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The primary electron transfer processes in bacterial photo
synthesis occur in a membrane protein complex known as the 
reaction center (RC).1 Bacterial RCs consists of 10 cofactors 
(four bacteriochlorophylls (BChs), two bacteriopheophytins 
(BPhs), two quinones, a non-heme iron center, and a carotenoid) 
located in three polypeptide subunits designated by L, M, and 
H. The primary donor is a closely associated pair of BChs, 
known as the special pair (P). The primary acceptor is the BPh 
pigment in the L subunit.' The X-ray crystal structures of RCs 
reveal that the BCh and BPh pigments are arranged in the L 
and M subunits such that the macroscopic symmetry is 
approximately C2.2-4 However, this symmetry is broken by 
subunit-specific pigment—protein interactions. There are also 
asymmetries in L- versus M-side amino acid residues which 
do not directly interact with the pigments. The asymmetrical 
distribution of amino acid residues in the L versus M subunits 
is presumably responsible for the fact that the primary electron 
transfer proceeds only along the L side.5 The possibility that 
the asymmetrical distribution of protein residues might be 
responsible for the unidirectionaUty of electron transfer has led 
to the characterization of a variety of genetically modified RCs 
in which the L- versus M-side asymmetries have been altered.6-8 

To date, however, no mutations have been made that alter the 
unidirectionality of electron transfer. 
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The fact that alteration of specific protein residues has no 
effect on the unidirectionality of electron transfer suggests that 
this property is determined by global environmental differences 
on the L versus M side of the RC. Recently Boxer and co
workers obtained experimental evidence in support of this 
hypothesis.9 These workers showed via Stark effect measure
ments that the effective dielectric constant (<?eff) on the L side 
is substantial (eeff(L) as high as 11) and considerably higher 
than that on the M side (eeff(M) ~ 2). The higher dielectric 
constant on the L side would preferentially stabilize charge-
separated states such as P+BChL- and P+BPhL- versus P+BCIiM-

and P+BPhM-. The results of the Stark effect experiments are 
consistent with those of theoretical studies which predict that 
the energies of the former states are lower than those of the 
latter.'0 

If the dielectric asymmetry in the RC is in fact as large as 
that measured in the Stark effect experiments, this asymmetry 
should be manifested in other spectroscopic signatures of the 
L- versus M-side pigments. In particular, it is known that the 
frequency of the (Vketo carbonyl stretching vibration (vc9=-o) 
of chlorophyll is extremely sensitive to the dielectric properties 
of the host medium.'' In aprotic solvents, the frequency of this 
mode is described reasonably well by the relationship 

r € - \ n 2 - \ 

where e is the dielectric constant of the medium, n is the 
refractive index, and Vo and C are empirically determined 
constants.1 lb This relationship predicts that dielectric asymmetry 
in the RC could result in frequency differences in the It9=O 
modes of the L- versus M-side pigments that are as large as 
10-20 cm-1.12 

In this communication, we explore the issue of dielectric 
asymmetry in RCs via resonance Raman (RR) spectroscopic 
studies of wild-type and genetically modified RCs from Rhodo-
bacter capsulatus. The RR experiments focus on the vc9=o 
modes of the BPh cofactors. The BPhs were targeted for study 
because scattering from these pigments can be selectively 
enhanced with the appropriate choice of excitation wave
length.1415 In the present study, Qy(l,0) excitation was used 
because the desired selectivity is achieved and the Vc9-O modes 
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Figure 1. Qy(l,0) excitation (Aex = 676.4 nm) RR spectra of wild-
type (left panel) and E(L104)L mutant (right panel) RCs from Rb. 
capsulatus observed in the region of the vc,=o modes of the BPhs. 
The spectra of chemically reduced (QA-) and oxidized (P+) RCs are 
shown in the top and bottom traces of each panel, respectively. The 
laser power was ~ 1 mW; the temperature was 200 K. 

scatter very strongly.14 The vc9=o modes of the BPhs are also 
preferred targets because their frequencies lie in a spectral region 
which allows unambiguous assignments to be made.'415 In 
contrast, there are still uncertainties in the assignments for the 
Vc9-O modes of the BChs (and the C2a=0 acetyl stretches of 
the BPhs and BChs).14b The new RR data reported in the 
present study are consistent with the existence of a significant 
dielectric asymmetry in the RC. The data are also consistent 
with the direction and magnitude of the asymmetry measured 
in the Stark effect experiments.9 

