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Time-resolved spectroscopy in conjunction with X-ray structural data for reaction centers of Rhodopseu- 
domonas viridis and Rhodobacter splmeroides reveal a branching ratio a > 5 for the primary electron-trans- 
fer rates, favouring one of the two, almost symmetrical pigment/protein branches, L and M. In this paper 
we explore the origins of this unidirectionality of electron transfer between the excited singlet state of the 
bacteriochlorophyll dimer (i p , )  and the bacteriopheophytin (H) along the L protein subunit. Nonadiabatic 
electron-transfer theory is applied to analyze the asymmetry of the electron-transfer rates, k L and k M 
across the L and M branches. The asymmetry originates from the cumulative contributions of the nuclear 
Franck-Condon factor and the electronic coupling, both of which enhance the electron transfer rate across 
the L branch. The nuclear Franck-Condon factors are modified by the energy difference AELM between the 
states P +H L and P +HM, which is induced by the electrostatic interactions of these ion-pair states with the 
protein polar groups, as well as by asymmetric Coulomb and medium polarization interactions. The 
computation results in AELM = -- (0.09 + 0.04) eV, which yields a nuclear enhancement contribution at 300 
K of 1.5 (+0.8,  -0.3) to k L / k  M and therefore is insufficient to explain alone the observed asymmetry in 
reaction centers of Rps. viridis. Another contribution to the unidirectionality originates from electronic 
superexchange coupling for 1p*-B-H via the virtual states of the accessory bacteriochlorophyll (B). The 
ratio of the intermolecular 1p*-B L and 1P*-B M electronic interaction terms was evaluated utilizing the 
tight-binding approximation with SCF-MO wavefunctions, together with the structural data for the pros- 
thetic groups and for the polar amino acid side chains of the protein in reaction centers of Rps. viridis. The 
contribution to the enhancement of k L / k  M by the electronic superexchange is approx. 8 + 4 .  This 
asymmetry was traced to the combination of an excess negative charge density on the M-dimer component 
PM, together with structural asymmetry, which enhances the PM-BL electronic overlap. Consequently, the 
IP*-BL-H L superexchange is favoured over the tP*-BM-H M interaction. The combined effects of 
asymmetric nuclear Franck-Condon factors and electronic couplings yield a branching ratio of the 
electron-transfer rates along the two pigment branches in reaction centers of Rps. viridis of an approx. 12 
( - 7, + 15). This is sufficiently large to explain the experimentally observed unidirectionality. 

Abbreviations: RC, reaction center; P, bacteriochlorophyll di- 
mer consisting of two components: Pt. and PM (L for light 
weight, M for medium weight protein subunits); B, accessory 
bacteriochlorophyll; H, bacteriopheophytin; D, electron donor; Correspondence: M.E. Michel-Beyerle, Institut fiir Physika- 
A, electron acceptor; AAR, amino acid residue; SCF-MO, lische und Theoretische Chemic, Technische Universit~it 
self-consistent-field-molecular-orbital. Miinchen, Lichtenbergstrasse 4, 8046 Garching, F.R.G. 
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Introduction 

The crystallographic data for the reaction center 
(RC) of the photosynthetic bacterium Rhodo- 
pseudomonas oiridis [1] resulted in extensive infor- 
mation concerning the spatial arrangement of the 
prosthetic groups involved in the primary charge 
separation events. These prosthetic groups include 
four bacteriochlorophyll-b (B), two bacteriopheo- 
phytin-b (H) and two quinone molecules which 
are located in the two protein subunits, M (medium 
weight) and L (light weight), forming the M and L 
branches of the RC. The two branches exhibit an 
approx. 2-fold rotation symmetry (Fig. 1). Two B 
molecules very close to the rotation axis exhibit a 
short interplanar distance of approx. 0.3 nm, thus 
forming a dimer P (the 'special pair '  [2,3]). Next to 
each of the dimer components PL and PM are the 
accessory monomers B L and B M followed in each 
branch by an H molecule. The sequence of pros- 
thetic groups in the two branches is terminated by 
quinones, one of which being lost during the crys- 
tallization of the RC. Thus, the structure of the 
RC of Rps. viridis reveals that the spatial and 
orientational ordering of the pigments are almost 
identical in the two branches. One outstanding 
problem is the unidirectionality of the electron- 
transfer process along the L branch of the RC. 
The experimental evidence for the gross unidirec- 

P 
/ . , ,  

B M ,10.8 ~ 10.7 

i 

Fig. 1. An overview of the structure of the prosthetic groups in 
the RC of Rps. viridis [1]. The centre-to-centre distances are 

given in 10 -1 nm with an accuracy of _+0.02 nm. 

tional charge separation in the RC rests on the 
following experimental observations. 

Specific reduction of the bacteriopheophytin at the L 
branch 

Recent femtosecond time-resolved studies of 
the RCs of Rhodobacter sphaeroides [5,6] and Rps. 
viridis [7] which were excited to the singlet state of 
the dimer, 1p . ,  revealed that the photooxidation 
of P and the reduction of H occur simultaneously 
with a half lifetime of 2.8 + 0.2 ps and no evidence 
exists for the kinetic involvement of the accessory 
B as an electron acceptor in these RCs [5-7], as 
already suggested by picosecond time-resolved 
data [8]. Only one H molecule is reduced in the 
primary electron-transfer process as already shown 
in previous picosecond time-resolved absorption 
measurements [9,10]. The Qx electronic excitations 
of H L and of H M are different, being located at 
543 nm and at 530 nm, respectively. Electron 
transfer from 1p.  results in the bleaching of the 
543 nm band of H L, while the 530 nm band of 
H M is immune to bleaching, providing evidence 
for the selective formation of H L. Taking into 
account the strong overlap of the Qx transitions of 
H L and H M at room temperature and the sensitiv- 
ity of picosecond absorption experiments, a lower 
limit for the branching ratio of the primary elec- 
tron-transfer rates, k L and k M from l p .  to H L 
and to H M, respectively, exceeds k L/k  M > 5 for 
RCs of Rps. viridis and Rb. sphaeroides. 

Chemical evidence 
In RCs of Rb. sphaeroides, R-26, specific cheria- 

ical reduction of the accessory bacteriochlorophyll 
[11] at the M branch * does not modify the rate 
for the primary electron transfer [12] from 1p.  to 
H L, providing further evidence for the dominance 
of this route of charge separation. 

Delayed fluorescence from i p .  
The time-resolved, low yield multiexponential 

fluorescence from RCs of Rps. viridis [13,14] and 

* Recent resonance Raman studies on RCs of Rb. sphaeroides, 
R-26, identified the reduced bacteriochlorophyll monomer 
with the one at the M branch (Beese, D., Steiner, R., Scheer, 
H., Robert, B. and Lutz, M., Photochem. Photobiol., in 
press). 
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Rb. sphaeroides [15] can be explained in terms of 
parallel electron transfer along the L and M 
branches with a branching ratio for the primary 
electron-transfer rates being kL /k  M = 6 for Rps. 
viridis, so that the dominating route of charge 
separation would occur across the L branch. 

The unidirectionality of the primary charge 
separation across the L branch is surprising in 
view of the nearly symmetric configuration of the 
prosthetic groups in the two branches, which are 
characterized by an (approximate) overall C 2 sym- 
metry. A scrutiny of the detailed spatial and orien- 
tational arrangement of the pigments ('structural 
engineering') and of the environmental effects of 
the protein medium is required to elucidate the 
causes for the unidirectionality of the electron 
transfer process. The characterization and specifi- 
cation of the structural and environmental effects 
require information on the spatial ordering of the 
prosthetic groups, which is similar in Rps. viridis 
[1] and in Rb. sphaeroides [16] as well as informa- 
tion on the distribution of the protein residues in 
the RC which is currently available for Rps. viridis 
[17,18]. In what follows we shall invoke the basic 
assumption that the RCs of different purple 
bacteria have essentially similar structures. The 
paradigmatic structure is that of the RC of Rps. 
viridis. 

