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Abstract—Primary stage of charge separation and transfer of charges was studied in reaction centers (RCs) of point mutants
LL131H and LL131H/LM160H/FM197H of the purple bacterium Rhodobacter sphaeroides by differential absorption spec-
troscopy with temporal resolution of 18 fsec at 90 K. Difference absorption spectra measured at 0-4 psec delays after exci-
tation of dimer P at 870 nm with 30 fsec step were obtained in the spectral range of 935-1060 nm. It was found that a decay
of P* due to charge separation is considerably slower in the mutant RCs in comparison with native RCs of Rba. sphaeroides.
Coherent oscillations were found in the kinetics of stimulated emission of the P* state at 940 nm. Fourier analysis of the
oscillations revealed a set of characteristic bands in the frequency range of 20-500 cm™'. The most intense band has the fre-
quency of ~130 cm™' in RCs of mutant LL131H and in native RCs and the frequency of ~100 cm™' in RCs of the triple
mutant. It was found that an absorption band of bacteriochlorophyll anion B, which is registered in the difference absorp-
tion spectra of native RCs at 1020 nm is absent in the analogous spectra of the mutants. The results are analyzed in terms of
the participation of the B, molecule in the primary electron transfer in the presence of a nuclear wave packet moving along

the inharmonic surface of P* potential energy.
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The reaction center (RC) of bacterial photosynthesis
is a pigment—protein complex of a membrane that effec-
tively converts light energy into the energy of separated
charges as a result of series of fast electron transfer reac-
tions. The three-dimensional structure of crystals of pur-
ple bacteria RCs from Rhodopseudomonas (Blastochloris)
viridis and Rhodobacter (Rba.) sphaeroides (PDB data
bank, files 1PRC and 1AIlJ, consequently) is now known.

Abbreviations: AA, absorbance change (light minus dark);
BChl, bacteriochlorophyll; B, and By, monomeric BChl in A-
and B-branch, respectively; BPheo, bacteriopheophytin; E,,,
midpoint redox potential; H, and Hz, BPheo in A- and B-
branch, respectively; P, primary electron donor, dimer BChl; P,
and Pz, BChl molecules constituting P; Q, and Qg, primary
and secondary quinone, respectively; RC, reaction center;
Rba., Rhodobacter.

* To whom correspondence should be addressed.

Rhodobacter sphaeroides RC consists of three protein sub-
units (L, M, and H) and a number of cofactors forming
two symmetry spaced branches (A and B). A primary
electron donor, dimer P, consisting of two exciton-conju-
gated molecules of bacteriochlorophyll (BChl) P, and Py,
is common for both branches. Each of the branches also
contains monomeric BChl (B, or Bg), bacteriopheo-
phytin (BPheo) (H, or Hg), and quinone (Q, or Qg). An
atom of nonheme iron and a molecule of carotenoid are
presented in the RC structure as well. In RC of purple
bacteria only the A-branch is photochemically active.
Primary reactions of charge separation in RCs consist of
electron transfer from the lowest singlet-excited state P*
to B, within ~3 psec and further from B, to H, within
~1 psec and from Hj to Q, within ~200 psec [1-5]:

3 psec 1 psec 200 psec

P* » P'B; —» P'H; — P*Q..
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Note that the P*Bj state is depleted several times
faster than it is populated, which makes its registration
much more difficult. Direct electron transfer P*— P"Hj
with virtual participation of B, levels via superexchange
mechanism is possible also as well as parallel action of
both types of transfer [1, 2]. At low temperatures all the
mentioned reactions are accelerated 2-3-fold. The quan-
tum yield of the charge separation process is close to unity
at all temperatures [3-5].

