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Abstract 

The free energy gap between the stable charge separated state P
+
QA

-
 and the excited bacteriochlorophyll 

dimer P* was measured by delayed fluorescence of the dimer in mutant reaction center proteins of the 

photosynthetic bacterium Rhodobacter sphaeroides. The mutations were engineered both at the donor 

(L131L, M160L, M197F and M202H) and acceptor (M265I and M234E) sides. While the donor side 

mutations changed systematically the number of H-bonds around P, the acceptor side mutations 

modified the energetics of QA by altering the van-der-Waals and electronic interactions (M265IT) and 

H-bond network to the acidic cluster (M234EH). All mutants decreased the free energy gap of the wild 

type RC (~890 meV), i.e. destabilized the primary charge pair by 60-110 meV at pH 8. The 

destabilization showed slight pH-dependence (~ 10-15 meV/pH unit) at neutral pH and increased at 

high pH (wild type, donor side mutations and M265IT) or was absent (M234EH). It demonstrated the 

importance of H-bond structure around P in destabilization of the dipole and is in accordance with 

simultaneous and substoichometric proton binding by the acidic cluster near QB and proton release by 

residues at the donor side. The free energy change consisted of mainly enthalpic term but the acceptor 

side mutants showed half-half entropic and enthalpic contributions. This could include softening the 

structure of the iron ligand (M234EH) and the QA binding pocket (M265IT) and/or increase of the 

multiplicity of the electron transfer pathways of charge separation in the acceptor side upon mutation. 

 



 3 

 

Introduction 

Some selected proteins (enzymes) of the nature ensure conditions 1) to undergo specific chemical 

reactions and 2) to enhance the rate up to 10
17

 compared to the equivalent reaction in solution [1,2]. 

About one third of the proteins are redox proteins where the enhancement of the rates of electron and 

proton transfer together with the very high specificity of ligand binding has special importance [3]. 

These processes occur under a wide range of redox states and are determined by the structure, dynamics 

and energetics of the redox protein [4]. The energetics of the protein is controlled by the interactions of 

the constituents of the macromolecule [5]. Although the interactions are very complex, some amino 

acids are in key positions to determine the energetics. Mutations directed to these sites can cause major 

changes in interactions and functions of the protein [6,7].  

The general principle of mutation control of redox proteins can be tested in reaction center (RC) of 

photosynthetic bacteria that can serve as model system for these studies (Fig. 1). The RC is part of the 

few number of membrane proteins whose 3D structures have been obtained at high (~ 2.5 Å, [8]) or very 

high (1.87 Å, [9]) resolutions. The structure reveals the binding sites and precise orientation of cofactors 

and their interaction with proteins and provide a solid basis to interpret results of absorption and 

fluorescence studies at an atomic level [10]. The biochemical modification and the genetic 

transformation of the strain Rhodobacter (Rba.) sphaeroides are well elaborated [11,12]. Additionally, 

the kinetics and thermodynamics of the charge transfer processes are quite easy to study by detection of 

flash induced absorbance changes of the cofactors in their different redox states. All these advantages 

allow subtle analysis of structure-energetics-function relationships including protein and electrostatic 

controls of the electron and proton transfer processes [13-15]. The bacterial RC performs its function 

with a very high quantum efficiency of near 100% [16] and has therefore long been a model system for 

the study of the conversion of light into chemical energy, with a large relevance to the design of artificial 

systems [17]. Results obtained on RCs are frequently used as a basis to understand the function of 

similar redox and/or proton transport proteins involved in photoactive or respiratory systems [18]. Here, 

we aim to obtain a better understanding of which facts make the bacterial RC robust and yet flexible 

enough to function efficiently under different conditions.  

The RC protein of purple photosynthetic bacterium Rhodobacter sphaeroides performs unique way of 

conversion of light energy into chemical free energy. The protein binds ubiquinone (UQ) and reduced 

cytochrome (cyt c
2+

) at the cytoplasmic and periplasmic sites, respectively, and releases UQH2 and cyt 
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c
3+

 as redox products [14,15,19,20]. The absorption of photon results in intraprotein electron transfer 

from the primary electron donor (bacteriochlorophyll dimer, P, situated on the periplasmic side of the 

membrane) through a series of intermediates (bacteriochlorophyll monomer, BChl and 

bacteriopheophytine, BPheo, in the membrane) to stable electron acceptors (ubiquinones, QA and QB on 

the cytoplasmic side). The cofactors are arranged along two branches (A and B) of nearly perfect mirror-

symmetry, but the electron transfer in wild type RC occurs on the A branch only. A non-heme iron atom 

(Fe) with its ligand is situated symmetrically to both quinones and facilitates the interquinone electron 

transfer. After subsequent transfer of the second electron and uptake of two protons from the aqueous 

bulk phase, the secondary quinone is completely reduced to quinol (QBH2) and leaves the RC. Thus, the 

light energy is converted to the reducing power of the QB/QBH2 redox couple that can be directly used to 

cover the free energy need of essential biological processes (ion transport, ATP synthesis etc.).  

