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The free energy gap between the metastable charge separated state P+QA
− and the excited bacteriochlorophyll

dimer P*wasmeasured by delayedfluorescence of the dimer inmutant reaction center proteins of the photosyn-
thetic 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 system-
atically the number of H-bonds to 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 around QB

(M234EH, M234EL, M234EA and M234ER). All mutants decreased the free energy gap of the wild type RC
(~890 meV), i.e. destabilized the P+QA

− charge pair by 60–110 meV at pH 8.Multiplemodifications in the hydro-
gen bonding pattern to P resulted in systematic changes of the free energy gap. The destabilization showed no
pH-dependence (M234 mutants) or slight increase (WT, donor-side mutants and M265IT above pH 8) with av-
erage slope of 10–15 meV/pH unit over the 6–10.5 pH range. In wild type and donor-side mutants, the free en-
ergy change of the charge separation consisted of mainly enthalpic term but the acceptor side mutants showed
increased entropic (even above that of 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 of charge separation in the acceptor side upon mutation.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The dynamics of proteins are controlled by the complex interac-
tions of the amino acids [1–3]. Mutations directed to key sites can
cause major changes in functions and energetics of the protein [4,5].
The general principle of mutation control of redox proteins can be
tested in the reaction center (RC) of photosynthetic bacteria that
can serve as a model system for these studies (Fig. 1). The RC is one
of few membrane proteins whose 3D structures have been obtained
at higher and higher (2.5 Å [6] and 1.87 Å [7]) resolutions. The struc-
ture reveals the binding sites and precise orientation of cofactors and
their interaction with proteins and provides a solid basis to interpret
results of absorption and fluorescence studies at an atomic level [8].
The biochemical modification and the genetic transformation of
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Rhodobacter (Rba.) sphaeroides are well elaborated [9,10]. Additional-
ly, 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 re-
lationships including protein and electrostatic controls of the electron
and proton transfer processes [11–13]. The bacterial RC performs its
function with a very high quantum efficiency of near 100% [14] and
has therefore long been a model protein for the study of the conver-
sion of light into chemical energy, with relevance to the design of
artificial systems [15]. 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
[16]. Here, we aim to obtain a better understanding of which facts
make the bacterial RC robust and yet flexible enough to function effi-
ciently under different conditions.

The RC protein of purple photosynthetic bacterium Rba. sphaeroides
binds ubiquinone (UQ) and reduced cytochrome (cyt c2+) at the cyto-
plasmic and periplasmic sites, respectively, and releases UQH2 and cyt
c3+ as redox products [12,13,17,18]. The absorption of a photon results
in intraprotein electron transfer from the primary electron donor (bacte-
riochlorophyll dimer, P, situated on the periplasmic side of the mem-
brane) through a series of intermediates (bacteriochlorophyll monomer,
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Fig. 1. The twofold symmetric arrangement of the cofactors and location of the amino acid residues targeted for mutations in the atomic structure of the wild type 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 (A). The mutations directed to the indicated amino acids of the donor (B) and acceptor (C) sites cause significant alteration of the redox midpoint potentials of
the dimer (P/P+) and the primary quinone acceptor (QA/QA

−), respectively. The hydrogen bonds are shown by thin lines.

Fig. 2. Redoxmidpoint potentials of the cofactors playing a crucial role in generation of DL.
Following the absorption of a photon of energy 1.38 eV (corresponding to 865 nm wave-
length), 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 sidemuta-
tions 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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BChl and bacteriopheophytin, BPhe, in the membrane) to stable electron
acceptors (ubiquinones, QA andQB 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 (Fig. 1A). A non-heme iron atom (Fe) with its ligands is
situated symmetrically to both quinones and facilitates the interquinone
electron transfer. After subsequent transfer of the second electron andup-
take 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 bio-
logical processes (ion transport, ATP synthesis etc.) [19].

