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We analyse the superexchange model for the primary charge separation from the electronically excited singlet state
('"P*) of the bacteriochlorophyll dimer (P) to the bacteriopheophytin (H) across the A branch of the bacterial
photosynthetic reaction centers, which is mediated by the accessory bacteriochlorophyll (B). The dominant contribution
to the superexchange electronic interaction between the initial ' P* BH and the final P *BH ~ states originates from the
mixing with the mediating electronic state P *P ~H, the energy of which is above 'P*. The superexchange electronic
interaction is ¥V = VgV, /0E, where Vpp and Vi, are the electronic couplings of 'P*BH with P*B"Hand P*B~H
with P *BH 7, respectively, while 8E is the vertical energy difference. The nonadiabatic electron-transfer rate is
proportional to ¥’F, where F is the nuclear Franck-Condon factor, which is determined by the (free) energy gap
AG = —2000 cm™', the medium reorganization energy A (A <2500 cm™') and the medium characteristic frequency
® = 100 cm™ . Indirect information on the constituents of the effective electronic coupling ¥ = 25 cm™! was inferred
from the ratio | Vg / Vpg | calculated from the intermolecular overlap approximation in conjunction with an activated
sequential channel and the utilization of kinetic constraints on the dynamics of the primary electron transfer, which
result in Vpg>60 em™!, V5, >360 cm™' and 8E > 1100 cm~'. We discuss several physical phenomena and
observables, i.e., electric field effects on the prompt fluorescence, the unidirectionality of charge separation across the A
branch and magnetic interactions in the primary radial pair in the framework of the superexchange mechanism. The
electric field (¢) dependence of the fluorescence quantum yield (¥;(¢)) for isotropic samples at 75 K predicts Y;(e =5
mV /A)/ Y;(0) = 1.39 and Y;(e=9 mV /A)/ Y;(0) = 3.5. The fluorescence polarization data at constant field (Lock-
hart, D.J., Goldstein, R.F. and Boxer, S.G. (1988) J. Chem. Phys. 89, 1408-1415) can be well accounted for in terms of
the energetic parameters A = 1600 cm™' and AG = —2000 cm™' together with the value = 61° for the angle between
the dipole P *H ~ and the transition moment of P. The unidirectionality of the charge separation across the A branch
originates predominantly from structural symmetry breaking, which affects the electronic coupling, while the contribu-
tion of the nuclear contribution has been shown to be small. The predicted ratio of the electronic transfer rates
k(A)/k(B) = 82(+190; —70) at T=80 K is consistent with the recent experimental result k(A)/k(B) > 25 at this
temperature. Finally we examined magnetic interactions of the primary P *H ~ radical pair, establishing the interrela-
tionship between the singlet energy shifts and the triplet energy shift with the primary electron transfer rate, k, and the
triplet recombination rate k- whereupon the singlet-triplet splitting of P *H ~ is J = ak — Bk where the coefficients a
and 8 depend on energetic parameters and Franck-Condon factors. The estimate of J within the superexchange
mechanism rests on the incorporation of an assumed configurational relaxation and essential cancellation effects.

- Introduction
Abbreviations: RC, reaction centre; P, bacteriochlorophyll dimer; H,

bacteriopheophytin; 'P*, electronically excited singlet state of P to

H; B, accessory bacteriochlorophyll; F, Franck-Condon factor. The first steps in photosynthesis of purple bacteria
. involve the absorption of light in antenna pigments and
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The X-ray structure analysis was first performed on
RCs of Rhodopseudomonas viridis [1-3] and more re-
cently extended to RCs of Rhodobacter sphaeroides,
strain R-26 [4-7]. The principal features of the ordering
of cofactors along two almost symmetrical branches, A
and B, are the same for the two species. In both cases
two bacteriochlorophyll molecules are positioned very
close to the approximate twofold rotation axis and are
characterized by a short center-to-center distance of
approx. 7 A, thus forming the ‘special pair’ (P) [8,9].
Next to the special pair components, P, and Py, are the
accessory bacteriochlorophyll monomers (B) followed in
each branch by a bacteriopheophytin (H) molecule. The
sequence of prosthetic groups in the two branches is
terminated by quinones (Q) structurally connected by
non-heme bound Fe2*.

One of the most challenging problems in bacterial
photosynthesis is the mechanism of the primary elec-
tron transfer from 'P* to the first spectroscopically
resolved acceptor species H. This electron transfer span-
ning a center-to-center distance of 17 A is extremely
fast with a time constant of several picoseconds [10,11]
and is strongly unidirectional along the A-branch. Re-
cent femtosecond time-resolved spectroscopy on RCs of
both Rb. sphaeroides [12] and Rps. viridis [13] has
revealed a rate of (3.6 + 0.2) - 10" s~ ! at 295 K for both
species which increases upon lowering the temperature
to 10 K by factors of 2 and 4, respectively [14,15]. Most
surprisingly, all changes observed between 500 nm and
the Q, transition of P occur with the same time constant
[12-15]. This implies that there is no experimental
indication of the B monomer being a kinetic inter-
mediate in the first electron transfer step, in spite of its
location between the donor 'P* and the acceptor H.
This conclusion is also substantiated by other ps- and
fs-absorption measurements, e.g., Ref. 16. On the other
hand, these experiments do not allow us to rule out a
priori a situation where such an intermediate P*B~ ion
pair is in fact formed with the measured rate k but at
the same time depleted with a rate constant k, which is
fast as compared to the k. The low-temperature mea-
surements yield a lower limit for the hypothetical ratio
k,/k =70 [14,15].