In this paper we explore the unidirectionality of 
electron transfer in the RC assessing both the 
implications of 'structural engineering' of the 
prosthetic groups and the specific environmental 
effects exerted by the protein medium. On the 
basis of a recent analysis [19,20] we assert that 
dynamic protein medium effects on electron trans- 
fer, which originate from vibrational excitation 
and relaxation of the medium parallel to the elec- 
tron-transfer process, are of minor importance for 
the primary reaction in the RC. This state of 
affairs prevails when the medium induced vibra- 
tional excitation and relaxation processes are fast 
on the time scale of the microscopic electron- 
transfer processes from the relevant vibronic levels 
[19,20]. Under these circumstances the electron 
transfer dynamics can be described in terms of 
conventional nonadiabatic theory [21-23]. 

We shall now proceed to address some of the 
possible sources of asymmetry in the dynamics of 
primary charge separation in the RC. 

(1) The most natural cause of asymmetry is the 
difference in the energies of reaction along the two 
branches. Such differences result from shifts in the 
energies of the ion-pair P + H - ,  which are induced 
by specific interactions with the protein polar 
groups as well as from asymmetric Coulomb and 
medium polarization interactions. Changes in the 
reaction energies influence the reaction rates 
through the modification of activation energies. It 
will be shown in the Section Asymmetric electro- 
static stabilization of ion-pair states that this cause 
of asymmetry is not sufficient to explain the ob- 
served unidirectionality. 

(2) A second, and less obvious source of asym- 
metry could be traced to the electronic coupling 
elements. Due to the almost exact C 2 symmetry of 
the prosthetic groups no asymmetry is expected in 
the direct coupling between 1p,  and P+H- .  The 
asymmetry arises in the superexchange mechanism 
[24-36] which is much more sensitive to small 
structural and environmental differences. 

Electron-transfer dynamics 

In order to establish the origin of the asymme- 
try in the electron-transfer rate constant for the 
primary charge separation between the L and M 
branches in the RC we shall start from the basic 
equations and check the possible contributions of 
different parameters. The general formal expres- 
sion for the nonadiabatic electron-transfer rate 
constant is given [23,27] as 

2'rT 
k = T I V I Z F  (1) 

V is the electronic interaction term and F is the 
thermally averaged Franck-Condon nuclear over- 
lap factor. 

Nuclear Franck- Condon factors 
First, we consider the nuclear overlap. Provided 

that the frequencies of the nuclear modes, h,.,, are 
sufficiently low relative to the thermal energy kBT, 
where k B is the Boltzmann factor, the classical 
high-temperature limit of F is applicable, being 
given by the Marcus relation [37]: 

F =  (4~XkBT) -1/2 e ~:"/kBr (2) 



where the activation energy E, is given by 

( A E - X )  2 
E. 4~ (3) 

X is the medium reorganization energy and AE is 
the (free) energy gap between the initial and final 
states in their equilibrium geometries *. For the 
primary electron-transfer process involving P and 
other prosthetic groups which contain porphyrin 
groups, the distortions of the nuclear configura- 
tions, which accompany electron transfer originate 
mainly from the protein modes [38]. For these 
nuclear protein modes in the RC it was estimated 
[38] that hw = 100 cm -~ so that Eqn. 2 holds at 
room temperature. 

The electron-transfer rate is then given by 

k 2~rV 2 1 = ~__(4~r?~knT ) -  /2 e-E./kaT (4) 

Electronic coupling 
We shall now focus on the primary electron- 

transfer process between ~P* and H, which may 
proceed via alternative mechanisms, for example: 

(i) sequential electron transfer 1 P * B H ~  
P + B - H  ~ P+BH-,  with the participation of B- 
as a kinetic intermediate [39]; and 

(ii) single-step electron transfer 1 P * B H ~  
P+ BH-, which is mediated by superexchange in- 
teractions (Refs. 24, 40, 64 and 65; see also Bixon, 
M., Michel-Beyerle, M.E., Ogrodnik, A. and 
Jortner, J., unpublished data). A recent study [41] 
favoured the two-step sequential mechanism (i), 
assuming that the electronic superexchange inter- 
action is too low to account for the primary 
electron-transfer rate. However, once the depen- 
dence of the electronic matrix element on the 
nuclear configuration is incorporated [4] the su- 
perexchange electronic interaction is sufficiently 
large to make mechanism (ii) plausible. Further- 
more, the analysis of the temperature-independent 
exchange integral [4] for the P + H -  radical pair, as 
inferred from magnetic-field dependent recombi- 
nation dynamics in RCs of Rb. sphaeroides pro- 

* As shown in the footnote on p. 58 the energy change A E 
equals the free-energy change AG for reaction centers of Rb. 
sphaeroides. 
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vides strong evidence against the sequential mech- 
anism (i). We conclude that the primary electron- 
transfer process involves single-step electron 
transfer, with the electronic interaction term, V, 
being dominated by superexchange via a 'virtual' 
P +B- ion-pair state. Therefore, the analysis of this 
paper will be based on the superexchange mecha- 
nism. 

The superexchange interaction 1p*-B-H is de- 
scribed by the mixing of the mediating (singlet) 
ion pair state IP+B - )  into the singlet excitation 
[1p. B) [40,42]. The mixed excited state is 

[ * ) = a [ 1 p * B ) + f l l P  + B - )  (5) 

where a and fl are the mixing coefficients, which 
can be obtained from the secular equation 

[E(1P*B) - E ( * ) ] a +  VDS r =  0 

VDsa+[E(P + B - ) -  E(*)] f l  = 0 (6) 

where E(IP*B), E(P+B -) and E(*)  are the en- 
ergies of the states l iP*B),  IP+B - )  and 1"), 
respectively, while VDS is the electronic coupling 
between the donor state and the mediating state 

Vos = (1P* B[ JgIP+ B-  ) (7) 

with ~ff being the electronic Hamiltonian of the 
system. When the energy gap BEDs = E(P+B -) - 
E(~P* B) exceeds VDS, the first-order perturbative 
expression for fl applies, with 

VDS 
f l = ~  f o r a ~ l  (8) 

It is important to emphasize that BEDs is the 
energy gap at the nuclear configuration of the 
intersection between the final and the initial 
nuclear potential surfaces. The electronic interac- 
tion, which appears in Eqn. 1 is 

V =  (* [,,,fliP+ H -  ) (9) 

Making use of Eqns. 5 and 9 one gets 

V = O~VDA = ]~VsA (10) 

where 

VDA = ( 1 p * B [ ~ [ P + H - )  (11) 
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VSA = (P+B- HI~IP + BH-) (12) 

Eqns. 8 and 10 yield the perturbative result 

VDsVsA 
V ~-~ VDA+ ~EDs (13) 

which corresponds to a sum of direct donor/  
acceptor interaction and of indirect coupling via 
the mediating B state. The P-B and B-H distances 
are considerably shorter than the P-H distance 
(Fig. 1). In view of the exponential dependence of 
VDS , VSA and VDA on the distance between the 
relevant prosthetic groups one expects that for a 
sufficiently small energy gap the second term in 
Eqn. 13 dominates, resulting in 

VDSVSa V = - -  (14) 
3EDs 

Eqn. 14 corresponds to the superexchange-in- 
duced electronic interaction. 

Ratio of electron-transfer rate constants along the L 
and M branches 

As we are interested in the asymmetry between 
the L and M branches at ambient temperatures let 
us investigate the expression for the ratio of the 
two electron-transfer rate constants k L and k M 
according to 

2 

k M V M ~ X L ]  

Evidently each branch L (or M) is characterized 
by three parameters V L (or V M), XL (or XM) and 
EaL (or EaM ). The activation energy, in turn, is 
expressed in terms of the energy of reaction AE L 
(or AEM) and the reorganization energy X L (or 
X M) according to Eqn. 3. 