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 larger the gap between P* (the excited dimer) and
P+QA

−, the smaller the free energy that is utilized from the absorbed
photon, although the stabilization of the charge pair is increased. A
convenient way of determining the free energy gap is based on the
measurement of delayed fluorescence from the bacteriochlorophyll
dimer [20–22]. By comparison of the prompt (PF) and delayed fluores-
cence (DL) intensities emitted by the excited dimer, the free energy gap
between P* and the charge separated state P+QA

− can be determined
from the Boltzmann distribution of the population between the two
states, so long as the DL has a negligible effect on the kinetics (total
decay) of the charge pair (the DL is of “leakage” type [23]). The use of
DL has the unique advantage of absolute determination of the free
energy gap which goal can be rarely set for other methods. It has been
applied to several related problems of the energetics of bacterial RCs
including substoichiometric amounts 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 of 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 is asked.
The amino acids targeted for site-directed mutagenesis are demon-
strated in Fig. 1A. The energetics of the donor side was changed either
by modification of the hydrogen-bonding pattern of P (reviewed in
[10]) or by altering the pigments forming the dimer [27] (Fig. 1B).
Systematic alteration of the oxidation potential of the dimer was
observed upon changing the number of hydrogen bonds between
the RC subunits and the conjugated system of P by electrochemical
[10,28], FTIR [29] and ENDOR [30] studies. Here, single (L131LH),
double (L131LH–M160LH) and triple (L131LH–M160LH–M197FH)
mutants were constructed. The change of the axial histidine ligand
of PB (M202H) to Leu resulted in a BChl–BPhe heterodimer of
increased P/P+ midpoint potential compared to WT [31]. In this
study, a double mutant (M202HL + L131LH) was designed that com-
bined the heterodimer mutation with a hydrogen-bond mutation. DL
investigations have not been carried out in these mutants and new
aspects of the H-bond system in homo- and heterodimer can be re-
vealed. Similarly, information about the cytoplasmic H-bond network
can be expected from mutations in the close vicinity of QA (M265I
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Fig. 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 in-
tense prompt fluorescence is creeping through the blades and gives the small peak at the
beginning) 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 con-
stant of thedecay is comparable to that of the charge recombination indicating the leakage
character of the DL.
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[32–34]) and the non-heme iron (M234E [35]) which alter the reduc-
tion potential of the primary quinone (Fig. 1C). As the intensity of the
observed DL depends on the free energy levels of the redox cofactors
P/P+ and QA/QA

− on the donor and acceptor sides, respectively, their
changes upon mutations can be nicely followed and interpreted by
measurement of the DL from the bacteriochlorophyll dimer. The se-
lected mutants show overall energetic changes that can be summed
up from individual free energy changes induced by steric restrictions,
electrostatics and modification of the number of H-bonds around the
dimer, the primary quinone and the non heme iron atom. The thermo-
dynamic parameters of the P* → P+QA

− process indicate an enhanced
entropic term in the free energy change of the mutants at the acceptor
side that shed some light on the possibility of increased structural flex-
ibility in mutants targeting M265 and M234.

2. 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 cultivated under semi-aerobic conditions [36]. 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 [37]. 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 (140 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) be-
tween 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; and 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 recombi-
nation kinetics at 860 nm. The absorbance spectroscopywas performed
on a kinetic spectrophotometer of local design [24]. The secondary qui-
none activity of the RC was inhibited by addition of 100 μM terbutryn.
The charge recombination to the ground state may occur via direct
and indirect (thermally accessed through P+BPhe−) tunneling path-
ways. The observed rate constant is

kobs ¼ kA þ kBPhe⋅ exp −ΔGBPhe−A=kBTð Þ ð1Þ

where kA and kBPhe represent the rate constants of the P+QA
− → PQA and

P+BPhe− → PBPhe charge recombinations, respectively. The rate
constant kBPhe is takenhere to be 2 · 107 s−1, independent of thenature
of mutations [38]. ΔGBPhe-A is the free energy difference between one of
the relaxed states of P+BPhe− and P+QA

− and kBT is the Boltzmann term.
For WT RC, ΔGBPhe-A ≈ 470 meV and the direct pathway is dominant if
ΔGBPhe-A > 390 meV [38,39] or the free energy difference (ΔGP*A)
between the states P* and P+QA

− is greater than 800 meV.
Delayed fluorescence measurements were performed as described

in [22,26]. 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
calculated by comparison of the delayed and prompt fluorescence
yields, according to Arata and Parson [20]:

