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ABSTRACT. In Rhodobacter sphaeroid€&26 reaction centers (RCs) the nuclear wave packet induced by
25 fs excitation at 90 K moves on the primary electron donor P* potential energy hypersurface with
initial frequency at~130 cnr! (monitored by stimulated emission measurement). At the long-wavelength
side of P* stimulated emission at 935 nm the wave packet is transferred to the surfacéByjthdRaracter

at 120, 380, 1.2 fs, etc. delays (monitored by measurement of the primary electron acgepbanB at

1020 nm). However, only beginning from 380 fs delay and later the relative stabilization of the state
P™Ba~ is observed. This is accompanied by the electron transfer to bacteriopheophytimoHitored by

Ha band measurement at 760 nm). The most active mode of 32 unthe electron transfer and its
overtones up to the seventh were found in the Fourier transform spectrum of the oscillatory part of the
kinetics of the P* stimulated emission and of theBR~ and P Ha~ formation. This mode and its overtones

are apparently populated via the 130 ¢nvibrational mode. The deuteration of the sample shifts the
fundamental frequency (32 cif) and all overtones by the same factorat.3. This mode and its overtones

are suppressed by a factor-e#.7 in the dry film of RCs. The results obtained indicate that the 32'cm
mode might be related to a rotation of hydrogen-containing groups (possibly the water molecule)
participating in the modulation of the primary electron transfer from P* o B at least 35% of RCs.

The Brookhaven Protein Data Bank (1PRC) displays the water molecule located at the position HOH302
between His M200 (axial ligand forglp and the oxygen of ring V of Bwhich might be a part{35%)

of the molecular pathway for electron transfer from P* tg. B

The photosynthetic bacterial reaction center (Rig)a biochemical processes in the cell. The structure of bacterial
hexachromophoric protein responsible for the conversion of RCs is consistent with the sequence of the electron transfer
light energy into the free energy of the charge-separatedreactions taking place between cofactors located in the A
states. The X-ray analysis of bacterial RCs has shalyn ( branch ).

that a local 2-fold rotational axis runs through two bacter-  The question raised in the firs8)(and second (present)
iochlorophylls constituting the special pair P near the parts of the work is related to the mechanism of the primary
periplasmic side of the membrane and separates sym-step of the light energy conversion into the energy of
metrically two bacteriochlorophyll monomers {ind Bs) separated charges between the excited state of the primary
and two bacteriopheophytins (Hand H;) located in the  glectron donor P and the primary electron acceptor. On the
hydrophobic central part of the membrane. Two branches pasis of experimental datd{13) Ba has been suggested to

(A and B) of the pigments are terminated by two quinones pjay a role of the primary electron acceptor, in agreement
(Qa and Q) near the cytoplasmic side of the membrane. with its position between P andaHn the X-ray model {).
Light-induced charge separation results in the formation of Then the state #8,~ can be a first charge-separated state

positive (P) and negative (Q charges on opposite sides i which radical cation (P) and anion (&-) have spectral
of the membrane. The separated charges are used for furtheproperties close to those observed individually.

Other workers 14—20) argue that the sum of the
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Oct 2001. Ba for the ET from P* to H. In that respect the interesting
*To whom correspondence should be addressed. Fax: (7)(096) data were obtained for Pheo-modified R@s¥) in which

77?c,i,5|gszéE\;\Imgt'gt:hﬁ\r’]ﬁll%\g?p'SeerkhOV'Su' Phone: (7)(096) 7733601'the interaction between P and Bras unchanged but further
§ Russian Academy of Sciences. electron transfer to Klwas blocked in the picosecond time
1 Abbreviations: AA, light-minus-dark absorbance changeg;a®d domain. For these RCs the formation of the long-lived. (

Ha, the primary and secondary electron acceptors, respectively, located - ; ;
in active branch A; RC, reaction center; ET, electron transfer; FT, ns) state PB4~ was observed with spectral properties close

Fourier transform; IR, infrared; P, primary electron donor; Pheo, plant O the sum of Fhose for Pand B\~. The 1020 nm _band
pheophytin. observed for this state was found to be characteristic for the
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radical anion of bacteriochlorophyiB(9). As shown in ref the intersection region between P* antBR~ located close
3 the appearance of the 1020 nm band at a very earlier timeto the long-wavelength side (935 nm) of the stimulated
(at 120 fs) strongly suggests that the stat® is a first emission band of P*3, 31—34). At 120 fs and mostly at
product of the charge separation. It was also foug)dHat 380 fs delays the wave packet reflects from the P* surface
the By band bleaching at 800 nm corresponds stoichiomet- wall and is not stabilized onto thetB,~ surface at room
rically to the P band bleaching at 890 nm. The latter is not temperature. The transmission coefficient is remarkably
changed when P*Bis converted to PB,~. This indicates increased when the wave packet is transferred to the 32 cm
that all electron density is shifted from P* toaBat mode on the same P* hypersurface or on the mixed diabatic
picosecond delay. Furthermore, it was found (se®)dfiat surface, part of which has'B,~ charge transfer character.
P*Ba~ has lower energy than P* and that very little The 32 cm* mode is enhanced with respect to others in the
admixture of superexchange is present in bacterial RCs. FT spectrum of the oscillatory part of the kinetics of the
The position of R, Ps, and B, was determined by X-ray  absorption development at 1020 nm, reflecting th& £
analysis in great detail (see Brookhaven Protein Data Bank,formation. The same is observed for the kinetics of the
1PRC) and shows several possibilities for the electron bleaching at 760 nm associated with the formationdf 2.