Eqn. 15 provides a general expression for the 
ratio of the rates k L / k  M in the nonadiabatic 
high-temperature case. In view of the similarity of 
the protein structure we shall assert that XM = XL 
and explore the consequences of asymmetry in the 
energetics and electronic coupling of the electron- 
transfer process on the ratio k L / k  M. The asymme- 
try in the activation energies EaL and EaM is 
determined by the differences in the energies of 
reactions AE L and AE M, which originate from 

specific interactions of P + HE and P +H~ with the 
protein medium. The specification and characteri- 
zation of these environmental effects requires de- 
tailed structural information on the distribution of 
the polar protein residues in the RC, which will be 
summarized in the next Section and is utilized in 
the section thereafter to estimate the energetics of 
the charge-transfer states across the L and M 
branches and their contributions to k~_/k M. The 
second ingredient which may contribute to the 
modification of k L / k  M, Eqn. 15, is an asymmetry 
in the electronic coupling terms V c and V M. In the 
Section Electronic coupling we shall explore both 
geometric and environmental effects on the elec- 
tronic coupling term. 

The specific protein environment of the prosthetic 
groups 

The RC complex of Rps. viridis consists of 
three distinguishable regions: the central part 
(core) containing prosthetic groups associated with 
the L and M protein subunits, a globular cyto- 
chrome and a globular H subunit. The L and M 
proteins in the core constitute a mostly nonpolar 
environment, being essentially devoid of charges 
and polar groups, with several notable exceptions, 
which pertain to the specific environment of 
several prosthetic groups. The following structural 
information [17,18] regarding the specific environ- 
mental features of the pigments is relevant for the 
elucidation of the electrostatic control mechanism: 

The dimer environment 
The dimer is surrounded by several polar amino 

acid residues (Fig. 2). The PL component of P has 
a histidine group (L 173) bound to Mg 2+, another 
histidine group (L 168) hydrogen bound to the 
acetyl group and a threonine (L 248) bound to the 
carbonyl group of ring V. The PM component of P 
has a histidine group (M 200) bound to Mg 2+, 
and a tyrosine group (M 195) which is hydrogen 
bound to the acetyl. There is asymmetry in the 
distribution of the protein polar groups with re- 
spect to the PL and PM components of the dimer. 

The environment of the accessory bacterio- 
chlorophylls 

The Mg atoms of both B's are liganded to 
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• H3c_ox_HIS (L168] HIS(L173] > r - - ~  THR(L2~,B) 

HIS (M200) \ TYRIM1951 ~.~ 
-L 

Fig. 2. Polar amino acid residues around the dimer in RCs of 
Rps. viridis. [18]. 

histidine residues (Be to L 153 and B M to M 180). 
There is a considerable number of Van der Waals 
interactions, but in contrast to the dimer and the 
bacteriopheophytins hydrogen bonds between the 
B's and the surrounding amino acid residues are 
not formed. In RCs of the carotinoidless mutant 
of Rb. sphaeroides a clear qualitative difference 
exists between BE and B M. The M branch Br. is 
preferentially reduced by sodium borohydride, 
whereas B e remains essentially intact. X-ray crys- 
tallography on RCs of Rps. viridis shows an 
elongated feature in contact with the B M molecule 
which may be the carotenoid. 

The environment of the bacteriopheophytins 
For the H e and the H M prosthetic groups a 

striking environmental asymmetry is exhibited 
with regard to the distribution of both nonpolar 
and polar amino acid residues (Figs. 3 and 4). 
Concerning aromatic residues, the H L is sur- 
rounded by three phenylalanine groups (L 97, L 
121 and L 241), while H M has a single phenyl- 
alanine (M 148) in its immediate vicinity. Pointing 
away into the direction of the dimer we find a 
tyrosine (M 208) and a phenylalanine (L 181) 
close to H E and H M, respectively. Regarding polar 
residues, both He and HM have a single 
tryptophane group (L 100 and M 127) in their 
vicinity, which in both cases is hydrogen bonded 
to the ester groups of ring V. Most important, the 

(, ~ TYR M208 

• '., / 

\ • PHE L2;I 
\ 

~ PRO L12L, 

PHE L97 ( 

/ H'O VAL L117 

/ 

TRP L'r00 ~ ;  .~/ 

.Z.. ~ aLU L104 
- "~ ~/ ~" TRP M250 / 

ILE M25Z, .L - - . .  

Fig. 3. The protein environment of H k in RCs of Rps. viridis 
(181. 

i I PHE L181 

\ 

ILE M104 i 

~ ALA M151 

> ;"- ILE MI(,~ '~ -~ 

/ / 
TI~P M127 ~ ', 

1 _~- VAL M'131 

\ 

VAL L219 T 

Fig. 4. The protein environment of H M in RCs of Rps. Diridis 
[181. 
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H L has a polar glutamate side chain (L 104) in its 
vicinity, which is replaced in the M branch by a 
nonpolar valine (M 131). There exists considerable 
sequence homology [43] of the L and M subunits 
of RCs of Rps. viridis, Rb. sphaeroides and Rb. 
capsulata, having in common a glutamate side 
chain next to H L" This glutamate is protonated, as 
evident from two pieces of spectroscopic data. 
Firstly, vibrational spectroscopic data for RCs of 
Rb. sphaeroides [44] show a redshifted keto- 
carbonyl frequency of H L indicating intermolecu- 
lar hydrogen bonding while H M is free of hydro- 
gen bonding to its keto-carbonyl. Accordingly, the 
glutamate side chain which is selectively bound to 
H L is protonated (distance between the keto- 
oxygen at ring V of H and the protonated carbo- 
xyl-oxygen at the glutamate is approx. 0.29 nm). 
Secondly, new ENDOR data on H -  [45] in RCs of 
Rb. sphaeroides show that hydrogen/deuter ium 
exchange occurs for weakly coupled protons on 
nearby amino acid residues. A preliminary analy- 
sis indicates that a probable candidate for the 
exchangeable proton is the hydrogen bond proton 
between the glutamic amino acid residue and the 
carbonyl oxygen on ring V of H L- 

Asymmetric electrostatic stabilization of ion-pair 
states 

We shall now proceed to examine the energetics 
of the primary electron-transfer process from 1p,  
to H, considering its contribution to the ratio of 
the nuclear Franck-Condon factors in Eqn. 15. 

Estimate of the energetic parameters required for 
k L / k M >  5 

The available information regarding the 
numerical values of the energetic parameters is 
rather scarce. There is a wide scattering of experi- 
mental data for the energy of reaction on the L 
branch, AE L. For  Rb. sphaeroides AE L = 
1200-2200 cm -a *, while for Rps. viridis A E  L 

* Experimental estimates for AG L in RCs Rb. sphaeroides, 
were reported as 1600 cm -1 [46] and 1850 cm - I  [14] at 
room temperature. (In addition, Ref. 46 gives a value AG* 

1200 cm-1  for an initial, unrelaxed charge separated state 
P+ H- . )  Taking the energy difference between the singlet 
( 1 p . )  and the triplet ( 3 p . )  excitations of the dimer as 
approx. 3200 cm -1 [47,48] together with its temperature 

2000 cm - l  [15]. We shall take 1200 cm-l_< AE e 
_< 2000 cm-1. 

An estimate for the reorganization energy h L 
can be inferred from the value of AE L combined 
with the experimental observation that the elec- 
tron-transfer rate is almost temperature indepen- 
dent down to cryogenic temperatures. This activa- 
tionless behaviour limits the values of X L to the 
range 500 cm -1 _< X L _< 1800 cm -1 in case AE L = 
1000 cm -1 and 1200 cm-l_< ;k L < 3500 cm -1 in 
case AE e = 2000 cm-1. From the analysis of elec- 
tron-transfer reactions in the RC [38], other than 
I p * H  ~ P + H - ,  we do not expect X < 1500 cm -1. 
Therefore, we shall take X L to be in the range 
1500 cm -1 _< X L < 3000 cm -1. 