ΔG0
P�A ¼ kBT⋅ ln

∫Fddt
∫Fpdt

⋅
kd
kfl

⋅
ηfl
ηph

0
@

1
A: ð2Þ

∫Fd(t)dt and ∫Fp(t)dt are the integrated intensities of delayed and
promptfluorescence,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 promptfluorescence, using a time constant (0.1 s) sim-
ilar to that of the delayed fluorescence decay time. Highly purified RC
with negligible fluorescence from impurities is needed. The Boltzmann
factor is kBT (25 meV at room temperature), kfl is the radiative rate con-
stant of promptfluorescence (8 · 107 s−1, [20,21]), kd is the rate of decay
of the delayed fluorescence, ηph is the quantum yield of photochemical
trapping (≈1.0, [14]), and ηfl is the quantumyield of the prompt fluores-
cence (4 · 10−4, [40,41]). As the P+QA

− → PQA charge recombination
kinetics are not strictly exponential [42], the determination of kd based
on single exponential decomposition of the delayed fluorescence decay
may introduce some systematic errors in the determination of the free
energy gap ΔGP*A [26,43].

3. 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.

3.1. Addition and removal of a single H-bond to the dimer

One of the most fundamental questions is how the addition and
removal of the single H-bond to the dimer will change the observed
delayed fluorescence. By introduction of an H-bond with the L131LH
mutation, the intensity of the DL increases significantly relative to that
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Fig. 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. Fig. 5. The free energy dependence of the rate constants of the P+QA

− → PQA direct
charge recombination in different mutants. The rate constants were derived from the
temperature-dependence of the observed rate constants according to Eq. (1). The fit
to Marcus parabola (dash line) results kA, max = 22.6 s−1 and λ = 741 meV for the
maximum rate constant and reorganization energy of the P+QA

− → PQA process, re-
spectively. The data of the M265IT and L131LH–M202HL mutants are not included in
the fit as they should belong to other curves of different electron transfer parameters.
Notations: ■ WT, ⋆ M266HL, ● L131LH, ▲ M202HL, ▼ M234EL, ♦ M234EH, M234EA,
⊳ M265IT, ► L131LH–M160LH, ○ L131LH–M202HL, and L131LH–M160LH–M197FH.
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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 in agreement with earlier electrochemical measurements
[10,28]. If, however, this mutation is compensated by an additional
mutation at position M202 by removal of the coordinating H-bond
(M202HL), then the intensity of the DL decreases significantly close to
the level of the wild type RC. The increase of the redoxmidpoint poten-
tial of P/P+ attributed to the mutation L131LH is compensated by the
second mutation at M202LH by lowering the midpoint potential of
the dimer. In addition to these mutations, the removal of the only
H-bond by L168H to the dimer in the WT yields smaller intensity of
DL than that of WT. These DL experiments clearly demonstrate that
the H-bond to P can be made responsible for the change of the free
energy level of the dimer wherever this H-bonding to the dimeric P is
occurring.

3.2. Multiple H-bond formations on the donor side

The buildup of the H-bond system around the dimer can be
continued by creation of double (L131LH−M160LH) and triple
(L131LH−M160LH−M197FH) mutations. In the triple mutant, the
2-acetyl and the 9-keto groups of both PA and PB are engaged in a
hydrogen-bond with the surrounding protein (Fig. 1B). 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
free energy levels of these H-bond mutations span about 200 meV
range. Similar effect of hydrogen bonds to the conjugated carbonyls
on the electrochemical titrations of these mutants was earlier ob-
served [10,28,44]. The exact location of the new H-bond is not critical
to the increase of the DL. All H-bonds to C_O groups conjugated to
the chlorine rings cause changes of energetics of the dimer and the
modification of the H-bond pattern around P induces similar energetic
effects wherever the perturbation occurs.

3.3. The rate constants of the decay of DL as a function of free energy changes

Fig. 5 demonstrates the rate constants of the P+QA
− → PQA direct

charge recombination as a function of the driving force determined
from DL measurements for several mutants. The rate constants of
back reactions of the donor side mutations do not show temperature
dependence (data not shown), and the charge recombination re-
mains direct as it is in the WT. Although significant increase of the
DL (decrease of ΔGP*A) is experienced, the donor side mutations do
not affect ΔGBPhe-A (see Fig. 2). For the acceptor side mutations at
M234E and M265I, however, ΔGBPhe-A gets smaller, therefore it
should be considered that a significant fraction of the back reaction
may occur via the indirect pathway. Indeed, the observed rate
constant of the charge recombination of the M265IT mutant shows
steep temperature-dependence: kobs increases from 30 s−1 at 5 °C to
90 s−1 at 33 °C (data not shown). In these mutants, the rate constant
of the direct recombination (kA) is determined from kobs via their different
temperature-dependence (see Eq. (1)) and these values are plotted in
Fig. 5.