transfer pathway from P* to B To check these possibilities, Here we show that in bacterial RCs at 90 K the 32°&m
the frequency analysis of vibration and rotation of the groups mode is probably related to the rotation of the water molecule
involved in the charge separation can be applied. which has higher harmonics up to seventh one in the

Recent developments in femtosecond spectroscopy havestimulated emission from P*. This rotation modulates the
provided a new tool for the nuclear dynamics study which electron transfer from P* to Bas well. Therefore, it is
is based on the finding that excitation of P by ultrasheQ suggested that one of the pathways for the electron transfer
fs) pulses of a broad spectral width creates a superpositionfrom P* to B, might be along the bridge formed by polar
of many vibrational wave functions known as a wave packet groups according to the Brookhaven Protein Data Bank
(21). The wave packet has a time-dependent position on the(1PRC): Mg(R)—N—C—N(His M200)~HOH—0=(B,).
potential energy surface of P* and moves with the frequency Other possibilities for electron transfer are also discussed.
corresponding to the energy difference between the vibra-
tional levels involved. Such nuclear wave packet motions MATERIALS AND METHODS

were visualized by the femtosecond oscillations in the ) ]
kinetics of stimulated emission from P22—25). A dis- RCs of Rhodobacter sphaeroidds-26 were isolated as

placement of the potential energy surface of P* with respect described in re85, and both n.ative bacteriopheophytin&(H
to that of P results in the time-dependent spectral position @nd H) were exchanged with plant pheophyan(Pheo)
of the stimulated emission from P*. The long- and short- according to reb. For studies at room temperature RCs were

wavelength emission components are out of phase to eactfuspended in 10 mM Tris-HCI, pH 8.0/0.1% LDAO buffer.
other but have similar oscillation frequencies. Fourier OW-temperature (90 K) m;aasurements were performed on
transform (FT) spectra of the oscillations show the oscillation the Samples containing 65% glycerol (v/v). To replac®H
modes at 15, 30, 69, 92, 122, 153, 191, and 329 10 by D,O, RCs suspended in,B buffer were concentrated

K (24), similar to those found in hole-burning experiments ©N @ membrane and then diluted by, buffer. The
(26) and by Raman spectroscop7(-29). dilution—concentration procedure was repeated twice. Such

The primary step of the light energy conversion with & treatment did not alter the absorption spectrum of RCs.
involvement of coherent nuclear motions in the state P* was 1ne optical density of the samples was 0.5 at 860 nm at
theoretically described in re§0 by a harmonic bath model ~ feom temperature. Sodium dithionite (5 mM) was added to
with the electronically diabatic (phonon) Hamiltonians for Keep RCs in the state REAQa™.
the ground (PR), locally excited (P*B), and charge- A dry film of RCs was obtained by drying of the RCs
separated (FB,") states. The reaction coordinates hd ~ solution at room temperature and relative humidity40%)

Q- (30) were defined for the photoexcitation and the electron and then under vacuum conditions for 2 days. Before
transfer processes, respectively. The an@)ebetween @ measurements the film was illuminated 300 times by 1064
and Q determines the amplitude of femtosecond oscillations "M laser microsecond pulses to evaporate residual water
of the electron transfer rate treated by the Landaener ~ molecules. The absorption spectrum of RCs in the dry film
semiclassical approach: when dbs= —1 (linear arrange- was different from that in liquid by an-7 nm blue shift of
ment), the oscillations are maximal in the product; when cos the Q band of P with a preservation of the,@and of B.

6 = 0 (orthogonal arrangement), the oscillations are absent. Femtosecond transient absorption measurements were

The results of the study of the coupling between primary carried out with a home-built amplified Ti:sapphire laser
charge separation and nuclear wave packet motions insystem with continuum generation and optical multichannel
bacterial RCs have shown that femtosecond oscillations areanalyzer detection, described in detail in32f The operating
observed at 293 K in the dynamics of the population of the frequency was 15 Hz. The duration of pump and probe pulses
product state PB,~. This was monitored by measurements was about 25 fs. Pump pulses were centered at 870 nm. The
of absorption in the B band at 800 nm and the AB pump and probe pulses had a weal(0%) mutual perpen-
absorption band at 1020 nr3,(31—34). These results are  dicular polarization while the remaining part80%) was
consistent with the angle close to 180 (linear arrangement  depolarized. The delay between pump and probe pulses was
of Q; and Q coordinates). It was found that in RCs the wave changed with an accuracy ef10 fs. The compression of
packet is initially formed by femtosecond light pulses on temporal dispersion in the range from 600 to 900 nm was
the 130-140 cn1? potential energy hypersurface of P*. The monitored by kinetics measurements at 600 nit(ghsition
subsequent motion on this surface leads the wave packet twf P) and at 900 nm (Qtransition of P and the short-
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Femtosecond oscillations in stimulated emission from the
primary electron donor excited state P* has been shown to
be a result of the coherent nuclear motion within the single
electronic state of B which includes a possible contribution
of various configurations 3, 22—25, 31—34). This is
different from femtosecond oscillations observed in the
charge-separated statesBR~ and PH,~. Panels A and B
of Figure 1 show the absorption difference spectra of the
1020 nm band formation [B band @, 7—13, 32—34)] at
different delays at 90 K in native and Pheo-modified.
sphaeroideR-26 RCs, respectively. One can see the absence

. - . ) R R R ' s ' of any changes in the band shape and maximum position
1000 1020 1040 1060 1000 102,%040 1060 735 75;15,“ s for a whole period of the measurements-@ ps). This

