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ABSTRACT A room-temperature study is reported of the
femtosecond spectral evolution of the stimulated emission band
of the primary electron-transfer precursor P* in bacterial
photosynthesis. The study was performed with membranes of
the antenna-deficient RCO1 mutant of Rhodobacter sphae-
roides. A time-dependent red shift, reflecting nuclear motion
out of the Franck—Condon region of the excited state, is
resolved. Analysis of oscillatory features persisting for >1 ps in
the kinetics revealed main frequencies of the activated motions
at 30, 84, 145, and 192 cm~!. The oscillations occur on the time
scale of primary electron transfer. Our results set a lower limit
for the vibrational dephasing time in P* that is not compatible
with the usual assumption in theoretical treatments of complete
vibrational relaxation prior to electron transfer, even at room
temperature.

The primary charge separation in photosynthetic reaction
centers (see refs. 1 and 2 for reviews) takes place between
a donor (a bacteriochlorophyll dimer, P) and an acceptor (a
bacteriopheophytin, Hy) at a center-to-center distance of
~17 A. The time scale of this reaction, about 3 ps at room
temperature (3, 4), is extremely fast for a direct reaction
spanning such a distance. As an additional monomeric
bacteriochlorophyll (By) is located in a configuration more
or less bridging P and Hy. (5, 6), it has been put forward by
many workers that the presence of By may be the key to the
extreme speed and efficiency of the reaction. In particular,
it has been proposed that the state P*B.~ is a real inter-
mediate that is shorter lived than the P* precursor excited
state (7, 8) or, alternatively, that it is a virtual intermediate
that mediates the reaction in a superexchange mechanism
(9-11). Combinations of both mechanisms have also been
proposed (12, 13). Very detailed analyses of short-lived
transient absorption Kinetics in terms of rate constants are
at the center of the ongoing debate on the experimental
basis for these models.

From a theoretical point of view, these models are based
on the conventional description of nonadiabatic electron
transfer (ET), in which nuclear and electronic factors can be
separated and contribute as independent factors to the ET
rate (14-16). A crucial assumption in this description is that
the vibrational modes of the precursor state of ET are
thermally populated on the time scale of the reaction, which
implies that vibrational relaxation and, if relaxation occurs
via inelastic interactions with the bath, vibrational dephasing
take place prior to ET.

In this paper we will address the question of whether the
hypothesis of vibrational dephasing prior to electron transfer
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is justified at room temperature and whether parameters
other than a linear combination of exponentials may interfere
in the analysis of ultrafast optical kinetics. Previous reports
concerned the observation, at low temperature, of oscillatory
features in bacterial reaction centers reflecting coherent
motions in the P* state (17, 18). These specific low-frequency
motions persist on the time scale of the primary ET reaction
[=1 ps at cryogenic temperatures (19)]. Observation of these
motions has invalidated the assumption that, at least in
wild-type reaction centers, the excited state is vibrationally
relaxed during the reaction at cryogenic temperatures. How-
ever, the majority of the studies concerning the primary
charge separation have been performed at room tempera-
ture—i.e., closer to the conditions under which the reaction
center operates in vivo than the low-temperature studies
where the coherent motions were detected. Therefore an
assessment of the character of the vibrational motions during
the ET reaction at room temperature is warranted.

In an earlier study, no oscillations reflecting coherent
vibrational motion were detected at room temperature in
functional reaction centers (17). This study was performed
with a relatively long pump pulse (80 fs) and only at a single
wavelength in the stimulated emission band. In a later study
of mutant reaction centers which do not perform charge
separation, it was shown that the relative amplitude of the
oscillatory modulation of the kinetics was strongly wave-
length dependent within the stimulated emission band (18). In
this mutant, oscillatory features were observed up to 290 K,
albeit with a strongly reduced amplitude compared with those
seen at cryogenic temperatures (17). Stimulated by these
results, we have reinvestigated the oscillatory kinetics in the
entire stimulated emission band of wild-type reaction cen-
ters. Further important experimental improvements are (i)
the use of membranes of the antenna-deficient RCO1 mutant
of Rhodobacter sphaeroides (20), where the oscillations
dampen somewhat slower than in isolated reaction centers
(21); (i) the use of short (30-fs) pump pulses; and (iii)
independent calibration of zero time delay. In a very recent
paper (22), we have shown that under these improved con-
ditions, at 10 K, in addition to the 15-cm ™! features reported
earlier (17), pronounced oscillatory features in the region
near 120 cm~! can be observed that also bear the wavelength
characteristics of excited-state vibrational motions. The ini-
tial red shift of the stimulated emission band, out of the region
where it completely overlaps with the ground-state absorp-
tion band, was also resolved and demonstrated to be asso-
ciated with coherent motion. In the present paper we show
that, even at room temperature, the phase of vibrational
motions coupled to the P — P* transition persists for several

Abbreviations: ET, electron transfer; FT, Fourier transform.
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periods and that different vibrational modes can be visualized
by modifying the characteristics of the excitation pulse.