We begin with the rate-enhancement factor that 
involves the ratio of the activation terms in Eqn. 
15 r = exp{ --(E~L -- E~M)/kBT }. We calculated 
the difference of the values of the heat of reactions 
in the L and M branches, AELM = AE e - A E  M, 
which are required to obtain numerical factors of 
2, 4 and 6 for kL/k  M within a range of experi- 
mental values for AE L and XL. We have assumed 
that the reorganization energy has the same value 
for the two branches (X e = X M = X). Fig. 5 repre- 
sents the results of such calculations, each curve 
gives the dependence of AELM on AE e for given 
values of X and the rate enhancement factor r. 
Fig. 5 presents only those parts of the curves that 
are consistent with the activationless property of 
the electron-transfer reaction. One immediate re- 
sult that can be inferred from Fig. 5, is that in 
order to obtain a factor of 5 for k k /k  M the 
change in reaction energy, AELM, must exceed 
1000 cm -1 for AE L = 1500 cm - I  and AELM must 
exceed 1500 cm -1 for AE L = 2000 cm- i .  

It is possible to obtain alternative estimates for 
AELM by using the recent experimental measure- 

independence [48] and the value AG---1300 c m - l  for the 
free-energy gap between P+ H -  and 3 p . ,  one obtains AG L 
-- 1850 c m -  ~ in good consistency with the above data from 
time-resolved fluorescence measurements.  AG (P + H --  3 p .  ) 
has been derived from magnetic-field and temperature-de- 
pendent  recombination data and triplet lifetimes [49] in the 
theoretical framework of spin dynamics (Ogrodnik, A., 
Remy-Richter,  N. and Michel-Beyerle, M.E., unpublished 
results). Since AG(P + H - - 3 P  *) has been shown to be al- 
most  temperature independent in the range 230-295 K, AG 
and AE are assumed to be about equal at room tempera- 

ture. 
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Fig. 5. The dependence of the nuclear enhancement  factor, r, 
of the electron-transfer rate along the L branch at 300 K on 
the energy of reaction AE  L for the L branch, on the difference 
between the energies of reaction AELM for the L and M 
branches and on the reorganization energy 2, in c m - 1  These 

data correspond to (nearly) activationless electron transfer. 

ments of the rate constants of the first charge-sep- 
aration steps in intact and reduced RCs in Rps. 
viridis. The only difference between the two sys- 
tems is the negative charge on the quinone in the 
reduced state. The electrostatic interaction of this 
extra charge with the radical pair P+H L changes 
its energy and diminishes the electron-transfer rate. 
The observed electron-transfer times are 2.8 + 0.2 
ps for the intact and 6.0 + 0.9 ps for the reduced 
state [6,50,51]. The ratio of the rate constants is 
k in t ac t / k r ed  = 2.1 + 0.4. Contributions to this ratio 
may originate from protein-conformational 
changes induced by the presence of Q- and from 
electrostatic interactions. We shall show that the 
latter contribution results in energetic parameters, 
which are consistent with those emerging from the 
previous analysis of Fig. 5. To calculate the elec- 
trostatic interaction energy A(AE) between Q- 
and P+H- we use the crystallographic results 
which give the value 1.4 nm for the center-to-center 
distance between the quinone and H L and 2.8 nm 
for the distance between the quinone and the 
dimer. We obtain A(AE) =e  -] 4.1 • 103 cm -1 = 
e -1 0.51 eV, where e is the effective dielectric 
constant, which is taken in the range 3 < E < 4 
[52]. This limits the change, A(AE), in reaction 
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energy for electron transfer in the untreated RC 
and in the quinone-reduced RC to the range 1000 
c m - I < A ( A E ) < 1 4 0 0  cm -]. The ratio kinta~t / 
kre  d = 2.1 together with this range for A(AE) limits 
us according to Fig. 5 to the range of parameters 
1400 cm -1 < AE L < 2100 cm -t  and 1500 cm -1 < 

2 , <  2100 cm -1. In this range of parameters an 
asymmetry factor r --- 5 would require a change in 
reaction energies of AELM = 1600 cm -1 = 0.2 eV. 

Energy difference between P + H E and P + H ~  
ion-pair states 

We shall now proceed to evaluate the difference 
between the energies of the ion-pair states pro- 
duced in the primary charge separation process 

AELM = E(P  + H L ) - E ( P  + HM) (16) 

by analyzing all possible contributions. The final 
result for AELM will have to be compared with the 
required value of 0.2 eV as estimated. Estimate of 
the energetic parameters required for k L / k m  > 5, 
earlier in this Section. 

We are interested in the energy E(D÷A -) of an 
ion-pair state D÷A -, where D and A refer to the 
electron donor and electron acceptor, respectively. 
The calculation of the energies of the ion-pair 
states in the RC will be based on the conceptual 
frame-work developed for the energies of analo- 
gous ion-pair states in molecular crystals [53,54]. 
Invoking the well-known relationship [53,54] for 
E(D÷A -) 

E ( D + A  - )  = I -  EA + p + C +  8e(D + ) -  Be(D) 

+ # e ( A -  ) - Be(A) (17) 

where I is the ionization potential of the donor P, 
EA is the electron affinity of the acceptor H, p is 
the polarization energy of the nonpolar protein 
medium by D ÷ and A-. 8e(D +) and Be(A-) are 
the electrostatic stabilization energies of D + and 
A-,  respectively, which originate from the interac- 
tion of charges on the prosthetic groups with polar 
protein residues. Finally, Be(D) and Be(A) are the 
electrostatic stabilization energies of D and A, ~ 
respectively, which originate from the interaction 
of the polar neutral prosthetic groups with the 
polar protein residues. 

Only partial information exists regarding the 
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numerical values of the energetic parameters I, 
EA and p, which is summarized in Appendix A. 
The uncertainties in these energetic values exceed 
the expected energy difference AELM. Accord- 
ingly, the calculation of the absolute energies of 
the ion-pair states will not provide us with helpful 
information. A better strategy is to evaluate di- 
rectly the energy differences between the ion-pair 
states, Eqn. 16. Taking the energy differences 
according to Eqn. 17 it is apparent that the contri- 
bution of the terms I, EA and ~e(P +) - Be(P) to 
AELM cancels out because they are identical for 
both ion-pair states P+ H L and P+ HM. The result- 
ing energy difference is 

AELM = C(p + H L ) - C(p+ HM) + p(P+ H L ) - p (P+ HM) 

+ ( S E ( H ~ ) -  8e(HL) } -  {6e(HM)-- 8e(HM)} 

(18) 

Fig. 6. Difference in charge densities on the 'bare'  H -  and H 
calculated in the geometry given by the X-ray structure of RCs 

of Rps. viridis [18]. O, +0.50; U3, -0.50; A, charge density. 

Consequently, the energetic contributions to AELM 
originate from: 

(a) the difference between the electrostatic sta- 
bilization energies of H E and H~  by the polar 
residues in the vicinity of each negatively charged 
group; 

(b) the difference between the Coulomb energies 
for the states P+H L and P+H~; 

(c) the difference in protein polarization around 
H E and H~. 

Difference in electrostatic stabilization energies. 
The electrostatic stabilization energies were calcu- 
lated using an atomic charge model for the ions of 
the prosthetic groups and for the amino acid polar 
residues. This requires the net atomic charges and 
the atomic coordinates. Atomic charge densities of 
P, P+, H and H -  were calculated by the well- 
known semi-empirical ' INDO' SCF-MO method 
by Pople and Beveridge [57] which includes all 
valence electrons. A spin-restricted version of this 
method, known as 'half-electron (HE)' method 
[58] was used for the charged radical species. The 
summation of the electron populations over 
occupied molecular orbitals on a given atom j 
gives the gross electron population Pjj on this 
atom. The net atomic charge qj is obtained by 
subtracting Pjj from the core charge zj. The entire 
molecular structures of the prosthetic groups were 
taken except for truncation of the phytyl chain on 

ring IV. This chain does not participate in the 
~r-system and will not undergo any significant 
changes in its charge distribution. Fig. 6 shows the 
difference of the net atomic charge distributions 
of H and H -  revealing significant accumulation of 
negative charge at the keto-group of ring V. 

