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Abstract—Primary charge separation dynamics in four mutant reaction centers (RCs) of the purple bacterium Rhodobacter
sphaeroides with increased midpoint potential of the primary electron donor P (M160LH, L131LH, M197FH, and
MI160LH + L131LH + M197FH) have been studied by femtosecond transient absorption spectroscopy at room tempera-
ture. The decay of the excited singlet state in the wild-type and mutant RCs is complex and has two main exponential com-
ponents, which indicates heterogeneity of electron transfer rates or the presence of reverse electron transfer reactions. The
radical anion band of monomeric bacteriochlorophyll B, at 1020 nm was first observed in transient absorbance difference
spectra of single mutants. This band remains visible, although with somewhat reduced amplitude, even at delays up to tens
of picoseconds when stimulated emission is absent and the reaction centers are in the P*Hj, state. The presence of this band
in this time period indicates the existence of thermodynamic equilibrium between the P*ByH, and P*B,Hj states. The data
give grounds for assuming that the value of the energy difference between the states P*, P*ByH,, and P*B,H}, at early times
is of the same order of magnitude as the energy k7 at room temperature. Besides, monomeric bacteriochlorophyll B, is
found to be an immediate electron acceptor in the single mutant RCs, where electron transfer is hampered due to increased

energy of the P"Bj, state with respect to P*.
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The reaction center (RC) of purple bacteria is
responsible for light energy conversion into transmem-
brane electrical potential. Currently, the high-resolution
three-dimensional structure of the RC is resolved for two
species of purple bacteria — Blastochloris (Rhodopseudo-
monas) (Blc. or Rps.) viridis and Rhodobacter (Rba.)
sphaeroides (Protein Data Bank, files 2WJN [1] and 2J8C
[2], respectively). The RC of Rba. sphaeroides consists of
three protein subunits (L, M, and H) and a number of

Abbreviations: AA, absorption change (light-minus-dark); B,
and B, monomeric BChl in A- and B-chain, respectively;
BChl, bacteriochlorophyll; BPheo, bacteriopheophytin; H,
and Hg, BPheo in A- and B-chain, respectively; P, primary
electron donor, BChl dimer; P, and Py, BChl molecules within
P; Q4 and Qg, primary and secondary quinone, respectively;
Rba., Rhodobacter; RC, reaction center.
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cofactors, which form two spatially symmetrical branches
(A and B). The primary electron donor, dimer P, consist-
ing of two excitonically coupled bacteriochlorophyll
(BChl) molecules P, and Py, is common to both branch-
es. Each of the branches also has monomeric BChl (B, or
Bg), bacteriopheophytin (BPheo) (H, or Hg), and
quinone (Q, or Qg). A non-heme iron atom and a
carotenoid molecule are also present as part of the RC.
Only branch A is photochemically active in the RC of
purple bacteria. Electron transfer begins with charge sep-
aration between the two molecules of excited dimer P,
which leads to formation of the P*(P{"P3") state [3, 4].
Then, the electron is transferred to the BChl B, to form
the state P*B; and on to the molecule H,, forming the
state P*H3 [5-9].

Participation of the monomer BChl B, as an inter-
mediate acceptor in the primary charge separation logical-
ly follows from the position of B, between P and H,
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according to X-ray data [10, 11]. But for a long time
experimental data providing direct evidence of the partic-
ipation of B, in charge separation were not available.
Largely because of this, an idea arose of possible virtual
participation of a vacant electronic level of B,, located
above the level of P* in the electron transfer from P to H,
via a superexchange mechanism [12]. The difficulty in
detecting the state P*Bj is due to the fact that the time of
its formation is several times slower than the time of its
depletion [13, 14]. This leads to a small population of the
P*B; state during the whole time of its existence, which
does not exceed a few picoseconds. Another difficulty
stems from the fact that, in the visible spectral range,
where the vast majority of measurements have been car-
ried out, the spectrum of P*Bj is strongly masked by spec-
tra of other states including P*. Initially conclusive evi-
dence for the existence the P*Bj state were obtained only
in chemically modified RCs in which blocking of electron
transfer to H, resulted in the accumulation of the P*B}
state in the picosecond time range [15]. Later an absorp-
tion band of the anion radical bacteriochlorophyll B at
1020 nm was detected in native reaction centers [16].

