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Abstract—Difference femtosecond absorption spectroscopy with 20-fsec temporal resolution was applied to study a primary
stage of charge separation and transfer processes in reaction centers of YM210L and YM210L/FM197Y site-directed
mutants of the purple bacterium Rhodobacter sphaeroides at 90 K. Photoexcitation was tuned to the absorption band of the
primary electron donor P at 880 nm. Coherent oscillations in the kinetics of stimulated emission of P* excited state at
940 nm and of anion absorption of monomeric bacteriochlorophyll B; at 1020 nm were monitored. The absence of tyrosine
YM210 in RCs of both mutants leads to strong slowing of the primary reaction P* — P*Bj and to the absence of stabiliza-
tion of separated charges in the state P*B,. Mutation FM197Y increases effective mass of an acetyl group of pyrrole ring I
in the bacteriochlorophyll molecule Py of the double mutant YM210L/FM197Y by a hydrogen bond with OH-TyrM197
group that leads to a decrease in the frequency of coherent nuclear motions from 150 cm™ in the single mutant YM210L to
~100 cm™" in the double mutant. Oscillations with 100-150 cm™' frequencies in the dynamics of the P* stimulated emission
and in the Kinetics of the reversible formation of P*Bj state of both mutants reflect a motion of the Py molecule relatively
to P, in the area of mutual overlapping of their pyrrole rings I. In the double mutant YM210L/FM197Y the oscillations in
the P* emission band and the By absorption band are conserved within a shorter time ~0.5 psec (1.5 psec in the YM210L
mutant), which may be a consequence of an increase in the number of nuclei forming a wave packet by adding a supple-

mentary mass to the dimer P.
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The reaction center (RC) of bacterial photosynthesis
is a membrane-bound pigment—protein complex in
which conversion of light energy into energy of chemical
bonds occurs as a result of a sequence of electron transfer
reactions. The 3-dimensional structures of RC crystals of
the purple bacteria Rhodopseudomonas (Blastochloris)

Abbreviations: AA, absorption changes (light minus dark);
BChl, bacteriochlorophyll; B, and By, monomeric BChl in A-
and B-branch, respectively; BPheo, bacteriopheophytin; H,
and Hg, BPheo in A- and B-branch, respectively; P, primary
electron donor, dimer BChl; P, and Py, BChl molecules form-
ing P; Q4 and Qg, primary and secondary quinone, respective-
ly; RC, reaction center; Rba., Rhodobacter; Rps.,
Rhodopseudomonas.

* To whom correspondence should be addressed.

viridis and Rhodobacter sphaeroides have been obtained by
X-ray structure analysis [1, 2]. The Rba. sphaeroides RC
consists of three protein subunits (L, M, and H) and sev-
eral cofactors noncovalently bound to the transmembrane
part of the subunits. The cofactors form two space-sym-
metrical branches (A and B). Each of the branches
includes a dimer P consisting of excitonically coupled
molecules of bacteriochlorophyll (BChl) P, and Py and
acting as a primary electron donor, monomeric BChl (B,
or By), bacteriopheophytin (BPheo) (H, or Hg), and
quinone (Q, or Qp). The RC also includes an atom of
non-heme iron and a carotenoid molecule. In RCs of
purple bacteria charge separation occurs in the A-branch
only. Upon light excitation of P, an electron transits from
lowest excited singlet state P* to B, with a time constant
of ~3 psec at room temperature. A charge-separated state
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P*Bj is formed at this time. The electron is passed further
to H, within ~1 psec, which leads to the formation of the
P"Hj state. The fact that the P*Bj state is depleted sev-
eral times faster than it is populated leads to significant
difficulties in experimental registration of it. The electron
transits further from H, to Q, with a time constant of
~200 psec at room temperature with formation of the
P*Q; state. At cryogenic temperatures, all of the men-
tioned reactions are 2-3 times faster. The quantum yield
of charge separation is close to unity at all temperatures
(for reviews, see in [3-5]).