MATERIALS AND METHODS

Intracytoplasmic membranes from the R. sphaeroides RCO1
mutant, in which the genes coding for both the LHI and LHII
light-harvesting proteins are deleted, were prepared as de-
scribed (23) and suspended in 20 mM Tris buffer (pH 8.0). The
concentration of the sample was adjusted to an ODggy of
=0.35 (optical path length, 1 mm). The quinone electron
acceptor Qa was reduced by the addition of 50 mM dithio-
threitol. The sample was continuously moved perpendicular
to the pump and probe beams.

Pulse shaping and calibration of zero time delay are de-
scribed in detail elsewhere (22). Very briefly, the dispersion
in the pump and probe beams was compensated and the time
resolution was essentially determined by the pump pulse. The
pump pulses were centered at 870 nm. They had a 30-fs full
width at half maximum (fwhm) and the spectrum shown in
Fig. 1. Where mentioned explicitly in the text, spectrally
narrow (10 nm), 100-fs-fwhm pump pulses were used.
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FiG. 1. Ground-state absorption spectrum (Upper) and transient
absorption spectra at various delay times (Lower). The jitter in the
timing of the spectra is <10 fs and the systematic error in the delay
times is <20 fs. The marked delay times correspond to 920 nm, the
optimal compression wavelength of the probe pulses. The remaining
chirp after compression of the probe pulse is such that the spectral
parts of the probe pulse at 870 and 970 nm correspond to delay times
=30 fs earlier than that at 920 nm. The hatched area in Upper
represents the spectrum of the pump pulse. (Inser) Double difference
spectra, obtained by subtracting the transient spectra at 140 fs and
190 fs from that at 40 fs. A positive signal corresponds to enhanced
stimulated emission with respect to 1 = 40 fs.
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RESULTS

Transient Spectra. Transient spectra in the spectral region
860-980 nm were taken at various delay times (Fig. 1). The
negative absorption features are due to bleaching of the
ground-state P absorption band and stimulated emission from
the photoinduced P* state. The general features of the spectra
at longer delay times (longer than =300 fs) are in agreement
with other reported spectra obtained on wild-type reaction
centers with a lower time resolution (24, 25), and their most
apparent time evolution consists of the overall decay of the
stimulated emission band on a picosecond time scale. The
high time resolution of this study allows us to monitor, in
addition, the initial shaping of the emission band. In a way
qualitatively similar to the evolution of the sharper spectral
features at 10 K (22), the stimulated emission is seen to shift
to the red between =40 fs (i.e., after completion of the pump
pulse) and =140 fs, whereupon the wave packet on the
excited state turns and the stimulated emission band shifts
back to the blue. The double difference spectra of the Inset
of Fig. 1 highlight this shift after # = 40 fs (note the displaced
zero crossing point in the two spectra).

Kinetics. The dynamic character of the evolution of the
stimulated emission band is further illustrated by the sub-
picosecond kinetics shown in Fig. 2. The rise of the red side
of the stimulated emission band is clearly delayed compared
with the appearance of the stimulated emission/bleaching at
the blue side. In contrast to the kinetics at low temperature
(22), the apparent rise Kkinetics at the red side are also
markedly slower (less steep) than those at the blue side (see
also Fig. § Inset). The kinetics further display small but clear
oscillatory features (main period = 250 fs). The phases of
these features are opposite on both sides of the stimulated
emission band and they disappear between 918 and 898 nm
(compare with Fig. 5). Such behavior is characteristic for

Time, ps

FiG. 2. Subpicosecond kinetics at selected wavelengths. The
amplitudes are normalized. The jitter in the timing of the Kinetics is
<10 fs and the systematic error in the delay times is <20 fs. The
dashed lines are introduced to facilitate the comparison of the phase
of the oscillations at different wavelengths.
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Fi1G. 3. Dual time-base kinet-
ics (4 ps and 46 ps) at 938 nm at
room temperature (solid and
dashed curve) and 10 K (dotted
curve). The dashed curve was
taken with a 100-fs pump pulse
with a spectral width of 10 nm
centered at 870 nm. Upper traces:
oscillatory parts (expanded 2 ) of
the room temperature Kkinetics
(traces a and b, 30-fs and 100-fs
pump pulse, respectively), ob-
tained by fitting the data with a

0 1 2
Time, ps

coherent vibrational motion on the excited-state potential
energy surface (18, 22).

