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Summary

The central importance of (bacterio)chlorophyll as a major photosynthetic pigment arises from its ability to 
both harvest the sunlight and perform ultrafast     electron transfer (ET) reactions. The main function of the reac-
tion center (RC) is to convert the photoexcitation in order to generate a trans-membrane potential in a series 
of ET steps. In bacterial RCs it is possible to relate molecular structure and biological function by exploring 
the early events after photoexcitation. In a series of ultrafast time resolved experiments with native and modi-
fi ed samples, the details of the primary photosy  nthetic reactions become visible, information on the relevant 
electron transfer parameters ( free energy,    reorganization energy and   electronic coupling) can be deduced. This 
leads to a better understanding of architectural principles in photosynthetic RCs and optimization strategies 
in photosynthesis.

Bernhard Grimm, Robert J. Porra, Wolfhart Rüdiger and Hugo Scheer (eds): Chlorophylls and Bacteriochlorophylls: Biochemistry, 
Biophysics, Functions and Applications, pp. 445–459. © 2006 Springer. Printed in The Netherlands.
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Abbreviations: BA/B – sites of monomeric BChl in the RC (A and B 
refer to the position on the active and inactive branch, respectively); 
Blc. – Blastochloris; Cyt – cytochrome; ET – electron transfer; 
HA/B – sites of monomeric BPhe in the RC; P –  primary electron 
donor; P+P– – upper/lower exciton band of P; P+ – cation radical of 
P (note: in all ion radicals the dot is omitted, i.e., B–, H– instead of 
B•–, H•–; QA/B –  quinone sites; Rba. – Rhodobacter; RC(s) – reac-
tion center(s); V –  electronic coupling; ∆G – gain in free energy; 
λ – reorganization energy; λpr –  probing wavelength

I. Introduction

The early events in photosynthesis are the absorption 
of a photon by the light harvesting antenna systems, 
followed by a rapid and effi cient transfer of the ex-
citation energy to the reaction center (reviewed in 
the preceding two chapters of this book), where the 
primary charge separation takes place. The general en-
ergy storage principle of the photosynthetic reaction 
center (RC) is to link electron transfer to directional 
proton transfer and thus generate a  trans-membrane 
potential. The separation of electrons is established in 
(bacterio)chlorophyll ((B)Chl) containing pigment-
protein complexes embedded in the photosynthetic 
membrane. A series of fast electron transfer (ET) 
reactions, along a chain of pigment molecules and 
across the photosynthetic membrane, stabilizes the 
electrochemical  charge separation energy.

In oxygenic photosynthetic organisms, two photo-
systems (  PS I and PS II) act in concert to transfer 
electrons from water to NADP+. After the purple 
bacterial RC (Deisenhofer et al., 1984; Allen et al., 
1987; Chang et al., 1991; Ermler et al., 1994; Stowell 
et al., 1997), PS I is the second type of photosynthetic 
RC for which the   X-ray structure was solved with 
high resolution ( Jordan et al., 2001; Ben-Shem et al., 
2003). The structural data provide a detailed picture 
of the cofactor arrangement and, therefore, the basis 
for an assignment of the sequence of ET steps spec-
troscopically detected in PS I (Fig. 1, left) (Brettel 
and Leibl, 2001). The main experimental diffi culty 
for time resolved optical spectroscopy is the fact, 
that PS I preparations are usually associated with 
their antenna systems, i.e., they contain approx. 100 
chlorophyll molecules. Thus, the absorbance changes 
following   photoexcitation contain both energy and 
electron transfer components, because both processes 
occur on the same time scale. Since the contribution 
of the antenna chlorophylls is approx. one order of 
magnitude larger (Savikhin et al., 2000), it is im-
possible to directly detect the fi rst charge separated 
intermediate,  P700+A0

–, in intact PS I preparations 

and the determination of the intrinsic time constants 
of primary reactions has to rely on indirect methods 
(Beddard, 1998; Brettel, 1997). Although for these 
reasons, the time constant for the formation of the 
fi rst ET intermediate P700+A0

– is not well estab-
lished, values of a few picoseconds are reported in 
the literature (Byrdin et al., 2000; Savikhin et al., 
2000). These ET rates can now be compared with the 
cofactor distances derived from the X-ray structure. 
An edge-to-edge distance of 13 Å between P700 and 
A0 would lead to an estimated ET rate in the order 
of 107, i.e., 5 orders of magnitude slower than the 
one observed. This discrepancy can be overcome by 
assuming an active role for the chlorophylls eC-B2 
(and/or eC-A2), located between P700 and A0, as real 
 electron transfer intermediate (reviewed in Brettel 
and Leibl, 2001). This discussion is reminiscent of 
the long standing debate concerning the role of the 
‘accessory’ chlorophylls in bacterial RCs, which will 
be addressed in detail below. 