With the exception of M265IT and M202HL + L131LH, the data
obtained from very different mutations on the acceptor and donor
sides line up to a single (Marcus) parabola with maximum rate constant
of kmax = 22.6 s−1 and reorganization energy of λ = 741 meV [45]. As
the rate constants of direct back reaction of the different mutants do not
show large changes upon increase of the driving force, the reorganization
energy should be close to the actual free energies. This λ value is some-
what lower than the relevant reorganization energies (800–900 meV)
published earlier [10]. The recent results of electron–nuclear and
electron–electron double resonance spectroscopies support this view:
QA remains in its binding site with the same position and orientation
upon reduction [46]. The quinone ring is initially in an orientation that
is favorable for its light-driven reduction. This diminishes the reorganiza-
tion requirements for fast electron reduction. The rate constants of the
M265IT and M202HL + L131LH mutants cannot be incorporated into
the Marcus parabola based on the WT RC. The discrepancy implies
that these mutations cause an additional change (e.g. in reorganization
energy) that influences the rate of charge recombination.

The decay rates of the DL behave very similarly to those of the
charge recombination measured by absorption changes. This is in
agreement with the “leakage” type of the DL in bacterial RC. For com-
parison, the DL or thermoluminescence from Photosystem II of green
plants does not demonstrate this property, mainly due to the much
smaller (ΔGP*A ~400–500 meV) free energy gap [47]. The disadvan-
tage of much smaller DL in bacterial RC is compensated by simpler
(Boltzmann) evaluation of the data.

3.4. 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). The direction of change of the free energy
is explicitly related to the direction of change of pH. The proton re-
lease/binding (from energetic point of view) destabilizes/stabilizes
the redox agent. The effect is small but can be measured. At low pH,
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Fig. 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 inten-
sity of delayed fluorescence, as described in the Materials and methods. 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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the free energy gap is larger than at higher pH. The slope is near zero be-
tween pH 6.5 and 8.5, with some RCs showing steeper values at higher
pH. Even in this range, the slopes are far away from the 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+ participates directly in protonation/deprotonation processes.
The increased instability above pH 8 in wild type is due to acidic cluster
in the vicinity of QB [48]. This behavior is observed in the donor sidemu-
tants and in the M256IT mutant but is completely lacking in theM234E
and M266H mutants.
3.5. Thermodynamic parameters

Direct measurement of the intensity of the DL yields the free energy
of the P+QA

− → P* process (ΔGP*A) that consists of enthalpic (ΔHP*A)
and entropic (T · ΔSP*A) terms: ΔGP*A = ΔHP*A − T · ΔSP*A. As the DL
originates from the leakage of the thermal equilibrium between P+QA

−

and P*, the observation of the temperature dependence of the DL
(van't Hoff plot) serves as an independent method to find the enthalpy
change (ΔHP*A) of the P+QA

− → P* transition. ΔHP*A is obtained as the
slope of the straight line in the van't Hoff representation (Fig. 7). From
these two quantities (ΔGP*A and ΔHP*A), the third parameter, the
entropy change (ΔSP*A) can be derived (Table 1).
Fig. 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) shows significant temperature-dependence: according to the
Boltzmann's relationship: larger intensity of DL can be obtained at elevated tempera-
tures. The slope corresponds to the enthalpy change of the P+QA

− → P* transition.
The measured data of the different mutants are arranged (shifted) according to
decreasing (increasing) slopes.
In wild type RC, the P+QA
− → P* transition is primarily driven by

enthalpy change and the entropic change has not much significance
[20]. The tendency is basically preserved in the donor site mutants
where the enthalpic term remains dominant with slightly larger
contribution of the entropic term upon increase of the number of
H-bonds. The acceptor side mutations show qualitative differences:
the entropy change may become a significant driving force in the
P+QA

− → P* transition even after single mutation. This observation
could imply molecular rearrangements in the M265IT and in the se-
ries of M234EX (where X = H, L, A and R) mutants relative to that
in wild type RC. These specific and transient molecular conformations
are prerequisites of the transition (charge separation/recombination)
in QA related mutations and seem to be absent in the donor side
mutations.