Fig. 3 shows the kinetics at 938 nm on an extended time
scale. At least four maxima in the oscillatory pattern can be
observed before they are damped at 1-1.5 ps. The oscillatory
pattern is similar to that of the kinetics at 10 K (22), which are
also shown for comparison (Fig. 3, dotted line). However, at
room temperature the initial amplitude of the oscillations is
considerably smaller and the features are visible for a more
limited time span, despite the slower overall decay of P*.

When P is excited with a longer (100-fs) and spectrally
narrower (10-nm) pump pulse, the ~250-fs-period oscilla-
tions cannot be observed. Instead, a small but significant
lower-frequency (see below) feature becomes apparent. For
both traces, a biexponential function was needed to accu-
rately fit the decay in the kinetic portion where the oscilla-
tions are damped. In this way the oscillatory parts were
isolated (Fig. 3, top traces) and their Fourier transforms (FT's)
are shown in Fig. 4. In the FT spectrum associated with the
30-fs pump-pulse experiment, the main vibrational band
peaks at 145 cm~! and additional peaks are resolved at 84 and
192 cm~l. This spectrum is qualitatively similar to that
observed at 10 K (Fig. 44, dotted line), but the peaks are less
well resolved, the higher frequency components are rela-
tively enhanced, and no significant frequency feature is
observed below 50 cm~!. By contrast, in the vibrational
spectrum of the oscillatory part of the 100-fs pump-pulse
experiment (Fig. 4B), the FT bands observed with 30-fs
pulses are absent, and the only significant feature is a band
at =30 cm~1,

The overall kinetics of decay of P* stimulated emission are
also wavelength dependent. This is shown in Fig. 5, where
the kinetics at 878, 908, and 938 nm (obtained with 30-fs pump
pulses) are normalized on the portion of the decay curves at
t > 3.5 ps. The overall kinetics are slower on the blue side of
the spectrum (the fastest component in the kinetic fit shifts
from =2.8 ps to =3.8 ps between 938 nm and 878 nm),
corresponding to a gradual blue shift of the transient spec-
trum. A similar effect has been observed at 10 K (data not
shown). This effect could be due to heterogeneity in the
overall ET kinetics or to a relaxation of the transient P* state
(13, 26).

DISCUSSION

Previously, coherent nuclear motion at room temperature has
been observed in bacteriorhodopsin (27) and in heme proteins
(28). In those studies, the observed motions took place on the

biexponential decay function
(time constants, 2.8 and 10 ps;
amplitude ratio, 2:1).

ground-state potential energy surface, coherently populated
via the impulsive stimulated Raman effect, and they could not
be involved in a physiological reaction. The results presented
in this paper constitute evidence for intramolecular coherent
nuclear motion at a physiological temperature in an excited
state that is the direct precursor of a biological reaction. In
particular, our results show that it is possible that concerted
motions play an important role in primary ET in the photo-
synthetic reaction center, which serves as a model system for
biological ET.

Vibrational Motion. The onset of the shift of the emission
band and subsequent oscillatory spectral dynamics are qual-
itatively similar to those observed at 10 K (22). However, the
apparent rise kinetics at the red side of the emission band are

145

0 100 200 300 400 500
30
B
0 100 200 300 400 500

Frequency. cm!