Also, for PS II, electron and   energy transfer pro-
cesses are hard to disentangle. Although PS II reac-
tion centers containing only six Chl molecules per 
complex can be isolated, the similar Chl couplings, 
and hence the lack of an isolated, low-lying excited 
state, complicate the assignment of the femto- and 
picosecond transients (Prokhorenko and Holzwarth, 
2000). This supermolecular behavior can be de-
scribed satisfactorily by a Multimer Model (Barter 
et al., 2003) that reproduces the experimental data in 
agreement with the medium resolution PS II structure 
(Jordan et al., 2001; Vasil’ev et al., 2001; Bibby et 
al., 2003).

In this chapter the discussion of primary electron 
transfer will be focused on purple bacterial RC. These 
systems can be prepared devoid of any antenna chlo-
rophylls and show a largely unidirectional  electron 
transfer.  Thus, the integrated approach of structural 
analysis,  ultrafast spectroscopy and protein (and/or 
pigment) modifi cation allows a direct and detailed 
analysis of the early photosynthetic light reactions. 

II. Dynamics and Energetics of the First 
Electron Transfer Reactions in Bacterial 
Reaction Centers

  The experimental prerequisite for the time resolved 
observation of the fast ET dynamics within the RC 
is the synchronization of the reaction by an even 
faster external trigger.  Femtosecond spectroscopy 
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with pulses in the range of a few 10 fs allows a direct 
observation (i) of the sequence of ET steps following 
the photoexcitation of the primary donor P in native 
and modifi ed RC (Sections A and B) and (ii) of even 
initial nuclear motions via  vibrational wave packet 
evolution (Section C).

A. The   Primary Electron Acceptor, Energetics 
of the First Intermediate State   P+BA

– 

Since the successful resolution of the molecular 
structure of bacterial reaction centers (Deisenhofer et 
al., 1984; Allen et al., 1987), the individual chromo-
phores within the protein can be directly related with 
the various primary photochemical events (Fig. 2). 
The RCs in purple bacteria consist of at least three 
protein subunits (L, M and H), four BChl and two 
 BPhe molecules, one atom of  non-heme ferrous iron 
and two  quinone molecules. Most investigations on 
purple bacterial photosynthesis were carried out on 
 Rhodobacter (Rba.) sphaeroides,  Rba. capsulatus 
(which contain BChl a as tetrapyrroles) and  Blasto-
chloris (Blc.) viridis (which contain BChl b). The 
chromophores are arranged in two branches (termed 
A and B) with an approximate C2-  symmetry. Two 
BChl molecules are strongly coupled electronically 
and represent the   primary electron donor P. Over 
the last two decades, the dynamics of the electron 
transfer steps following the light-induced generation 
of the excited electronic state P* has been studied 
by   time-resolved spectroscopy. The most prominent 
kinetic component is the decay of the P*-state and the 

formation of the product state  P+HA
– within ~ 3 ps at 

room temperature (Woodbury et al., 1985; Breton et 
al., 1986; Martin et al., 1986; Holzapfel et al., 1989, 
1990; Dressler et al., 1991). Polarized spectroscopy 
on crystallized RCs (Zinth et al., 1983; Knapp et 
al., 1985) and time-resolved analysis based on spec-
tral differences of HA and HB at low temperatures 
(Kirmaier et al., 1985; Michel-Beyerle et al., 1988) 
demonstrated that predominantly the A-branch is 
active in electron transfer. Advanced spectroscopic 
methods revealed details of the P* state, like the spe-
cies-dependent degree of  intradimer charge transfer 
character (of the type PL

+PM
–) (Lathrop and Friesner, 

Fig. 1. Energetics of ET systems. left: PS I, middle: bacterial RC, right:  semiconductor photodiode. For PS I the ET kinetics, electron 
  pathways and energetics of ET intermediates are still under debate, the schematic arrangement and the energetic positions of the cofac-
tors, as recently discussed in Brettel and Leibl (2001), is depicted on the left. The primary electron donor P700 is a dimer of Chl a and 
the chain of electron acceptors consists of a Chl a monomer (A0), a  phylloquinone (A1) and three  [4Fe-4S] clusters (   FX, FA and FB). The 
ET steps for purple bacterial RC from  Blc. viridis (center) are discussed in detail in the text. The photoprocesses taking place in the 
reaction centers resemble those in a photodiode (right). In all systems light absorption is followed by fast charge separation processes 
involving both electron and  hole transfer. See also Color Plate 6, Fig. 2.