Experiments using mutagenesis have shown that the
hydrogen bonds between histidine residues and carbonyl
groups of BChl molecules comprising the special pair P
significantly affect the redox potential of the primary
donor, which in the wild-type RC is ~500 mV [17, 18].
Replacement of the phenylalanine at position M197 in
the protein subunit by histidine leads to hydrogen bond
formation between the histidine residue and the 2-acetyl
group of Py and, as a result, the potential of the primary
donor increases by ~125 mV [19]. Replacement of
leucine by histidine at positions L131 and M 160 leads to
the formation of hydrogen bonds between histidine
residues and 9-keto-groups of P, and Py, respectively,
which results in an increase in the redox potential of P by
~80 mV in the first case and by ~60 mV in the second case
[18, 20]. It was shown that the redox potential changes
due to the amino acid substitutions are additive. Thus, the
midpoint potential of the primary electron donor P in the
mutant RC M160LH + L131LH + M197FH, carrying all
three of these substitutions, increases by ~260 mV com-
pared to the wild type.

The aim of this study was to investigate the participa-
tion of BChl B, molecules in the primary act of charge
separation in the four mutant RCs of the purple bacteri-
um Rba. sphaeroides with increased redox potential of the
primary electron donor P by femtosecond spectroscopy.

MATERIALS AND METHODS

A genetic system for site-directed mutagenesis con-
sisting of Rba. sphaeroides DDI13 strain [21] deficient in
RC and antennas systems synthesis and pRKP plasmids
described elsewhere [22] was used. Mutagenesis was per-
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formed using the polymerase chain reaction method of
overlapping DNA fragments as described previously [23].
Recombinant strains containing photosynthetic mem-
branes with RCs and light-harvesting core antennas were
grown semi-aerobically in Hattner media [24] in the dark.
Tetracycline (1 pg/ml), kanamycin (5 pg/ml), and strep-
tomycin (5 pg/ml) were added to the media.

The RCs of wild type and mutants were isolated from
the corresponding recombinant strains of Rba. sphaero-
ides according to the procedure described previously [25].
The RCs were resuspended in buffer containing 20 mM
Tris-HCI (pH 8.0) and 0.1% Triton X-100 and concen-
trated to an optical density of 0.5 at 870 nm (optical path
length of 1 mm). Then sodium dithionite was added to a
concentration of 5 mM, and the sample was illuminated
with diffuse white light for 5 min to reduce primary
quinone acceptor Q,.

Femtosecond differential absorption spectra were
obtained with a pump—probe spectrometer. A Ti:sapphire
laser Tsunami (Spectra-Physics, USA) was used to obtain
pulses with duration of ~35 fs at wavelength 800 nm and
repetition rate 80 MHz. These pulses were used to seed an
optical regenerative amplifier Spitfire (Spectra-Physics)
to produce 40-fs pulses with energy of 0.9 mJ and a repe-
tition rate of 50 Hz. The amplifier output beam was divid-
ed into two beams. The first beam was attenuated to ener-
gy of ~60 uJ and focused in a 5-mm thick cell containing
water to generate a white light continuum. A small por-
tion of the continuum (~4%) was used as a probe beam
and a reference beam. The pump pulse with energy of
~0.54 mJ was focused on the 5-mm cell and the resulting
continuum was used to excite the sample. All three puls-
es passed through a rotating quartz sample cell (thickness
of 1 mm) with the pump and probe pulses overlapped.
The time delay between the pump and probe pulses was
varied by a computer-controlled optical delay PI-
M531.DD (Physik Instrumente, Germany). On leaving
the sample cell, the probe and reference pulses were
directed to the entrance slit of a spectrograph Spectra Pro
2300i (Acton Research Corporation, USA). The spectra
were recorded using an infrared camera Pixis 400BR
CCD (Princeton Instruments, USA). Wavelengths short-
er than 850 nm in the pump pulse were cut off with light
filter RG850 (Newport, USA). The relative polarization
of the pump and probe pulses was parallel. About 10-25%
of the reaction centers were excited in the sample.
Absorption difference spectra were obtained by averaging
1000 measurements at each time delay.