The coordinates of the atoms of the prosthetic 
groups and the prote~n polar residues (the previ- 
ous Section) were obtained from the crystallo- 
graphic data [18]. The uncertainty of the experi- 
mental data for the atomic coordinates is _+ 20 
pm, so that the uncertainty in the interatomic 
distances is AR = 40 pm. The coordinates of the 
protons on the polar amino acid residues, e.g., the 
glutamate in the vicinity of H E , were calculated 
using the empirical geometric parameters of 
Scheraga and coworkers [59]. The carboxyl group 
of protonated glutamate near the H E was taken to 
lie on a straight line between the carbonyloxygen 
on ring V of H E and the carboxyloxygen of 
glutamate next to it. For the O - H  distance in the 
glutamate carboxy group we adopted the value of 
0.1 nm which is typical for a hydrogen bond with 
a heavy atom distance of 0.29 nm [18]. 

The electrostatic stabilization energies Be(Y) 
were obtained from the simple relation 



$e(Y)  = e 2 ~  qY qkAARR , k (19) 

Y =  P, P+, HL(M), HL(M) 

which accounts for the unscreened electrostatic 
interaction between each amino acid residue 
(AAR) and the charged and uncharged prosthetic 
groups. As we shall consider only electrostatic 
interactions between a P+ or H-  group and 
nearest-neighbour polar residues no dielectric 
screening of these interactions is necessary. Stated 
in alternative terms the effective local dielectric 
constant for these short distances is close to unity. 
Therefore, we obtain upper limits for the stabiliza- 
tion energies. In Eqn. 19 qV are the net atomic 
charges on Y, qk AAR are the atomic charges on the 
particular AAR, while R,k are distances between 
atom i on Y and atom k on the AAR. We note in 
passing that these electrostatic interactions (Eqn. 
19) assume the asymptotic form of charge-dipole 
interactions falling off at large distances as Ri -3. 
Furthermore, at larger separation dielectric screen- 
ing by the static dielectric constant of the protein, 
2 < e < 4 [52], reduces this electrostatic interac- 
tion. Consequently, Be(Y) were dominated by in- 
teraction with the nearest polar AARs adjacent to 
Y. 

The electrostatic stabilization of the dimer (Ap- 
pendix B) does not contribute to the asymmetry of 
the energetics of charge separation. The electro- 
static stabilization of HI  and of Hk is of consid- 
erable interest. The contributions to Be(Hi) arise 
from the GLU (L 104) and from TRP (L 100). 
Table I summarizes the electrostatic interaction 
energies of H L and of H e with GLU (L 104). For 
the deprotonated GLU these interactions are re- 

TABLE 1 

ELECTROSTATIC I N T E R A C T I O N  ENERGIES OF G L U  
(L 104) WITH H L A N D  H L 

System 8E (eV) 

H L/Glu (deprotonated) 
H L / G l u  (deprotonated) 
H L / G l u  (protonated) 
H L / G l u  (protonated) 
Electrostatic stabilization energy 

of H E by Glu (protonated) 

+0.113_+0.02 
+ 0.535 + 0.04 
- 0.074 -+ 0.02 
- 0.123 -+ 0.02 

- 0.05 _+ 0.02 
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pulsive resulting in significant destabilization of 
H I .  On the basis of experimental vibrational [44] 
and ENDOR [45] spectroscopic data on RCs of 
Rb. sphaeroides the glutamate is protonated and 
its interaction (Table I) stabilizes the H L state. 
The contributions to 8e(Hf~) originate from TRP 
(M 127) and from the polar OH group of the TYR 
(M 208), which points away from H M and its 
energetic contribution is small ( ] 8e I < 0.01 eV). 

These calculations reveal that (1) the electro- 
static stabilization of Hm is ( r e ( H ~ ) -  8e(HM) ) 
< 0.01 eV, being negligible; (2) electrostatic sta- 
bilization is exhibited for H E originating from its 
interaction with the protonated glutamate and (3) 
the total stabilization energy of HE is 

d e ( H i  ) - 8E(HL) = -- (0.05 + 0.02) eV (20) 

The electrostatic calculations are based on the 
configurational information derived from the 
crystallography of the RC in its equilibrium ground 
state. The protein relaxes in response to changes 
in the charge distribution on the prosthetic groups. 
In principle, the calculation of the electrostatic 
stabilization of P+H- should be based on the 
relaxed protein geometry around it, but such con- 
figurational information is not available. As long 
as changes in the hydrogen bond distance of the 
protonated glutamate to the keto-group of ring V 
of H do not exceed 10-20 pm, the energy of the 
hydrogen bond does not change by more than 
30%, which is comparable to the uncertainty in 
our results (Table I). In this case the contribution 
of extra stabilization caused by relaxation would 
not affect our conclusions. 

Difference in the Coulomb energies. We turn 
now to the evaluation of the Coulomb energy C 
between the charged prosthetic groups. According 
to our MO-calculations the P+ dimer is char- 
acterized by an asymmetric charge distribution 
with QL = +0.56 e on PL and QM = +0.44 e on 
PM" Consequently, the Coulomb stabilization en- 
ergies of the P+H[ and P+H~ will be different 
with a preferable stabilization of the former state. 
As the Coulomb energy involves long-range inter- 
actions between two molecular ions whose centers 
are separated by approx. 1.7 nm, dielectric screen- 
ing by the static protein dielectric constant e has 
to be incorporated. The Coulomb energy is ex- 
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pressed in terms of a tom-atom interactions 

c=e2~-,EE~ (21) 
i y  J 

where q, and qj are the net atomic charges on 
atom i of P+ and atom j on H -  (in units of e), 
respectively, while Rij is the distance between 
atoms i and j. The Coulomb energies C L and CM 
for the ion-pair states P+H~ and P+H~,  respec- 
tively, were calculated to be 

0.80 _+ 0.03 0.73 + 0.03 
C L - -  eV and  C m - -  eV 

with the uncertainty originating again from the 
experimental inaccuracy in the atomic coordi- 
nates. Using e = 3 [52] we estimate 

C L = - (0 2 7  + 0.01 ) eV and  C M = - ( 0 . 2 4  + 0.01 ) eV 

Thus, there is a small asymmetric contribution of 
the Coulomb energy, 

AC = C L - C M = - ( 0 . 0 2 2 + 0 . 0 1 )  eV (22) 

Difference in medium polarization energies. 
Another contribution to the environmental stabili- 
zation of H~ relative to H~  may result from 
polarization energies. The available structural data 
show clearly that on the L branch there is a larger 
density of aromatic amino acids. Two extra phen- 
ylalanins are closer to H L relative to H M. The 
aromatic groups have larger polarizabilities and 
therefore we may expect higher polarization en- 
ergy for H~. It is impossible to calculate the 
difference in polarization energies but we can 
attempt rough estimates. As estimated in Appen- 
dix A the polarization energy due to one H -  is 
about 1 eV. A rough geometrical estimation shows 
that two phenyl groups occupy less than 8% of the 
available space around H. Their polarizability (due 
to higher atomic density) is about 30% higher than 
that of aliphatic chains, so we have an overall 
correction of less than 2.4% out of 1 eV so that 

Ap = - - (0 .02 _+ 0.02) eV (23) 

Energetic contribution to asymmetry of Franck- 
Condon factors 

The total asymmetric electrostatic energy A ELM, 

Eqn. 18, can now be evaluated in the form 

AELM = / ~ e ( H  L ) -  3 e ( H L ) +  AC + Ap (24) 

Using the numerical estimates of the energetic 
contributions as given in Eqns. 20, 22 and 23 we 
obtain 

A ELM = -- (0.09 + 0.03) eV 

This value of A E L M  together with AE L = X = 
1600 cm-1 indicates (Fig. 5) that the contribution 
of the asymmetry in the energetics of the ion-pair 
states P÷H~ and P+H M to the ratio kL/k  M re- 
suits in an enhancement factor r = 1.5( + 0.8, - 0.3) 
at 300 K. Obviously, the enhancement factor of 
the nuclear contribution increases at low tempera- 
tures assuming the value of r --- 2.7(+ 5.4, - 1.3) at 
100 K. However, the asymmetry in the energetics 
of the ion pair cannot account for the unidirec- 
tionality of the charge separation at room temper- 
ature. This nuclear contribution to the ratio k L / k  M 
is in the right direction, but it is too small in its 
absolute value to account for the experimental 
asymmetry. We have to explore other contribu- 
tions to the ratio k L/kM, which will be under- 
taken in the next section. 