The photochemical utilization of the absorbed light energy is controlled by the free energy state of the 

primary stable charge pair P
+
QA

-
 (Fig. 2). The higher is the gap between P* and P

+
QA

-
, the smaller free 

energy is utilized from the absorbed photon although the stabilization of the charge pair is increased. A 

convenient way of the determination of the free energy gap is based on the measurement of the delayed 

fluorescence from the bacteriochlorophyll dimer [21-23]. By comparison of the prompt (PF) and delayed 

fluorescence (DL) intensities emitted by the excited dimer (P*), the free energy gap between the excited 

dimer and the charge separated state P
+
QA

-
 can be determined from Boltzmann distribution of the 

population between the two states unless the DL does not influence the thermal equilibrium (the DL is of 

“leakage” type). The use of DL has the unique advantage of absolute determination of the free energy 

gap which goal can be rarely set for other similar methods. It has been applied to several related 

problems of the energetics of bacterial RCs including substoichiometric amount of proton uptake by 

isolated RC upon QA reduction [24,25] or pH-independent midpoint potential of QA in chromatophores 

[26]. 

In this study, the question is set how the free energy level of the charge separation would be 

modified upon mutations of some key residues on both the donor and acceptor sides of the RC. The 

amino acids targeted to site-directed mutagenesis are demonstrated in Fig. 1. As the intensity of the 

observed DL depends on the energetics of both sides, the changes of the free energy levels upon 

mutations can be nicely followed and interpreted by measurement of the DL from the 

bacteriochlorophyll dimer. As in LEGO, the selected mutants show overall energetic changes that can 

be summed up from individual free energy changes induced by the modification of the number of H-
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bonds around the dimer and by steric restriction, electrostatics and H-bond pattern of QA. The 

thermodynamic parameters of the P* → P
+
QA

-
 process indicate enhanced entropic term in the free 

energy change of the mutants at the acceptor side that shed some light in possibility of increased 

multiplicity of electron transfer pathways of stable charge separation. 

 

Materials and Methods  

The wild type strain and all expression strains used in this study are derived from the pink and 

carotenoid-containing strain 2.4.1 of Rba. sphaeroides of wild-type constitution [27]. The construction 

of mutant strains harboring the different mutations, the mutagenesis procedures, growth conditions for 

mutant cells, as well as the RC preparation, have been described previously [28]. The cells were grown 

in Erlenmeyer flasks filled to 50% of the total volume with malate yeast medium supplemented with 

kanamycin (20 μg/ml) and tetracycline (2 μg/ml). The cultures were grown in the darkness at 30 °C on a 

gyratory shaker (100 rpm). The RCs were solubilized from the membrane by ionic detergent LDAO that 

was removed and replaced by a nonionic detergent Triton X-100 after a long (48 h) dialysis at 4°C by a 

frequent change of the dialyzing medium. The pH was measured with a combined glass electrode (model 

91-03; Orion) calibrated with standards that spanned the measured pH range. The assay solution 

contained 2 μM RCs with 0.03% Triton X-100, 100 mM NaCl, and 5 mM buffer, depending on the pH. 

The following buffers were used: 2-(N-morpholino)-ethanesulfonic acid (MES; Sigma) between pH 5.5 

and pH 6.5; 1,3-bis[tris(hydroxymethyl) methylamino]propane] (Bis-Tris propane; Sigma) between pH 

6.3 and pH 9.5; Tris–HCl (Sigma) between pH 7.5 and pH 9.0; 3-(cyclohexylamino) propanesulfonic 

acid (CAPS; Calbiochem) and 2-(cyclohexylamino) ethanesulfonic acid (Ches, Sigma) above pH 9.5. 

The photochemical function of RC of each mutant was characterized by the near-infrared absorbance 

spectrum and by measurement of the flash-induced P/P
+
 signal amplitude and P

+
QA

-
 → PQA charge- 

recombination kinetics at 860 nm. The absorbance spectroscopy was performed on a kinetic 

spectrophotometer of local design [24]. The secondary quinone activity of the RC was inhibited by 

addition of 100 μM terbutryn. 