Fig. 2. Scheme of chromophore arrangement and reaction dy-
namics of primary electron transfer steps in the      bacterial RC. ET 
proceeds via the active branch of electron carriers consisting of 
the special pair P, the BChl BA, the BPhe HA and the quinones QA 
and QB. The electron is transferred from P to QA within 200 ps, 
the QA → QB transition is approx. 106-fold slower. Recent FTIR-
studies report that QB is not directly reduced by QA

–, but through 
an intermediary electron donor (Remy and Gerwert, 2003). Ac-
cording to these data, the main time constants are 150 µs for QB 
reduction and 1.1 ms for QA reoxidation.
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1994; Rautter et al., 1994) or the apparent deviations 
from a mono-exponential decay (Du et al., 1992; 
Hamm et al., 1993; Jia et al., 1993; Ogrodnik et al., 
1994; Beekman et al., 1995).

 Individual ET steps in the photosynthetic systems 
are often explained in the frame of  Marcus theory 
(Marcus and Sutin, 1985; Moser et al., 1993). In the 
simplifi ed description, four parameters control each 
reaction step: the  electronic coupling V between the 
donor and acceptor molecules, the gain in free energy 
∆G, the  reorganization energy λ and the vibrational 
frequency ω, which is taken as a measure for the 
temporal modulation of the  energy gap between 
donor and acceptor states induced by the molecular 
motion. 

Inspection of crystallographic data and the effect of 
magnetic fi elds allowed exclusion of the direct reac-
tion P* → P+HA

–, since the rate predicted by classical 
nonadiabatic Marcus theory would be several orders 
of magnitude too slow. Therefore, an active role of 
the monomeric chlorophyll BA, either as virtual in-
termediate via a  superexchange mechanism (Bixon 
et al., 1989, 1991), or as a real, transiently populated 
intermediate, appeared likely. A sequential electron 
transfer via BA imposes not only restrictions on the 
energetics of the intermediate P+BA

– (as will be dis-
cussed below), but also on its dynamics. The similar 
kinetics observed for  P* decay and  P+HA

– formation 
requires that the decay of the intermediate, P+BA

–, 
must be signifi cantly faster than its formation. Under 
that condition, only a small transient population of 
the P+BA

– intermediate results (Marcus, 1987). This 
fact rendered the direct observation of the P+BA

– state 
diffi cult; but, in a series of experiments, a distinct 
subpicosecond kinetic component could be identi-
fi ed (Holzapfel et al., 1989, 1990; Chan et al., 1991; 
Dressler et al., 1991; Arlt et al., 1993; Beekman 
et al., 1995). The amplitude of this component is 
especially pronounced in spectral regions with high 
BChl and BChl– absorption. The most suitable region 
for the unambiguous detection of the subpicosecond 
component is the near-IR absorption band of the 
monomeric  BChl radical anion (in  Rba. sphaeroides 
at 1020 nm (Fajer et al., 1975; Fujita et al., 1978)). 
Here, contributions from ground state absorption and 
stimulated emission are so small, that the transient 
absorption changes at early delay times can be mod-
eled exclusively with a 0.9 ps time constant (Fig. 3, 
open circles).  Photodichroism provides another 
critical test of the sequential reaction model. The 
transient absorption data in Fig. 3 reveal a change in 

the dichroic ratio A||/A⊥ with delay time.   This readily 
indicates that different intermediates with dissimilar 
direction of their transition dipole moments are in-
volved in the electron transfer chain. The sequential 
model including a real P+BA

– intermediate leads to an 
agreement within a few degrees between the spectro-
scopic data and the angle between the QY transitions 
of P and BA

– as predicted by the X-ray structure (Arlt 
et al., 1993; Wachtveitl et al., 1998).

B. Specific Variation of Electron Transfer 
Parameters by Protein Engineering and 
Chromophore Modification

Since more than a decade, selective perturbations of 
the RC pigment-protein complex can be introduced 
by    site-directed mutagenesis (Bylina and Youvan, 
1988; Coleman and Youvan, 1990; Gray et al., 
1990; Farchaus et al., 1993) or by   pigment exchange 
(Struck and Scheer, 1990; Struck et al., 1990; Meyer 
and Scheer, 1995). The modifi cations allow us to 
address specifi c regions of the     ET chain and result 
in a variation of the relevant parameters controlling 
ET dynamics. 

1. The Primary Donor P

A series of mutants was designed to modify the envi-
ronment of the primary electron donor P (Wachtveitl 
et al., 1993; Allen et al., 1996; Kuglstatter et al., 1999; 
Schenkl et al., 2002). It could be shown that a change 