Electronic coupling 

From the analysis of the preceding sections we 
infer that the selective electrostatic stabilization of 
the ion-pair state P+HL,  although not negligible, 
cannot account quantitatively for the observed 
large asymmetry of the electron-transfer rates, k L 
and k M. Thus, the modification of the nuclear 
Franck-Condon factors is not sufficient to account 
for the unidirectionality of the charge separation. 
According to Eqn. 15 the remaining source of 
asymmetry in the charge separation across the L 
branch is a difference between the electronic cou- 
pling t e r m s  V L and V M. A grossly simplified 
description of the electronic coupling term involves 
the exponential distance dependence [22,23] 

V = A e - ' R  (25) 

where R is the center-to-center donor-acceptor 
separation. Orientational effects can be included 
by taking V to be proportional to the overlap 
integral Sij of Pz orbitals for ~r-systems, i.e., 
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V ec cos 0 (26) 

Eqn. 25 seems to be applicable both to direct 
exchange [22,23] and to superexchange [28], with 
the exponent a being lower in the latter case, with 
a value of ct--7 nm -1. The structural data [18] 
show that the center-to-center distances (R = 1.7 
+ 0.01 nm) as well as the angles (O= 100+ 1 °) 
between the normals to the planes of rings I of the 
dimer are equal for PL -- HL and PM -- HM within 
the errors of the atomic coordinates (+20 pm). 
The corresponding uncertainty for I VL/VMI 2 
following from Eqns. 25 and 26 ranges from 0.6 to 
1.5 which is inadequate to account for the observed 
asymmetry. 

From this simple analysis we infer that the 
heuristic expressions Eqns. 25 and 26, although 
useful as guidelines, are inadequate to probe fine 
details of the intermolecular electronic coupling. 
In particular, the present case, with superexchange 
electronic coupling dominating (see Section Elec- 
tron-transfer dynamics), requires a more elaborate 
treatment of the electronic coupling. 

The superexchange coupling of 1p. with H L 
and of 1p. with H M involves the accessory 
bacteriochlorophylls, B L and BM, which form 
bridging elements on both the L and the M 
branches, as discussed in the section Electron- 
transfer dynamics. The electronic superexchange 
coupling may be different across the L and M 
branches due to the following effects: 

(A) Electronic asmmetry. Asymmetry of the 
charge distribution of 1p. originating from both 
the structure of the 'bare' dimer and from the 
interaction of the highly polar dimer with the 
polar amino acid residues. 

(B) Geometrical asymmetry. Geometrical effects 
of the spacing and orientation of the l p .  donor 
relative to the mediating accessory bacteriochloro- 
phylls. In view of the spatial proximity of P and B 
and of B and H, the electronic coupling terms, 
which determine the superexchange interaction, 
Eqn. 14, are very sensitive to small local geometri- 
cal differences. 

(C) Energetic asymmetry. The superexchange 
interaction, Eqn. 14 is inversely proportional to 
the energy gap BEDS. The energy gaps are expected 
to be asymmetric due to the environmental dif- 
ferences of B L and B M (subsection The environ- 

ment of the accessory bacteriochlorophylls (pages 
56 and 57)). 

The superexchange interaction, Eqn. 14, de- 
pends on the 1P*-B electronic coupling VDS, on 
the B-H electronic coupling VSA and on the energy 
gap BEDS. We assume that the VSA interactions are 
practically identical for the L and M branches, 
since the shortest heavy-atom distances rSA are 
equal on both branches within 10 pm when re- 
stricting the comparison to ~r-centers and methyl 
carbons. The asymmetry in the superexchange in- 
teractions can therefore be expressed as 

2 2 2 
V~- = VDs(L) BeDs(M) 

BeDs(L) 
(27) 

The first term ik= [VDs(L)/VDs(M)[ 2 gives 
the contribution of the electronic coupling be- 
tween the 1p. donor and the mediating states 
P+P{ and P+B~, and is sensitive to the elec- 
tronic and geometrical asymmetry on the L and M 
branches. The second term X = 1BeDs(M)/ 
BeDs(L)[ z expresses the contribution of the en- 
ergetic asymmetry. 

Origin of electronic asymmetry 
Strong indication for the asymmetry of the 

charge distribution on 1p. is obtained from SCF- 
MO-INDO calculations of the type R H F - I N D O /  
SP [57,60]. We have performed spin-density and 
charge-density calculations on P+ and 1p. using 
the X-ray structural data of Rps. oiridis. The per- 
turbing electrostatic effect of surrounding polar 
amino acid residues on the MO's of the dimer has 
been accounted for by including Coulomb interac- 
tion terms of the form E qJr, j in the Fock matrix, 
where qj is the net atomic charge on any amino 
acid atom j and % is the distance from atom i on 
the dimer and atom j. The values of qi were 
taken from Scheraga's CNDO results [59] on the 
isolated amino acid residues. 

These SCF-MO calculations predict a signifi- 
cant asymmetry of spin-density on the monomeric 
halves PL and PM (ratio 1.7 : 1) of the dimer cation 
P+. This asymmetry is also revealed by the experi- 
mental spin density distribution determined from 
isotropic hyperfine couplings by ENDOR in solu- 
tion techniques [61]. A reversal of this asymmetry 
is predicted for the radical P-  anion. Accordingly, 
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the lowest excited singlet state l p , ,  which is char- 
acterized by two electrons residing in approxi- 
mately the same orbitals as the unpaired electrons 
of the two ion radicals P+ and P-, is expected to 
have considerably more negative charge on PM 
than on PL" In Table II we present a sample of the 
atomic charge densities obtained from SCF-MO 
calculations on the two combined components, PL 
and PM of the 'bare' dimer and of the 1p, dimer 
interacting with the polar amino acid residues. An 
overview of the dimer charge distribution is pro- 
vided in Fig. 8. These results demonstrate two 
effects. Firstly, there is a surplus negative charge 
density on PM relative to PL" Secondly, the nega- 
tive charge density on PM is enhanced by the 
electrostatic interaction with the polar amino acid 
residues. To provide a quantitative measure of the 
electronic asymmetry we have calculated the total 
charges 

Q~= E Q, and Q ~ =  E Qs 
i~PL J~PM 

on the PL and PM components of 1p,, resulting in 
Q~_ -- +0.36 and Q~ = -0.36 for the 'bare' dimer 
(lacking C2-symmetry ), while Q~ = +0.54 and 
Q~ = - 0 . 5 4  for the dimer interacting with the 
polar groups (all values given in units of ]e ]). 
Accordingly, the electronic charge asymmetry is 
enhanced by approx. 50% due to the interactions 
with the polar protein medium. This enhancement 

TABLE II 

SOME ATOMIC CHARGE DENSITIES ON 1 p .  

The notation of atoms is according to Fig. 7. 

Atom Bare With polar residues 

L branch M branch L branch M branch 

Mg 0.462 0.467 0.490 0.504 
C H 0.151 0.102 0.162 0.089 
C a 0.004 - 0.031 0.016 - 0.038 
C2a 0.300 0.292 0.303 0.296 
06 -0.339 -0.357 -0.355 -0.377 
C9. 0.029 0.012 0.039 0.004 
C 9 0.309 0.301 0.315 0.300 
O 1 -0.334 -0.358 -0.349 -0.361 
N n - 0.233 - 0.289 - 0.237 - 0.280 
Niv - 0.226 - 0.262 - 0.222 - 0.270 
04 -0.345 -0.361 -0.344 -0.360 

2b CH 
06 ~ / / / /  3 

"12° H 3aCH3 . . . .  CH 3 

8a 

H3 ~H 3 

, ~ . ~ C H ~  H . ~ Y - - - ~  

Os O~ / 3 
/ CH~ 
R lob 

Fig. 7. Molecular structure and labelling of atoms of 
bacteriochlorophyll-b. 

is not only due to the presence of the asymmetri- 
cally placed amino acid residue, THR L 248, but 
to the combined action of all surrounding polar 
groups. 