Within the error of the measurement, the high ionic strength of the
solution (100 mM) decreases slightly the free energy gap of all mutants
relative to that of low ionic strength. The enthalpy and entropy contri-
butions are subjected to small modifications, as well. As the effect is
small, it can be concluded that external charge redistributions have
minor influence on the observed thermodynamic parameters.

4. Discussion

To understand the light-induced charge separation and subse-
quent electron transfer reactions in bacterial RC, both kinetics and
thermodynamics should be measured [49]. 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 thermodynamic
data. The selected mutants caused large changes of the free energies
of the first metastable separated charges of P and QA accompanied
with major modifications in their enthalpic and entropic contributions
and not insignificant variations on their pH-dependence. The discus-
sion will focus on molecular details and interpretation of these
observations.

4.1. Changes of interactions in the mutants

All the mutants used in this work demonstrated large decreases in
the free energy gap between P* and P+QA

−. As none of the mutations
are accompanied by 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 H-bonds to P on the periplasmic site and the extended
H-bond network on the cytoplasmic site of the RC.

The effect of hydrogen bonds to the conjugated carbonyl groups
on the oxidation/reduction midpoint potential of the dimer is well
documented [10]. In wild type, the redox midpoint potential of P/P+

is ~500 mV [24] and an additional hydrogen bond to the dimer raises
the potential by 60 to 120 mV, while loss of the hydrogen bond de-
creases 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 conjugated carbonyl group of
the dimer (Fig. 3) and both the rates and the amplitude (area) of
the decay of DL increased with increasing number of H-bonds
(Figs. 5 and 6). Although the decrease of the free energy gap deter-
mined from DL (Table 1) was not as large as those obtained from
redox titration data [28], 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 in QA, as well. The interaction of the protein environment
with the dimer in wild type RC sets the free energy gap the largest

image of Fig.�6


Table 1
Summary of the thermodynamic parameters (changes of the free energy (ΔG0

P*A), enthalpy (ΔH0
P*A) and entropy (T · ΔS0P*A at room temperature)) corresponding to the P* → P+QA

−

charge separation determined for wild type and mutant RCs in aqueous solutions of ionic strength 0 and 100 mM at pH 8.

I [mM]

0

0

0

0

100

100

100

0

100

0

100

0

100

0

100

0

100

0

100

0

100

100

Donor side

Acceptor side

Mutants

L131LH

L131LH-M160LH

L131LH-M160LH-M197FH

M202HL

M202HL-L131LH

M234EH

M234EL

M234EA

M234ER

M265IT

−898 ± 20

−890 ± 21

−850 ± 22

−835 ± 20

−793 ± 18

−775 ± 21

−713 ± 12

−698 ± 10

−828 ± 22

−816 ± 21

−771 ± 18

−750 ± 17

−814 ± 25

−801 ± 21

−818 ± 27

−805 ± 21

−801 ± 18

−788 ± 21

−783 ± 30

−766 ± 21

−799 ± 16

−784 ± 21

−745 ± 35

−765 ± 40

−674 ± 24

−693 ± 21

−639 ± 23

−666 ± 38

−342 ± 25

−384 ± 32

−600 ± 25

−620 ± 35

−437 ± 36

−450 ± 66

−253 ± 28

−243 ± 25

−492 ± 67

−324 ± 22

−426 ± 26

−415 ± 28

−227 ± 25

−185 ± 26

−369 ± 34

−316 ± 33

153 ± 42

125 ± 47

176 ± 24

142 ± 22

154 ± 24

109 ± 38

371 ± 25

314 ± 33

228 ± 34

196 ± 35

334 ± 37

300 ± 67

561 ± 22

558 ± 25

326 ± 68

481 ± 22

386 ± 26

362 ± 28

556 ± 25

581 ± 27

430 ± 34

468 ± 34

Wild type

ΔG
P*A

 [meV]O ΔH
P*A

 [meV]O TΔS
P*A

 [meV]O

θ
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of those studied here and assures small portion (rate) of wasteful
charge recombination. The additional H-bonds in the mutations
decrease the free energy gap and the yield of photochemical utiliza-
tion of the absorbed photon. 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 [50] and tight
binding and oxidation of manganese [51].