Ficure 1. Difference (light-minus-dark) absorbance spectra ac- observe_mon suggests that the optical transition from ®
quired at various femtosecond delays at 90 K in native (A, C) and (Ba™)* is not altered at all delays used. Therefore, the
pheophytin-modified (BRb. sphaeroideR-26 RCs in glycerot femtosecond oscillations observed in the kinetics of the 1020
H20 buffer excited by 25 fs pulses at 870 nm: (A, B) 99060 nm band development (see Figure 3) seem to be caused by
nm range (spectra of the"B," state); (C) 735776 nm range  csherent motions between different electronic states (most

(spectra of the PHa~ state). The double-headed arrows show _ R
amplitudes of the absorbance changas)(for spectral bands at ~ Probably P* and PB, ") rather than by oscillations generated

1020 and 760 nm superimposed on the broad spectral backgroundwithin only the product state.
These amplitudes were used for kinetics plots (see Figuré.2 Invariability of the band shape and maximum position of
The same was done for the stimulated emission band at 935 nmy, o bleaching of the bacteriopheophytip &bsorption band
(not shown). The spectra of the 760 nm band bleaching are very . . :
similar to those presented f@b. spaeroideR-26 RCs at 10 K by ~ at 760 nm at different delays in native RCs at 90 K shows
Vos et al. 41). (Figure 1C) that an electron is accepted by the same
bacteriopheophytin molecule g{in the same surroundings
wavelength side of stimulated emission from P*). It was at all delays. On this basis femtosecond oscillations in the
determined to be less than 50 fs. Out of phase oscillation atkinetics of the bleaching at 760 nm can be explained in terms
900 and 935 nm observed earlier in ré&—25 and in this of a coherent component in the dynamics of the population
work indicated that in this region the temporal dispersion of the P'H,™ state from a precursor state (most probably
was compressed to less than 10 fs. In-phase oscillation inP*Ba~). No oscillations generated within the singleH ™
the kinetics of absorbance changes at 935 and 1020 nmstate appear to be present.
shown earlier 2—34) is consistent with the compression The double-headed arrows in Figure 1 demonstrate the
to less than 30 fs in the 930L040 nm region. In agreement  approach we used to measure the amplitudes of the 1020
with these estimates the spectral band of the green glass filtemm band development (B formation) and the 760 nm band
(ZC-10; LOMO, St. Petersburg) in the range of 93960 bleaching (K~ formation) superimposed on the broad
nm was found to bleach within 30 fs without any changes background. This background results from P*-stimulated
of the shape of the band. emission near 1020 nm and from P* antBR~ absorption

Transient absorption difference spectra were obtained byincreases near 760 nm, respectively. The amplitudes obtained
averaging of 30067000 measurements at each time delay. in this way at different time delays were employed to obtain
The accuracy of absorbance measurements wa®)(& 104 the kinetics of the different processes studied. The same was
units of optical density. The amplitude of the spectral bands done for the 935 nm band, reflecting the P*-stimulated
at 1020, 760, and 935 nm (not shown) at different delays emission (see ref3 and 32—34).
superimposed on the broad background was measured at their Femtosecond Oscillations in Pheo-Modified RCs at 90 K.
maxima as shown by double-headed arrows in Figure 1. TheFigures 2A and 3A, dashed curves, show that in Pheo-
kinetics of absorbance changesA) at 1020, 935, and 760 modified RCs the decay of the P*-stimulated emission at
nm were plotted using the measured amplitudes. The 935 nm and the development of thg Bat 1020 nm occur
nonoscillating fits were subtracted from the kinetics, and the at 90 K within~1.5 ps, in agreement with r& Since the
residual oscillatory parts of the kinetics were Fourier measurements in re&f have been done in the presence of
transformed (FT) to obtain the frequency spectra of oscil- oxidized Q, the reduction of @ performed in the present
lations. The fits correspond to a minimal amplitude of the work does not change significantly the rate of the charge
oscillations. Uncertainty of the FT peaks is caused by an separation between P* andaB Superimposed on the
ordinate noise, the level of which is indicated for each FT nonoscillating exponential part of the kinetics, the femto-
spectrum in the text. The abscissa uncertainty-dfcnr?® second oscillations are observed both in the P*-stimulated
is related to the width of the measurement window (4.3 ps). emission decay and in thesB development. After subtrac-
Since the oscillations disappear within this time the artificial tion of nonoscillating components the oscillatory parts are
increase of the window (additional zero points after 4.3 ps) presented in Figures 2B and 3B (dashed curves). The
would not change experimental data but decrease the abscissaaximal amplitude of the oscillatory part is about 35% of
uncertainty. This approach has shown that the position of the total absorbance changes. Fourier transform (FT) spectra
the major peaks is preserved in FT spectra and dependsf the oscillating components of the kinetics for Pheo-
mostly on the average numbers of the measurements. modified RCs are presented in Figures 2C and 3C (dashed
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agreement with measurements performed on Pheo-modified
< : S and native RCs at room temperatui® 81—34). In ac-
o cordance with room temperature measuremeg)s tije

0,0 . . . . overtones of the 32 cm mode, found at 6566, 93-94,
125-126, 158, 187188, and 222224 cn! (calculated as
64, 96, 128, 160, 192, and 224 cHy are seen in both
kinetics at 90 K as well. These observations agree well with
the results of earlier measurements of oscillations in the
kinetics of P*-stimulated emission at 10 RJ). Note that
overtones are more intense in the P*-stimulated emission
kinetics, whereas the fundamental 32 <@émfrequency
dominates in the kinetics of theaB band development at
1020 nm (Figures 2C and 3C, dashed curves).