Origin of structural asymmetry 
Inspection of the available X-ray data for the 

relative atom-atom distances of the dimer at the 
two accessory bacteriochlorophylls reveals rather 
surprisingly that B L is closer to PM than to PL" 
This is evident from the nearest heavy-atom dis- 
tances between P and the accessory Bs (Table III). 
It should be noted that the distance of 0.345 nm 
given for the pair PL-BL involves an atom (04) on 
the dimer which is 5 bonds away from the ~r-sys- 
tem, whereas all the other distances refer to atoms 

TABLE III 

NEAREST HEAVY ATOM DISTANCES BETWEEN THE 
D I M E R  A N D  T H E  A C C E S S O R Y  B A C T E R I O -  
CHLOROPHYLLS, EXCLUDING THE PHYTYL CHAIN 

The notation of atoms is as in Fig. 7. 

Prosthetic groups Atoms Distance (nm) 

PL-BL O4-C4b 0.345 
PL-BM O6-C5a 0.375 
PM-BL C2b-C5a 0.326 
PM-BM C9-C4b 0.340 
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\ L 

/ 

CHARfiE-DENSITY 

Fig. 8. Charge density on the excited singlet state of the bacteriochlorophyll-b dimer l p .  calculated in the geometry given by the 
X-ray structure of Rps. viridis [18] including interaction with the polar amino acid residues. O, + 0.300; D, -0.300. 

belonging to the ~r-system or at most one bond 
away (methyl carbons). The structural asymmetry 
seems to favour the 1P*-B E over the 1P*-B M elec- 
tronic coupling due to closer proximity of the PM 
component  of 1p ,  with B E. If hydrogen atoms are 
added to methyl carbons, assuming tetrahedral 
structure and rcn = 0.109 nm, the closest atom- 
to-atom distances reduce to approx. 0.19 and 0.24 
nm for PM-BE and PM-BM, respectively. 

Origin of energetic asymmetry 
The energy gaps ~EDS may be different due to 

significant differences in the environments of B E 
and B M (subsection The environment of the acces- 
sory bacteriochlorophylls, pages 56 and 57). In 
principle, the energy difference may be estimated 
along the lines of the Section Asymmetric electro- 
static stabilization of ion-pair states. However, the 
existing incomplete structural information pre- 
cludes such calculations. At present we can only 
assert that this effect may contribute to the asym- 
metry of the superexchange interaction. As is dis- 
cussed in a forthcoming paper  (Bixon, M., 
Michel-Beyerle, M.E., Ogrodnik, A. and Jortner, 
J., unpublished results), BeDS is estimated to be of 
the order of a few hundred cm -1. Then small 

absolute energy differences would result in large 
effects. For the time being we shall assume, in the 
absence of any experimental evidence, that X = 1. 
This potential contribution may either increase or 
decrease the asymmetry of the superexchange in- 
teraction. 

Calculations of the electronic coupling 
From the combination of the electronic asym- 

metry which enhances excess negative charge den- 
sity on PM, together with the structural asymmetry 
which enhances the PM-BL electronic overlap we 
can assert that 1P*-BL-H L superexchange interac- 
tion is favoured over the 1P*-BM-H M interaction. 
Both the electronic asymmetry and the structural 
asymmetry contribute to the relative increase of 
the superexchange interaction along the L branch, 
which, surprisingly enough, is caused by the en- 
hancement of the P~-B L coupling. 

We shall now proceed to provide numerical 
estimates for the electronic coupling terms VDs(L ) 
and VDs(M ) terms. The starting point for the 
electron transfer process can be (approximately) 
described as 

(HM)(BM)(PL 8+ P~- )* (BL)(HL) 
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with 8 = 0.54, where the individual species are 
ordered according to their spatial proximity. The 
electronic coupling integral VDS can be numeri- 
cally calculated by using the tight-binding ap- 
proximation with SCF-MO wavefunctions, which 
are represented by a linear combination of atomic 
orbitals [62,63]. This procedure gives [63] 

I / -~)-~ '~cDcsH Ds (28) 
DS -- ~,,~,,d i j ij 

i j 

where Ci D and C 9 are the coefficients of the 
highest occupied MO's on the atoms i of 1p. and 
j of B-, and Hi Ds are the electronic matrix ele- 
ments of the intermolecular Coulomb interaction 
between 1p, and B involving the atomic orbitals i 
and j. The values of the MO coefficients C~ D and 
Cj s were taken from the SCF-MO INDO calcula- 
tions [60] using the X-ray structure data of Rps. 
viridis. These calculations include 1-s orbitals of 
hydrogen atoms which were attached to the heavy 
atom skeleton by standard rules [57]. The matrix 
elements H, os were taken to be proportional to 
the intermolecular overlap integrals S~j of the 
atomic orbitals i and j ,  in analogy to the parame- 
trization of non-diagonal matrix elements (reso- 
nance integrals) in the conventional INDO proce- 
dure [57] 

Hi~s=KSij (29) 

where K is a numerical constant. This approach 
should give roughly the distance and orientation 
dependence of H,j. 

The lids integral, Eqn. 27 is thus approximated 
by 

= K E E  c?css,, (3o) 
i j 

We have evaluated the intermolecular atomic 
overlap integrals S~j in Eqn. 30 using Slater orbitals 
with a single orbital exponent. This is certainly a 
poor description for the absolute values of these 
integrals, which are determined by the tails of the 
wavefunctions. These long-range tails are un- 
derestimated using a single Slater orbital [63]. 
However, this approximation is reasonable for the 

description of relative values of the VDs terms * 
We have used this procedure to evaluate the ratio 

Z E cjDcjSso 
VDs(L ) ~,),* j~a~ 
Vos(M) E E cyqss,, 

i G I p * j ~ B  M 

(31) 

with i and j referring again to the HOMOs of 
1p, and HE or of H~. Convergence of VDs(L ) 
and VDs(M ) within a few percent was achieved by 
including all pairs of atomic orbitals i and j with 
a separation rij < 0.5 nm, the number of the terms 
in Eqn. 30 being about 103. These numrical calcu- 
lations resulted in 

VDs(L) 2=8--+4 (32) ~ = ~  

which provides a semiquantitative estimate for the 
total asymmetry of the electronic coupling. The 
uncertainty of + 50% originates from the inaccu- 
racy of = 0.02 nm of the atomic coordinates used 
in this work (medium refinement). It is interesting 
at this stage to decompose the total electronic 
coupling terms into their individual contributions 
from the two components of the dimer 

VDs(L ) = V ( P  L - B L )  + V ( P  M - B L )  (33) 

VDS (M) = V ( P  L - B M ) + V ( P  M - B M ) (34) 

where V(P 1 - Bj) with I = L, M and J = L, M is 
the electronic coupling between the Ith compo- 
nent of the B dimer with the J th  of the accessory 
B. In Table IV we present the relative magnitudes 
of the individual contributions to Eqns. 32-34 
which indicate that the dominant contribution to 
VDS(L ) originates from V(P M -BL) ,  while about 
equal contributions to VDStM ) come from V(P M - 
BM)  and from V(P L - BM).  

* Calculation are in progress to determine better values for the 
ratio of the VDs(L ) and VDs(M ) couplings using SCF LCAO 
molecular wavefunctions with the atomic orbital being rep- 
resented by accurate SCF multiple-zeta 2p orbitals. This 
procedure is expected to account properly for the behaviour 
of the molecular wavefunctions at large distances relevant to 
the problem. 



TABLE IV 

CONTRIBUTIONS (IN ARBITRARY UNITS) TO THE 
ELECTRONIC COUPLING INTEGRALS BETWEEN 1p.  
AND THE ACCESSORY BACTERIOCHLOROPHYLLS-b 

Group Prosthetic Contribution 
of dimer group to VDS 

(arbitrary units) 

PM BL -1.00 
PL BL --0.12 
PL BM +0.23 
PM BM +0.17 

Conclusions 

From our analysis we assert that the unidirec- 
tionality of the charge separation across the L 
branch of the RC in Rps. viridis originates from 
the combination of the structural engineering and 
specific environmental effects which enhance k L 
relative to k M. Each of these nonadiabatic elec- 
tron-transfer rates corresponds to a product of an 
electronic superexchange term and a nuclear over- 
all F ranck-Condon factor, both of which are en- 
hanced across the L branch in the following 
manner: 

Contribution to nuclear Franck-Condon factors 
The energetic contribution to the Franck-Con-  

don factor results in a rate enhancement factor, 
r = 1.5 ( +  0.8, - 0 . 3 )  at room temperature. 