The energetics of QA is determined by complex interactions with
surrounding amino acids [18] and the mutation of M265IT used
here can have several consequences. His-M219 and Ala-M260 form
H-bonds with the O4 (2.87 Å) and O1 (2.82 Å) carbonyls of QA,
respectively (structure 1AIG.pdb, Fig. 1C). Trp-M252 and Ile-M265
are on opposite sides of the quinone ring and in van derWaals contact
with it. 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 [32,33]. Similar results (~105
and 60 mV for threonine and serine) were obtained when the free
energy of the P+QA

− relative to P* was measured via the delayed fluo-
rescence (see Fig. 4. and [43]). 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 electrostat-
ically or by changing the van der Waals contacts. 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 only a minor role as substituting the native ubiquinone
with anthraquinone, which lacks any methoxy groups, showed simi-
lar energetic effects [33]. Recent pulsed EPR measurements provided
further details but could not offer a final conclusion [34]. While
nitrogen hyperfine parameters were nearly unchanged between
the histidine M219 and the QA semiquinone, changes in the quadru-
pole 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 and to the observed changes of the free energy.

The glutamic acid M234 develops two bonds with the Fe atom
and, together with four histidines (L190His, L230His, M219His and
M266His), constitutes the iron ligand (Fig. 1C). L190His and M219His
are symmetrically bound to the Fe atom and also to QA and QB, with
which they form H-bonds. The QA-M219His-Fe-L230His-QB “wire” has
been proposed as a structural and energetic connection of the two qui-
none pockets [48]. Because of the central position of M234Glu, lying be-
tween the two quinones and binding the Fe atom, it may influence the

Unlabelled image
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energetics of the QA site. Several M234EX mutants (X = H, L, A and R)
with different steric and electric characteristicswere included to bolster
this claim. 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 the formation of a cavity filled with water molecules.
All of the mutants in this study caused severe changes in the energetics
of the primary quinone detected by DL (see Table 1) and modified the
H-bond network to QA [35].

4.2. pH-dependence of the stabilization/destabilization of the P+QA
− dipole

The pH-dependence of the free energy gap ΔGP*A may indicate an
influence of protonation/deprotonation of the protein that accom-
panies 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 [17]. The P+QA
− dipole has two ends

and therefore stabilization can occur by simultaneous uptake and release
of protons at the quinone anddimer sides, respectively. The flash-induced
uptake of 1 proton/RC by the acidic cluster near QB would correspond to
stabilization energy of 60 meV per pH unit. The measured stabilization
of the P+QA

− state in wild type RC (e.g. Δ ΔG =ΔGP*A(pH 6) −ΔG-
P*A(pH 11)) amounts to approximately 10 meV per pH unit and corre-
sponds to substoichiometric net proton binding in agreement with
earlier results [24,25].

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 throughout the cytoplasmic
domain of the protein [48]. The relaxation of the P+QA

− charge sepa-
rated state and the subsequent electron transfer (charge recombina-
tion) 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 change their orientation/occupation [52,53]. The similarity
of the pH-dependence of the free energy gap between P* and P+QA

−

of the M265IT mutant and WT is consistent with and suggestive
that the extended H-bond network between QA and the acidic cluster
is not modified. The M234EX mutants, however, have major impact
on the iron ligand and the H-bond network and do not show any
stabilization (rather slight destabilization) upon lowering the pH
[35].

The donor side mutations in our study change the H-bond system
to P and modify the stabilization of the P+QA

− dipole: by increase of
the number of H-bonds, the destabilization will be more pronounced
(Table 1). However, the change of the H-bond system to the dimer
does not modify the pH-dependence of the stabilization to a signifi-
cant extent, i.e. within the experimental errors (Fig. 6). Consequently,
the hydrogen bonds to P do not influence the interaction between
P+ and the few protonatable surface residues made responsible for
the observed small proton release from the periplasmic side upon
oxidation of the dimer [17,25].