Optical spectroscopy with femtosecond time resolu-
tion gives a unique possibility to study the influence of
nuclear motion on electron transfer reactions. In [6-9]
oscillations were found for the first time in the kinetics of
P* stimulated emission in purple bacteria RCs upon fem-
tosecond excitation. Analogous oscillations were found in
the kinetics of spontaneous fluorescence [10]. These
oscillations are connected with a coherent motion of the
nuclear wave packet on the P* potential energy surface [7,
8, 11]. Oscillations have also been observed in the kinet-
ics of charge separated states P*B; and P"Hj [12-17].
Modulation of the B, absorption band at 1020 nm with a
~260 fsec period reflecting reversible electron transfer
from P* to B, was found in [13-16]. Coherent oscillations
of the P"Hj state population in Rba. sphaeroides RCs
were revealed in the H, absorption band bleaching at
760 nm [15-17]. Femtosecond oscillations in the kinetics
of the P* stimulated emission at 945 nm and of the B,
absorption at 1028 nm were found in Chloroflexus auran-
tiacus RCs at 90 K [18].

It was found that in Rba. sphaeroides RCs femtosec-
ond oscillations in the kinetics of the P*Bj state develop-
ment are in phase with femtosecond oscillations in the
kinetics of the P* stimulated emission at 940 nm and in
anti-phase with the analogous oscillations at 900 nm [13].
Fourier spectra of the oscillations in the kinetics of the P*
emission at 940 nm and of the B absorption at 1020 nm
contain a main frequency at ~130 cm™!' that has mostly
vibrational nature [16]. Moreover, in the Fourier spectra
of the oscillations in the kinetics at 1020 nm a narrow
intense band at 32 cm™' is present together with its over-
tones, which probably indicates a contribution of vibra-
tional modes of crystallographic water HOHS5 [16]. A
vibrational mode at ~150 cm™' is also present in the
Fourier spectra of the P* emission of the mutant YM210L
Rba. sphaeroides, in which the primary charge separation
is strongly slowed by substitution of tyrosine M210 by
leucine [18]. In this mutant the character of the oscilla-
tions in the kinetics of the P* emission at 940 nm and of
the B absorption at 1020 nm shows a reversibility of elec-
tron transfer between P* and B, and an absence of stabi-
lization of separated charges in the P*Bj state. Thus, the
130-150 cm™' mode reflects mainly the properties of elec-
tron donor P870 and is not connected with the electron
transfer reactions. This allows its use for monitoring of
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the condition of the dimer P. In present work the oscilla-
tion mode at ~150 cm™' is used to study the primary
processes of charge separation in the single mutant
YM210L and the double mutant YM210L/FM197Y of
the purple bacterium Rba. sphaeroides. The first mutation
simplifies the form of the oscillations in the P* stimulat-
ed emission band with the ~150 cm™' frequency and
makes easier their registration on the background of
almost constant non-oscillatory part of the kinetics. The
second mutation adds a hydrogen bond to the acetyl-car-
bonyl group of ring I in Py that can influence the condi-
tion of the dimer P [19].

MATERIALS AND METHODS

Mutants YM210L and YM210L/FM197Y were
obtained by introducing of the gene into Puf M encoding
the M subunits of Rba. sphaeroides reaction center using
bacterial strains and plasmids as described in [20].
Mutant RCs as well as native Rba. sphaeroides RCs were
isolated by treatment of the membranes with LDAO fol-
lowed by chromatography with DEAE-cellulose [21]. For
room temperature measurements, RCs were suspended in
the 10 mM Tris-HCI, pH 8.0, 0.1% Triton X-100 buffer
(TT buffer). Low-temperature measurements at 90 K
were done with samples containing 65% glycerol (v/v).
The optical density of the samples was 0.5 at 860 nm at
room temperature. To keep RCs in the state PB,H,Qj ,
5 mM sodium dithionite was added.