By optical spectroscopy with femtosecond temporal
resolution, oscillations were found in the kinetics of P*
stimulated emission of RCs of purple bacteria [6-9]. The
Fourier spectrum of these oscillations has complicated
form and consists of several bands in the range of 20-
400 cm™'. Analogous oscillations were found in the kinet-
ics of spontaneous fluorescence [10]. These oscillations
were explained by nuclear wave-packet motion along the
potential energy surface of P* [7, 8, 11]. Similar oscilla-
tions were revealed in the kinetics of charge separated
states P*B; and P"Hj by studying the absorption band of
B at 1020 nm and the absorption band of H, at 760 nm
[12-17]. Oscillations in the kinetics of P* stimulated
emission at 945 nm and of B} absorption at 1028 nm were
found in Chloroflexus aurantiacus RCs at 90 K [18].
Identification of the bands from Fourier spectra of the
oscillations is quite difficult. The main band of the oscil-
lations of P* emission at 940 nm and of B, absorption at
1020 nm is at ~130 cm™' and reflects, most probably,
vibration motion inside the dimer P [16]. This is indicat-
ed by a presence of the similar mode at 140-150 cm™' in
the oscillations of P* emission of YM210L and YM210W
mutants, in which charge separation is practically absent
during several psec after excitation [18]. A strong mode at
32 cm™!, which may reflects a rotation of crystallograph-
ic water HOHS55 in the RC structure, is also represented
in the oscillations of the By band at 1020 nm [16]. Note
that the oscillations at ~130 cm™ in the kinetics of Bj
absorption are in phase with the analogous oscillations in
the kinetics of P* stimulated emission at 940 nm and in
anti-phase with these oscillations at 900 nm [13]. It was
found by molecular dynamic methods that motions of the
protein surrounding P and B, molecules modulate the
position and orientation of these molecules at frequencies
in the range of 10-100 cm™' [19]. There are two groups in
each of two BChl molecules from the dimer P that are
able to accept a proton during formation of hydrogen
bonds. These are the 9-keto group of ring V and the 2-
acetyl group of ring I. A full set of point mutant RCs is
available in which new hydrogen bonds are created or
already existing hydrogen bonds are broken in the dimer
P [20-24]. In native Rba. sphaeroides RCs there is only
one hydrogen bond between HisL168 and the 2-acetyl
group of ring I in P. This bond is absent in the HL168F
mutant, in which His is replaced by Phe. An additional
hydrogen bond with the 2-acetyl group of ring I in Py, is
created by the opposite replacement of Phe by His in the
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FM197H mutant. Replacement of Leu by His in the
LL131H mutant creates an additional hydrogen bond
with the 9-keto group of ring V in P;. Analogous replace-
ment of Leu by His in the LL160H mutant creates a
hydrogen bond with the 9-keto group of ring V in Py,.
Addition or removal of hydrogen bonds is determined by
spectroscopy decrease or increase of characteristic vibra-
tion frequencies of corresponding groups. Combining the
mentioned mutations, it is possible to create double or
triple mutants with two or three additional hydrogen
bondsin RCs [21, 22]. Removal of a hydrogen bond in the
HL168F mutant decreases the midpoint redox potential
E,, of the P/P* pair by 95 mV in comparison with native
RCs. On the contrary, creation of new hydrogen bonds
increases E,, by 60-125 mV depending of the specific
mutation. This effect is additive in the complex mutants,
which allows varying E_, over the wide range from —95 to
260 mV with respect to E, ~ 505 mV in native Rba.
sphaeroides RCs [21, 22]. Increasing E, means an
increase of energy levels of charge separated states P* By,
P*Hj, and P*Qy, that leads to slowing of the primary
reactions of charge separation and to accelerating of
recombination P*Q, — PQ, if the P* level is unchanged.
In the present work, coherent phenomena accompanying
charge separation were studied in mutant LL131H and
LL131H/LM160H/FM197H Rba. sphaeroides RCs at
90 K. As a result of adding of three hydrogen bonds, in
the triple mutant the E,, value is increased by 260 mV in
comparison with native RCs. Estimations show that in
native Rba. sphaeroides RCs the P*Bj level is lower than
the P* level by 40-70 mV [25] and the P*H, level is lower
than the P* level by 120-200 mV [1, 2]. This means that a
situation is possible when both levels are higher than P* in
the LL131H/LM160H/FM197H mutant, which blocks
the process of charge separation and conserves the P*
state on the picosecond time scale. In this case the influ-
ence of charge separation on coherent phenomena is
absent in the P* stimulated emission band that makes its
analysis easier. In the LL131H mutant the E,_, value is
increased by 80 mV in comparison with native RCs.
Raising of the P*Bj level by this value puts it close to the
level of P*, and raising of the P*H, level by the analogous
value keeps this level lower than the level of P*. In this
case influence of charge separation on the coherent phe-
nomena in the P* band should be weaker in the LL131H
mutant in comparison with native RCs.

MATERIALS AND METHODS

Genetic manipulations and obtaining of mutant RCs
were carried out according to [21, 22]. Mutant RCs, as
well as native Rba. sphaeroides RCs, were isolated by
treatment of membranes with LDAO followed by chro-
matography with DEAE cellulose [26]. The RCs were
suspended in 10 mM Tris-HCI (pH 8.0)/0.1% Triton X-
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100 buffer (TT buffer). Low temperature measurements
at 90 K were performed on samples containing 65% glyc-
erol. The optical density of the samples was 0.5 at 860 nm
at room temperature. To keep the state PB,H,Qx, 5 mM
sodium dithionite was added to the RC samples.

Measurements of absorption differences (light —
dark) with femtosecond resolution were performed with a
laser spectrometer consisting of a Tsunami Ti-sapphire
laser with mode locking (Spectra Physics, USA). Laser
pulses were amplified in a multi-passed Ti-sapphire
amplifier and were used for generation of probing contin-
uum in a mixture of ordinary and heavy water (1 : 1). Part
of the continuum of ~40 nm width centered at 880 nm
was used for excitation. A polychromator and optical
multichannel analyzer (Oriel, France) were used for dif-
ference absorption spectra registration. Measuring fre-
quency of the spectrometer was 15 Hz. Durations of
pump and probe pulses were 18 fsec. Delays between
pump and probe pulses were set with 0.1 fsec accuracy.
Residual dispersion in the range of 940-1060 nm was less
than 25 fsec.
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Difference absorption spectra measured at various
delays in the range of 0-4 psec with 30 fsec step were the
primary data. Each spectrum was a result of averaging
over 3000-8000 measurements. The error of absorption
measurements was (1-3)-107> OD. Amplitudes of spectral
bands were measured at their maximums at various
delays. The kinetics of absorption changes (AA) were
plotted for different wavelengths using the measured
amplitudes of absorption or bleaching bands. Oscillatory
components of the kinetics were found by subtraction of
polynomial approximated curves from the experimental
kinetics. The oscillations were further Fourier-analyzed
for obtaining their frequency spectra.