For the explanation of the fast primary electron
transfer between 'P* and H several mechanisms were
considered [17,91]. Among these, sequential mecha-
nisms [18-21], nonadiabatic-adiabatic mechanisms
[17,22] as well as a unistep superexchange mechanism
[23-33] were invoked. In the latter mechanism the elec-
tronic coupling between the donor 'P* and the acceptor
H is not only due to the direct coupling but is enhanced
by mixing with a state P*S™H (or PSTH™) involving a
species S located between P and H. Although there are
some experimental findings [27,28,34-36] pointing
against sequential mechanisms and towards the applica-
bility of superexchange, we will not go into the details

of such arguments but rather concentrate throughout
this paper on the description of the unistep superex-
change model.

The importance of the superexchange interaction is
that it adds to the weak direct electronic coupling
between donors and acceptors separated by a large
distance. If in this case a bridging molecule (S) with
appropriate orbitals can be introduced between donor
(D) and acceptor (A), its electronic states can enhance
the coupling by mixing with the donor or acceptor
states. The effective coupling between a donor 1 and an
acceptor 3 is then the sum of the direct coupling and the
superexchange coupling, V..., mediated by a state 2,
(D*S™ or S*A ™), which in first order perturbation is
given by

V12V23
Vsupcr= aElz 1)

Vi, and V,; are the electronic coupling between the
corresponding states and 8, is the vertical energy gap
between state 1 and 2 at the configuration of the
intersection of the potential energy surfaces of states 1
and 3 (Fig. 1). The value of V., thus results from the
interplay between the couplings and the energy gap.
The idea of superexchange first appeared when
Kramers [37] tried to understand the early adiabatic
demagnetization results in paramagnetic salts, which
indicated that small exchange couplings existed even
between ions separated by one or several diamagnetic
groups. He pointed out that the ions could cause spin-
dependent perturbations in the wavefunctions of inter-
vening ions, thereby transmitting the exchange effect
over large distances which led to the name ‘superex-
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Fig. 1. Nuclear potential energy surfaces for the superexchange elec-
tronic interaction mechanism in the RC.



change’ [38]. The concept was revived and extended by
Anderson [39] and applied by McConnel [40] to explain
magnetic interactions in molecular systems. In 1959
George and Griffith [41] had already drawn the atten-
tion to the superexchange mechanism in an attempt to
interpret electron transfer in bridged metal ion com-
plexes. This stimulated Halpern and Orgel [42] to
calculate the promotion of electron transfer between
metal ions by molecular bridges in the frame of super-
exchange. Later on and until today these metal com-
plexes turned out to be ideal for the experimental
demonstration of superexchange, especially since in such
systems the mediating state can be directly observed in
absorption spectroscopy [43].

In recent years the general importance of the super-
exchange mechanism for electron transfer processes in
condensed phase has been recognized. In rigid or semi-
rigid, covalently bridged donor-acceptor systems the
electron transfer rate depends on the details of the
electronic structure of the bridge [44-53]. Superex-
change mechanisms are expected to operate also in
systems where contact between donor, bridging species
and acceptor is established by Van der Waals’ interac-
tions. By far the best defined rigid donor-medium-
acceptor system with exclusively Van der Waals’ contact
between components is the photosynthetic reaction
center, since the X-ray structure analysis gives the de-
tailed position of both cofactors and amino acid re-
sidues.

In reaction centers the potential candidates for a
specific role in superexchange interaction are aromatic
systems located between donor and acceptor species.
This follows from the fact that aromatic molecules
exhibit lower reduction potentials relative to aliphatic
systems, thus leading to smaller values of 8E (Eqn. 1).
This argument makes the involvement of the phytol
chains a priori improbable. According to the primary
sequences [54,55] and the X-ray structure analysis [1-7],
the following aromatic groups structurally mediating
between donors and acceptors are found in the reaction
center of Rb. sphaeroides and Rps. viridis:

(a) Tyr-L162 between cytochrome and P may

mediate the reduction of P*, Replacement of this tyro-
sine by valine or lysine in site specific mutagenesis
showed no loss of photochemical activity of RCs of Rb.
capsulatus [56]), the primary structure of which is strongly
homologous [57] to Rb. sphaeroides and Rps. viridis.
(b) Tyr-M210 between P and H may mediate the
primary electron transfer between 'P* and H. This
amino acid residue is not conserved in the primary
sequence of reaction centers of Chloroflexus aurantiacus
[58-60). Since the primary electron-transfer rate at room
temperature is only by a factor of 3 slower [61,92] than
the one observed for Rb. sphaeroides [12] and Rps.
viridis [13], the role of this amino acid residue in
superexchange is not expected to be predominant, al-
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though it may still contribute to the enhancement of the
primary electron transfer rate.

(c) Trp-M252 between H and Q may mediate the Q
reduction by H™. This amino acid residue is conserved
in the primary sequence of reaction centers of RCs as
Rb. sphaeroides [53], Rps. viridis [55), Rb. capsulatus
[57] and Chloroflexus aurantiacus [58—60] and might in
a specific way contribute to the overall superexchange
coupling through the protein.

(d) The accessory bacteriochlorophyll between P and
H may mediate the primary electron transfer between
'P* and H across the A branch [23-33]. This cofactor
seems to be conserved in all bacterial reaction centers
characterized so far. In contrast to the amino acid
residue, there is sufficient experimental evidence for a
small value of §F, which is certainly much smaller than
0E, as expected for aromatic amino acid residues.

A superexchange model employing the accessory
bacteriochlorophyll to mediate electron transfer be-
tween 'P* and H will be analyzed in this paper. This
model involves electronic coupling elements (V'), energy
differences (AG) and reorganization energies (A), either
extracted from experimental data (¥, A) or measured
directly (AG). A set of parameters will be derived,
which allows a consistent description of the primary
electron transfer. Since a reliable and complete set of
data is only available for RC’s of Rb. sphaeroides, our
analysis will be based on this species. Necessary struct-
ural information is borrowed from the available refined
X-ray data at 2.3 A resolution on reaction centers of
Rps. viridis [1-3], and recent refined coordinates. This
combination of data seems to be justified by the large
extent of similarity in the 3-dimensional structures [1-7]
which is consistent with the extensive homology of the
primary sequences where the surrounding of the cofac-
tors of the A branch tends to be conserved.