Delayed fluorescence measurements were performed as described in [23,26]. The home-built kinetic 

fluorometer was equipped with a frequency-doubled and Q-switched Nd:YAG laser (Quantel YG 781-

10, wavelength 532 nm, energy 20 mJ, duration 5 ns) and the detector was protected by an electronically 

controlled mechanical shutter (Uniblitz VS25). The free energy drop from P* to P
+
QA

-
, ΔGP*A, was 



 6 

calculated by comparison of the delayed and prompt fluorescence yields, according to Arata and Parson 

[21]: 
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∫Fd(t)dt and ∫Fp(t)dt are the integrated intensities of delayed and prompt fluorescence, measured in the 

same sample but at very different excitation intensities (both in the linear region) to give similar 

emission intensities. ∫Fd(t)dt is determined by a one-exponential fit to the decay of the delayed 

fluorescence signal; ∫Fp(t)dt is determined by electronic integration of the prompt fluorescence, using a 

time constant (0.1 s) similar to that of the delayed fluorescence decay time. The Boltzmann factor is kBT 

(25 meV at room temperature), kfl is the radiative rate constant of prompt fluorescence (8·10
7
 s

−1
, 

[21,22]), kd is the rate of decay of the delayed fluorescence, ηph is the quantum yield of photochemical 

trapping (≈ 1.0, [16]), and ηfl is the quantum yield of the prompt fluorescence (4·10
-4

, [29,30]). As the 

P
+
QA

-
 → PQA charge recombination kinetics are not strictly exponential [31], the determination of kd 

based on single exponential decomposition of the delayed fluorescence decay may introduce some 

systematic error in the determination of the free energy gap ΔGP*A [26,32].  

 

Results 

The kinetics of delayed fluorescence of the dimer was measured in a series of mutants at the donor (Fig. 

3) and acceptor (Fig. 4) sides of the RC. In all selected mutants, both the amplitude (area) and the rate of 

the decay increased compared to those of the wild type. 

Addition and removal of a single H-bond in the network around the dimer. One of the most fundamental 

questions is how the addition and removal of the single H-bond in the close vicinity of the dimer will 

change the observed delayed fluorescence. If an H-bond is introduced by the L131LH mutation, then the 

intensity of the DL would increase significantly relative to that measured in wild type RC (Fig. 3 inset). 

This change indicates the increase of the midpoint potential of P/P
+
 due to the H-bond to the dimer. If, 

however, this mutation is compensated by an additional mutation at position M202 by removal of the H-

bond (M202HL), then the intensity of the DL would decrease significantly close to the level of the wild 

type RC. The increase of the redox midpoint potential of P/P
+
 attributed to the mutation L131LH is 

compensated by the second mutation at M202LH by lowering the midpoint potential of the dimer. This 
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experiment clearly demonstrates that the H-bond to the dimer can be made responsible for the change of 

the free energy level of the dimer wherever this H-bonding is occurring in the vicinity of P.  

Multiple H-bond formation on the donor side. The build up of H-bond system around the dimer can be 

continued by creation of double (L131LH-M160LH) and triple (L131LH-M160LH-M197FH) 

mutations. The increase of the number of H-bonds increases the intensity of the DL and the increase is 

stepwise: the triple mutant shows about twice as large increase as the double mutant relative to that of 

the wild type. The exact location of the new H-bond is not critical to the increase of the DL as the 

mutation of relatively remote site can cause similar changes of energetics as sites closer to the dimer. 

The H-bond network is extended around P and its modification induces similar energetic effects 

wherever the perturbation occurs. Similar effect of hydrogen bonds to the conjugated carbonyl 

molecules on the electrochemical titrations of these mutants was earlier observed [12,33]. 

The rate constants of the decay of DL as a function of free energy changes. Figure 5 demonstrates the 

decay rates of DL for several mutants in representation of the driving force of the P
+
QA

-
 → PQA charge 

recombination. The data obtained from very different mutations on the acceptor and donor sides line up 

to a single (Marcus) parabola. As the back reaction occurs through a direct (tunnelling) pathway in these 

RCs, the plot can be approximated by Marcus-type electron transfer [34]. The observed rates do not 

show large changes upon increase of the driving force that involves a reorganisation energy very close to 

the actual free energies: λ = 705 meV. This value is somewhat lower than the relevant reorganization 

energies (800-900 meV) published earlier [12]. The decay rates of the DL behave very similarly to those 

of the charge recombination measured by absorption changes. This means that the decay of the DL of 

bacterial RC is governed by the kinetics of the charge recombination, i.e. it shows “leakage” character. 