The appearance of the higher harmonics (up to the seventh
one) in the P*-stimulated emission oscillation (Figures 2 and
3) is not characteristic of vibrational modes. Most probably,
these oscillations are related to a rotation of small molecules
such as OH or H,O connected by a weak hydrogen bond
to the photochemically active chromophores. To check this
possibility, the kinetics at 935 and 1020 nm were measured
in dry film of Pheo-modified RCs at 90 K (Figures 2 and 3,
solid curves). Despite small changes in the dimer P absorp-
FIGURE 2: Femtosecond kinetics &fA (A), its oscillatory part (B), tion band after drying (see Materials and Methods and
and the spectrum of Fourier transform of the oscillatory part (C) Discussion), the amplitude of the absorbance changes at 935
for the 935 nm band of pheophytin-modified R-26 RCs in glycerol - nm and their initial oscillations in dry film at 90 K are similar

H,0 buffer (dashed curves) and in dry film (solid curves) at 90 K. S L ;
RCs were excited by 25 fs pulses at 870 nm. NonunderscoredOr even larger than in liquid (Figure 2A,B). In panel C the

numbers in (C) show the characteristic frequencies of FT spectral€vel of noise in these measurements was higher and was
of RCs in glycerot-H,0 buffer while underscored numbers show estimated to be less than 0:08.07 of units used. The

0,2

0 100 200 300 400 500
frequency, cm’”

the analogous frequencies of RCs in dry film.

0,016
S 0,008
0,000

overtone frequencies at 66, 93, 158, and 188'cseen in
liquid are strongly suppressed in dry film (Figure 2C). Only
a mode at 125 cri, which has probably vibrational nature,
is not changed in amplitude. The FT peak with the
fundamental frequency at 32 ciis well discernible in the
1020 nm kinetics in dry film, but its amplitude is decreased

0,004 by a factor of~4.7 relative to that in liquid (Figure 3C).
0,002} This occurs together with a decrease of amplitudes of the
0,0001- ) overtones with frequencies at 94, 158, and 187 crgain,
0,002 s s ! ! only the amplitude of the 125 crhmode is preserved. Thus,
0 time’ps > 4 femtosecond oscillations in the dimer (at 935 nm) and in
2 c P™BA~ (at 1020 nm) become more simple upon drying and
reflect mostly the (vibrational) mode at 125 chin both
24r & kinetics. These results are consistent with a possible assign-
5 ment of the 32 cm* mode and its overtones to rotation of a
S 161 water molecule, assuming that this molecule leaves the RCs
= during the drying procedure (see Materials and Methods).
E The level of final formation of the state'B,~ is decreased
08f in dry film by a factor of 1.6 with respect to that in liquid
(Figure 3A) that corresponds to the stop of ET in about 35%
ook | of RCs in the dry preparation. The lifetime of P* and the

i R RN TR S |
100 200 300 400 500

-1
frequency, cm

rise time of PB4~ in photochemically active RCs-{65%)
are increased in dry film up to 2-12.3 ps.

FIGURe 3: Femtosecond kinetics @A (A), its oscillatory part (B), Femtosecond Oscillations in Na& RCs at 90 KThe
and the spectrum of Fourier transform of the oscillatory part (C) femtosecond kinetics similar to those described for Pheo-

for the 1020 nm band in pheophytin-modified R-26 RCs in modified RCs are observed for the P*-stimulated emission
glycerol—H0 buffer (dashed curves) and in dry film (solid curves) 4t 935 nm in native RCs at 90 K (Figure 4). Despite the

at 90 K. RCs were excited by 25 fs pulses at 870 nm. Nonunder- _ S
scored numbers in (C) show the characteristic frequencies of FT presence of efficient electron transfer ta the oscillations

spectra of RCs in glycerelH,0 buffer while underscored numbers ~ are present (Figure 4B) and superimposed on the exponential
show the analogous frequencies of RCs in dry film. decay (1.5 ps lifetime), similar to that found for Pheo-

modified RCs (Figure 2A). This finding suggests that the
curves). The level of noise for these spectra was estimatedmechanism of the electron transfer process between P* and
to be less than 0.620.04 of units used in the figures. The Ba is the same in native and Pheo-modified RCs. In Figures
32 cnt oscillations dominate in the 1020 nm kinetics, in  4C and 5C the level of noise was estimated to be less than
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. L . . Ficure 5: Femtosecond kinetics &A (A), its oscillatory part (B),
Ficure4: Femtosecond kinetics &A (A), its oscillatory part (B), and the spectrum of Fourier transform of the oscillatory part (C)

and the spectrum of Fourier transform of the oscillatory part (C) ¢4; the 1020 nm band in native R-26 RCs at 90 K. Gl

: - . GlyceildbO
for the 935 nm band in native R-26 RCs at 90 K. GlycetdO buffer (solid curves) and glycereD,O buffer (dashed curves) were
buffer (solid curves) and glyceroD.O buffer (dashed curves) were \,qoq RCs were excited by 25 fs pulses at 870 nm. Underscored

used. RCs were excited by 25 fs pulses at 870 nm. Underscored,  hers in (C) show the characteristic frequencies of FT spectra
numbers in (C) show the characteristic frequencies of FT spectra ot rcg in glycero-H,O buffer while nonunderscored numbers

of RCs in glycero+-H,O buffer while nonunderscored numbers : ;
show the analogous frequencies of RCs in glycejO buffer. show the analogous frequencies of RCs in glyce®O buffer.