The superexchange mechanism

The primary electron transfer can be modelled in the
framework of the nonadiabatic electron-transfer theory.
The validity of this approximation is based on the
observation that the experimental electron-transfer rate
is slow as compared to the characteristic relaxation time
of the protein medium. This relaxation time is propor-
tional to the inverse effective average medium frequency
which is approx. 100 cm~! [87] and results in a relaxa-
tion time 7 = 100 fs. The rough estimate of 7= 100 fs is
consistent with recent molecular dynamics simulations
of the protein structure in the RC accompanying elec-
tron transfer [63].

The basic equation for the electron-transfer rate is
then given by [19,21,24,29,31,53,62,64,65,66]

= Zh_'” ViF 2)
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where V is the electronic coupling and F is the ther-
mally averaged nuclear Franck-Condon factor.

Consider first the nuclear contribution to k. The
major contribution to F involves medium vibrational
modes [62]. Under these circumstances F can be ex-
pressed within the effective single mode approximation.
The full quantum mechanical expression for F assumes
the form [64]

F=hiu‘e_s(z"*"fp'[w{v(v+1)}’”]'(9:—1)m 3)
where

p=2_z 4)
and

S=hl“’ (%)

AG is the free energy of the reaction, A is the medium
reorganization energy and w is the (mean) vibrational
frequency of the medium. The mean thermal vibrational
excitation is

1

v  e—
ehw/ksT=1

(6)

Finally, 7,(-) is the modified Bessel function of order p.
Provided that the frequencies of the nuclear modes,
hw, are sufficiently low relative to the thermal energy
kgT, the classical high-temperature limit of F is ap-
plicable, being given by the Marcus relation [65]

F= (4nAkgT) ™ '/2 e~ Ea/koT )
where the activation energy E, is given by

_(AG+A)
Ey=—— @)

Next, we consider the electronic coupling within the
framework of the superexchange model. The superex-
change electronic interaction between the lowest
vibronic level of 'P*BH, with the isoenergetic vibronic
manifold of P*BH™ is mediated by coupling with the
state P*B™H. The effective coupling is composed of a
direct and a superexchange contribution. The direct
coupling will be neglected in the primary reaction, since
it seems to be too small to be important in view of the
large P-H distance (17;\ for centre-to-centre sep-
aration) involved [1-7]. The superexchange coupling,
Eqn. (1.1), ¥, pe,» assumes the form

VPBVBH
Vsupcr = 5_E ®

P*BH™ = (3P+BH"')
ky
Ip*

Fig. 2. Kinetic scheme for the competition between unistep superex-

change and thermally activated sequential electron transfer in the RC.

The formation and recombination of the *(P* BH ™) radical pair is
also shown.

where Vpy is the electronic coupling between 'P*BH
and P*B™H, while V;y is the electronic coupling be-
tween P*B™H and P*BH™. 8E is the vertical energy
difference between the potential surfaces for P*BH and
P*B™H at the intersection point of the potential surfaces
of 'P*BH and P*BH "~ (Fig. 2).

Eqns. 2, 3 and 9 constitute the quantum-mechanical
electron-transfer rate, which is valid for all tempera-
tures, while the high-temperature limit of & is given by
Eqgns. 2, 7 and 9. The primary electron-transfer rate is
activationless or pseudoactivationless [11,14,15,29], with
the energetic parameters satisfying the relation —AG =
A, Le., p=_S§ (within + 20%). The classical limit for the
activationless rate is

2w I Vsupcr | 2
k= (10)
R(4mAkT)'

The procedure for the extraction of the parameters V'
and A from experimental data using the electron transfer
theory is outlined in Appendix I. The resulting quanti-
ties related to RC’s of Rb. sphaeroides are:

AG('P*-P*H™ ) =—2000cm™!
A <2500 cm™!

| Vigper | = 25 cm™!

Information on the electronic coupling terms and the
energetic parameter in Eqn. 5 is crucial to assess the
validity of the superexchange mechanism. We have in-
troduced [31] an intermolecular overlap approximation
to calculate the relative magnitudes of the electronic
coupling terms Vpg and Vyy. These calculations have
determined the enhancement of the B"H-BH™ cou-
pling over the 'P*B-P*B~ coupling, with

VB H

a=|——
VPB

=6 (11




Indirect information on the vertical energy gap 8E
(Fig. 1) will be inferred from some kinetic constraints
on the dynamics of the primary electron transfer [31,32],
which were originally proposed by Marcus [66]. The
present analysis is more detailed than previously given
by us [31,32]. The superexchange model implies the
existence of a parallel-activated electron-transfer chan-
nel. The experimental restrictions on the activated chan-
nel, such as undetectability of P*B~ and temperature
independence of the primary rate, provide the restric-
tions on the model parameters, electronic couplings and
vertical energy differences.

The superexchange interaction between 'P* and
P*H™ requires the existence of the state P* B~ with an
energy, at the nuclear configuration of the transition
state, which is higher than that of 'p* (Fig. 1). Such a
state can also serve as an intermediate in a parallel-
activated electron transfer according to the kinetic
scheme of Fig. 2. The rate k, for the parallel activated
transfer can be inferred from Eqns. 2, 7 and 8 and is
given by

ky= %1(417)\1kBT)_1/2V§Be—‘AG'”"z/M'k"T (12)

where AG, is the free energy of P*B™ relative to 'P*
and A, is the reorganisation energy in the activated
process. In the vicinity of room temperature it is ex-
pected that the activated channel will contribute effec-
tively to the observed rate.

The basic restriction on the kinetic scheme is the
nondetectability of the intermediate state P*B~ [33].
Taking into account the experimental uncertainties, the
maximum concentration, C=[P*B~]/['P*], of P*B~
relative to the initial concentration of 'P* should be
C<0.10 at room temperature and C <0.02 at 10 K
[14,15]. With the assumption A > 800 cm™', the lower
bounds of acceptable parameters for the superexchange
model were calculated in Ref. 33:

8E>1100cm™!