Fig. 3. Polarization dependent   transient absorption kinetics in the 
BChl a radical anion band of native Rba. sphaeroides RCs. Open/
fi lled circles: parallel/perpendicular polarization of pump and 
probe pulses. The model curves (lines) are calculated using time 
constants of 0.9 ps, 200 ps and infi nity for parallel polarization 
and an additional 3 ps component for perpendicular polarization 
(modifi ed after Wachtveitl et al., 1998). The time scale is linear 
for delay times τd < 1 ps and logarithmic for τd < 1 ps.
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of the    hydrogen bonding pattern between the two 
BChls constituting P and the protein is closely cor-
related to the  oxidation potential of the primary donor 
(Lin et al., 1994; Wachtveitl et al., 1998). However, the 
altered driving force between donor and acceptor does 
not infl uence the ET rates in the way expected from 
the direct application of Marcus theory (Williams et 
al., 1992; Schenkl et al., 2002). This deviation was 
confi rmed in fs-experiments on various mutant RCs 
at different temperatures (Huppmann et al., 2002). It 
is found, that different site specifi c mutant RCs can 
vary in their rate of the  primary charge separation by 
more than one order of magnitude ( Zinth et al., 1998; 
Huppmann et al., 2002). These results readily indicate 
that the kinetic picture is more complicated than a 
simple chromophore distance vs. log (kET) relation-
ship (Moser et al., 1992). In Table 1 spectroscopic, 
redox and dynamic properties of native and mutated 
RC of  Blc. viridis are compared. Under the often used 
assumption that the mutation predominantly infl u-
ences the energetics of the primary electron transfer 
intermediates, the primary charge separation steps 
at room temperature can be modeled according to 

 nonadiabatic ET-theory, if the single mode model 
is expanded and an additional high frequency mode 
(ωh = 1500 cm–1) is considered. This ‘multi’mode 
treatment is necessary to explain the fast charge sepa-
ration for mutant RCs, where the mutation pushes the 
primary reaction far into the  Marcus inverted region 
(e.g., for L153HL). This procedure yields a value of 
600 ± 200 cm–1 for the reorganization energy λ, an 
electronic coupling V = 37 ± 10 cm–1 and a free energy 
gap ∆G ranging from –600 to +800 cm–1 (Zinth et al., 
1998; Huppmann et al., 2002, 2003). Interestingly, 
the primary reaction for native RCs appears to be 
slightly activated within this model (Huppmann et 
al., 2002). Consequently, several mutant RCs with a 
signifi cantly accelerated primary reaction could be 
constructed (Table 1), especially by removing a hy-
drogen bond to the   special pair P (L168HF, M195YF 
and L168HF/M195YF). Interestingly, such a strong 
acceleration was not observed for the corresponding 
mutants in  Rba. sphaeroides (Murchison et al., 1993; 
Woodbury et al., 1994). 

The classical Marcus treatment (Marcus and Sutin, 
1985) results in a signifi cant  activation energy for 

Table 1. Electron transfer properties for native and mutated Blc. viridis reaction centers at room and low temperatures
RC
Blc. viridis

∆UP/P+ 
[mV]

∆∆G 
[cm–1]

room temperature low temperature
1) 30 K; 2) 50 K

τ1 [ps] τ1A / τ1B [ps] 
R

a

a
A

B

=
( )
( )
τ
τ

1

1

τ1A / τ1B

[ps] R
a

a
A

B

=
( )
( )
τ
τ

1

1

WT 0 0 3.5 ± 0.4 1.8 / 7.4 1.4 1.1 / 371) 2.9

L168HF –80 –670 1.1 ± 0.2 0.8 / 3.8 4.8 0.25 / 1.71) 1.9

M195YF –45 –370 3.1 ± 0.3 1.5 / 5.4 0.8     1 / 3.52) 3.3

L168HF/M195YF –80 * 0.8 ± 0.2 0.6 / 3.2 3.0 – –

M195YH +20 +170 5.7 ± 0.5 3.5 /14.5 2.0 – –

L181FY –25 –210 1.7 ± 0.2 1.15/ 4.5 2.8  0.5 / 1.32) 2.5

M208YF +15 * 20 ± 3  8 /30 0.3    9 / 831) 0.44

M208YL +15 * 29 ± 5 11 / 50 0.5 – –

L181FY/M208YF –25 * 8.2 ± 1.5 4.5 / 16 2.3 – –

L153HC +2 +16 3.8 ± 0.4 2.5 / 10 3.0 – –

L153HE – * 12 ± 1  7 / 40 2.0 – –

L153HL 0 –1600 3.5 ± 0.4  3 / 43 4.0 – –

L162YF ≈–5 –40 3.5 ± 0.4 2.7/ 16 >4.0 – –

L162YG +10 +80 5.4 ± 0.5 3.3/ 18 2.6 – –

The P/P+- redox midpoint potential (∆UP/P+) is expressed as difference from the WT value of +520 mV (vs.NHE). This value to-
gether with the contribution arising from chromophore modifi cation (e.g., BPhe b instead of BChl b at BA position in L153HL RC) 
determines the change in free energy difference for the fi rst electron transfer step. * ∆∆G cannot be calculated explicitly for these 
cases since additional changes are expected. The given decay constants result from a monoexponential (τ1) or a biexponential (τ1A, 
τ1B) fi t of the fi rst electron transfer step P*→P+BA