RESULTS

Figures 1-5 show the absorption difference spectra of
RCs: the wild-type (Fig. 1) and mutants M160LH (Fig.
2), L131LH (Fig. 3), M197FH (Fig. 4), and M160LH +
L131LH + M197FH (Fig. 5) in the region 920-1150 nm
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measured at different time delays after excitation with
40-fs pulses at wavelength 870 nm at room temperature.
At time delay 20-60 fs, the absorption difference spectrum
of the mutant and wild-type RCs reflects the absorption of
a photon by the primary electron donor P (Figs. 1-5, dot-
ted line). During this process, the primary electron donor
P is promoted to excited state P* with stimulated emission
shown in the spectrum as a negative absorption in the
region <930 nm [26]. After about 60-80 fs, a shift of the
stimulated emission to longer wavelength is observed, fol-
lowed by the appearance of a positive absorption at
1100 nm, which reaches a maximum at 300-400 fs (Figs.
1-5, dot-dashed line). Recently, it was shown that these
changes in the absorption spectra reflect the charge sepa-
ration within the dimer of the primary electron donor P to
form the P* (P3*PJ7) state [3, 4], and the absorption at
1100 nm may belong to the P{" cation [4].

With further increase in the time delay, a band at
1020 nm begins to appear in the absorption spectra of

RCs of wild-type and single mutants, which is attributed
to the absorption of the anion of the monomer bacterio-
chlorophyll of the active branch By (Figs. 1-4, dashed
line) [15]. However, no significant decrease in the absorp-
tion at 1100 nm is observed, apparently due to the simul-
taneous formation of the P* state, which shows broad and
structureless absorption in this region [27]. Variance in
the rate of development of the band at 1020 nm in the
mutants reflects the rate of electron transfer from P* to B,
and is consistent with the lifetime of the stimulated emis-
sion from state P* (Figs. 1-4, inset). At later delays, when
stimulated emission from P* state is already absent, pho-
toinduced changes in the absorption difference spectrum
at 920-1150 nm for wild type (Fig. 1, solid line) and sin-
gle mutants RCs (Figs. 2-4, solid line) are mainly associ-
ated with the absorption of the P™ and Hj, states at 950 nm
and the absorption of the residual B state at 1020 nm.
Kinetic curves of the absorbance at 935 nm were satisfac-
torily approximated by two exponential functions with
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Fig. 1. Absorbance difference spectra of wild-type RCs measured at different delay times. The inset shows photoinduced absorbance changes
at 935 nm. The smooth, solid line is the result of fitting the data to a sum of two exponentials. Time constants and amplitudes of exponentials

are also shown.
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time constants of 2.9 ps (80%) and 15.5 ps (20%) for the
wild-type RCs, 3.7 ps (70%) and 17 ps (30%) for the RCs
of mutant M160LH, 4.5 ps (40%) and 20 ps (60%) for the
RCs of mutant L131LH, 2.2 ps (50%) and 10.2 ps (50%)
for M197FH RCs, and 12 ps (17%) and 137 ps (83%) for
the triple mutant RCs M160LH + L131LH + M197FH
(Figs. 1-5, inset).

In the triple mutant the formation of the P*(P3"P37)
state can be monitored by the appearance of an absorp-
tion band at >1100 nm. However, the absorption band at
1020 nm is absent at time delays from a few to hundreds
of picoseconds, when stimulated emission from P* is
already not present (Fig. 5, solid line), and the absorption
spectrum at 920-1150 nm does not correspond to the
absorption spectrum of the radical cation P*. This sug-
gests that in this mutant the electron does not transfer
from P* to the B, molecule or the H, molecule, and the
damping of stimulated emission is due to the transition of
P* to the ground state. The absence of the absorption of
the dimer P* allows us to track the kinetics of formation
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and decay of the radical cation band P{" at 1100 nm in the
triple mutant (Fig. 6). Absorption in this region, however,
does not reach zero even at 600 ps delay, and its origin is
unclear.