Femtosecond measurements of absorption changes
(light minus dark) were carried out with a laser spectro-
meter built on the basis of a Tsunami Ti-sapphire fem-
tosecond laser pumped by a Millennia garnet laser (both
from Spectra Physics, USA). Femtosecond laser pulses
were amplified in an 8-passed Ti-sapphire amplifier and
were used for generation of a probing continuum in a
mixture of ordinary and heavy water (1 : 1). A part of the
femtosecond continuum of 40 nm width centered at
880 nm was used as the pump emission. A polychromator
and an optical multichannel analyzer were used for the
measurements of the absorption change spectra at differ-
ent delays (described in detail in [13]). The operating fre-
quency of the spectrometer was 15 Hz. The duration of
the pump and probe pulse was 20 fsec. The delay between
the pump and probe pulse was varied with an accuracy of
0.1 fsec. Temporal dispersion in the 940-1060 nm range
was compressed to a value less than 30 fsec.

The bulk of difference absorption spectra measured
at various delays in the range from —0.1 to 4 psec with a
30-fsec step was the primary data. Each spectrum was a
result of an averaging of 4000-7000 measurements. The
accuracy of absorption measurements was (1-3)-107°
optical density units. Amplitudes of the spectral bands at
1020 and 940 nm were measured at their maxima. The
kinetics of absorption changes (AA4) at 1020 and 940 nm
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were plotted on the basis of measured amplitudes of
absorption or bleaching bands. Oscillatory components of
the kinetics were found by subtraction of the curves
approximated by polynomials from the experimental
kinetics. The oscillatory parts of the kinetics were ana-
lyzed by Fourier transformation to obtain frequency spec-
tra of the oscillations. The polynomial rather than expo-
nential approximation of the kinetics is appropriate in
studying the primary stages of electron transfer with a
large contribution of adiabatic processes.

RESULTS

In the present work, we studied the femtosecond
oscillations in the kinetics of the single mutant YM210L
and the double mutant YM210L/FM197Y RCs from the
purple bacterium Rba. sphaeroides, paying special atten-
tion to the effects caused by substitution of a phenylala-
nine residue by tyrosine residue in the M 197 position. It
was found earlier that tyrosine incorporated in the M197
position donates a hydrogen bond to the acetyl-carbonyl
group of ring I in the Pz molecule, whereas the natural
phenylalanine M197 does not create such bond [19].
However, the analogous hydrogen bond naturally takes
place in wild type RCs of Rps. viridis [22], and the speed
of the primary charge separation reaction in these RCs is
greater than in Rba. sphaeroides RCs. One can assume
that the additional hydrogen bond to BChl Py will influ-
ence the vibrational modes activated by femtosecond
photoexcitation of P (Fig. 1).

In Fig. 2 the difference (light minus dark) absorption
spectra of the mutant YM210L and YM210L/FM197Y
RCs of Rba. sphaeroides are shown in the 980-1050 nm
range at some femtosecond delays with respect to the
photoexcitation, measured at 90 K. At a wavelength
shorter than 990 nm, the bleaching caused by the P* stim-
ulated emission dominates in the spectra of both mutants.
In the 1020 nm area, a weak but clearly distinct and reli-
ably repeated absorption band ascribed to By anion is
observed. The amplitude of this band changes in time
periodically with appearance followed by almost disap-
pearance, but its spectral position remains the same for
the two mutants. The bulk of the difference spectra meas-
ured in the —0.1-to-4 psec delay range with a 30 fsec step
was used to plot the kinetics of the P* emission at 940 nm
and of the B, absorption at 1020 nm that are shown in
Fig. 3. The P* stimulated emission at 940 nm (Fig. 3a) of
both mutants shows practically no decay within the whole
studied range of delays 0-4 psec. For the YM210L mutant
a characteristic time of the P* emission decay is 190 psec
at 10 K [9]. For the YM210L/FM197Y mutant the mid-
point potential of P/P* pair is 30 mV higher than for the
YM210L mutant, which leads to further decreasing of the
driving force of electron transfer reaction and can further
slow the P* emission decay [23]. The kinetics of both
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mutants at 940 nm contains marked oscillations with
approximately the same amplitude. In the kinetics of
YM210L mutant at 940 nm, seven peaks of the oscilla-
tions with ~220 fsec period are distinguished and also
marked oscillation decay is observed at delays later than
1.5 psec. The oscillations in the double mutant kinetics at
940 nm have a longer period and decay much faster — at
delays longer than 0.5 psec. The kinetics of both mutants
at 1020 nm (Fig. 3b) shows practically complete absence
of the B} absorption band at delays longer than 1.5 psec.
This is in agreement with earlier obtained data for the
YM210L mutant [18] and means a complete reversibility
of electron transfer between P* and B,, that is the absence
of separated charge stabilization in the P*Bj state. At the
delays less than 1.5 psec, expressed oscillations with a
complex shape are observed in the kinetics of both
mutants at 1020 nm. The amplitude of these oscillations
in the double mutant is somewhat less than in the single