RESULTS

In Fig. 1, difference (light — dark) absorption spec-
tra of RCs from LL131H and LLI131H/LMI160H/
FMI197H Rba. sphaeroides mutants measured at 90 K are
shown together with analogous spectra for native Rba.
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Fig. 1. Difference (light — dark) absorption spectra of mutant LL131H (a), mutant LL131H/LM160H/FM197H (b), and native (c) RCs of
Rba. sphaeroides in the 980-1060 nm range at 90 K. The RCs were excited by 18-fsec pulses at 870 nm. Delays with respect to excitation
moment are given by numbers in fsec. Spectra are vertically shifted for clearness.
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Fig. 2. Kinetics A4 (a), oscillatory component of these kinetics
(b), and Fourier spectrum of oscillatory component (c) of mutant
LL131H Rba. sphaeroides RCs at 950 nm (P* stimulated emission

band). The RCs were excited by 18-fsec pulses at 870 nm at 90 K.

Numbers in Fig. 2c are frequencies of band maxima in cm™.

sphaeroides RCs in the 980-1060 nm range for several fsec
delays. In native RCs a weak absorption band of anion By
is observed in the area of 1020 nm, which repeats results
obtained earlier [16]. The amplitude of this band changes
in an oscillatory manner when varying the delay, but its
form and spectral position remains unchanged. This band
is not detected in the spectra of either mutant, which can
indicate a nonparticipation of the B, molecule in primary
charge separation. At wavelengths less than 995 nm, a
bleaching caused by P* stimulated emission dominates in
the RC spectra. A variety of difference spectra measured
with 30 fsec delay step was used for plotting the kinetics of
P* emission shown in Figs. 2-4.

The kinetics of P* stimulated emission of the
LLI31H mutant are approximated satisfactorily by a
sum of two exponentials with time constants 16 psec
(82%) and 0.5 psec (16%) (Fig. 2). The presence of sev-
eral components in the kinetics of P* stimulated emis-
sion of this mutant was noted in [24] also. The time con-
stant of the main component (16 psec) exceeds the anal-
ogous time for native RCs (~1.3 psec; Fig. 4) by more
than 10-fold, which indicates a marked change in the
energetics of the LL131H mutant. The presence of much
faster component (0.5 psec) can be a consequence of
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back reaction P*By — P* (see “Discussion”). Oscilla-
tions with complicated form decaying almost completely
during 1.2 psec after excitation are seen in the P* kinet-
ics of the LL131H mutant (Fig. 2b). The amplitude of
these oscillations does not exceed 10% of the average
level of the non-oscillating part of the kinetics. The main
part of the oscillations has the shape of five peaks sepa-
rated by ~220 fsec period. Note that the amplitude of
these peaks does not decrease monotonously with time
as takes place during an ordinary attenuation of oscilla-
tions. On the contrary, the amplitude of the third peak is
bigger than that of the second, and the amplitude of the
fourth peak is comparable with the amplitude of the third
peak. This picture may be a consequence of strong low-
frequency modulation of the kinetics. Indeed, a Fourier
spectrum of the oscillations of the LL131H mutant con-
tains a set of bands in the range of 20-450 cm™', and also
the spectrum amplitude of the lowest frequency mode at
50 cm™! is almost the same as the amplitude of the cen-
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Fig. 3. Kinetics A4 (a), oscillatory component of these Kinetics
(b), and Fourier spectrum of oscillatory component (c) of mutant
LL131H/LM160H/FM197H Rba. sphaeroides RCs at 940 nm (P*
stimulated emission band). The RCs were excited by 18-fsec puls-
es at 870 nm at 90 K. Numbers in Fig. 3c are frequencies of band

maxima in cm™.
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Fig. 4. Kinetics A4 (a), oscillatory component of these kinetics
(b), and Fourier spectrum of oscillatory component (c) of native
Rba. sphaeroides RCs at 940 nm (P* stimulated emission band).
The RCs were excited by 18-fsec pulses at 870 nm at 90 K.

Numbers in Fig. 4c are frequencies of band maxima in cm™.

tral mode at 155 cm™! (Fig. 2c). Most of the modes have
a bandwidth of ~20-30 cm™' and are separated by an
interval of 30-40 cm~'. Noted peculiarities are charac-
teristic for the oscillations in the P* kinetics of native
RCs also (Fig. 4). The amplitude of the fifth oscillation
peak is bigger than of the almost same amplitude third
and fourth peaks in these RCs (Fig. 4b), and the Fourier
spectrum of the oscillations contains bands separated by
the interval of ~30 cm™' (Fig. 4c). Unlike in the LL131H
mutant, the Fourier spectrum of the oscillations in native
RCs does not have strong low-frequency bands around
~50 cm™.