DISCUSSION

Studies and modeling of the electronic structure of
the dimer P show that the energy of higher orbitals of
monomers P, and Py are different because of the different
protein environment. Thus, it is estimated that the ener-
gy of higher orbitals of the molecule Py is less than that of
P,, which favors the separation of charges in the dimer
after the light excitation with the formation of the state
P*(P{*PS7). This difference in the energy of the
monomers can be altered by adding hydrogen bonds to
one of the molecules. Introduction of a hydrogen bond
between the side chain of an amino acid residue (e.g. his-
tidine) and the Py molecule should lead to a reduction in
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Fig. 2. Absorbance difference spectra of M160LH mutant RCs measured at different delay times. The inset shows photoinduced absorbance
changes at 935 nm. The smooth, solid line is the result of fitting the data to a sum of two exponentials. Time constants and amplitudes of expo-

nentials are also shown.
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Fig. 3. Absorbance difference spectra of L131LH mutant RCs measured at different delay times. The inset shows photoinduced absorbance
changes at 935 nm. The smooth, solid line is the result of fitting the data to a sum of two exponentials. Time constants and amplitudes of expo-

nentials are also shown.

its energy, thus increasing the energy difference between
Pg and P,, which in turn should increase the likelihood of
the charge separation in P*. Hydrogen bonding with the
molecule P, should produce the opposite effect, reducing
the energetic asymmetry between P, and Py, and thus
reducing the probability of charge separation between
them. In either case, introduction of hydrogen bonds
lowers the energy of the highest molecular orbital of P,
increasing redox potential of the primary electron donor.
Our results show that the band at 1100 nm is formed in all
the investigated reaction centers at approximately the
same time with similar amplitude, despite the significant
differences in the redox potential of the primary donor P
among the mutant RCs. Similarity of the kinetics of the
decay of the stimulated emission at 935 nm in the triple
mutant (Fig. 5, inset) and decay of absorption in the
region of 1100 nm in the same mutant (Fig. 6) indicates
that in both cases we observe the same process — the
decay of the mixed state P*(P3"P37), which is the product
of the quantum mechanical and thermodynamic interac-
tions of states, as a result of the return of P* to the ground

state, as well as the charge recombination in the P3*P3~
state.

Heterogeneity (the presence of two exponential func-
tions in the approximation) in the kinetics of P* stimulat-
ed emission were explained by static heterogeneity of the
reaction centers, parallel electron transfer from P* to H,
by superexchange, and the reverse transfer reaction P* «—
P*B; [28-31]. However, recent studies showed little or no
dependence of the electron transfer rate on the exciting
light wavelength, thus questioning the hypothesis of static
heterogeneity [32]. In turn, direct estimate of the electron
transfer rate from P* to H, by the superexchange mecha-
nism gives the value of ~1/300 ps, which is much less than
the observed rate of transfer of ~1/3 ps [33], allowing us to
neglect the transfer by that route. On the other hand, our
data (Figs. 1-4, inset) show that heterogeneity of P* stim-
ulated emission kinetics in RCs with single mutations
increases together with the increase in the midpoint
potential of P. This fact can be interpreted in terms of the
reverse transfer model P* «<— P*By, i.e. increase in kinetic
heterogeneity may originate both from the increase in the

BIOCHEMISTRY (Moscow) Vol. 78 No. 1 2013
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reverse electron transfer rate and from the decrease in the
direct electron transfer rate due to higher energy level of
the P*Bj state relative to the P* state in the mutant RCs.
As follows from the figures, the electron transfer in the
RCs slows as the redox potential of the primary electron
donor P increases, which is reflected in the increase in
amplitude of the slow kinetic component.