For comparison, the DL or thermoluminescence from Photosystem II of green plants do not demonstrate 

this property, mainly due to the much smaller (~400-500 meV) free energy gap. The disadvantage of 

much smaller DL in bacterial RC is compensated by simpler (Boltzmann) evaluation of the data.  

pH-dependence of the free energy gap between P* and P
+
QA

-
. The free energies of the different states 

can be modified not only by mutations of nearby residue(s) but by change of the pH of the medium, as 

well (Fig. 6). If the redox transition (oxidation/reduction of the species) is accompanied by 

unbinding/binding of protons at nearby residues, then the free energy of the species will 

increase/decrease. It can be considered that the proton release/binding (from energetic point of view) 

destabilizes/stabilizes the redox agent. The affect is small but can be measured. At lower pH, the free 

energy gap is higher than at higher pH. The average slope (~ 10-15 meV/pH unit) is far away from the 
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value of 60 meV/pH unit that directly characterizes the net uptake/release of 1 H
+
 ion upon 

reduction/oxidation of the redox center. Neither QA/QA
-
 nor P/P

+
 participate directly in 

protonation/deprotonation processes. The increased instability above pH 8 in wild type is due to acidic 

cluster in the vicinity of QB [35]. This behaviour is observed in the M253IT mutant but is completely 

lacking in the M234EH mutant. The decreasing stability of the P
+
QA

-
 charge pair can be clearly 

recognized at high pH upon increase of the number of H-bonds in the donor side mutations. This 

tendency indicates the possible significance of the system of H-bonds and water molecules in 

transmittance of interaction energy between P
+
 and the protonatable groups on the periplasmic site of 

the RC.  

Thermodynamic parameters. The direct measurement of the intensity of the DL offers the free energy of 

the P
+
QA

-
 → P* process (ΔG

0
P*A) that consists of enthalpic (ΔH

0
) and entropic (T·ΔS

0
) terms: ΔG

0
 = ΔH

0
 

- T·ΔS
0
. As the DL originates from the leakage of the thermal equilibrium between P

+
QA

-
 and P*, the 

observation of the temperature change of the DL (van’t Hoff plot) serves as an independent method to 

find the enthalpy change (ΔH
0
) of the P

+
QA

-
 → P* transition. ΔH

0 
is obtained as the slope of the straight 

line in the van’t Hoff representation (Fig. 7). From these two quantities (ΔG
0
 and ΔH

0
), the third 

parameter, the entropy change (ΔS
0
) can be derived (Table 1).  

In wild type RC, the P
+
QA

-
 → P* transition is primarily driven by enthalpy change and the entropic 

change has practically no significance [21]. The tendency is basically preserved in the donor site mutants 

where the enthalpic term remains dominant with slightly larger contribution of the entropic term. The 

acceptor side mutation shows principally different shape: the entropy change becomes a significant 

driving force in the P
+
QA

-
 → P* transition. This observation should involve significant molecular 

rearrangements in the M265IT and M234EH mutants relative to that in wild type RC. These specific and 

transient molecular conformations are prerequisite of the transition (charge separation/recombination) in 

QA related mutations and seem to be absent in the donor side mutations. 

 

Discussion 

To understand the light-induced charge separation and subsequent electron transfer reactions in bacterial 

RC, both kinetics and thermodynamics should be measured [36]. In this study, mutants directed to 

specific sites on the donor and acceptor sides were constructed and the changes in energetics were 

followed by detection of the delayed fluorescence of the bacteriochlorophyll dimer which method has 

been proved to be an adequate and sensitive tool in bacterial photosynthesis to gain both kinetic and 
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thermodynamic data. The selected mutants caused large changes of the free energies of the first stable 

separated charges of P and QA accompanied with major modifications in their enthalpic and entropic 

contributions and smaller but not insignificant variations on their pH-dependence. The discussion will 

focus on molecular details and interpretation of these observations. 

Changes of Interactions in the Mutants. All the mutants used in this work demonstrated large drop of 

the free energy gap between P* and P
+
QA

-
. As neither of the mutations are accompanied with major 

structural changes, the observed energetic changes are attributed to slight modifications of the 

interactions between the cofactors (P and QA) and the protein environment including the extended H-

bond network on the cytoplasmic site and (possibly) also on the periplasmic site of the RC. Below, 

these interactions will be specified. 