The P* stimulated emission of the LLI31H/
LM160H/FM197H mutant shows almost no decay during
first 4 psec after excitation (Fig. 3). Measurements of the
P* kinetics in the delay range of 0-2 nsec gave 276-psec
value of the time constant of the main component of the
decay, which is close to the value of 290 psec obtained at
20 K in [22]. This value is close to the recombination
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time of P* — P that is estimated as 300 psec [1, 2], which
indicates a significant part of the recombination in the P*
kinetics. Nevertheless, charge separation is observed in
this triple mutant at 20 K with the formation of the P*Hj
and P*Qj states with low quantum yield [22]. Thus, the
oscillations in the P* kinetics (Fig. 3b) existing during
~2 psec after excitation reflect mostly the state of excit-
ed dimer P and is not connected with charge separation.
Seven main peaks separated by ~250-fsec period can be
seen in these oscillations. Very weak oscillations with the
same period are seen at delays >2 psec, which distin-
guishes the triple mutant from the LL131H mutant (Fig.
2b). The amplitude of the first peak reaches ~10% of the
AA value. Note that the amplitude of the fifth peak is big-
ger than of the preceding third and fourth peaks, and the
amplitude of the sixth peak is comparable with the
amplitude of the fourth peak (Fig. 3b). Similar irregular-
ity is seen in the kinetics of the LL131H mutant (Fig. 2b)
and in the kinetics of native RCs (Fig. 4b). The presence
of a large amount of the weakly attenuated oscillation
peaks in the P* kinetics makes this triple mutant similar
with the YM210W and YM2I10L Rba. sphaeroides
mutants in which primary charge separation is strongly
slowed because of the absence of tyrosine M210 [18].
The Fourier spectrum of the oscillations of the triple
mutant contains a variety of bands in the range of 20-
450 cm™! (Fig. 3c). The modes at 85 and 108 cm™! dom-
inate among them, and low-frequency modes with
marked amplitude are seen at 24 and 53 cm™!. The fre-
quency interval between most of the neighboring modes
is ~30-40 cm™! with bandwidth of ~20-30 cm™!, asit is in
the LL131H mutant. Unlike in native RCs and in the
LL131H mutant RCs, the P* oscillations have lower cen-
tral frequency in the triple mutant RCs. An analogous
frequency shift is observed in oscillations of the FM197H
mutant [24] and of the YM2I10L/FM197Y double
mutant [27].

DISCUSSION

In Fig. 5 a scheme of mutual arrangement of energy
levels of the P*, P*Bj, and P*Hj, states is shown for native
and mutant Rba. sphaeroides RCs. Successive electron
transfer takes place in native RCs from P* to B, and from
B; to H, with very small activation energy of both reac-
tions E, = A/4(1 + AG/L)?, where A is reorganization
energy and AG is free energy of reaction. In Fig. 5, AG
value is equal to the energy difference between the bot-
toms of the potential curves. In native RCs, this difference
is estimated as 350-550 cm™! between P* and P*B; levels
[25] and as 1300-2000 cm™! between P* and P*Hj levels
[2]. Reaction rates K|, and K,; can be estimated by the
formula of Hopfield [28]:

K= Qn/h)V 2 (4mhe) " Sexp(—E,/¢), (1)
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where h is the Plank constant, V' is matrix element of
electron conjugation, ¢ = (hw/2)coth(hw/2K,7) is aver-
age energy of oscillator, o is characteristic frequency of
intramolecular or intermolecular oscillations, Kg is
Boltzmann constant, and T is temperature. In high tem-
perature limit at ho << K37 we have ¢ = KzT and formu-
la (1) is transformed to the well-known Marcus formula
[29]. With &, = 800 cm™!, AG,, = —450 cm™, Ay =
1000 cm™!, AG,; = —1000 cm™!, ® = 1000 cm™!, ¥V}, =
30 cm™!, V5, = 50 ecm™!', T = 90 K we obtain K, =
1/(1.4 psec) and K,; = 1/(0.4 psec) in native RCs, which
is close to the experimental data [16]. The transfer rate
from By to H, is 3.5 times greater than transfer rate from
P* to B,. An estimation of direct electron transfer rate
from P* to H, by superexchange mechanism [30] with
A3 = 1500 cm™' gives the much smaller value of
K5 ~1/(300 psec).

In the LL131H mutant, the P*B; and P*Hj levels
are raised with respect to P* level by ~640 cm™' (80 mV)
(Fig. 5) [20]. The P*B; level becomes higher than the P*
level by 190 cm™! in this case, which leads to decreasing of
K,, rate and to appearance of backward reaction P*B; —
P* with the rate K,, = K,,exp(AG,,/¢) exceeding the rate
of forward reaction Kj,. In this case the population of the
P*Bj state becomes so small that it cannot be found
experimentally. Nevertheless, the presence of the fast
component with time constant ~1/K,; = 0.5 psec in the
P* kinetics, which can appear only due to the back reac-
tion P*B; — P* (Fig. 2), indicates the participation of B,
in electron transfer. Indeed, the solution of a system of
rate equations including the back reaction K,, for the
LL131H mutant shows that the P* kinetics is a sum of two
exponentials with the following constants:

o = (Kp+ K+ Ky3)/2 +

+ (Kpt+ Ky + K23)2/4 - K12K23)0'5§

o, = (K + Ky + Ky3)/2 —

— ((Kpt+ Ky + K23)2/4 - K12K23)0'5- 2)

With K,; >> K),, K,, we have a, ~ Ky, o, ~ K.
Estimations by formula (1) give the following values of
reaction rates: K;, = 1/(12.5 psec), K,; = 1/(2.6 psec).
With unaltered rate K,; = 1/(0.4 psec) we have o, =
1/(0.36 psec) and a, = 1(14.5 psec), which is close to the
experimental values of these constants 1/(0.5 psec) and
1/(16 psec), respectively. An estimation of superexchange
rate in the LL131H mutant gives a value K;; ~
1(500 psec), which is much less than the rates of “ordi-
nary” electron transfer [30]. Thus, the LL131H mutant
demonstrates two-step electron transfer in spite of unfa-
vorable position of the P*Bj level higher than P* level and
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impossibility of direct detection of the P*Bj state in this
experiment.