–. R indicates the ratio of the respective amplitudes   . 
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the primary ET reaction of native and some mutant 
RCs in  Blc. viridis (e.g., EA ≈ 180 cm–1 for wild type 
RCs). Consequently, an Arrhenius-type tempera-
ture dependence, where the reaction slows down at 
reduced temperatures, is expected for these RCs. 
However in most RCs (except M208 mutants) an ac-
celerated charge separation towards low temperatures 
(requiring negligible activation energies EA << ��) 
is found (Breton et al., 1988; Fleming et al., 1988; 
Lauterwasser et al., 1991; Huppmann et al., 2002). 
An improved description of ET in proteins therefore 
needs to consider not only different values for the 
energetics but also specifi c variations of other ET 
parameters upon mutation and temperature change. 
Especially the electronic coupling V is highly sensi-
tive to subtle   conformational changes and drasti-
cally affects the primary ET dynamics (McMahon 
et al., 1998; Zhang and Friesner, 1998; Kolbasov 
and Scherz, 2000). A modulation of the electronic 
coupling V with mutation is able to explain a number 
of observations. However, the strong acceleration 
of reaction rates upon cooling, found in many RC 
requires a different explanation. An increase of V 
upon cooling can consistently explain the fs data. 
Such a   temperature dependence might even refl ect 

more general dynamic properties of proteins: at 
high temperatures, protein motions have large am-
plitudes and cause local disorder, which results in a 
high entropic term and in large fl uctuations of the 
donor/acceptor geometry away from the optimum 
required for fast ET. This may lead to relatively weak 
average electronic coupling. At low temperatures the 
protein is locked in a state with low entropy and high 
electronic coupling V leading to faster ET dynamics 
for the case of photosynthetic RCs.

In general, a quantitative description of the effect 
of a mutation or of the temperature dependence of 
the various ET-processes in photosynthetic reaction 
centers spanning a broad range cannot be obtained 
without a variation of the relevant ET parameters. A 
decrease in electronic coupling V with temperature 
is highly probable. 

2. The Primary Acceptors BA and HA 

  Except for the BChl a dimer P, all tetrapyrroles in 
the  Rba. sphaeroides RC are accessible to   pigment 
exchange (Meyer and Scheer, 1995). With exchange 
rates as high as 90% or better, pigment-modifi ed 
RCs are, therefore, especially suited to tune the 

Fig. 4. Sites of pigment exchange (gray boxes) in the RC of Rba. sphaeroides (left) and structural differences between the native and 
the site-specifcally introduced modifi ed pigments (right); modifi ed after Spörlein et al. (2000). Rings I, II, III, IV and V are known as 
Rings A, B, C, D and E, respectively, in the IUB-IUPAC nomenclature system used elsewhere in this book. The 132-OH group in [3-
vinyl]-132-OH-BChl a does ot interfere with electron transfer.
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energy levels of the electron acceptors BA and HA 

without changes in the protein moiety (Fig. 4). The 
introduction of plant   pheophytin (Phe a) into the 
HA and HB sites, replacing the BPhe a molecules, 
drastically alters the primary reaction dynamics 
(Shkuropatov and Shuvalov, 1993; Schmidt et al., 
1994, 1995) and allowed the fi nal proof of    stepwise 
ET with the accessory BChl as a real electron carrier: 
a reduced   quantum yield (Franken et al., 1997) and a 
long lived population of the P+BA

– intermediate was 
observed (Fig.5). Since the redox potential of   Phe a 
is considerably more negative (≈ 220 mV) than that 

of  BPhe a (Geskes et al., 1995) the exchange results 
in an energetic proximity between the P+BA

– and 
P+HA

– intermediates. Forward and backward rates, 
according to the scheme depicted in Fig. 5 (top), are 
determined by the free energy difference ∆G of the 
different intermediate states and can be correlated by 
the  principle of detailed balance (Schmidt et al., 1994, 
1995). This procedure allowed the determination of 
the free energy difference between P* and P+BA

– (∆G 
≈ 450 cm–1). A similar value for the free energy differ-
ence was determined in recombination   fl uorescence 
measurements, where ∆G (P*-P+BA

–) = 550 cm–1 

Fig. 5. Schematic representation of the energetic positions of the electron transfer intermediates and the corresponding   microscopic time 
constants (top) for native (left) and Phe a containing RC.   Transient absorbance changes for spectral regions with dominant contributions 
from  ground state bleaching (middle) and BChl  anion absorption (bottom).
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(Shuvalov and Yakovlev, 2003). The  temperature 
dependence of the charge separation in Phe a con-
taining RC confi rmed a ∆G (P*-P+BA

–) value in this 
range; but, as discussed above, it also showed the 
necessity for an expansion of the simple Marcus 
picture by temperature-dependent parameters to con-
sistently explain the low temperature data (Huber et 
al., 1998). As indicated in Fig. 4, BPhe a and Phe a 
differ in their chemical structures in two positions, 
that is the saturation of ring II (B) and the peripheral 
group at the C-3 position. The role of each variation 
can be addressed individually with RCs containing 
 [3-vinyl]-BPhe a and  [3-acetyl]-Phe a at the HA and 
HB positions. It was found that spectral and dynamic 
properties can be separated from each other in the 
sense, that the ring II (B) conjugation is responsible 
for the spectral shift between BPhe a and Phe a, 
whereas the C-3 substituent controls the effi ciency 
of the primary reaction via optimization of the redox 
potential (Huber et al., 1995).