The effect of hydrogen bonds to the conjugated carbonyl molecules on the oxidation/reduction 

midpoint potential of the dimer is well documented [12]. In wild type, the redox midpoint potential of 

P/P
+
 is poised to ~ 500 mV [24] and an additional hydrogen bond present in the wild type raises the 

potential by 60 to 120 mV while loss of the hydrogen bond decreases the potential by approximately 80 

mV. The DL measurements on H-bond mutants supported these results. The free energy change caused 

by introduction of a single H-bond was compensated by the removal of an H-bond at a different site near 

the dimer (Fig. 3) and both the rates and the amplitude (area) of the decay of DL increased with 

increasing number of the H-bonds (Figs. 5 and 6). Although the decrease of the free energy gap 

determined from DL (Table 1) was not as large and graduate as those obtained from redox titration data, 

the tendency could be well recognized. The discrepancy can be attributed to the different conditions of 

the two measurements. While the redox equilibrium is achieved by chemical oxidation of the dimer, the 

DL method includes the redox changes of QA, as well. The interaction of the protein environment with 

the dimer in wild type RC sets the free energy gap to a maximum value which assures small portion 

(rate) of wasteful charge recombination. From the point of view of the yield of charge separation, this 

structure can be considered as an “optimum” structure. The H-bonds in the mutations decrease the free 

energy gap and the yield of photochemical utilization of the absorbed photon by interruption of the 

optimum structure. Systematic modulation of the H-bond pattern by mutagenesis produces a wide range 

of midpoint potentials of the dimer that sets the stage for building new functionality into the bacterial 

RC including photo-oxidation of tyrosine [37] and tight binding and oxidation of manganese [38].  

The energetics of QA is determined by complex interactions with surrounding amino acids [20] and 

the mutation of M265IT used here can have several consequences. His-M219 and Ala-M260 form H-
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bonds with the O4 (2.87 Å) and O1 (2.82 Å) carbonyls of QA, respectively (structure 1AIG.pdb). Trp-

M252 and Ile-M265 are on opposite sides of the quinone and in van der Waals contact. The mutations of 

the M265 bulky isoleucine site to smaller and polar amino acids threonine and serine led to significant 

redox tuning. Differences in the measured rate of charge recombination indicated that the polar 

mutations lowered the midpoint potential of QA by ~100 and 85 mV respectively [39,40]. Similar results 

(~115 and 60 mV for threonine and serine) were obtained when the free energy of QA
-
 was directly 

measured via the delayed fluorescence from P
+
QA

-
 (see Fig. 4. and [32]). Several factors may result in 

these free energy changes but their contributions have not yet been clarified. The mutation can affect the 

protein-quinone interactions by changing binding pocket structure, specific steric or van der Waals 

interactions with QA, or electrostatically. A movement of the peptide backbone away from the quinone 

may increase the hydrogen bond distance between the O1 carbonyl and the Ala-M260 peptide NH by 

~0.1 Å. Additionally, the difference in size (van der Waals contact) of the amino acids and the 

introduction of the hydroxyl group can contribute to generate the observed shift. The orientations of 

quinone methoxy groups that may be implicated in redox poising can play minor role only as 

substituting the native ubiquinone with anthraquinone, which lacks any methoxy groups, showed similar 

energetic effects [40]. Recent pulsed EPR measurements provided further details but could not offer 

final conclusion [41]. While nitrogen hyperfine parameters were nearly unchanged between the histidine 

M219 and the QA semiquinone, changes in the quadrupole parameters indicated a significant change in 

the electric field gradient. Additionally, resolution of the hyperfine coupling between the peptide 

nitrogen and the semiquinone decreased in the mutant. Although there is only a small effect on the 

binding site structure, yet it might have sufficient magnitude to suggest that the electric potential and/or 

field gradient are important contributions to the electronic structure to observe changes of the free 

energy.  

There are accumulating evidences for conformational gating of the QA
-
 to QB interquinone electron 

transfer (see for summary in [20]), although the nature of this conformational gate is not clear. The 

majority of studies argue for a QB-related conformational change including the displacement of QB 

between distal and proximal binding states [8,42]. However, there are works that question that, and 

propose a rotated orientation of QA as the conformational change [43]. If it works, then the rotation of 

QA must have a very large effect on QA energetics. Our studies on the M265I related mutations did not 

support the direct involvement of QA in the conformational gating. The gating process has not been 

reflected in a modification neither of the interquinone electron transfer [40] nor of the energetics [32,41] 
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and pH-dependence (Fig. 6.). The rotation of QA can play minor (if any) role in the mechanism of the 

conformational gating of the interquinone electron transfer.  