0.033 of units used in the figures. The frequencies of factor into account, one can calculate the expected shift of
oscillations at 67, 93, 125, 164, and 194 ¢nin the 935 the frequencies of the 32 crhmode and its overtones: 24.5
nm kinetics in native RCs (Figure 4C) are very similar to cm* (instead of 32 cm'), 49.2 cnv* (instead of 64 cmt),
those in Pheo-modified RCs (Figure 2C) and can also be 73.8 cnt* (96 cn1?), 98.4 cni* (128 cn1?),123 cn* (160
assigned to the wave packet overtones of the 32enode. ~ cm™?), 147.7 cmi* (192 cn'?), and 172.3 cmt (224 cn'?).

The femtosecond oscillations, superimposed on the nonoscil-The frequencies at 24.5, 69, 96, 121, 146, and 172'@re
lating part of the kinetics at 1020 nm, are also observed for observed in FT spectra of RCs in® buffer (Figure 4C).
native RCs at 90 K (Figure 5A). This kinetics is, however, These frequencies are very close to calculated ones, which
significantly different from that observed for Pheo-modified suggests their connection to the fundamental frequency of
RCs. Indeed, in Pheo-modified RCs at 90 K the accumulation 32 cnT* that is shifted by the same factor ofL.3 (Figures
of the state PB»~ is observed within 1.5 ps. In native RCs 4C and 5C). In fact, the main component at 32 tobserved
such an accumulation is absent due to fast electron transfein the FT spectrum of femtosecond oscillations at 1020 nm
from B~ to Ha (36). The development and decay of the and 90 K in native RCs is shifted to 24.5 chwhen HO
population of PBA~ within first 2 ps are observed in native IS replaced by BO (Figure 5C). Other frequencies observed
RCs. Interestingly, the 1020 nm peaks found at 120 and 380in the 1020 nm kinetics at 72, 96, 123, and 148 ¢&rim
fs delays are similarly observed in Pheo-modified and native D-O buffer are also consistent with the isotopic shift of
RCs (Figures 3A and 5A). The oscillation peak at 1 ps is overtones by a factor of1.3.
decreased, and peaks at 2 and 3 ps are very weak in native The femtosecond oscillations superimposed on the nonoscil-
RCs. This is consistent with the efficient electron transfer lating part are also observed in the kinetics af Hormation
from B~ to Ha during these time delays at 90 K (see Figure at 760 nm in native RCs at 90 K (Figure 6). The bleaching
6). The Fourier transform spectrum for native RCs (Figure at 760 nm is almost absent during the development of the
5C) includes the 32 cnt mode as a main component with 1020 nm peak at 120 fs. Simulation shows that near 380 fs
its overtones. and 1.2 ps the 760 nm kinetics represents the integration of

To clarify the nature of the 32 crhmode and its overtones  the By~ (1020 nm) peaks at 380 fs and 1.2 ps over time.
in oscillations of the 935 and 1020 nm kinetics, theOH These features are expectable if the appearance of the wave
buffer was replaced by washing RCs in@ buffer (see packet on the PBa~ surface leads to effective electron
Materials and Methods). Figures 4 (dashed curves) and 5transfer to H proportionally to the time of the wave packet
(dashed curves) show the effect of such a replacement onbeing on the PB,~ surface. In contrast to low-temperature
the oscillatory parts of the kinetics and their FT spectra. The measurements the electron transfer frogt B> Ha at room
central part of the FT spectrum for the 935 nm kinetics temperature has a lag phase (Figure 6A). The appearance of
observed in HO buffer is shifted to lower frequencies in  the By~ (1020 nm) peak at 380 fs is nhot accompanied by
D,O buffer by a factor of~1.3 (Figure 4C). Taking this electron transfer from B to Ha in this case. Only the
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FiGUrRe 6: (A) Kinetics of AAin native R-26 RCs at 760 nm (solid
curves) and 1020 nm (dashed curves) at 293 K (top curves) and 90
K (bottom curves). (B) Oscillatory parts of the kinetics at 760 nm
in native RCs in glyceretH,0 buffer (solid curve) and glycereol

D,0 buffer (dotted curve) at 90 K. (C) Fourier transform of the
oscillatory parts of the 760 nm kinetics in native RCs in glycerol
H,0 buffer (solid curve) and glycerslD,O buffer (dotted curve).
Underscored numbers in (C) show the characteristic frequencies
of FT spectra of RCs in glycereH,O buffer while nonunderscored
numbers show the analogous frequencies of RCs in glye®&rgD
buffer.

1 - . FiGurRe 7: (A) Schematic representation (see ré&snd30) of the
appearanqe of the B peaks at~1, ~2, aqd 3 PS IS diabatic (phonon) potential energy surfaces of the ground locally
accompanied by the electron transfer tq Blut its efficiency excited (P*B\Ha) and charge-separated"®,Ha and PBaHA")

is not as high as it is at low temperature for the 380 fs and states. An electronic coupling between P* angdsBlits two original

1 ps peaks. surfaces (P* and ¥Bo~Ha) into two upper and lower surfaces.

