 nm by linear dichroism of oriented Rp. viridis crystals) 
(Knapp et al., 1985). For electron transfer to occur down the L branch, the 
ground state bleaching at 545 nm would be observed. Electron transfer 
down the normally inactive M branch would show ground state bleaching 
of the bacteriopheophytin at 529 nm. For both of these mutants, only 
bleaching at 545 nm was observed and none at 529 nm. Even though the 
symmetry had been reversed in the protein at residues M208 and LI81 to 
favor the inactive M branch, the electron transfer still occurred solely down 
the L branch. These results clearly indicate that the TyrM208 residue cannot 
be solely responsible for the unidirectional electron transfer in the reaction 
center as previously predicted. However, these results also suggest that 
only a few key amino acid residues could cause the unidirectionality and 
that the symmetry related residues TyrM208 and PheL181 may be some of 
these important residues since changes at these sites can affect the electron 
transfer rate by an order of magnitude. 

1 1 1 
--=--+---
1: obs 1: LI81 1: M208 

TABLE I. Stimulated Emission Decay Time Constants for Rh. capsulatus 
Mutants 

TEMP (K) Tau (ps) 

Wild-Type 293 2.8 ± 0.4 

PheL181 -+ Tyr 296 2.1 ± 0.3 

TyrM208 -+ Phe 296 9.2 ± 1.5 

PheL181_ TyrM208 -+ TyrL181_ PheM208 298 3.5 ± 0.3 

TyrM208 -+ Thr 296 15 ± 3 

PheL181_ TyrM208 -+ ThrL181_ ThrM208 295 29 ± 5 

Since the residue PheL181 is further than loA away from both BL 
and HL, changes in this residue should have little effect on either of the 
two possible electron acceptors on the normally active L branch. But this 
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residue is within van der Waals contact with each half of the special pair, 
PL and PM (Table 2), and could affect the electron transfer directly by 
affecting the primary donor. Since the lowest energy absorption maximum 
for the special pair remains approximately the same for this series of 
mutants, it appears that the charged state P+Bi:HL and P+BLHi: are most 
affected by these mutations at LI8I. An amino acid at the symmetry 
related M208 position is in van der Walls contact with all the chromophores 
associated with the electron transfer (PL, PM' BL, and HJ and can likewise 
affect the intermediate states P+Bi:HL and P+BLHi:. From the proximity of 
these two amino acids and the observation that the a mutant with a tyrosine 
at Lt8t facilitates right way electron transfer, a parallel resistor model was 
used to rationalize the changing rates for the different mutants at LI8t and 
M208. In this model, amino acids at both LI81 and M208 can act 
independently to affect the electron transfer rate given by the equation: 
The agreement between the predicted and experiment rate constants for the 
wild-type and double mutant (PheL181 _ TyrM208 -+ TyrL181_PheM208) based 
on TPbe and TTy obtained from the mutants TyrM208 -+ Phe and PheL181 
-+Tyr respectively is quite reasonable considering the approximations and 
simplicity of this model. This model predicts a time constant of 3.4 ps for 
the wild-type and double mutant (the same since each organism has one 
tyrosine and one phenylalanine at the two locations) and experimentally the 
time constant was found to be 3.5 ps for the double mutant and 2.8 ps for 
wild-type. 

TABLE 2. Distances Between Chromophores and Amino Acid Residues 
M208 and LI81 

CHROMOPHORE RESIDUE DISTANCE 

PL LI81 4.3 A 
PM LI81 4.4 A 
BL LI81 12.5 A 
BM LI81 4.9 A 
HL LI81 13.6 A 
HM LI81 3.6 A 

PL M208 4.1 A 
PM M208 3.5 A 
BL M208 4.2 A 
BM M208 12.0 A 
HL M208 3.3 A 
HM M208 13.5 A 
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In addition we have measured the initial electron transfer rate in a 
TyrM208 -+ Thr mutant and found 7'0b6 = 15 ± 3 ps at room temperature 
(Chan et al., 1991). According to our parallel resistor model above, the 
electron transfer time constant of 15 ps is largely the result of the amino 
acid PheL181• This model predicts that the mutant with PheL181 _ TyrM208 -+ 

ThrL181 _ ThrM208 will exhibit a 7' obs of less than 39 ps. Since these two 
symmetry related amino acid sites (i.e., M208 and LISI) have too little 
influence on the overall electron transfer process to control completely the 
unidirectionality (as demonstrated by these experiments), then other 
additional factors or residues will contribute and the 39 ps prediction is the 
upper limit for the electron transfer rate for the double Thr mutant. 
Recent preliminary experimental results have found that 7'obs = 29 ± 5 ps 
for this double Thr mutant. This result supports the general view that both 
the M208 and LI81 residues do influence the initial kinetics of electron 
transfer, but not sufficiently to be the sole cause of the unidirectionality. 

CONCLUSIONS 

The parallel resistor model can be placed on more conventional 
theoretical grounds by employing standard electron transfer theory. In a 
more elaborate treatment we view the effect of the amino acid groups at 
LI81 and M208 as affecting the energy of P+BLHV In addition we include 
the fact that M208 is closer to BL than BM and thus the effect of the LI81 
group is less than the effect of the M208 group on influencing the reaction 
rate down the active side. All things considered suggest that several 
additional symmetry breaking groups of the protein are involved in the 
unidirectionality (Scherz, 1989). Four or five aromatic amino acids are in 
the nearest protein shell along the prosthetic groups of the active electron 
transfer network but are missing on the inactive side in more than several 
photosynthetic organisms. This suggests that new mutants constructed by 
genetically manipulating these few aromatic amino acids can greatly change 
the asymmetry of the two branches. Only when a genetically altered 
reaction center protein is made that has electron transfer occurring down 
the M branch will the issue of unidirectionality be completely resolved. 
These experiments are currently in progress. Since the reaction center is a 
membrane bound protein a better understanding of its structure and 
function will contribute to the data base for all trans-membrane proteins. 
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