The glutamic acid M234 develops two bonds with the Fe atom and, together with four histidines 

(L190His, L230His, M219His and M266His), constitues the iron ligand. L190His and M219His are 

symmetrically bound to the Fe atom and also to QA and QB, with which they develop H-bonds. The QA-

M219His-Fe-L230His-QB “wire” has been proposed as a structural and energetic connection of the two 

quinone pockets [44]. Because of the central position of M234Glu, lying between the two quinones and 

binding the Fe atom, it may influence the energetics of the QA site. The site-specific mutant M234EH 

adds a fifth His to the Fe ligand and the M234EL mutant replaces a bulky non-polar amino acid that is 

incapable of developing interactions with the Fe atom and/or does not allow to form a cavity filled with 

water molecules. Indeed, both mutants modified the H-bond network to QA and caused severe changes 

in the energetics of the primary quinone detected by DL. 

pH-dependence of the stabilisation/destabilisation of the P
+
QA

-
 dipole. The static pH-dependence of the 

free energy gap ΔGP*A indicates the role of protonation/deprotonation of the protein that accompanies 

the charge separation. The measured pH-dependence of the free energy change is related to the integral 

of the proton uptake/release induced by the P → P
+
QA

- 
transition [19]. The P

+
QA

- 
dipole has two ends 

and therefore the stabilisation can occur by simultaneous uptake and release of protons at the quinone 

and dimer sides, respectively. The flash-induced uptake of 1 proton/RC by the acidic cluster near QB 

corresponds to stabilisation energy of 60 meV. The measured stabilisation energy of P
+
QA

- 
state in wild 

type RC (e.g. Δ ΔG = ΔG(pH 6) - ΔG(pH 11)) amounts a couple of 10 meV that corresponds to 

substoichometric net proton binding in agreement with earlier results [24,25]. The use of acceptor and 

donor side mutations makes it possible to separate the contribution of proton binding and release in the 

free energy stabilisation process, respectively. 

The quinone-side mutations that modify the flash-induced uptake of H
+
 ions operate in agreement 

with the expectations based on recent studies. It has been proposed that protons are taken up by an 

acidic cluster in anticooperative interaction near the QB. The cluster is connected to QA by a chain of H-

bonds all over the cytoplasmic face of the protein [35]. The relaxation of the P
+
QA

- 
charge separated 

state and the subsequent electron transfer (charge recombination) require the spreading of the protons 

and the establishment of a favorable configuration for their distribution over the hydrogen bond 

network. This is also supported by theoretical calculations which have shown that upon formation of 

QA
−
, structural waters (and associated hydrogen bond networks) on the cytoplasmic side of the RC 
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change their orientation/occupation [45,46]. The M265IT mutant does not modify the extended H-bond 

network between QA and the acidic cluster and therefore the pH-dependence of the free energy gap 

remains the same as experienced in the wild type RC. The M234E mutants, however, have major impact 

on the iron ligand and the H-bond network and do not show any stabilisation (rather slight 

destabilisation) upon lowering the pH. 

The donor side mutations in our study change the H-bond system around P and modify the pH-

dependence of the stabilisation. By increase of the number of H-bonds, the stabilisation of the P
+
QA

- 

dipole will be more pronounced indicating the not negligible role of donor side interactions beside those 

of the well characterized acidic cluster near QB. The light-induced net deprotonation of the few 

protonatable groups on the periplasmic site due to P
+
 formation could be shown experimentally after re-

oxidation of QA
-
 [19,25]. Similarly as on the cytoplasmic side, the H-bond network may influence the 

interactions of the protonatable residues on the periplasmic side, modify the pKa values, and alter the 

stoichiometry of proton release, therefore the stabilisation of the dipole. Although the few protonatable 

residues near P do not form a closely associated cluster as the acidic amino acids on the acceptor side 

near QB, their effect on proton unbinding is certainly amplified by the H-bond system and water 

molecules available on the periplasmic side of the RC.   

Thermodynamic parameters of the mutants. While the kinetic properties of charge separation and 

recombination are relatively easy to determine, the thermodynamic information is far less accessible. 