AG,2300cm™!
Veg 2 60cm™!
Vaw =360 cm ™! (13)

A critical scrutiny of the energetics and individual
electronic coupling terms emerging from the superex-
change model is based on three sources: electric-field
effects on the primary charge separation, the unidirec-
tionality of charge separation across the A branch of the
RC and magnetic interactions of the primary P*H™
radical pair. These phenémena will be now considered
within the framework of the superexchange mechanism.
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Electric-field effects

The primary electron-transfer rate constant is af-
fected by an external electric field, ¢, through the shifts
in the energies of the ion-pair states [67-72). Two
ion-pair states P*B~ and P*H™ are involved in the
superexchange mechanism, whose dipole moments are

|n(P*B™)|=51D
|n(P*H")| =82D

The orientation of the dipoles is given by the centre-to-
centre vector for the corresponding ion pairs. The verti-
cal energy gap, 8E(¢), between 'P* and P*B~ becomes
[72)

SE(e)=8E()+p((P"B™ )¢ (14)

The superexchange coupling, Eqn. (I1.8), becomes field
dependent

v = VPBVBH
suPer — SEO)+ p(P* B~ )-¢

(15)

We assume [72] that the electronic coupling matrix
elements Vpy and Vg, are independent of ¢, as the field
effect on the modification of the charge distribution of
the ions will be exhibited only by second-order polariza-
bility effects. The free energy, AG(¢), of the electron
transfer reaction is given by (see Ref. 72)

AG(e)=AG(0)—p(P*H™ )-¢ (16)

and results in electric field dependence of the reduced
energy parameter p=p(e), Eqn. 3, for the general case
of the activation energy, Eqn. 8, for the high-temper-
ature limit. The medium reorganization energy, A, is
assumed to be independent of the electric field, Eqns. 2
and 3, together with Eqns. 15 and 16, exhibit the field
dependence of the primary electron-transfer rate, k(e).

In a previous work [72], the field dependence of k(¢)
was considered for oriented RC’s. The primary rate is
related to the fluorescence quantum yield Y;(€). For
oriented RC’s with a fixed direction of the electric field,
the quantum yield is

Yi(e) = amn

4
k(€)=kd

where k, is the combined decay rate of 'P* in all
radiative and nonradiative channels, excluding the
charge separation channel.

Recent measurements of the field dependence of the
fluorescence quantum yields [70] and of the fluores-
cence polarization [36] were performed in isotropic sam-
ples of RCs. In this case the angular distribution of the
electron-transfer rates will originate from the continu-
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Fig. 3. The electric field and temperature dependence of the fluores-

cence quantum yields from isotropic samples over the temperature

range 20-300 K, as calculated for the superexchange model. The

electric field (e¢) is given in units of mV/;\. The inset shows the
electric field dependence at 75 K.

ous distribution of the orientation of the RCs with
respect to the direction of the electric field. This angular
spreading of the rate constant [72] in isotropic samples
is reflected in the total fluorescence quantum yield,
Y;(€) = (Y;(¢€)), where the averaging, (), is carried out
over all the orientations of the RC with respect to the
direction of the electric field [72]. Eqn. 17, together with
the condition k(e) > k, for all relevant values of |e|,
results in

Yi(€) -1
=k
7@~ KOKk©O™ (18)

Fig. 3 displays the field dependence of the fluores-
cence quantum yield for isotropic samples, which was
obtained applying the full quantum-mechanical expres-
sion, using the appropriate energetic parameters, Eqn.
13. Changing the parameters p(0) and S within the
permissible range of approx. 30%, which still leaves the
process to be nearly activationless, leads only to a
minor (up to 10%) modification of the total fluorescence
quantum yield.

The electric field dependence of Y;(¢)/Y;(0) exhibits
an increase of the relative fluorescence quantum yield
with increasing ¢ and with lowering the temperature.
The increase of Y;(¢)/Y; (0) becomes more pronounced
at lower temperatures, reflecting the enhancement of
the field-dependent F, Eqn. 3, with decreasing T. The
predicted field dependence of Y;(e¢) should be con-
fronted with the experimental data of Lockhart and
Boxer [70], who find a modest increase of the fluores-
cence quantum yield ¥;(eg)/Y;(0) = 1.25 at 75 K for an
external field of eg=9 mV/;\. The interrelationship

between the externally applied field and the internal
field requires a careful examination. Local field correc-
tions, surface polarization effects and electrode contact
effects, among others, have to be elucidated in this
context [69]. The experimental result Y., _omv, 4/ Y;(0)
= 1.25 is close to the calculated value Y,_s,v, 4/ Y (0)
= 1.39 at 75 K. Although this agreement is not conclu-
sive, as we have not established the relation between e
and €, we may conclude that the field dependence of the
fluorescence quantum yield is consistent with the super-
exchange mechanism.

Lockhart et al. [36] have pointed out that the mea-
surements of the fluorescence polarization dependence
at a constant electric field provide a more refined
approach to distinguish between different mechanisms
for the primary charge separation [30,33,17]. Under the
assumption that optical excitation prepares the sample
with an isotropic distribution of 'P* excited dimers, it is
possible to model the polarization dependence of the
fluorescence in the presence of an external electric field.