HisM202

Fig. 1. Structure of dimer of bacteriochlorophylls P, and Py and
of monomeric bacteriochlorophyll B, of Rba. sphaeroides RCs
(Brookhaven data bank, file 1A1J). Histidine M202, liganding the
Mg ion of Py, is connected by a hydrogen bond to a H,O mole-
cule and further to the oxygen of the keto carbonyl group of
ring V of B,. The distance between the oxygen of TyrM210 (anal-
ogous to M208 in Rps. viridis RCs) and P,(B,) is 4.93 (4.99) A
with maximal electron spin density on P*(Bj ). Numbers show
distances in A.
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Fig. 2. Difference (light minus dark) absorption spectra of RCs of mutant YM210L (a) and YM210L/FM197Y (b) of Rba. sphaeroides in glyc-
erol-TT buffer in the 980-1050 nm range, measured at various femtosecond delays at 90 K. The RCs were excited by 20 fsec pulses at 880 nm.
Numbers show the measurement delay in femtoseconds. Spectra are shifted vertically for clearness.

mutant. Note that the oscillations in the kinetics at 940
and 1020 nm in RCs of both mutants are in phase with
each other.

The Fourier spectrum at 940 nm of the YM210L
mutant contains two main bands at 152 and 94 cm™' and
less intense bands at 121 and 66 cm™' (Fig. 4a). The
Fourier spectrum of the double mutant contains a broad
band in the ~100 cm™' area with maximums at 87 and
108 cm™! (Fig. 4a). A ~10 cm™! peak in the spectra of both
mutants reflects a global asymmetry of the oscillation
curves and probably does not have physical sense. The
Fourier spectrum of the 1020 nm band oscillations of the
YM210L mutant contains a dominant band at 33 cm™'
and less intense bands at 99 and 155 cm™' (Fig. 4c). The
last two bands are observed also in the Fourier spectra of
this mutant at 940 nm (bands at 94 and 152 cm™', Fig. 4a)
and most probably are of vibrational nature. The 33 cm™
band might reflect a rotational motion of the water mole-

cule HOH placed in the RC near P and B, (Fig. 1) [18].
The Fourier spectrum of the oscillations in the absorption
at 1020 nm in RCs of the double mutant (Fig. 4c) con-
tains a broad band at ~100 cm™' and a lower frequency
band with maximums at 21 and 37 cm™!. The band at
~100 cm™! is observed in the Fourier spectrum of this
mutant at 940 nm and also is probably of vibrational
nature.

DISCUSSION

It is shown in the present work that the main band in
the Fourier spectrum of the oscillations at 940 and
1020 nm is shifted from 150 cm™' in the single mutant
YM210L to ~100 cm™' in the double mutant
YM210L/FM197Y Rba. sphaeroides (Fig. 4). A frequency
drop or a reduction of motion speed might be a conse-
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Fig. 3. Kinetics A4 in RCs of mutant YM2I0L and
YM210L/FM197Y of Rba. sphaeroides in glycerol-TT buffer at
90 K in the 940 nm band (P* stimulated emission) (a) and in the
1020 nm band (B; absorption) (b). RCs were excited by 20 fsec
pulses at 880 nm. The curves are shifted vertically for clearness.