A systematic variation of the free energy could also 
be achieved for the primary electron acceptor BA. The 
effect of an energetically elevated acceptor level, as 
expected for [3-vinyl]-BChl a RCs is, again, in ac-
cord with a stepwise electron transfer model: here, a 
slower and less effi cient charge separation accompa-
nied by a signifi cant reduction of P+BA

– population is 
found (Spörlein et al., 2000). This again underlines 
the fact that the ET chain in the bacterial RC repre-
sents a highly optimized system where alterations 
in pigment composition with the related changes of 
the energetics of the ET intermediates enhance the 
various loss mechanisms and, thus, reduce effi ciency 
 (Section IV).

C. Alternative Pathways and Vibrational 
Coherence 

 In a photosynthetic system, the RC is usually excited 
by energy transfer from the antenna system(s). The 
situation that P* is not directly produced by the inci-
dent light, but by energy transfer from other pigments, 
can be mimicked in isolated RCs by photoexcitation 
of the energetically higher lying states B*, H* or P*

+ 
(upper exciton band of P). As expected, fast energy 
transfer to the lowest excited state P*

– occurs within 
50–200 fs and the electron transfer proceeds from 
there as described above (van Grondelle et al., 1994; 
Stanley et al., 1996; Vos et al., 1997). However,   al-
ternative electron transfer pathways also following 
B* and H* excitation (with laser pulses at 800 nm 

and 760 nm, respectively) — e.g., an intermediate 
with BA

+HA
– character — were reported for mutant 

(van Brederode et al., 1997a,b) and wild type RCs 
(van Brederode et al., 1997b; Vos et al., 1997; S. Lin 
et al., 1998). Nevertheless, the lack of a BA

+HA
– in-

termediate in a P-defi cient mutant (Jackson et al., 
1997) demonstrates the requirement for P for stable 
charge separation. The observation of the alternative 
reaction path may be of major importance for the 
understanding of photosynthesis in higher organisms, 
where the degeneracy of the Qy transitions of the dif-
ferent pigments and the arrangement of the energy 
transducing Chl, prevent the predominant excitation 
of the special pair. Furthermore, the ‘accessory’ Chl 
in the active branch of the PS II core is suggested to 
act as the   primary electron donor (Prokhorenko and 
Holzwarth, 2000; Barter et al., 2003).

Excitation of P with a fs laser pulse shorter than 
a vibrational period leads to a  coherent excitation of 
vibrational nuclear motions. Quantum mechanically, 
this is described as a superposition of wavefunctions 
of several vibrational levels. Figure 6 illustrates the 
preparation and subsequent evolution of such a  wave 
packet. Therefore, it is a quite common feature in 
ultrafast experiments that femtosecond kinetics are 
superimposed with oscillatory components (Rosker 
et al., 1986; Mokhtari et al., 1990; Wang et al., 1994). 
Thus, the fi rst observations of vibrational coherence 
in photosynthetic reaction centers (Vos et al., 1991, 
1993, 1994; Streltsov et al., 1997) immediately raised 
the question about a possible functional role of these 
coherent nuclear motions for photosynthetic electron 
transfer (reviewed in Vos and Martin, 1999). The fi rst 
oscillatory components, with the strongest modes 
occurring in the <100 cm–1 region, were modulations 
of the   stimulated emission from P* (Vos et al., 1991, 
1993). Experiments probing the stimulated (Vos et al., 
1994) and the   spontaneous emission of P* (Stanley 
and Boxer, 1995) both gave similar results, and led 
to the assignment that the activated modes originate 
from the motion of a vibrational wave packet on the 
P* potential energy surface. The vibrational modes 
around 100 cm–1 are usually considered as chromo-
phore vibrations or as chromophore driven protein 
motions.   Molecular dynamics simulations (Warshel, 
1980), and observations of similar   low-frequency 
modes in other non-monomeric BChl assemblies (like 
antenna complexes) (Chachisvilis and Sundström, 
1996; Joo et al., 1996; Monshouwer et al., 1997; Dif-
fey et al., 1998), suggest a strong contribution from 
intradimer vibrational modes (Kumble et al., 1996). 