P ; The 130 cm?! wave packet combined with the 32 chhmode

The FT spegtrum of the 760 nm kinetics at'90 K (F|gur§ overtones can approach the upper part of the PEEP Ba-Ha
6C) has a noise level less than 0.06 of units used. This g, face and produce emission at 935 nm (P*) and absorption at
spectrum includes a dominant band at 32 &and small 1020 nm (B."), indicated by arrows. The 32 crhvibrational mode
bands at 64 and 92 crh All three bands are shifted to lower represents the wave packet motion on the lower part of the P*/
frequencies by a factor of1.3 when HO buffer is replaced 7 B T SRS, oe Sonh S O v aharacter
by D-O buffer (Figure GC.)' lt. should be r.]Oted that the FT (P+BAPHA). (B) View (%rookhaven Prgtein Dgata Bgnk, 1PRC) of
spectrum for the 760 nm klnetlcs_dqes not include frequenciesy gpecial pair of bacteriochlorophylls, Rnd B and monomeric
around 130 cm' (Figure 6C). This is different from the FT  bacteriochlorophyll . His M200 liganding Mg of B is connected
spectra of the 935 and 1020 nm kinetics (Figures 4 and 5) by a hydrogen bond via 4D to the oxygen of the keto carbonyl
and suggests that the 130 thmode and the 32 cm mode group of ring V of By. Thus R is connected to Bvia a sequence

e of the following polar groups, Mg@—N—C—N(His M200)—H—
overtones are not active in the wave packet transfer to theo_H(Water)_0=BA’ which can represent a pathway for the

P"Ha™ potential energy surface. electron transfer from P* to B The rotation of the water molecule
in such a system with 32 crhfrequency is induced by the electron
DISCUSSION flow from P* to B, (see text for details).

A new tool for the study of electrennuclear coupling of such a model to femtosecond measurements were dis-
during the femtosecond primary charge separation in bacterialcussed in the first part of this work3) in terms of the
RCs was developed recently by several grop4 (, 22— potential energy surfaces and their intercrossing (see Figure
25, 31—34). This approach is based on femtosecond spec-7A). The nuclear wave packet motion on the 1307ém
troscopy, which allows to observe a quantum beat (coher- potential surface of P* was found to be directly induced by
ence) related to the nuclear wave packet formation and thelight absorption 26) and to be along the reaction coordinate
motion on the P* potential energy surface after femtosecond at room temperature3( 32—34). When the wave packet

excitation of P with ultra-short<{30 fs) light pulses. approaches the intercrossing area between P* atgh P
The harmonic bath model for the electronically diabatic potential energy surfaces at 120 and 380 fs delays, the
(phonon) Hamiltonians has been described in3@&for the intermediate mixed state emitting light at 935 nm (P*) and

ground (PR, H,), locally excited (P*R, H,), and charge-  absorbing light at 1020 nm (B, ~) was observed. A slower
separated (FBa~, Hy) states. The results of the application motion of the wave packet on the 32 chsurface was found
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to be more effective for stabilization of B, and for further back to zero delay gives a value o100 fs, which
electron transfer to K (Figure 7A). corresponds to the first oscillation peak in the P*-stimulated
The same results were obtained at low temperature in theemission at 935 nm and in theaB development at 1020
present work. The similarities and differences of the 935 and nm. However, at 120 fs delay there is a 1020 nm peak with
1020 nm kinetics at 90 K (Figures-5) can be interpreted  much narrower width~100 fs) corresponding to that for
in terms of two possibilities for electron transfer between the 935 nm emission from P* (125 cinmode) (Figure 2C).
P* and B\ (Figure 7A). According to Figure 7A an electronic  This mode is clearly seen in dry film of RCs when the 32
coupling between P* and Bsplits two original surfaces (P*  cm™ mode (Figure 3C) and its overtones (Figure 2C) are
and P B, H,) into two upper and lower surfaces. The first suppressed. We suggest therefore that the appearance of the
possible ET occurs when the wave packet is located in thewave packet in the intercrossing area between the P* and
upper part of the intercrossing area between P* arigi,P P™Ba~ potential energy surfaces at 120 &) leads to the
potential energy surfaces with simultaneous appearance oftransformation of the 125 cmi mode (probably vibrational)
the P*-stimulated emission at 935 nm ang Babsorption into the 32 cm! mode and its overtones on the P*
band at 1020 nm at 120 fs and partially at 380 fs delays. hypersurface. The higher overtones are populated in the 935
The second possible ET occurs when the wave packet isnm kinetics according to the energy difference between the
transferred to the lower part of the intercrossing area at 380125 cn1! vibrational mode and specific overtones of the 32
fs and latter delays. The first case is realized at higher energycm™! mode (Figure 2C).
when the 125 cmt vibrational wave packet is combined with The nature of the 32 cm mode and its overtones is of
higher overtones of the 32 crhmode. The second case is interest for further discussion. Usually, the presence of higher
observed at lower energy of the 32 chmode and its lower ~ harmonics is not characteristic of vibrational modes. The
overtones. The electron transfer from Bto Hay seems to appearance of several harmonics in P*- stimulated emission
be only possible when the statéB~ is formed according  oscillations (Figure 2) might indicate that these oscillations
to the second case (Figure 6). It should be noted that theare related to a rotation of small molecules such as ©H
difference between the first and second cases is also relatedd,O, located between the photochemically active RC chro-
to a time period of the oscillations since the time is important mophores. This assignment is tentative and does not exclude
for a reorganization of the surrounding molecular groups. other possibilities. Another important point is related to the
All kinetics and FT spectra presented in Figures62 relative amplitude of oscillations(35%; see Figures 2 and
include oscillations with the fundamental frequency of 32 3). It means that all suggestions deal with this limited
cm ! and its overtones around 64 (second harmonics, 2), 96percentage of RCs.
(3), 128 (4), 160 (5), 192 (6), and 224 (7) cThe dif- In crystal structure oRhodopseudomonasgidis RCs only
ference in the kinetics is mostly related to the different ratio two HOH molecules are known to be present between P and
between amplitudes of the fundamental oscillation and its Ba and between P andgBsee Brookhaven Protein Data
overtones. For each electronic state this ratio can be explainedank (LPRC) and re37]. Based on the angle~<104°) and
in terms of efficiency and reversibility of further electron distances between corresponding ators3 A), it is reason-
transfer: the more effective electron transfer and less revers-able to suggest that the water molecule, HOH302, can have
ibility, the smaller amplitude of the corresponding peak in a hydrogen bond to the N atom of His M200 (which serves
the FT spectrum. An opposite situation takes place for the as the axial ligand to magnesium of)Pn the one side and
product: the more effective electron transfer and less revers-to the keto carbonyl group of ring V of Bon the other side
ibility, the larger amplitude of the peak in the FT spectrum (Figure 7B). Possible weakness or absence of the hydrogen
of the product. From Figure 6C one can conclude that the bond between HOH andBobserved by resonance Raman
most effective nuclear motion for total electron transfer from (see ref27—29) would be consistent with a rotation of HOH
P* to Hy has a frequency at 32 cry in agreement with ~ with parameters close to the gas phase. An alternative
previous measurement3, 25, 32—34). The same 32 cnt explanation might be that HOH rotation can occur after RC
frequency is effective for stabilization of the first charge- excitation when all hydrogen bonds of HOH (if they are
separated state™B,~. Therefore, this mode is suppressed existing) are broken.
in the kinetics of the P* decay both in native and in Pheo-  Itis known 38) that rotational spectra of small molecules
modified RCs. For the same reason the 32 tmode is in the gas phase include many lines reflecting the population
enhanced in the B4~ kinetics in Pheo-modified RCs but  of many harmonics. The rotational spectra of two-atom
not so much in native RCs, in which further electron transfer molecules are determined by the dipole electric moment. For
to Ha takes place. Finally, this mode is a main one in the AJ= %1 andAK = 0 (hereJ andK are quantum numbers)
PtHa~ kinetics in native RCs. In contrast, the higher over- the infrared frequencies are determined as follows:
tones are not accompanied by effective stabilization of the
P*Ba~ state. As a result, the enhanced overtoness)3are v=2BJ+1)—4D,(J+ 1)3 (1)
observed in the P* decay kinetics (Figures 2 and 4). Their
amplitudes are smaller in the kinetics of theBR~ formation where B and D; are rotational and centrifugal constants,
(Figures 3 and 5), and almost no harmonics higher than 3respectively B > D;). The distance between infrared lines
are present in the kinetics of the formation 6HR ~ (Figure is equal to B. The expression (eq 1) can be applied to an
6). asymmetrical three-atom molecule like,® after some
The appearances of the 1020 nm band seen in Pheomodification. For OH theB value is equal to 18.867 crh
modified RCs at 1.14, 2.17, and 3.2 ps are characterized byandv ~ 38 cn1! [in this case ®;(J + 1)%is suggested to be
sine-like peaks (Figure 3B). These peaks are separated bysmaller than the first term in eq 1]. Three types of rotation
an interval of~1.03 ps (32 cm?). Extrapolation of this series  of two protons around oxygen are possible foHTo find
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thev values, one can use tievalue for OH (18.867 ct),
equivalent massu for OH (0.941) and for HO (1.778) in