quence of an increasing of the effective mass of some part
of coordinately oscillated (because of femtosecond exci-
tation) molecular groups because of addition of new
groups via a hydrogen bond. As the increasing of the
effective mass of the acetyl group of pyrrole ring I is sup-
posed for the Py molecule in the double mutant RCs due
to creation of a hydrogen bond with the OH-TyrM197
group [19], then pyrrole ring I of the bacteriochlorophyll
Py probably participates in a nuclear motion induced by
femtosecond photoexcitation of P at 880 nm. A similar
decreasing of oscillation frequency was found in the
kinetics of P* stimulated emission in RCs of mutant
FM197H Rba. sphaeroides [7, 8, 17]. In this mutant a new
hydrogen bond is created between the acetyl-carbonyl
group of ring I in Py and the incorporated new histidine
M197 [22]. In the mutant HL168F, on the contrary,
removing of the naturally existing hydrogen bond between
the acetyl-carbonyl group of ring I in P, and the natural
histidine HL168 takes place. However, frequency increas-
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ing of the oscillations in the P* kinetics does not occur in
this mutant [24]. This may indicates that pyrrole ring I of
the P, molecule is not fixed enough in the RC structure
and is not involved in the nuclear motions activated by
femtosecond excitation of P.

Thus, the femtosecond oscillations with 100-150 cm™
frequencies in the kinetics of the P* stimulated emission
and of the reversible population of P*B; state probably
reflect a motion of the Py molecule relative to P, in the
area of mutual overlapping of its pyrrole rings I (Fig. 1).
One of the spectral and functional consequences of this
motion could be the formation of a molecular complex
with charge transfer in the excited state by analogy to the
well-known excimer and exciplex complexes that are
formed between aromatic rings of excited dye molecules
in solution [25]. These molecular dimers are formed in
the dye excited states and have a parallel orientation of
the conjugated electron systems with partial charge trans-
fer between them. The excimer and exciplex formation is
accompanied by a shift of the fluorescence spectrum to
longer wavelengths in comparison with the spectra of
monomeric dye molecules. Perhaps the formation of
these excited dimers occurs between the two BChl mole-
cules in the P dimer when ring I in Py is maximally
approaching ring I in P,. In this case the appearance of
the long-wavelength P* stimulated emission at 940 nm
can be interpreted as a manifestation of the dynamic for-
mation of an exciplex-like complex between the P, and
Py molecules.

It was shown in the theoretical work [26] that in the
P* excited state the charge distribution is characterized by
a strong shift of the electron density from P, to Py in the
proportion 0.76/0.24. This might mean that the motion
of Py nuclei with respect to P, because of the formation
of the nuclear wave packet is accompanied by the long-
wavelength shift of the P* stimulated emission and the
partial charge transfer from P, to Py with the creation of
the P{"P§~ state. When the distance between pyrrole rings
Iin P, and Py is minimal, the shift of the electron densi-
ty from P, to Py is maximal and the long-wavelength shift
of the P* stimulated emission is maximal as well (up to
940 nm).

A formal similarity of the Fourier spectra of the
kinetics at 940 and 1020 nm of the YM210L mutant and
the similar low-frequency shift of these spectra in the
double mutant YM210L/FM197Y indicates the activity
of the low-frequency modes of the P* emission during the
process of electron transfer from P* to B,. The appear-
ance of the P* stimulated emission at 940 nm is accom-
panied by the appearance of an electron at the B, mole-
cule (Fig. 4). This might mean that the formation of a
component with P3"P3~ state character in the P* state
leads to electron transfer from P~ to B,. Perhaps this
transfer occurs along a chain of polar groups
N—-Mg(Pz)—N—-C—N(HisM202)-HOH-0=(B,), con-
necting Py and B, (Fig. 1) [16].

1
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Fig. 4. Fourier spectra (a, c) of oscillatory components (b, d) of the kinetics A4 for the 940 nm band (P* stimulated emission) (a, b) and for
the 1020 nm band (Bj absorption) (c, d) in RCs of mutant YM210L and YM210L/FM197Y of Rba. sphaeroides in glycerol-TT buffer at 90 K.
The RCs were excited by 20 fsec pulses at 880 nm. Numbers show position of band maximums in the Fourier spectra in cm™'. The curves are