The yield I(e, €) of the fluorescence with polariza-
tion in the direction e, which is emitted from a given
RC, is

kq

ky+ k(e) a9

Ii(e, ) =a(en,)

where a is a proportionality constant, p is the transition
dipole moment for the P —!P* excitation and k(e) is
the electron-transfer rate constant for the specific RC.
The total fluorescence yield, F(e, €), of radiation
polarized in the e direction, is given by averaging I, (e, ¢)
over all the possible orientations of the RC

2k
Fle, ) = al(en) gy = (e n) ko k() 0)

At low fields F(e-pu,) @ | €|, the effects being linear in
2. It will be useful at this stage to define the angle x
between the polarization direction e and the external
field e, so that

F(e,e)=F(x,¢€)

In view of the inherent difficulty in establishing the
relation between e and the external field one can con-
sider the relative change of the polarized fluorescence ©

F(x,e)— F(e=0)
F(x=90°, ¢)— F(e=0)

O(x) = (21

which is independent of € at sufficiently low fields.
Fig. 4 displays the calculated results for the relative
change of the polarized fluorescence obtained for the
superexchange mechanism. The calculations were per-
formed using Eqn. (I11.8) and utilizing the full quan-
tum-mechanical expression for the electron-transfer rate
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Fig. 4. The dependence of the relative polarized fluorescence $(x) on
the angle x between the polarization direction of the fluorescence and
the electric field. Calculations were performed at 70 K. Superexchange
model: solid curves (a)—(e); sequential model via P*B~: dashed
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Open circles (O) represent the experimental data of Lockhart, Gold-
stein and Boxer (Ref. 36).

constant. The energetic input data were the zero-field
energy gap, AG(D)= 2000 cm™~', the medium reorgani-
zation energy A <2400 cm ™! and A =100 cm™' (Sec-
tion The Superexchange Mechanism and Appendix I),
which are consistent with activationless primary elec-
tron transfer. The geometric input information involves
the angle ¢ between the transition moment p, and
p(P*B7) and the angle y between g, and p (P*B7)
and the angle y between p, and p(P*H™). The availa-
ble theoretical data [36] lead to the estimates ¢ = 50°
and ¢ = 55°-61°. Calculations were performed at 70 K
although the temperature dependence of P(x) was
found to be weak. As evident from Fig. 4, the calculated
®(x) data for the superexchange mechanism are most
sensitive to two parameters: the medium reorganization
energy A and the angle ¢, while the dependence of @
on the angle ¢ is very weak. In Fig. 4 we have also
incorporated the experimental data for @ obtained by
Lockhart et al. [36] for reaction centers of Rb.
sphaeroides at 70 K at moderately low external field of
eg =2 mV/A. Changing the energetic and angular
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parameters within their uncertainty range we find that
@ for the superexchange mechanism is close to the
experimental results, with a good fit being accomplished
for A=-1600 cm™' and y = 61°. We conclude that the
superexchange mechanism is consistent with the field
induced fluorescence polarization data [36].

At this point we would like to digress briefly on the
predictions of other alternative sequential mechanisms
for the primary charge separation [23,30,17]. In Fig. 4
we have included calculated results for @(x) for the
sequential mechanism via P*B~ with the equilibrium
energy of the genuine intermediate P*B~ state being
located halfway in energy between 'P* and P*H™. The
geometrical dependence of @ in this mechanism is
determined by the angle ¢ = 50°, being independent of
y. It is evident that this sequential mechanism is incon-
sistent with the experimental field induced fluorescence
polarization data, in accord with the conclusions of
Lockhart et al. [36]. The sequential mechanism through
PB*H™ [73] involved ¢ =80° which is the angle be-
tween p(PB*H™) and p,. This mechanism results in a
reasonable account of the experimental @ data (Fig. 4).
However, this sequential mechanism has inconsistencies
with other experimental data [30,32,33].

Unidirectionality of charge separation

In sensitive measurements of the difference absorp-

tion in the Q. band of H (Appendix II) the branching
ratio of the primary rates across the A and B branches
as measured for reaction centers of Rb. sphaeroides is
(74]
{% >25 at80K (22)
We have attributed this remarkable effect of unidirec-
tionality of the charge separation to structural symme-
try breaking [29,31]. Evaluation of the electronic cou-
pling term Vpg and Vg, across the A and the B branches
of the RC demonstrated that small effects of structural
asymmetry between P-B, and P-By and between B,-H,
and Byz-Hy modify the electronic coupling terms, which
provide a central contribution to unidirectionality.

The intermolecular overlap approximation advanced
and utilized by us resulted in the ratios [29,31]

Veo(A)
P8 =77+38 23
VPB(B) ( )
Van(A) |

=43+2, 4
) 43420 (24)

resulting in the asymmetry of the electronic superex-
change interaction

2
_ Vsupcr(A) 2

| Viuper (B)

Ves(A)
Vee(B)

Vau(A)
Veu(B)

2 2
I8E(A) 25)

5E(B)




280

In the absence of experimental evidence regarding
the vertical energy differences across the A and B
branches we shall follow our previous analysis [29,31]
and assume that the ratio 8E(A)/8E(B) is close to
unity. Eqns. 22-24 then result in the asymmetry factor
of the electronic coupling

v=33+£16 (26)

The total asymmetry in the electron transfer rates k(A)
and k(B) for charge separation across the A and B
branches of the RC, respectively, is [29,31]

Ty =¥ @n

_F(A) F(4Gy, A, w)
"= F®) " F(4Gy, A, w)

(28)

is the ratio of the nuclear Franck-Condon factors. These
are determined by the different free energy gaps AG,
and AG for the process (P*BH™-'P*BH) across the A
and B branches, respectively, and by the energetic
parameters A and w, which are taken to be equal for the
A and B branches. We have previously shown that the
energetics of charge separation across the A and B
branches is different, due to the extra stabilization of
H, by the polar Glu L104 residue. Simple electrostatic
calculations (see Ref. 29) resulted in

Ap—AGg=—720+320cm™! (29)

In Fig. 5 we summarize the dependence of r on P at 300
K and at 76 K calculated from the full quantum-mecha-
nical expression over the range of the acceptable en-
ergetic parameters. The room temperature result (see
Ref. 29) is

+0.35
r=135 (Y=300K) (30)
—0.45

while the low temperature result is

+31
r=25 (T=80K) (31)
-138

Accordingly, the contribution of the nuclear Franck-
Condon ratio r to the ratio k(A)/k(B) is small. Our
prediction {29] that r=1.35 at 300 K is supported by
the recent mutagenesis experiments. Exchange of the
polar hydrogen-bonded Glu 104 against a Gln or Leu
results only in a slight reduction of the primary rate by
a numerical factor of about 1.4 [75].