The Qy(l,0) excitation (Aex = 676.4 nm) RR spectra of wild-
type and E(L104)L mutant RCs from Rb. capsulatus observed 
in the region of the vc9=o modes of the BPhs (1665—1715 cm-1) 
are shown in Figure I.16 In the mutant, the glutamic acid at 
position L104, which forms a hydrogen bond to the C9=0 group 
of BPhL in wild-type, is replaced by a non-hydrogen-bonding 
leucine.6b The RR spectra of chemically reduced (QA -) wild-
type RCs (top left trace) exhibit two prominent bands near 1706 
and 1682 cm"1. These bands are assigned to the Vc9=O 
vibrations of BPhM and BPhL, respectively, by analogy to 
previous assignments made for the BPhs in RCs from Rb. 
sphaeroides wild-type.1415 The lower frequency of the Vc9=O 
mode of BPhL relative to that of BPhM has generally been 
attributed to a strong hydrogen-bonding interaction between the 
keto group and the E(Ll 04) residue.15 In contrast, no residues 
are in a position to hydrogen bond to the C9-keto group of 
BPhM,6b hence the higher frequency of its Vc9=O mode. The 
RR spectrum of QA~ RCs from the E(L104)L mutant (top right 
trace) also exhibits two prominent features in the 1665—1715-
cm~' range. One band is at 1704 cm-1, which is within 
experimental error of the frequency of the Vc9=O mode of BPhM 
in wild-type RCs. The other band occurs at 1690 cm-1, which 
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is ~8 cm-1 higher than that observed for the Vc9=O mode of 
BPhL in wild-type RCs. The higher frequency for the vc9=o 
mode of BPhL in the mutant is consistent with removal of the 
hydrogen-bonding residue at position L104. Surprisingly, 
replacement of this residue results in an upshift that only 
compensates for approximately one-third of the frequency 
difference observed for the Vc9=O modes of BPhL versus BPhM 
in wild-type RCs. This result indicates that a significant 
asymmetry exists between BPhL and BPhM above and beyond 
that resulting from specific interactions with the E(L104) 
residue. The frequency difference between the Vc9=O modes 
of BPhL and BPhM in the E(L104)L mutant cannot be due to 
formation of a new hydrogen bond to the former pigment or to 
other mutation-induced structural differences between the two 
pigments. Indeed, the E(L104)L mutation eliminates asym
metries in the absorption6bc and ring-skeletal vibrational7b 

spectra of BPhL and BPhM that are characteristic of wild-type 
RCs.14b The fact that BPhL is closer to the negatively charged 
quinone (QA -) is also not a determinant of the frequency 
difference between the vc9-o modes of BPhL and BPhM- These 
frequencies are independent of the oxidation state of QA in both 
the E(L104)L mutant and wild-type RCs (data not shown). An 
alternative explanation for the lower frequency of the vc,=o 
vibration of BPhL is that this pigment resides in a region of 
intrinsically larger eeff- The ~14-cm-1 frequency difference 
observed for the vc9=-o modes of BPhL versus BPhM in the 
E(L 104) mutants is predicted by eq 1 using values of e"eff(L) 
and eeff(M) that are within the range determined in the Stark 
effect studies.9 The fact that symmetrization of the structure 
and local environment of the two BPhs in the RC compensates 
for only a fraction of the asymmetry between the cofactors 
explains why the E(L104)L mutation does not affect the 
directionality of electron transfer and also why the kinetics of 
this process are only slightly different from those of wild-type.6b 

In order to further explore the effects of dielectric asymmetry, 
RR spectra were also recorded for chemically oxidized RCs 
(P+) (Figure 1, bottom traces). These spectra reveal that the 
formation of P+ results in significant downshifts of the vc9=o 
modes of the BPhL in both wild-type and E(L104)L mutant RCs. 
In contrast, negligible effects are observed on the frequencies 
of the Vc9-O modes of the BPhM cofactors. These results are 
consistent with those made in previous RR studies of wild-type 
RCs from Rb. sphaeroides.14 The lower frequency observed 
for the vc9=o mode of BPhL in P+ versus QA~ RCs could arise 
if eeff(L) of the former RCs is larger than eeff (L) of the latter. 
This result is qualitatively consistent with the prediction of the 
Stark effect experiments.9 The increase in eeff(L) would tend 
to preferentially stabilize charge-separated states on the L side 
of the RC. It should be stressed, however, that the oxidation-
induced RR downshifts are larger (particularly in the mutant) 
than those expected on the basis of the difference in €eff (L) 
determined from the Stark effect measurements. This result 
indicates that BPhL experiences additional perturbations (besides 
changes in ee« (L)) upon oxidation of P. Regardless of the origin 
of the oxidation-induced perturbations, the fact that oxidation 
affects only the BPh on the active electron-transfer branch 
suggests that cooperative events occur in the RC which could 
influence the directionality of electron transfer. We are currently 
in the process of investigating this issue. 
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