shifted vertically for clearness.
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A simplified scheme of potential energy levels illus-
trates a process of non-equilibrium conversion of the P*
excited state into the charge separated states in RC (Fig.
5). A 20 fsec light excitation of P forms the nuclear wave
packet on the potential energy surface of the lowest exci-
ton state \/1/2{|P;"PB> + [P,P§>} =|+> with the emission at
895 nm (electron coupling between P, and Py has a neg-
ative energy ~600 cm™'). The primary charge separation
probably occurs inside the dimer P with creation of the
|P*P3~> state. The potential energy surface of this state is
shifted with respect to those for the |[+> state, and conse-
quently the emission from the |[PS*P5™> surface has a
wavelength ~940 nm. In the intersection area, these sur-
faces are split because of the strong electron coupling.
The electron coupling between P* and B, (~30 cm™)
splits the original surfaces (P* and P*Bj ) into upper and
lower parts. For the effective electron transfer to B, it is
necessary that the P*By surface intersects with the
|P3*P3~> surface near the bottom of the later. When the
nuclear wave packet with enough energy (~150 cm™)
moves on the |[+> surface it probably reaches the P{"P§~
surface and further the intersection of it with the P*Bjx
surface at the ~120 fsec delay. In this case, a portion of the
P3*P§ state is strongly increased, which accelerates the
electron transfer to B,. At the ~120 fsec delay the P*
stimulated emission at 940 nm and Bj, absorption band
formation at 1020 nm occurs, which corresponds to the
first maximum in the oscillations of the kinetics A4 at 940
and 1020 nm (Figs. 3 and 4). Then the wave packet can be
reflected back to the P* surface or partially move to the
P*B; surface.

A stabilization of separated charges in P™ and Bj in
native RCs can occur with participation of the OH-group
of the tyrosine TyrM210 (TyrM208 in RCs Rps. viridis)
(Fig. 1) [5, 18]. TyrM210 is at ~4.93 A distance from the
nearest C atom of ring IV in P, when maximal electron
spin density is on P*, and at ~4.99 A distance from the N
atom of ring II in B, when maximal electron spin density
is on By [26]. The stabilization might occur due to a reori-
entation of surrounding molecular groups when the P*Bj
state is formed. When the nuclear wave packet formed by
photoexcitation reaches the intersection area of the
potential surfaces of the P* and P*Bj states, its further
evolution depends on additional changes of P and B, sur-
rounding nuclei positions. If changes that break system
coherency are absent, then the wave packet will stay on the
P* surface and will begin to move back. If such changes are
present, then the oscillatory motions of the nuclear wave
packet in the P* state can be suppressed. The necessary
changes of such kind can occur in native RCs as a result of
the reorientation of the polar group like O H®" in
TyrM210 (TyrM208 in Rps. viridis) (Fig. 1), which leads to
significant suppression of the oscillations during a time
interval of about 0.5 psec [16]. The absence of TyrM210 in
the mutant YM210L conserves the oscillations in the P*
emission band and in the B absorption band during con-
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Fig. 5. Illustrative scheme of potential energy surfaces of the fol-
lowing states: ground (PB,), locally excited (P*B,), charge sepa-
rated (P*By).

siderably longer time interval ~1.5 psec after the P excita-
tion (Fig. 4). This might mean that in native RCs the
motion of H* of the OH—TyrM210 group in the direction
of B lowers the energy level of the P*Bj state with respect
to P*, which leads to irreversible electron transfer to B,
and a fast dephasing of the coherent oscillations of the sys-
tem. Calculations show that the energy of Coulomb inter-
action between the group H**O°>~—TyrM210 and B; or P*
can be estimated as 890 cm™' [5, 18]. Experimental esti-
mations of the energy difference of P* and P*Bj levels in
the stabilized P*Bj state are 350-550 cm™! [27]. Thus, the
interaction energy is enough to stabilize an electron on B,
if H®* of the OH—TyrM210 group will be shifted towards
B, during charge separation. In the double mutant
YM210L/FM197Y oscillations in the P* emission band
and the B, absorption band are conserved during shorter
time ~0.5 psec (Fig. 4) than in the single mutant YM210L,
which (in the absence of irreversible electron transfer)
might be a consequence of an increasing of a number of
nuclei forming the wave packet by adding a supplementary
mass to the dimer P via the hydrogen bond with the
OH-TyrM 197 group.
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