The major contribution to the asymmetry of the rates
originates from the electronic term. Eqn. 26 now pre-

Fig. 5. The dependence of the ratio of the nuclear.Franck Condon
factors r on the energy gap p at T=76 K and 300 K. Solid lines
S = 20 and dashed lines S =16.

dicts that for the superexchange mechanism the asym-
metry is

+38

k(Ay _ _

5B =45 (T=300K) (32)
-30

and
+190

k(A) _ _

m—sz (T=80K) (33)
-70

This result is in accord with the experimental value at
80 K, Appendix II. We have thus established the con-
sistency of the superexchange mechanism with the
structural symmetry breaking as the predominant rea-
son for unidirectionality.

Magnetic interactions

The interrelationship between the primary electron-
transfer kinetics in the RC and the properties of the
radical pair P*BH™, such as the singlet-triplet splitting,
J, and the triplet recombination rate, k1, constitutes a
long standing problem, which was recently addressed by
several authors [22,32,33,76). We shall show, following
our recent study [32], that the properties of the radical
pair can be accounted for within the framework of the
superexchange model for the primary charge separation.

We shall consider the singlet-triplet splitting, X, of
the radical pair and relate it to two kinetic rates: the



primary electron transfer rate, k, and the triplet recom-
bination rate, k1. The exchange interaction is

J=8Es—8Er (34)

where 8Eg and 8E are the energy shifts of the singlet
and triplet states of P*BH ™, respectively. In principle,
and in order to obtain the singlet and triplet shifts, one
has to incorporate a large number of electronic states in
the singlet and triplet manifolds, respectively. It is pos-
sible to obtain a general expression for the energy shifts
by combining the partitioning method and first order
perturbation theory to get

SE, =Y 8E,{i) (35)

1
T EX()- ES(PTHT)

BEL(i} =

= Viprn-Ven(Qy) :
XV Vipry-+ -
i.P"H E:(P-" B~ y— Ee(P+ H_)

(36)

with the index a =S for singlet and a =T for triplet
states. The sum over i refers to the (singlet or triplet)
electronic states within several thousand cm~' from
P*BH™. The electronic coupling terms V; ,; denote the
matrix elements between the electronic states i and j in
the equilibrium nuclear configuration @, of the radical
pair. Configurational relaxation of the prosthetic groups
accompanying the formation of P*BH ™ may result in a
new spatial arrangement of these prosthetic groups,
which is different from the equilibrium configuration
Q, of 'P*BH. The vertical electronic energy EJ(i) of
state i refers to nuclear equilibrium configuration Q .
These are related to the equilibrium energies E“(i) by
EZ(iy= E*(i)+ A,, where A, is the medium reorganiza-
tion energy of state i relative to P*BH ™.

The calculation of the energy shifts 8Eg and 6E;
involves a large number of unknown reorganization
energies and electronic coupling terms. In order to
avoid proliferation of parameters, we shall calculate
only the contributions of the dimer electronic excita-
tions '"P* and *P*. As previously shown [32], these
contributions constitute lower bounds for the energy
shifts of the singlet and triplet states.

The direct first order contribution to the singlet shift
8E{'P*} is expected to be negligible; therefore we use
only the superexchange contribution to Eqn. 36 which
reduces to

Ven(Q.) :
E,(P*B H)- E,(P*BH")

BEG('P*) =~

Vpp(Q4)°

) 37
E,('p*)—- E,(P*BHT)
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The singlet shift, Eqn. 37, can be related to the
primary electron transfer rate, Eqns. 10 and (I1.8), given
by

k=

VoVau \2
2"’(M) F (38)

“h \_ 8E

where in the high temperature limit, Eqn. 7 yields for
the Franck-Condon factor

F=(47AGkgT) ™' (39)

Here AG is the (free) energy gap for the primary activa-
tionless process.

In order to relate SE5('P*) to k we note that the
matrix elements Vg, and Vpp correspond to the equi-
librium nuclear configuration @, of P*BH™ while the
matrix elements Vpp and Vg correspond to the equi-
librium nuclear configuration @, of 'P*BH. We have
proposed [32] on the basis of recent molecular dynamics
simulations of the RC [63] that the formation of the
radical pair P*BH ™ results in a configurational relaxa-
tion of the bacteriopheophytin™ (H™) molecule. The
main effect of such structural relaxation is assumed to
be the reduction of VBH(Qi) relative to Vg (@) and
we set

Van = bVay (40)
where b (< 1) is a reduction factor. The Vpg electronic
coupling is taken to be invariant, i.e., Vpg = Vpp.

Eqns. 37-39 together with Eqgn. 40 result in the

following relationship between energetics and kinetics

SEs('P*)

__h, 2{ SEXF! }
2a [E.(P*)— E,(P*H)][E(P*B™) - E(P*H)]?

(41)

The relation between the singlet shift and k is rather
complex because of two reasons. First, the energetic
correction factor, which appears in the curly brackets in
Eqn. 41, has to be taken into account. Secondly, the
configurational relaxation reduction factor may be sig-
nificant. Furthermore, the estimate of J cannot rely
solely on the singlet contribution as the contribution of
the triplet shift to Eqn. 34 is significant and must be
incorporated.