Contributions to the electronic coupling 
(1) Structural asymmetry originating from the rel- 

atively small differences in the spatial arrange- 
ment of the components of P relative to H L 
and H M. 

(2) Electronic asymmetry due to the asymmetry of 
the charge distribution of the '  bare' l p , ,  which 
originates from the dimer structure. 

(3) Enhancement of electronic asymmetry due to 
the interaction of 1p ,  with the polar protein 
residues. 

The contribution of both structural (1) and 
electronic asymmetry (2 and 3) effects to the rate 
enhancement is ~b = 8 _+ 4. The total enhancement 
of the unidirectionality of the electron transfer 
across the L branch is a = k L / k  M = q~r X. In our 
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analysis we were unable to estimate the contribu- 
tion of the energy gap asymmetry to the electronic 
coupling. Setting X = 1 yields kL / kM = 12 (--7, 
+ 15) at room temperature. 

From the experimental point of view it may be 
possible to distinguish between the asymmetries of 
the electronic coupl ing and the nuclear  
Franck-Condon factor on the basis of their tem- 
perature dependence. The contribution of the 
asymmetry of the electronic coupling is tempera- 
ture independent, provided that the effects of the 
local protein structure on the electronic asymme- 
try are not affected by temperature changes. On 
the other hand, the contribution to the asymmetry 
of the nuclear Franck-Condon factor is expected 
to exhibit a marked temperature dependence, being 
enhanced at lower temperatures. However, regard- 
ing the large value of k L / k  M at room temperature 
very accurate experimental data will be required 
to distinguish between these two contributions. 

With respect to general methodology it should 
be noted that our estimates of the distinct contri- 
butions ~b and r rest on the experimental informa- 
tion for the ordering of the prosthetic groups and 
for the distribution of the polar protein residues in 
RCs of Rps. viridis. The recent data [16] on the 
structure of RCs of Rb. sphaeroides R-26, indicate 
that indeed the spatial ordering of the prosthetic 
groups may be universal in purple photosynthetic 
bacteria. However, some fine details of the spatial 
ordering of the pigments and of the distributions 
of the polar residues may quantitatively affect the 
three distinct contributions r, + and X to the 
asymmetry of k L / k  M of charge separation in RCs 
of different bacteria. 

Appendix A. Energies of ion-pair states 

We shall utilize Eqn. 17 to estimate the energy 
of the P+H~ state relative to the ground state 
PH c. Some partial information of the energetic 
parameters I, EA and p in Eqn. 17 is currently 
available. Theoretical calculations of the ioniza- 
tion potential of bacteriochlorophyll b yield I = 
6.2 eV (Plato, M., unpublished results) in accord 
with the experimental values for I in the range 
5.9-6.3 eV for various porphyrins [55]. I for the 
prophyrin dimer is yet unknown. The theoretical 
calculations of the electron affinities yield EA = 
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1.76 eV for B and EA = 1.60 eV for H (Plato, M., 
unpublished results). 

The polarization energy p for a pair of large 
molecular ions in the nonpolar protein medium 
can be roughly estimated from the Born charging 
energy 

e 2 { 1 

where R a and R 2 are the radii of the molecular 
ions. A more reliable estimate of p can be derived 
from experimental values [54] for ionization 
potentials and photoelectric thresholds in molecu- 
lar crystals resulting in the p of approx. - 2 . 4  to 
approx. - 3 . 2  eV, while the most accurate value 
for crystalline anthracene seems to be approx. 
- 2.75 eV [54]. This estimate is consistent with the 
measurements of the ionization potentials of 
porphyrins in the nonpolar isooctane solvent [56] 
which result in the medium polarization energy 
induced by a single ion p + -  - 1 . 2  eV, so that 
p = 2 p + = - 2 . 4  eV. We conclude that p varies 
between approx. - 2 . 4  and approx. - 3 . 2  eV. 

For the calculation of the energy of P + H [  we 
take: I =  6.2 eV and EA = 1.6 eV; both values 
with an uncertainty of 0.2 eV, p = - 2 . 8  eV with 
an uncertainty of 0.4 eV, C = -0 .27  eV from the 
subsection Difference in the Coulomb energies 
(page 61) with an uncertainty of 0.01 eV, 8e(P +) 
-Be (P )  = - 0 . 0 3  eV from Appendix B with an 
uncertainty of 0.01 eV and B e ( H i ) - 8 e ( H L ) =  
-0 .05  eV from the subsection Difference in elec- 
trostatic stabilization energies (page 60) with an 
uncertainty of 0.02 eV. Eqn. 17 yields E ( P + H [ )  
= (1.4 +_ 0.5) eV, where the conservative estimate 
of the uncertainty is taken as 50% of the sum of 
the uncertainties of all the individual energetic 
parameters. This energy is consistent with the 
experimental energy of - 1 . 1  eV for P+H L for 
RCs of Rb. sphaeroides. However, the large uncer- 
tainty in the estimates prevents the use of absolute 
energies of ion-pair states for estimates of nuclear 
Franck-Condon factors, which determine the E T  
rates. 

Appendix B. Electrostatic stabilization of P + 

The evaluation of the electrostatic stabilization 
energy of the dimer cation [Se(P +) -Be(P)]  was 

T A B L E  V 

U N S C R E E N E D  E L E C T R O S T A T I C  I N T E R A C T I O N S  O F  
P+ A N D  O F  P W I T H  P O L A R  R E S I D U E S  ( E N E R G I E S  IN 
eV) 

Residue  In te rac t ion  In te rac t ion  
wi th  P wi th  P+ 

His  L 173 - 0 . 0 8 2  - 0 . 0 9 7  

His  M 200 - 0 . 1 1 1  - 0 . 1 2 3  

His  L 168 - 0 . 0 7 5  - 0 . 0 3 8  

Tyr  M 195 - 0.068 - 0.074 

Thr  L 248 - 0.071 - 0.060 

Tyr  M 208 - 0 . 0 1 3  - 0 . 0 3 1  

Val L 157 - 0.006 - 0.028 

A la  M 278 - 0.026 - 0.025 

Tota l  energy - 0.450 + 0.060 - 0.477 _+ 0.060 

performed using Eqn. 19 together with the atomic 
charge densities and structural data mentioned in 
Sections The specific protein environment of the 
prosthetic groups and Asymmetric electrostatic 
stabilization of ion-pair states. The results for the 
electrostatic interactions of P+ with the eight 
closest polar amino acid residues are present in 
Table V. These calculations show Be(P+) = 
- (0.48 + 0.06) eV and Be(P) = - (0.45 + 0.06) eV. 
The uncertainties in energetics originate from the 
experimental uncertainties in the determination of 
the interatomic distances. Separating these en- 
ergies into the individual interactions of the com- 
ponent PL and PM with the polar residues, i.e., 
6e(P) = 8 e L ( P  ) + 8 e M ( P  ) and 6e(P +) = ~ e L ( P  + )  + 

6eM(P+), we get 6eL(P)=- -0 .23  eV, 8eM(P)= 
--0.22 eV, 8eL(P +) = --0.22 eV and 8EM(P+)= 
--0.24 eV. The stabifization energy of the dimer 
cation relative to the ground state P is thus ex- 
tremely low, 

8e(P  + ) -  Be(P) = - ( 0 . 0 3  +0 .01 )  eV 

From these results we conclude that there is no 
asymmetry in the electrostatic stabilization of both 
P and P+ and that there is a remarkable cancella- 
tion of the partial and total electrostatic stabiliza- 
tion energy of the dimer cation. 
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