In the LL131H/LM160H/FM197H triple mutant,
the P*B; and P*Hj, levels are raised with respect to P* by
~2080 cm™! (260 mV) (Fig. 5). In this case the P*Bj level
becomes higher than P* by 1630 cm™', and the P"Hj, level
becomes higher than P* by 630 cm™', which undoubtedly
blockades the two-step mechanism. Nevertheless, elec-
tron transfer to Q, is detected in this mutant even at 20 K
with very small quantum yield ~10% [22]. One cannot
reveal the spectrally pure P*Hj state in this case, which
may means the presence of several close P*Hj states in
the same RC or the presence of several types of RC with
different P"Hj states (heterogeneity). An estimation of
superexchange rate in the triple mutant gives a value K5 ~
1(5 nsec) with the rate of backward superexchange Kj;, >
K5 [30]. A solution of the rate equation system for this
mutant shows that an exponential with the rate constant
K, + K,; dominates in the P* kinetics, where K| is relax-
ation rate of the P* state. Taking K, ~ 1/(300 psec) [1, 2],
we obtain K, + K;; ~ 1/(280 psec), which is close to the
experimental value 276 psec. Note that at 7= 300 K a
decay of the P* kinetics with 50-psec time constant is
detected in this triple mutant, while the quantum yield of
charge separation reaches 50% [22]. This indicates the
possible presence of thermal activation of the two-step
mechanism of charge separation. Formula (2) gives a
value a, = 1/(50 psec) for K}, = 1/(38 psec) that corre-
sponds to the value AG,, = 700 cm™' rather than
1630 cm™'. This may means that dynamic decrease of the
P*Bj level takes place on the picosecond time scale. One
of possible mechanisms of this decrease is a reorientation
of the OH group in tyrosine M210 due to charges appear-
ing on P* and Bj [16].

The presence of a large number of spectral compo-
nents, the origin of which remains not quite clear, is a
characteristic feature of the Fourier spectra of the oscilla-
tions in the P* stimulated emission kinetics of native and
mutant RCs (Figs. 2-4 and [5-9, 12-18, 27]). A similar
feature is noted in the kinetics of charge separated states
as well. A hypothesis was advanced in [16] that some of
these spectral components may reflect rotation of the
HOHS55 molecule with fundamental frequency of
32 cm™', overtones of which with numbers up to seven are
detected especially clearly in the P*Bj state kinetics in
pheophytin-modified RCs. An attempt for an alternative
explanation of these features is made below.

First of all, the hypothetical possibility of parametric
modulation of rate constants of forward and backward
reactions is examined for the simplest scheme of charge
separation P* <> P"A~. The nature of this external mod-
ulation may consist in a motion of the protein environ-
ment of chromatophores. The rate constant of forward
reaction K;, was determined by formula (1), and the
backward reaction had rate constant K,, = K,exp(AG/¢).
The two following mechanisms of parametric modulation
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native

k12 k23
pP* —> P'By —>P'H;

L(L131)H/
L(M160)H/
F(M197)H

Kig
P* > P'H,
K31

Fig. 5. Schematic arrangement of energy levels of P*, P*By, and P*Hj, states for native (top figure) and mutant (LL131H — middle figure,
LL131H/LM160H/FM197H — bottom figure) Rba. sphaeroides RCs. Energy differences are given by numbers in cm™'. Schemes of primary

reactions of charge separation are shown on the right.
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were examined: 1) modulation of energy level difference
AG; 2) modulation of distance R between donor and
acceptor molecules. The first case corresponds to vertical
shift of potential energy surfaces of P* and P*A~ states
with respect to each other (see Fig. 5) with unaltered R.
The second case corresponds to horizontal shift of these
surfaces with unaltered value AG. In the second case the
modulation of R leads to the modulation of both electron
conjugation V ~ exp(—aR), where a = 0.14 nm™! for the
protein [31], and the reorganization energy A = mw?>R%/2.
Harmonic and non-damped modulation with two inde-
pendent frequencies was studied. A system of rate equa-
tions (3) was solved numerically:

dP/dt = — K,,P + KyA,
dA/dt = —Ky A + K,,P. )

Here P and A are populations of the P* and P*A™ states,
P + A = const, and K|, and K,, are functions of time.
Parametric modulation leads to appearance of oscilla-
tions in the kinetics of the P* and P*A~ states with oppo-
site phases due to closeness of the system. Results of
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Fig. 6. Calculated Fourier spectra of P* stimulated emission oscil-
lations caused by harmonic parametric modulation of rate con-
stants of forward and backward reactions P* <> P*A~ at two fre-
quencies ®, and m,. a) Modulation of energy level difference AG;
b) modulation of distance R between donor and acceptor mole-
cules. See details in the text.
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Fourier analysis of the oscillations for the P* state are
shown in Fig. 6. Both types of modulations lead to a sim-
ilar result: harmonics and sum-difference frequencies
appear in the oscillation spectrum together with preset
frequencies of external modulation o1 and ®2. A reason
of the appearance of new frequencies is the nonlinear
dependence of the rate constants K;, and K,, on varied
values AG and R. The spectral amplitude of all new bands
is much less than those of the w1 and ®2 bands except for
the lowest band w1—m2. This result is a consequence of
the fact that P and A values are proportional to |K,,dt and
[K,,dt leading to an effect of demodulation that is a sup-
pression of high frequency components and increasing of
low frequency components in the oscillation spectra.
Weak bands in the oscillation spectra being observed
experimentally in the area of 200-450 cm™! may be har-
monics of more intense bands at 100-150 cm™' (Figs. 2-
4). On the whole, the oscillation spectra shown in Fig. 6
are far from the experimental ones, which compels us to
search for new mechanisms explaining the appearance of
the large number of bands in the oscillation spectra.