The mutant RC M197FH is the only one that falls
out of this pattern with its potential of P increased by
125 mV, and the rate of the electron transfer to B, being
similar to that of the wild type (Figs. 1 and 4, insets). One
possible explanation of this phenomenon is the assump-
tion that the replacement of a leucine by histidine at posi-
tion M197 results not only in increase in the P midpoint
potential, but also in increase in the midpoint potential of
the radical anion of the monomer bacteriochlorophyll B,.
Another possible explanation is reduction of the reorgani-
zation energy of the electron transfer reaction or increase
in the electronic coupling as a result of the mutation. A
similar effect has been described for the mutant RC
M197FR with replacement of phenylalanine M197 by
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arginine. As a result, the midpoint potential of P
increased by 80 mV while the rate of electron transfer did
not change [34]. The X-ray analysis of the mutant RCs
showed that the formation of the hydrogen bond between
acetyl carbonyl group of Py and the arginine residue leads
to rotation of the group that takes it out of the Py plane,
which in turn results in shortening of the distance
between the Py and B, molecules. This should lead to an
increase in the electronic coupling between Py and B,
and, as a result, to acceleration of the electron transfer
reaction. The X-ray diffraction analysis also showed that
the side chain of the arginine residue in the RC mutant
M197FR forms a cavity between P and B, that contains
two water molecules donating three hydrogen bonds to
the P and B, macrocycles. Such hydrogen bond connec-
tion between the electron donor and electron acceptor
may also facilitate the tunneling of electrons between the
P and B, molecules [34-36]. It is possible that similar
effects may be observed in the M197FH mutant RCs.

It is known that the P*B; energy level lies below the
P* energy level by 50-70 mV in native Rba. sphaeroides
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RCs [14, 37, 38]. Since the redox potential of P in the
mutant RCs L131LH is increased by 80 mV compared to
native RCs, the energy level of the P*Bj state is expected
to be higher than that of the P* state, which should lead
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Fig. 6. Photoinduced absorbance changes at 1130 nm measured
after excitation of M160LH + L131LH + M197FH mutant RCs
at 870 nm with 40-fs at room temperature. The smooth, solid line
is the result of fitting the data to a sum of two exponentials. Time
constants and amplitudes of exponentials are also shown.

to a significant slowing of the electron transfer to the B,
molecule. In experiments at low temperature (90 K), the
B, band at 1020 nm in the mutant L131LH RC was not
observed [27]. According to our data, the By band is
clearly observed at room temperature, although its ampli-
tude is lowered. This indicates that the energy gap (AG)
between the P*Bj and P* states in the L131LH mutant is
apparently not much higher than the energy of k7T at
room temperature (~25 mV), and hence in the wild-type
RCs the value of AG can be estimated as 60-70 mV.

Figures 1-4, solid line, show that the residual B, band
(10-15% of the maximum amplitude) is present in the dif-
ference absorption spectra of the single mutants and the
wild-type RCs when the electron transfer to the pheo-
phytin molecule is completed. This can be explained by
the presence of thermodynamic equilibrium between the
P*Bj and P"Hj, states at room temperature. This observa-
tion is consistent with the previously proposed model [29,
30], which describes that the energy gap between P* and
P*Hj, states is small (~350 cm™") on the time scale of hun-
dreds of picoseconds, and only after hundreds of nanosec-
onds, as a result of conformational changes of the protein
environment accompanied by subsequent relaxation of the
radical state, the value of AG drops to ~1600 cm™', which
ensures the irreversibility of the reaction.

Thus, in our work experimental evidence of direct
participation of the B, molecule in the primary electron
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transfer in a number of mutant RCs with increased poten-
tial of the primary electron donor P was provided. Also
data was obtained favoring the electron transfer model in
which the energy gap (AG) between states P*, P"B H,,
and P*B,H3 is a value of the same order as the energy of
kT at room temperature at time delays of 1-300 ps [31,
39].
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