453Chapter 31 Electron Transfer in Photosynthetic Reaction Centers

The question, if the dominant mode around 100 cm–1 
is coupled to electron transfer, can be addressed ex-
perimentally in the spectral region covering both the 
electron donor and acceptor bands (Spörlein et al., 
1998). Model calculations for the case of a stepwise 

depopulation of P* and a subsequent population of 
P+BA

– (Fig. 6b), suggest a much stronger modulation 
of the P+BA

– signal compared to the P* signal. In 
contrast to these expectations for a wave-packet-like 
modulation of the ET process, the features of the os-

Fig. 6. Scheme to visualize oscillatory absorption changes via the modulation of stimulated emission (a) and modulated ET (b). (a) 
Wavepacket evolution on a one-dimensional representation of the   excited state potential energy surface. The values given describe the 
energetic and dynamic properties in RCs from Rba. sphaeroides. After excitation (865 nm) from the ground state (P) in the   Franck-
Condon region of the excited state (P*FC), the created wavepacket moves on the potential energy surface P*. Since excited-state-absorp-
tion occurs as long as this state is populated, it is detectable instantaneously. After a few tens of femtoseconds the RC has reached the 
correct nuclear confi guration to allow observation of  stimulated emission. Oscillatory modulations of the transients due to the moving 
wavepacket are observed with different phases at both sides of the spectrum. At 1100 nm the signal of stimulated emission is measur-
able only for a short time of 250 fs, since at later times relaxation of the  wavepacket by energy redistribution prevents the system from 
reaching this extreme nuclear confi guration for a second time. (b) Simplifi ed model for discontinuous electron transfer: after excitation, 
the wavepacket oscillates on the potential energy surface of P*. It is assumed that a considerable probability of transfer exists only in 
a small range of nuclear confi gurations. Each time the wavepacket reaches the intersection region of electron donor (P*) and acceptor 
(P+BA

–) there is a possibility to access the P+BA
– surface. Therefore the P* state will be depopulated stepwise due to the wavepacket mo-

tion. The oscillations of the P* population should not change phase.
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cillatory residuals (Fig. 7) do not change signifi cantly 
within the BA

–-band (centered at 1020 nm). They can 
be readily explained by the motion of a vibrational 
wave packet on the excited state potential surface of 
the special pair P* and its effect on stimulated emis-
sion and excited state absorption, without employing 
a stepwise electron transfer (Spörlein et al., 1998). 
The spectral analysis of the residual signals revealed 
a dominant mode with 135 cm–1, which is damped 
on the sub-ps time scale, and a weak 40 cm–1 mode 
for λpr <1030 nm. The involvement of such a low fre-
quency (~30 cm–1) mode in the coherent formation of 
P+BA

– was previously suggested (as recently reviewed 
in Shuvalov and Yakovlev, 2003) and tentatively as-
signed to a rotation of water molecules bridging ET 
active chromophores by hydrogen bonds. 

Also for  Blc. viridis RC strong modulations of 
the kinetics in the region of a dominant   stimulated 
emission signal with a Fourier spectrum similar to the 

one observed for Rba. sphaeroides could be obtained 
(Huppmann et al., 2003). Again these features cannot 
be taken as a direct proof for a coupling of coherent 
nuclear motion to primary electron transfer for the 
native RC at room temperature. 

In conclusion, for the standard situation of   non-
adiabatic electron transfer reaction only a small 
transfer probability exists during a single vibrational 
period. In this case, the frequency ω infl uences the ET 
rate only at low temperatures. Theoretical simulations 
(Parson and Warshel, 1993; Xu and Schulten, 1994) 
and measurements of the temperature dependence 
place ω in the range of 70–200 cm–1 (oscillation peri-
ods in the 170–500 fs range). For these numbers it is 
apparent, that the fi rst electron transfer step of room 
temperature RC occurs in the non-adiabatic regime. 
However, at cryogenic temperatures the nuclear mo-
tions become important for the secondary electron 
transfer from BA

– to HA and for the initial electron 
transfer reaction in mutated RC with an accelerated 
charge separation (Huppmann et al., 2003). Here 
adiabatic processes with medium control are involved 
in the electron transfer reaction.

III. Optimization of Photosynthesis

  The photosynthetic RC is highly effi cient in charge 
separation and electron transfer; for example, values 
as high as 97% have been reported for the   quantum 
yield of P+QA

– formation (Trissl et al., 1990). The ex-
tremely high effi ciency is closely related to the design 
of RC, which has to meet different requirements:

(i) Many photosynthetic bacteria inhabit   ecological 
niches shaded by higher photosynthetic organisms. 
Therefore, they often must utilize light with wave-
lengths longer than 700 nm, motivating the usage 
of BChl instead of Chl. While most photosynthetic 
bacteria capture light between 750 and 870 nm, the 
  antenna system of the bacterium Blc.viridis collects 
photons even at wavelengths beyond 1000 nm with 
its BChl b-containing antenna system. 