One possible explanation for the variety modes
detected in the oscillation spectra is inharmonicity of P*
potential energy surface on which a wave-packet moves.
Let us consider a simplest case of one-dimension motion
along the x-axis. The wave-packet is a superposition of
wave-functions of vibrational sublevels which are excited
by the light pulse:

\P(X, t) = %‘Cnexp(_imnt) \Pn(x)’ (4)

where o, = E,/h, E, are eigenvalues of sublevel energy,
C, are coefficients. The motion of the wave-packet as a
whole is described by temporal dependence of its center
of gravity:

<> = [P (x, )XW (x,t)dx, (5)
where integration is over infinite terms [32]. Taking into
account the orthogonality of the wave functions ¥,(x)
and using Eq. (4), we have the following expression for
<x>:

<X> = %Cnﬂcn X
x COS((0e1 — OV, (X)x V() dx. (6)
For harmonic potential all vibrational sublevels are
equidistant, which leads to wave-packet motion by the
simple harmonic law:
<x> = cos(@)2C,,C, ¥ . (0)x ¥, (x)dx. (7)
Thus, the wave-packet gravity center performs a

complicated motion, which is a sum of harmonic oscilla-
tions of different amplitudes with difference frequencies.
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This motion can be considered as a superposition of har-
monic motions of separate parts of the wave-packet with
frequencies ®,,,—®,. In fact, the value <x> contains all
information about the vibrational spectrum of the P*
excited state. The oscillations in the P* kinetics at fixed
wavelength are visualized in this motion and, therefore,
should have the same spectra as <x>. Note that the
dependence <x>(t) does not describe fine coherent
effects connected with a change of wave-packet form.
Inharmonicity of the potential leads to nonlinear depend-
ence of energy E, on sublevel number #:

E/hw=(n+1/2) —o(n + 1/2)* +
+Bm+1/2)° —y(n+1/2)*+ ..., 8)

where a, B, v ... — parameters of inharmonicity [33]. The
real potential can have very complicated dependence on
space coordinates, so the series (8) at fixed parameters of
inharmonicity approximates satisfactorily only some of
the energy levels. The total number of the energy levels
given by (8) can be both finite in the case of its condensa-
tion with increase of n and infinite in the case of its rar-
efaction with increase of n.

The number of excited vibrational sublevels also
depends on the bandwidth of the excitation pulse and on
the space overlapping of the wave-functions W¥,(x) with
the ground state wavefunction of the non-excited P state.
A light pulse of 20-fsec duration with 870-nm central
wavelength has bandwidth ~40 nm (530 cm™) at half-
maximum and ~80 nm (1060 cm™') at the basis. The
number of excited sublevels N can be ~8 when the average
distance between the sublevels is ho ~ 130 cm™, and
about half of them can considerably contribute to <x> in
this case. Taking into account that the wavelength of 0—0
transition in dimer P of Rba. sphaeroides is 907 nm [34],
we obtain the sublevel number N,,, ~ 4 corresponding to
excitation maximum at 870 nm. Space shift of the P*
potential energy surface with respect to those of P should
leads to the shift of maximal overlapping of the wave-
functions of the ground and excited P states to higher n.
Unfortunately, sufficient information about this shift and
the potential profiles of the P and P* states is absent. It is
clear that if the P potential is spaced narrower than the P*
potential and the shift of the P* surface with respect to the
P surface is sufficient, then the number of excited sub-
levels should not be large and the number of sublevels
excited maximally should be well above 0. So, the estima-
tion of the number of the excited sublevels N ~ 8 is the
upper one and can be decreased by taking into account
the space factor.

In Fig. 7, results of a calculation of the <x> value
dependence on time and Fourier spectrum of this
dependence are presented for different sets of inhar-
monicity parameters. Inharmonicity constants and con-
stant coefficients determining relative contribution of dif-
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ferent spectral components to <x> were selected on the
base of the best coincidence of the calculated Fourier
spectra of the P* stimulated emission oscillations in the
LL131H/LM160H/FM197H Rba. sphaeroides triple
mutant with the experimental ones. As shown above,
charge separation is slowed in this mutant so that the P*
kinetics reflects a condition of dimer P itself during sever-
al tens of picoseconds after excitation. In the case of non-
coincidence of some calculated mode frequency with any
of the experimental mode frequencies, spectral amplitude
of the nearest experimental mode was used as the ampli-
tude of this calculated mode. Processes of different nature
of non-reversible dissipation of the wave-packet were
modeled by exponential decay according to [35]. The
decay constant was taken as 2 psec. It was assumed in the
calculations that at t = 0 the wave-packet appears on the
left short-wavelength side of the P* potential curve. The
wave-packet appears on the right long-wavelength side of
this curve after a delay of approximately half of the main
period of the oscillations, that is ~120 fsec. Effects con-
nected with residual dispersion of excitation pulse leading
to excitation of different vibrational sublevels not at the
same time were not examined. Initial spreading of the
wave-packet when it appears on the P* long-wavelength
slope the first time was not taken into account. Thus, the
wave-packet dynamics on the P* long-wavelength slope
corresponding to 940-nm emission was described by
expression (6) with sin((w, o,)t) instead of
cos((®,+ — ®)1).