To evaluate Eg{'P*} we use the following parame-
ters: Vpp = Vpg =65 cm™! and Vyyy = bVyy with Vyy =
390 cm™! (Section The Superexchange Mechanism).
For the singlet vertical energies we take E,('P*)—
E,(P*TH )=AG+ A, with AG=2000 cm~! and A=
1700 cm ™!, together with E,(P*B"H)— E,(P*BH ) =
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2600 cm~! 4+ A with A =1700 cm™'. From this calcula-
tion we obtain

8Es{'P*}=-1.0-10"25% (cm™") ‘ (42)

We shall now proceed to the evaluation of the triplet
energy shift, which according to Eqn. 36 is given by

IJVeIT IZ
8Er(*P*}) =~ = (43)
E,CP*)-E,(P*H™)
where the effective coupling is
= Ve’V
YLD =37, + PB”VBH (44)

E,(P*B )—E,(P*H")

with the matrix elements corresponding to triplet elec-
tronic states in the nuclear configuration of Q ,.

The recombination rate of the triplet radical pair in
Rb. sphaeroides, *P*BH™ —3P* is observed to be an
activationless process with a rate constant k; = 5-10%
s~ 1 and a free energy gap of AG;= 1400 cm ! [77-79].
The activationless behavior of ki indicates that the
process takes place in approximately the equilibrium
configuration of the radical pair @, and one has to
evaluate the relevant electronic coupling in this relaxed
nuclear configuration. From the experimental informa-
tion, with the help of Eqn. 11, it is possible to evaluate
the triplet recombination rate

27
kr =S IPVEP1°Fr (45)

with the effective electronic coupling 3V consisting
of a sum of direct and superexchange contributions
being given by Eqn. 44. The high-temperature Franck-
Condon factor is

Fr = (474G 1k gT) ™2 (46)

From Eqns. 43 and 45 we can establish a relation
between the triplet energy shift and the triplet recom-
bination rate

(h/2m)kyFy!
EV(JP*)_ EV(P+ H—)

8Er(P*}=- (47

Relation 47 constitutes a general model independent
relation between 8E+ and k., which is invariant with
respect to the energetics of the P*~ state and to the
mechanism of the primary charge separation. We shall
now show that the triplet shift is large and must be
incorporated in the evaluation of J, Eqn. 34.

The value of |*V§P | =1.0 cm*! is estimated using
Eqn. 45 from k1 for Rb. sphaeroides at 300 K. The
triplet vertical energy gap appearing in Eqn. 43 is given
by E,(’°P*)— E,(P*BH™)=AG,—Ar=1400 cm™' —

A+ where At is the triplet reorganization energy for k.
The triplet shift due to *P* is

8Ex (°P*) = (em™") (48)

1
T400— A,

From the temperature independence of k1 [27] one can
deduce that the reorganization energy Ap is A =AG
(within 30%) where AG1 = 1400 cm ™. Accordingly, A
<1800 cm ™. For the upper limit of A the energy shift
is SEL{*P*} = —25-10"3cm™". If Ap is smaller than
1800 cm™! but still larger than 1400 cm™!, $E {*P*}
< —25-10"° cm~!. When 1000 cm™'< Ay <1400
cm~! Eqn. 43 results in 8E {?P*}>25-10"3cm™.
We conclude that for the acceptable values of A
[8E;+(PP*}| 22.5-10"%cm™", which exceeds the ex-
perimental value of |J| =10"% cm™' for Rb.
sphaeroides [34,81-83]. As the estimate of 8E {*P*} is
model independent, we conclude that for 1000 <A <
1400 cm™! the positive triplet shift §E {*P*} >2.5-
10 3cm ™" will add up to the value of §Eg, Eqn. 34, and
the resulting absolute value of J would be therefore
larger than 2.5-1073 cm™!, in contrast to the small
experimental value of |J|. Consequently, we must
conclude that A > 1400 cm ™!, with an acceptable value
being A;=1800 cm™3, which leads to 8E;{’P*} <
—-25-103cm™L

We shall subsequently utilize SEg{'P*} and
8E{?P*} to represent the upper bounds for §Eg and
0E ., respectively. Our final estimate of the singlet-tri-
plet splitting of the P¥BH ~ radical pair is then

J=(-1.0-107252+2.5-10"*)cm ™! (49)

This estimate of J rests on the superexchange mecha-
nism for the evaluation of 8Fg and a self-consistency
relationship between experimental kinetic (k4) and
magnetic (J) data for § E1. Two features of the expres-
sion for J, Eqn. 49 are noteworthy:

(1) the appearance of the square of the reduction
factor b*> which manifests configurational relaxation of
the prosthetic groups in the P*B~ state; and

(2) the essential cancellation between the singlet and
triplet contributions which can be traced to the large,
model independent, value of 8F .

Both effects may result in a diminishing of the calcu-
lated value of |J|. Reduction parameters in the range
0.40 < b < 0.6 give J values in the range J = —1.1-1073
toJ = +0.9-10"3cm™}, in accord with the experimen-
tal result |J| =107 cm™' for Rb. sphaeroides.

The triplet recombination rate k.

One of the interesting kinetic features of the reaction
center is the large difference between the primary rate
k, Eqns. 38 and 39, and the triplet recombination rate



k-, Eqns. 45 and 46. The experimental data give k/k
=~ 650 for quinone-free reaction centers of Rb.
sphaeroides [27]. Since both reactions are activationless,
this ratio of rates corresponds to the ratio

¥

super

P

2
Fr
F (50)

L3
ky

As the medium reorganization energies are close, i.e.,
A = 2000 + 400 cm~! and A= 1800 cm™' the ratio of
the Franck-Condon factors, Eqns. (V.6) and (V.13) is

close to unity, so that k/kt=|V,pe/ Vi’ | and the
ratio of the electronic couplings is

Vsuper k 172

S (k—T) =25 (s1)

The triplet coupling V{0, Eqn. 34, contains both
direct and superexchange contributions. We assume that
the superexchange contribution to k+ is comparable to
or larger than the direct coupling, and we approximate
p§eD by the superexchange contribution. Utilizing
Eqns. 9 and 44 the ratio of the two couplings in Eqn. 51
is given by
()" - Lestans, o

ke 3Vps VauSE

where AE, = E,(P*B"H)— E,(P*BH").