(ii) The RC must effi ciently collect the excitation 
coming from the antenna.   In order to utilize the 
excitonic energy from the antenna the absorption 
of the primary donor—the special pair P of the 
bacterial RC — must be tuned to long wavelengths. 
This is achieved by proper selection of the type of 
bacterial chlorophyll (e.g., using BChl b in Blc. 

Fig. 7. Residuals from Rba. sphaeroides RCs obtained by sub-
tracting a fi t curve satisfying the exponential characteristics of 
the transients from experimental data. They refl ect the nuclear 
motions in real time. The spectral range displayed covers both the 
stimulated emission band of P* and the absorption band of BA

–. 
To allow a better comparison, the plotted graphs are normalized 
to the amplitude of  stimulated emission, which decreases with 
probing wavelength (taken from Spörlein et al., 1998).
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viridis), the excitonic coupling of the two BChl 
molecules of the  special pair, the arrangement 
of the chromophores and the interaction with the 
surrounding amino acids.

(iii) The excitonic  excitation collected by the RC 
must be stored irreversibly in order to minimize 
back transfer to the antenna and loss by internal 
conversion in the antenna system. This demand is 
fulfi lled in the bacterial RC, fi rstly by appropriate 
tuning of the energetic position of the excited elec-
tronic state of the primary donor (its absorption at 
the red end of the absorption of all chromophores 
in the RC) and the high excitonic coupling to other 
pigments. Secondly, the initial charge separation 
process is fast (≈ 3 ps), followed by an even faster 
(≈ 0.6 – 0.9 ps) secondary electron transfer step. 
In these two processes ≈2000 cm–1 of energy are 
dissipated which prevents a fast back reaction to 
the antenna.

(iv)  The charge separation must be securely main-
tained before long-time energy storage reactions 
are accomplished by the later proton transfer 
processes. Here the RC must minimize the direct 
 charge recombination via electron back transfer 
to the special pair. This is accomplished by the 
special design of the electron transfer pathway in 
the RC: the active branch of electron carriers (see 
Fig. 2) consists of the special pair P, the BChl BA, 
the BPhe HA and the quinones QA and QB, arranged 
in a linear chain. After initial charge separation 
between P and BA within 3 ps, the electron travels 
over the pigment chain in stepwise fashion. The 
reaction speed decreases with distance from the 
special pair. The energy of the later intermediate 
states is also decreased. These two features enable 
the RC to fulfi ll the basic requirements for high 
quantum effi ciency in a linear reaction chain: here, 
for each reaction step, the forward reaction rate 
must be faster than recombination. The individual 
optimization criteria are: (a) direct recombination 
is reduced by increasing the distance between the 
anion (P+) and the cation (I–), and by adjusting the 
forward reaction rate; and, (b) recombination via 
earlier intermediates is minimized by appropriate 
energy decrease for the different reaction steps. 

 These requirements, together with the standard 
parameters of the ET reaction in biological systems, 
determine the arrangement of the electron carriers, 

the number of intermediate states and the loss in free 
energy during the electron transfer. In this respect, it 
is interesting to compare the highly optimized wild 
type RC with mutated RC. The mutations change 
reactions rates, absorption properties and energet-
ics of the RCs. In most cases, the reaction rates are 
reduced and the  charge separation effi ciency is low-
ered. In the situation of the mutant L168HF of Blc.
viridis, where the initial charge transfer reaction is 
sped up, the absorption spectrum of the special pair 
is changed and energy transfer from the antenna is 
strongly reduced. Thus this mutation will not allow 
the organism to compete with wild type bacteria. It 
is interesting to note that many mutations lead to 
reduced quantum effi ciencies while still maintaining 
electron transfer to some degree. This shows that 
  evolutionary design criteria included not only high-
est quantum effi ciency, but also robustness to point 
mutations and environmental changes.

IV. Concluding Remarks

 The solar energy fi xation, via charge separation in 
photosynthesis, is a process where the involved pig-
ment protein complexes — the bacterial RC or the 
two photosystems PS I and PS II — work with highest 
effi ciency. Structural analysis, ultrafast spectroscopy, 
site-directed mutagenesis and theoretical modeling 
have supplied information necessary to describe and 
to understand the function of the bacterial RC. Here, 
the interplay of the spatial arrangement and energetic 
tuning, yield highest quantum effi ciency. Despite the 
elucidation of the molecular structures of PS I and 
the developing structure of PS II ( Zouni et al., 2001; 
Ferreira et al., 2004), information on the two photo-
systems PS I and PS II is still incomplete. However, 
the high similarity of the core pigment arrangement 
implies that similar design principles are used, and 
should give some clues how an optimal solar energy 
converter is built.
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