4.3. Thermodynamic parameters of the mutants

While the kinetic properties of charge separation and recombina-
tion are relatively easy to determine, the thermodynamic information
is far less accessible. The thermodynamics of the charge separation
reveals the difference in energy levels between the initial and final
states and the driving force (Gibbs free energy) of the reaction,
which is composed of enthalpic and entropic components. The parti-
tion of enthalpic and entropic contributions of the free energy change
of charge separation is fraught with both real and artifactual
difficulties. The results of different methodological approaches are
rather obscure, conflicting and highly debated [54]. They clearly dem-
onstrate that not all aspects of the electrostatic and conformational
events accompanied with the charge separation in bacterial RC are fully
understood.

Earlier calorimetric measurements showed that the charge sepa-
ration did not cause significant enthalpy change, thus a large entropy
decrease (T · ΔS = −600 meV in [55]) accounted for all of the free
energy stored for the formation of P+QA

− from the ground state PQA

[56,57]. The photoacoustic (PA) studies determined large enthalpic
change and correspondingly null [58,59] or even positive ([60], as
high as T · ΔS = +420 meV [61]) entropy change that was assigned
to the release of the counter ions from the surface of the RC when the
charge transfer canceled the dominant opposite charges. The pulsed PA
measurements of formation of P+QA

− showed a large positive entropy
not only in purple bacterial RC but in wild type Photosystem I from
Synechocystis sp. PCC 6803 [62,63]. It was demonstrated that the A-FX to
FA/B step in Synechocystis 6803 Photosystem I was entropy driven [64].
In contrast, the P680QA → P680+ QA

− electron transfer in Photosystem II
(ΔG ~ 1100 meV) was accompanied by a small (T · ΔS ~ 100 meV)
negative entropy change [65]. Based on PA studies on the difference in
entropy between Photosystem I (and bacterial RC) and Photosystem II,
it is concluded that the apparent entropy might have a vital role in pho-
tosynthetic electron transfers [63]. Additionally, it was demonstrated
that entropy controlled the charge separation in artificial photosynthetic
systems [66] and showed up temperature dependence of charge recom-
bination in bacterial RC [67].

The use of the DL method to determine the entropy/enthalpy par-
tition of free energy change upon charge separation in bacterial RC
has been more limited [20,22,68] but has given less scattered results
than the PA method listed above. According to DL measurements,
the entropy contribution of the wild type was much less than that
obtained from recent PA measurements and constituted a minor
part of the free energy change (see Table 1). 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 b100 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 under all conditions and can cause the observed discrepancy be-
tween the two methods [67].

To explore the specific role of the proteinmatrix in electron transfer,
the bacterial RC was genetically modified at some key amino acids and
showed altered thermodynamics of electron transfer. The mutations
affected the free energy change of the charge separation and increased
the entropy contribution. In the triple mutant and some of the M234E
mutants, it became commeasurate with the enthalpic part and in fact,
the dominant term (M234EH, M234ER and M265IT). The positive sign
of the entropy change upon charge separation calls attention to an
increase in the number of microstates in the acceptor and/or donor
sides. The small amino acid instead of the bulky isoleucine at M265
could allow for a greater number of conformations than in wild type
and polar side chains from threonine could stabilize a specific and alter-
nate methoxy conformation through H-bonding. Furthermore, the loss
of H-bond between QA and M260A in the M265IT mutant (Fig. 1C)
could increase the flexibility of the quinone ring. Similarly, the modifi-
cation of the iron ligand by M234EX mutants changed the H-bond
network to QA, and increased the number of conformations at the QA

site relative to the WT. The observed increase of the entropy contribu-
tion in the acceptor side mutants is in agreement with softening of
the H-bond structure. It is consistent with the results from neutron
scattering [69], X-ray absorption fine structure spectroscopy [70] and
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Mössbauer spectroscopy [71] measurements which suggested the
rigidity of the native protein core around the Fe ligand that could be
specifically softened by point mutations.

In addition to conformational flexibility, polar side chains and pro-
ton distribution at the cytoplasmic side of the protein might play
some role in entropy increase in these mutants if they are different in
the ground and charge separated states. 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
charge separation reaction. The external ionic strength of the solution
had only little influence on the observed thermodynamic parameters
including the entropy (Table 1). Closer knowledge of the initial and
final states is required to decide which direction the change of the
entropy would take.

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 [45]. As small 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, signifi-
cant entropic contributions are observed and therefore the standard
Marcus theory of electron transfer should be extended [63].

5. 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 determines the free energy
gap and how the H-bond networks extended with water molecules
contribute to pH-dependent stabilization of the first non-transient di-
pole 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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