When only one inharmonicity parameter o is taken
into account in the E, expansion, the wave-packet decays
and then is restored periodically (Fig. 7a). This process is
fully reversible and continues for an unlimited time if
damping is absent. The number of excited energy sub-
levels is limited in this case: the energy sublevels are con-
centrated with » and a difference £, — E, becomes equal
to 0 at n = 8. As directly follows from (8), the difference
E,., — E, linearly depends on n, while the distance
between modes in the Fourier spectrum of the <x>(t)
dependence is constant and equal to 2a. The Fourier
spectrum mode with maximal frequency is formed from
the two lowest energy sublevels with numbers 0 and 1, and
the lowest frequency mode is build from the two highest
sublevels with numbers 7 and 8. The main period approx-
imately corresponding to the component with maximal
amplitude can be seen in the <x> oscillations in spite of
the presence of several spectral components. Wave-pack-
et decay can take place during one oscillation period,
while the revival comes after several periods (Fig. 7a). The
wave-packet decay cannot be complete: the oscillations
with small amplitude are always remained after disap-
pearance of the main peak. The wave-packet revival can
be partial or complete: usually, one complete revival is
after several partial revivals. The decay time and revival
period are increased with decreasing inharmonicity.
These peculiarities are completely confirmed by a more
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BIOCHEMISTRY (Moscow) Vol. 76 No. 10 2011



COHERENT PHENOMENA IN MUTANT Rba. sphaeroides RC

rigorous and consistent theoretical approach of the wave-
packet dynamics in inharmonic potentials [36]. It is
interesting that exact solution of the Schrodinger equa-
tion with Morse potential U = D(1—exp(—aR))?, where
D is dissociation energy, a is a parameter defining a char-
acteristic well width, R is distance, corresponded to one o
parameter inharmonicity. According to quantum-
mechanical calculations, the energy of vibrational sub-
levels is equal within the accuracy of ~hi%

E . =ho (n+1/2) +3/2(n*+n +

+ 1/2)R3((1/4))d*U(R = 0)/dR) /(m*w?) —
—15/4(n*+ n + 11/30)a%((1/3)d3U(R = 0)/
/dR)/(m’e?), €))

where m is effective mass, o is fundamental frequency
closed to the maximal frequency of the oscillation spec-
trum [32]. It is follows from this expression that for Morse
potential the distance between the Fourier spectrum
modes of the <x>(t) dependence is equal:
20, = 2Da* 1?/(m*w?). (10)
Taking into account that for Morse potential Da® =
mo?/2, we obtain the final expression for the distance
between modes:
20, = h? w?/2D. (11)
For ho = 250 cm™! and D ~ 1000 cm™! we have the
value 2o ~ 30 cm™ that is closed to the experimental
value. For evaluation of mass m let us use the fact that the
decrease of the central oscillation frequency from 150 to
100 cm™! takes place in the P* emission band of the
YM210L/FM197Y Rba. sphaeroides mutant as a result of
adding of a tyrosine residue to dimer P [27]. Supposed that
in the simplest case these oscillations reflect elastic vibra-
tion of dimer P fragments along a single axis, we have the
following expression for the vibration frequencies:

o, = (k/m)>> =150 cm™",

o, = (k/(m + mlyr))o‘5 =100 cm™, (12)
where k is coefficient of elasticity, m,, = 163 Da is tyro-
sine mass. As a result the expression for m has the form:
m = mlyr (D%/(O)12 - (D%)a (13)
whence we have m = 130.4 Da. Note that a fragment of
the tetrapyrrole ring of P, or Py can have this mass. Using
a connection of parameters Da*> = mw?/2 for Morse

potential, we obtain an evaluation for a: a = 0.17 nm™..

BIOCHEMISTRY (Moscow) Vol. 76 No. 10 2011

1117

Repeated decay and revival of wave-packets is clearly
detected in the experiments of coherent femtosecond
photo-dissociation of rare vapors of simple compounds like
I, or ICN (review see in [37]). For condensed media this
effect is not typical probably because of fast dissipation of
the wave-packet. Nevertheless, one can see some indica-
tion of small partial revival of the wave-packet in the oscil-
lations of P* stimulated emission in mutant LL131H and
LL131H/LM160H/FM197H Rba. sphaeroides RCs as well
as in native Rba. sphaeroides RCs (Figs. 2-4). For example,
in the LL131H mutant the amplitude of the third and
fourth oscillation peak is bigger than the amplitude of the
second peak (Fig. 2). In the triple mutant the amplitude of
fifth peak of the oscillations at 1.3-psec delay is markedly
bigger than the amplitude of the third and especially the
fourth peak (Fig. 3). In native RCs the amplitude of the
fifth peak of the oscillations at 0.9 psec is markedly bigger
than the amplitude of third and fourth peaks (Fig. 4).
Similar features were noted in the oscillations of P* stimu-
lated emission in pheophytin-modified Rba. sphaeroides
RCs and in YM210W and YM210L mutant RCs to a less
extent [18]. In all mentioned cases the revival of the wave-
packet is observed in experiments at ~1-psec delay as it is
in the calculations shown in Fig. 7a.