The thermodynamics of the charge separation reveals the energy levels of the initial and final states and 

the driving force (Gibbs free energy) of the reaction, which is composed of enthalpic and entropic 

components. The pulsed photoacoustics (PA) and DL methods offer different contributions of enthalpic 

and entropic terms in charge separation of the native bacterial RC. In vivo PA measurements of 

formation of P
+
QA

-
 showed a large positive entropy both in bacterial RC and in wild type photosystem I 

from Synechocystis sp. PCC 6803 [47-49]. It was demonstrated that the A-FX to FA/B step in 

Synechocystis 6803 Photosystem I was entropy driven [50]. In contrast, the electron transfer in 

photosystem II was accompanied by a small negative entropy change. The observed difference in 

entropy between photosystem I (and bacterial RC) and photosystem II indicates that the apparent 

entropy may play a vital role in photosynthetic electron transfers. It was demonstrated that entropy 

controlled the charge separation in artificial photosynthetic systems [51] and showed up temperature 

dependence of charge recombination in bacterial RC [52]. 
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While the PA finds the bacterial charge separation to be half enthalpic (ΔH
0
~-440 meV) and half 

entropic (T·ΔS
0
~+420 meV) [47], the DL yields negligible entropic contribution (T·ΔS

0
~0) in the free 

energy change of ΔG
0
 ~-890 meV (see Table 1) [21]. The apparent discrepancy may arise from a) 

different time regimes and b) different assumptions of the two methods. The DL method assumes 

equilibrium between a single charge-separated state P
+
QA

-
 and the excited P state on the 100 ms time 

scale while the PA method measures the heat released on the <100 ns time scale. The enthalpy is derived 

from the variation of the equilibrium constants with temperature (van’t Hoff plot of the DL) or from 

calorimetric measurements (PA) with the assumption of temperature independent thermodynamic 

parameters (enthalpy, heat capacity and volume change). The latter assumption is not necessarily valid 

that can cause the observed discrepancy between the two methods [52].  

To explore the specific role of the protein matrix in the electron transfer, the bacterial RC was 

genetically modified at some key amino acids and showed the altered thermodynamics of electron 

transfer. The mutations at the donor side affected the free energy change of the charge separation but did 

not have significant influence on the entropic contribution. It remained as negligible as it was in the wild 

type. The acceptor side mutations, however, increased the partition of the entropy in the free energy 

change of the reaction and became commeasurable with the enthalpic term or could be even the 

dominant term. The positive sign of the entropy change upon charge separation calls the attention to 

increased number of macrostates in the acceptor side. The small amino acids instead of the bulky 

isolucine at M265 could allow for a greater number of conformations than in wild type and polar side 

chains from threonine (or serine) could stabilize a specific and alternate methoxy conformation through 

H-bonding. Similarly, the modification of the iron ligand by M234 mutants changed the H-bond network 

to QA and increased the number of substates constituting the electron pathways at the QA site. The polar 

side chains at the cytoplasmic side of the protein may play some role in entropy increase of the charge 

separation in these mutants. Due to slight steric/electrostatic rearrangement caused by the mutation, 

some negatively charged surface groups can be reoriented (or even repelled from the RC) which is a 

disordering process that would enhance the entropy of the reaction. 

In standard formulations of the Marcus theory, it is assumed that the vibrations coupled to electron 

transfer have the same frequency in reactant and product states, which implies that the entropy change is 

zero [34]. As negligible entropy change for charge separation process is measured in wild type RC, the 

standard formalism of the Marcus theory can be applied. For the acceptor side mutants, however, 
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significant entropic contributions is observed and therefore the standard Marcus theory of electron 

transfer should be extended [49].  

 

Conclusions. The delayed light emission from the dimer is one of the very few methods to measure 

directly the free energy change of the charge separation in bacterial RC. The selected mutants on both 

sides of the electron transfer revealed how the molecular interaction between the cofactors and the 

protein environment determine the free energy gap and how the H-bond networks extended with water 

molecules contribute to pH-dependent stabilisation of the first non-transient dipole P
+
QA

-
. What we have 

learned here can have further perspectives in a better understanding of enzyme energetics and activity 

and may be relevant for designing artificial enzymes for specific activities and for drug design. 
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Figure 1. The twofold symmetric arrangement of the cofactors and location of the amino acid residues 

targeted for mutations in the atomic structure of the RC protein (Brookhaven Data Bank structure 