Yakovlev et al.

Figure 7B shows that in the RC &. viridis (1, 37) [the
structure of which is very similar to that &b. sphaeroides

which two protons are connected in one point, distances fromRC (39)] “a bridge” is observed connectingsRnd B, with

O to H (0.9707 A) and from H to the rotation axig),(the the following elements (Brookhaven Protein Data Bank,
angle between two bonds (104)5 and the following 1PRC): (@) a coordination bond connecting Mg efdhd
expression fomB: N of His M200 (1.88 A); (b) a hydrogen bond connecting
another N of His M200 and an oxygen of HOH302; (c) a
hydrogen bond connecting an oxygen of HOH302 and an
oxygen of the keto carbonyl group of ring V of,BDistances
are indicated by numbers. Using experimental data it is
tempting to suggest that this bridge including the water
molecule can be one of the possible pathways for ET from
P* to Ba.

B = h/(87°cur? 2)

The calculated values offor H,O are equal te~32,~52,
and~20 cnt®. Notably, the 32 cm! mode and the frequency
difference between two other modes (32 éjrare equal to
the 32 cm* mode observed in RCs. It is interesting that the
51-52 cnT! mode was observed in RCs in which, @as Using this assumption the sequence of the primary events
doubly reduced31) and in the dry film of RCs (Figure 3C).  can be tentatively described as follows. Before light absorp-

On the basis of these estimates we suggest that peaks dion the bridge is in the dark state presented in Figure 7B
32, 66, 93, 125, 158, 188, and 222 thobserved in the FT ~ and optimal for ET. Femtosecond excitation of P forms the
spectra of oscillations in the 935 nm and 1020 nm kinetics nuclear vibration wave packet with the frequency~af25
in Pheo-modified RCs (Figures 2C and 3C) are due to cm™* (~270 fs) inside of P. The oscillating appearance of
modulation of femtosecond kinetics by the rotation of the the stimulated emission from P* at 935 nm with a period of
H.O molecule. The same is probably true at room temper- 270 fs can be explained as a consequence of an oscillating
ature @4). One can further suggest that the modulation is decrease of a distance between the porphyrin ringsaof P
along the reaction coordinate of the primary charge separationand R resulting in stronger exciton coupling betweeg P
reaction P*— P*B,~ since all rotational frequencies are and R with the admixing charge transfer statg®FPa%".
observed in oscillations of the kinetics of thes Bband This explanation is consistent with molecular orbital calcula-
development at 1020 nm. tions which show that electron density is shifted fromt®