Eqn. 52 contains the matrix elements *Vpy and *Vy,
which should be computed in the nuclear equilibrium
configuration of P*BH ™, while the matrix elements Vpg
and Vyy correspond to the nuclear equilibrium config-
uration of 'P*BH. The 3V, coupling between
3(P*B~H) and *(P*BH ™) is expected to be close to the
corresponding singlet coupling ¥y, which in turn is
related to Vg, by Eqn. 40, so that >V, = bVgy. The
Vg triplet coupling between *P*BH and *(P*B~H) is
expected to differ from the corresponding singlet Vpp =
Vpg interaction between 'P*BH and P*B™H in view of
the difference between the electronic part of the wave-
functions of *P* and of 'P*. Quantum mechanical
computations on the RC of Rps. viridis [84] show that
'P* is highly polar with an excess electron charge of
8 = 0.5¢ being localized on Py which is closer to B, than
to Bg. This charge asymmetry enhances the electronic
coupling Vpg across the A branch [29,31]. This charge
asymmetry will also enhance Vpy at the nuclear config-
uration Q.. In contrast, such a pronounced charge
asymmetry is experimentally not detected for the *P*
state. The differences in the electronic wavefunctions of
'P* and *P* affect the intermolecular coupling be-
tween the electronic excitation of the dimer and the
P*B~, which appear in Eqn. 52. We shall take *Vpy =
nVps =nVpg where n represent a charge asymmetry
parameter, which on the basis of theoretical [84] and
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ESR data [85,86] is expected to be 7 < 1. Eqn. 52 now
results in

172
(&) -5 (53)
Taking AE, = 4500 cm ™' and 8E = 1200 cm ™' together
with (k/k+)'/* = 25 results in the product of the struct-
ural and electronic reduction parameters nb = 0.2. From
the foregoing estimate of b (Section Magnetic interac-
tions) we have tentatively inferred the values 0.4 < b <
0.6, which result in 0.35 <5 < 0.50.

Concluding remarks

We have demonstrated that a number of physical
phenomena and observables can be accounted for and
are consistent with the superexchange mechanism for
the primary electron transfer in the reaction center of
Rb. sphaeroides. These include electric-field effects on
the quantum yield and polarization of the prompt fluo-
rescence, the exchange integral and the triplet recom-
bination rate of the primary radical pair P*H™ and the
unidirectionality of the charge separation across the
A-branch. Such a consistency check provides, of course,
a necessary but insufficient condition for the validity of
the superexchange model.

Our analysis requires some plausible but ad hoc
assumptions in order to explain the experimental
recombination parameters J and k.. It is assumed that
the formation of P*H™ is accompanied by a configura-
tional relaxation of protein and cofactors upon which
the coupling Vgy is reduced. The second assumption
implies that the electronic coupling involving the triplet
state *P* are smaller than the ones involving the singlet
state 'P*.

It is important to note that the full consistent de-
scription of the primary charge separation includes an
activated sequential electron-transfer channel (Eqn.
I1.11) in parallel to the direct superexchange pathway.
At high temperatures the contribution of the activated
channel may be significant.

Appendix 1. Extraction of parameters involved in elec-
tron transfer rates

The electron-transfer rate in the nonadiabatic, effec-
tive single-mode approximation is characterized by the
following set of parameters:

(1) A, the reaction free energy;

(2) A, the medium reorganisation energy;

(3) w, the effective average frequency of the medium;
(4) V, the electronic coupling responsible for the elec-
tron transfer.

The quantum-mechanical expression for the rate is
given by Eqn. 3 in terms of the dimensionless free
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energy p=AG/hw and the dimensionless reorganiza-
tion energy S = A /hw. The classical limit of the rate can
be obtained as a limiting behaviour of Eqn. 3 under the
condition Aw < kgT as given by Eqns. 3-8 [65].

Two of the parameters involved in the rate constant
can be obtained from independent measurements. Those
are AG and the effective frequency which is taken as the
average of the low-frequency band of the protein [87].
The value that we are using is #w =100 cm™"' [62). The
high-frequency modes only renormalize the electronic
coupling through the Franck-Condon factors.

The parameters A can be obtained only from the
analysis of the temperature dependence of the rate
constant according to Eqn. 3. The problem is simplified
somehow if the rate constant is activationless (or
pseudo-activationless). If experiments show that the rate
constant remains constant within a factor of 2 in the
temperature range 300 K-4 K, one may conclude that
A < —1.3 AG. This analysis takes into account the pos-
sible transitions to excited vibrational states in the
inverted region, and neglects changes in the electronic
coupling, ¥, due to possible changes in the nuclear
coordinates of the protein.

The knowledge of AG, A and /w allows the solution
of Eqn. 2 for the electronic V.

Appendix IL. A new limit for the ratio k(A) / k(B)

In RC’s R. sphaeroides R-26 the Q, absorption bands
of the two bacteriopheophytins split at low tempera-
tures showing absorption peaks at A =546 nm for H,
and A=531 nm for Hy [88-90). Fig. 6 shows the
bleaching spectrum in the range of the Q, absorption of
H, and Hy at times longer than 40 ps. While H,
exhibits a bleaching of 190 milli absorbance units (mA4),
the range between 526 nm and 536 nm is essentially
flat. The amplitude of the residual structure is smaller
than 7.5 milli absorbance units (m A4). This ratio of the
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< B qu gua °
£ 50 o0 . o
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c o] o4 o o
2 o < ©°
v [-] g ©
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Fig. 6. Difference absorbance spectrum at 90 K of RC’s of Rb.

sphaeroides R-26, excited at 600 nm (excitation probability = 70%)

probed at maximum overlap in time (width of laser pulses, 40 ps).

Sample: 35 pM RC in 0.08% LDAO, 20 mM Tris-HCI, (pH 8.0) 65%
glycerol in a 5 mm cuvette.

bleachings limits the ratio of the yields, ®(H,)/®(Hg)
> 25, which corresponds to the ratio k(A)/k(B) [74].
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