Inclusion of only one inharmonicity parameter o
into the calculations does not provide satisfactory similar-
ity of the <x>(t) dependence with the experimental oscil-
lations. Insertion of higher order parameters of inhar-
monicity § and y remarkably improved qualitative simi-
larity of the experimental and calculated oscillations and
allows a coincidence of the frequencies of most of the
modes from Fourier spectra of these oscillations (Fig. 7,
b-e). As directly follows from (8), the modes from the
Fourier spectrum of the <x>(t) dependence becomes
non-equidistant when P and y are taken into account,
which leads to considerable change in the behavior of this
dependence. Quasi-chaotic oscillations with definite ref-
erence frequency are obtained in calculations instead of
periodic revival of the wave-packet. Partial revival of the
wave-packet takes place only once at 1-1.5-psec delay. By
varying the B and y parameters it is possible to obtain a
condensation of the modes from the Fourier spectra with
increasing frequency (Fig. 7d) or their rarefaction (Fig. 7,
b, c, and e). In the experimental Fourier spectra of the
oscillations of P* stimulated emission the increase of the
distance between the modes (rarefaction) is observed with
increasing frequency that is especially distinct for the
most high-frequency modes. The energy levels E, them-
selves can be condensed with increase in number n (Fig.
7, b and d) as well as can be rarer (Fig. 7c) with different
sets of the B and y parameters. In the last case their num-
ber are not formally limited in calculations. It is evident
that in the case of rarefaction of the levels with increase of
their numbers the Fourier spectra modes with higher fre-
quencies are corresponding to the levels with larger num-
bers, and vice versa. Note that similar dependences
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<x>(t) with similar Fourier spectra are obtained both in
the case of condensation of the energy levels with increase
of their number (Fig. 7b) and in the opposite case (Fig.
7¢). An intermediate case is shown in Fig. 7e, where the
decrease of the distance between neighboring levels
approximately down to 0 with increase of number # is fol-
lowed by its further increase. In this case the Fourier
spectrum of the <x>(t) dependence consists of two
sequences of modes inserted into each other. The first
sequence is corresponding to the condensed E, levels, and
the second sequence to rare levels such that the modes
from the two sequences alternate with each other. For this
case there is characteristically the presence of the modes
with frequencies as high as ~500 cm™! in the Fourier spec-
tra. A comparison of the values of inharmonicity param-
eters have been used in the calculations with the known
values of the analogous parameters for diatomic mole-
cules [33] suggests rather strong inharmonicity that is
responsible for the wide frequency range from 10 to
500 cm™! of spectral components of the oscillations.

A transition of a part of the wave-packet from the P*
surface to the P*Bj surface takes place in the intersection
area of the P* and P*B; potential surfaces [38]. By the
known formula of Landau—Zanier it is possible to evalu-
ate the evolution of spectral components of the wave-
packet motion at this transition:

p = l—exp(—2nV?/(hdx/dt | dU,/dx — dU,/dx])), (14)

where p is a probability of the transition from donor sur-
face to acceptor surface when a particle passes a point of
surface intersection with a speed dx/dt, V is energy of
electron conjugation, dU,/dx and dU,/dx is curvature of
the donor and acceptor surfaces at the point of their inter-
section [39]. It follows from (14) that the lower the parti-
cle speed, the higher the probability of its transition.
According to (6), different parts of the wave-packet move
with a speed that is proportional to their frequency:
d<x>/dt ~ (®,+,—®,). The lower frequency (®,.,—®,)
corresponds to the higher probability for the part of the
wave-packet with this frequency to transit to the other
surface. The probability p is close to 1 if the speed is close
to 0. So, a percentage of the low frequencies in the spec-
tra of the wave-packet motion is higher for the acceptor
surface than for the donor surface. Estimations show that
for the lowest frequency mode (~20 cm™') of the Fourier
spectrum of the P* band oscillations the transition prob-
ability p is 3-4 times higher than for the mode with fre-
quency ~200 cm™'. Just this effect of the low-frequency
filtration is observed in the spectrum of the P*Bj state
oscillations in many types of RCs [13-16, 18, 27]. The
effect of low-frequency filtration is repeated again when
the wave-packet transits from the P*Bj surface to the
P*H, surface, which leads to the domination of the
modes with low frequencies ~20-70 cm™! in the oscilla-
tions of the H, absorption band at 760 nm [16]. Note that
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the inharmonicity of the P* surface causes location of
low-frequency wave-packet components close to the
walls of the potential well and location of high-frequency
components near the bottom of the well when the energy
levels are condensed with increase of their number (and
vice versa when they become rarer). Therefore, the high-
er location of the intersection point of the surfaces above
the bottom, the larger the percentage of low frequencies
in the wave-packet that transits to the acceptor surface.
Accounting for the inharmonicity of the acceptor poten-
tial can cause appearance of new modes in the spectrum
of the motion of the wave-packet. A comparison of the
oscillations from the P* band of native RCs (Fig. 4) with
those from RCs of the triple mutant, in which electron
transfer is negligible during first picoseconds after excita-
tion (Fig. 3), gives an estimation of the forward transition
probability of the wave-packet p ~ 0.1.

Therefore, inharmonicity of the potential energy
surface of P* on which the nuclear wave-packet moves
can explain the details of this motion. Even the simplest
theoretical approach used in this work provides qualita-
tive accordance of the Fourier spectra of the motion of
wave-packet gravity center with experimental Fourier
spectra of the oscillations in the P* emission band. The
presence of inharmonicity in nuclear motions of such a
complicated molecule as BChl is not a surprise.
Mathematical modeling with consideration for changes
of wave-packet form can be even more fruitful.

Finally, in this work the coherent effects accompany-
ing primary charge separation were studied in the
LL131H and LL131H/LM160H/FM197H mutant RCs
from the purple bacterium Rba. sphaeroides. The oscilla-
tions caused by nuclear wave-packet motion along the P*
potential energy surface were found in the kinetics of P*
stimulated emission of both mutants at 940-950 nm.
Charge separation is considerably retarded in these
mutants; therefore, these oscillations reflect mostly vibra-
tions inside the dimer P during several picoseconds after
excitation. It was shown that the spectral and temporal
features of the oscillations can be explained by inhar-
monicity of the P* potential surface.
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