The effect of isotopic exchange of HOH by DOD (or Pg(0.24/0.76) in the excited state P4Q). Furthermore, the
DOH) on the FT spectra (Figures-4) is consistent with  electron density in Pwas found to be mostly located near
these suggestions. The frequencies at 66, 93, 125, 164, anthe N atoms coordinating Mg ingR40). According to the
194 cnmr seem to belong to the higher harmonics of the 32 X-ray model (, 37) these atoms are close to the nitrogen of
cm ! mode, since all of these frequencies are shifted by the His M200 liganding Mg in B. One can suppose that the
same factor of~1.3 after H/D exchange. This finding electron density might be reversibly shifted from P* tq B
indicates also that all these frequencies are related to thevia the mentioned bridge when the wave packet appears [with
vibration or rotation of the H-containing groups. If the 125 the same initial time period~270 fs)] in the intercrossing
cm~! vibrational mode induces the 32 chmode overtones  area between the P* and' B~ surfaces, thus forming the
after light absorption, the question about isotopic shift of state PBA~. This mechanism would be consistent with the
the 125 cm?® mode arises. According to Figure 4C the reversible appearance of the Babsorption band at 1020
frequency at 122 cnt seen in a dry film (Figure 2) is nm at about 120, 390, 660, 930, 1200 fs, etc. (Figure 3).
positioned just in the middle of the 32 chhmode overtones  The rise times for the P*-stimulated emission at 935 nm and
after H/D exchange. Thus, the isotopic shift of the 125tm Ba~ band development at 1020 nm near 120 fs delay are
mode seems to be small. Probably, some anti-Stokesdifferent by 30 fs or less (Figures 2 and 3). This corresponds
overtones seen in4d buffer are relatively enhanced due to to an electron transfer velocity af 10’ cm/s. The electron
a decrease of the first, second, and third harmonics inducedtransfer from P* to B is modulated by the 32 cmh mode
by the electron transfer from P* to,BOne can find from (in liquid, but not in dry film) which has maxima for the
eq 2 that the magnitude of the isotopic shift for rotation 1020 nm band formation at 100, 1130, 2160, and 3190 fs
induced by DOD/HOH exchange should be close to 1.9, and corresponding minima at 615, 1645, and 2675 fs (Figure
which is larger than the factor of 1.3 found in our experi- 3). If the 32 cm! modulation is connected to the,@
ments. The simplest explanation of this discrepancy is a rotation, it means that the putative electron transfer bridge
suggestion about an isotopic fractionation that does not allowis destroyed and created again with a period of th® H
complete replacement of both protons by deuterium in water rotation. The start of the ¥ rotation at~100 fs correlates
molecules in the RC protein. In other words, the water with the first shift of the electron density from P* to.B
molecule could be replaced by DOH instead of DOD. This This shift seems to give an impulse foe®l rotation. It is
effect is known for other isotopic exchange experiments (seeworth noting that the 270 fs oscillations seen in the
ref42). Since measurements at 90 K were done i@ Duffer P*-stimulated emission at 935 nm with peaks similar to the
with glycerol (65%) containing OH groups, the probability 1020 nm kinetic peaks at 120, 390, 660, 930, 1200 fs, etc.
for HOH/DOH exchange may be higher than for HOH/DOD. (Figure 2) are not modulated by the 32 Thmode itself,
In this case the factor of 1.4 can be found from calculations being probably a result of combination of the 125 émode
according to eq 2, which is close to the factor found with the 32 cmi* mode overtones in liquid (Figure 2).
experimentally. We do not exclude, however, that the The results obtained here for the dry film of RCs can be
discrepancy between the expected and observed effects pointsompared with those described earl#8-{45). Despite some
to a possibility of alternative interpretation of the results changes in the P spectral properties the primary photochemi-
obtained. This work is in progress. cal reactions were observed. However, the electron transfer
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rate was found to be decreased for different steps under dry 12
conditions. 13
The primary step of charge separation is also suppressed

in the dry film as one can see from Figures 2 and 3. We 14,
have already mentioned in the Results that the electron

transfer from P* to R is blocked in about 35% of RCs in
dry film. The amplitude of the 32 cm peak in the FT

spectrum of the same preparation is decreased by a factor ;;
of ~4.7 (Figure 3C). Taken together, these facts allow to
suggest that (i) there are two populations of RCs and (ii) 18.

the modulation of the electron transfer from P* tg &ue to

rotation of the HOH302 molecule takes place in a population

of at least 35% of RCs from which this molecule is

removable under drying conditions. Thus the capability of
HOH for the rotation and evaporation seems to be correlated.

It is important, however, that another (major) population of

RCs appears to retain the ability to the charge separation in

the dry film, only displaying some increase of the rise time
of the P'Bo~ formation (from 1.5 ps in liquid to 2:22.3 ps

in the dry film). One possible interpretation of these data is

that there exist two entirely different, but equally effective,
pathways for ET from P* to B but only one involves the

water molecule. An alternative interpretation is that the water

molecule is involved in ET in both populations of RCs but

in major part HOH302 is stronger bounded. This does not

allow the rotation and evaporation of HOH302. With this
latter interpretation, modulation of ET from P* tg.Bvould
not be functionally important although it provides an

excellent opportunity to reveal a participation of the water

molecule and clarify the possible pathway for ET in the

primary photosynthetic electron transfer. Again, we should
point out that suggested interpretation of the data obtained

is one of possibilities and requires further investigation.
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