3I4D.pdb). The periplasmic (electron donor) side is separated from the cytoplasmic (electron acceptor) 

side by a wide hydrophobic (membrane) band in the middle. The mutations directed to the indicated 

sites cause significant alteration of the energetics of the protein. 
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Figure 2. Redox midpoint potentials of the cofactors playing crucial role in generation of DL. Following 

the absorption of a photon of energy 1.38 eV (corresponding to 865 nm wavelength), the primary 

electron donor, P, a dimer of bacteriochlorophylls becomes a strong reducer in its singlet excited state P* 

(midpoint redox potential E'm (P*/P
+
) ~ −900 mV). The excitation energy of P → P* remains unchanged 

in the donor- and acceptor side mutations used in this study. The excitation of the dimer is followed by 

electron transfer from P* to the primary quinone yielding the charge separated P
+
QA

-
 state. The 

approximate redox midpoints of P/P
+
 and QA/QA

-
 of wild type RC at pH 8 are taken +500 mV and -50 

mV, respectively [24]. The precursor of the DL is P* repopulated thermally from the P
+
QA

-
 state. Any 

energetic changes on the donor and acceptor sides due to mutations and/or other changes (e.g. pH) will 

affect the DL. 
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Figure 3. Kinetic traces of the DL of donor side mutants with increasing number of H-bonds in the 

vicinity of the dimer. The DL increases in single (L131LH), double (L131LH-M160LH) and triple 

(L131LH-M160LH-M197FH) mutants relative to that of wild type RC. The introduction of histidine 

residue at the donor side reflects addition of one H-bond to the network around the dimer. The addition 

(L131LH) and subsequent removal (L131LH-M202HL) of histidine residue recover the original level of 

DL of the wild type RC (inset).  

Conditions: 2 μM RC, 100 mM NaCl, 0.03% Triton X-100, 100 μM terbutryn, pH 8 and wavelength of 

observed fluorescence 915 ± 10 nm. The mechanical shutter is closed during the excitation (a negligible 

but observable fraction of the very intense prompt fluorescence is creeping through the blades) and will 

open ~ 10 ms after the flash (see the large increase of the observed light intensity). The DL is the 

decaying light intensity detected in the dark. The rate constant of the decay is comparable to that of the 

charge recombination indicating the leakage character of the DL.  
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Figure 4. Kinetic traces of the DL of acceptor side mutants in the QA binding pocket (M265IT) and in 

the iron ligand (M234EH). The conditions are the same as in Fig. 3. 
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Figure 5. The free energy dependence of the observed rate constants of the decay of DL in different 

mutants. The fit to Marcus parabola (thin line) results kmax = 35 s
-1

 and λ = 705 meV for the maximum 

rate and reorganisation energy of the P
+
QA

-
 → PQA process, respectively. Notations:  Wild Type,  

L131LH-M202HL, ▲ L131LH, ► M234EH, ▼ L131LH-M160LH, ◄ M265IT,  L131LH-

M160LH-M197FH. 
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Figure 6. The pH-dependence of the free energy drop from P* to P
+
QA

-
 in wild type RC and mutants at 

the dimer and at the QA binding site. ΔGP*A was determined from the intensity of delayed fluorescence, 

as described in Methods and Materials. Conditions: 2 μM RCs, 0.03% Triton X-100, 5 mM buffer (1 

mM of each of Mes, Mops, Tricine, Ches, and Caps), 100 mM NaCl and 100 μM terbutryn.  
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Figure 7.  van’t Hoff plots of the DL in wild type and different mutants. The area of the DL traces 

normalized to the concentration of the RC (ΔOD is flash-induced absorption change at 430 nm) show 

significant temperature-dependence: according to the Boltzmann’s relationship: larger intensity of DL 

can be obtained at elevated temperatures. The slope corresponds to the enthalpy change of the P
+
QA

-
 → 

P* transition. The measured date of the different mutants are arranged (shifted) according to decreasing 

(increasing) slopes. 
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Mutants 
ΔG

0
     

[meV] 

ΔH
0
  

[meV] 

T·ΔS
0
                     

[meV]  

@ T=295°K 

Wild Type -897 -910 -13 

Donor side 

L131LH -833 -820 13 

L131LH-M160LH -797 -735 62 

L131LH-M160LH-M197LH -713 -710 3 

Acceptor side 
M265IT -787 -360 427 

M2234EH -820 -304 516 

 

Table 1. Summary of the thermodynamic parameters (changes of the free energy (ΔG
0
), enthalpy (ΔH

0
) 

and entropy (T·ΔS
0
)) corresponding to the P* → P

+
QA

-
 charge separation determined for wild type and 

mutant RCs. 

 