Fi1G. 4. FTs of the oscillatory parts of the kinetics at 938 nm of
Fig. 3 obtained with pump pulses of 30 fs (A, solid curve) and 100 fs
(B). For comparison, the same analysis for the data at 10 K (30-fs
pump pulses) is shown (A, curve). The amplitudes of the spectra are
normalized to the peak amplitude of the corresponding kinetics; the
spectrum at 10 K was then divided by 3.
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FiG. 5. Dual time-base kinet-
ics (4 ps and 46 ps) at 878 nm
(dashed curve), 908 nm (dotted
curve), and 938 nm (solid curve).
The data are normalized on the
second time-base (¢ > 3.6 ps) part.
For clarity the kinetics at 878 nm
are truncated. (Inset) Superim-
posed and amplitude-normalized

0 1 2

Time, ps
slower and the amplitude of the oscillations is markedly lower
at room temperature. This is probably due to the ground-state
thermal population of higher vibrational levels at room tem-
perature (kT = =240 cm™1!). This population is projected into
a somewhat broader initial wave packet in the excited state
by the pump pulse (width = 400 cm~!) and especially will give
rise to a less well-defined initial phase of the wave packet.
The low amplitude prevents the observation of overtone
oscillatory features near the center of the band (=908 nm),
which are expected to be yet an order of magnitude lower in
amplitude (18, 22).

Interestingly, the lowest-frequency oscillations (=30
cm™!) give rise to significant FT components only when a
spectrally narrower and longer pump pulse is used (Figs. 3
and 4; see also ref. 17). The effect seems more pronounced
atroom temperature than at 100 K (22). Although the stronger
interference of the low-frequency modes with the overall
decay of P* at 100 K (22) makes it difficult to quantify the
temperature dependence of this effect, it may be an indication
of the involvement of anharmonicity. It is possible that the
low-frequency mode is a ground-state mode populated by
impulsive stimulated Raman excitation, for which pump-
pulse length effects are expected (29), although the phase of
the low-frequency feature is consistent with excited-state
dynamics.

The peak frequencies in the FT spectra are similar to those
observed at low temperature and compare well (22) with
results from room-temperature resonance Raman (30) and
low-temperature photochemical hole-burning (31-33) spec-
troscopy. However, it should be noted that the present
technique is unique in its ability to resolve the vibrational
structure of the excited state underlying the P— P* transition
at room temperature. Two notable differences between the
observations at 10 K and at room temperature are (i) the
apparent upshift of the lowest-frequency band to =30 cm~!
at room temperature (observed with 100-fs pulses), which is
near the lowest resolvable peak in the resonance Raman
spectrum of P at 36 cm~! (30), and (ii) the congestion of two
peaks, which at 10 K were observed at 122 and 153 cm~1, to
a single broad band at room temperature peaking at ~145
cm™~! (observed with 30-fs pulses), presumably a manifesta-
tion of frequency broadening of those bands by inhomoge-
neity and anharmonicity.

Vibrational Relaxation and ET. The time over which the
oscillations are discernible, 1-1.5 ps (Fig. 3), sets a minimal
value for the vibrational dephasing time by quasielastic or
. inelastic energy exchange with the bath. The oscillatory
phase correlations in individual reaction centers may be
preserved for a longer time if the observed damping is due to

early-time Kkinetics at 878 nm
(dashed curve) and 938 nm (solid
curve) from Fig. 3.

dispersion of the frequencies (by anharmonicity and/or site
inhomogeneity) of the activated modes. The differences in
damping between 10 K and room temperature may thus be
due to differences in frequency dispersion and collisional
dephasing. An indication that collisional dephasing is not the
main source of damping comes from a study on the influence
of the environment of the reaction center on the damping of
the oscillations—i.e. detergent-solubilized reaction centers
compared with membrane-bound reaction centers (21). This
influence was found to be not very dependent on the tem-
perature, whereas collisional dephasing by coupling to the
solvent is expected to be more effective at higher tempera-
tures. :

Vibrational dephasing occurs prior to (in the case of pure
dephasing interactions) or simultaneous with (in the case of
vibrational relaxation interactions) thermal equilibration. A
recent NMR study indicated that the protein environment of
P is extremely rigid and displays elastic behavior (34), which
may indicate that chromophore—protein interactions have a
dominantly pure dephasing character. Taking these facts
together, we conclude that thermalization takes place on the
time scale of at least 1 ps but probably occurs more slowly
than this, even at room temperature. As a consequence, the
population of the P* vibrational manifold from which the
primary ET reaction occurs in wild-type reaction centers is
not determined (only) by the temperature, but rather by the
initial population of the vibrational levels. Most of the
derivations of ET theory assume that no dynamic processes
are occurring on the time scale of the reaction. This hypoth-
esis is clearly not supported in the case of primary ET in
reaction centers.

The possibility of ET from a vibrationally unrelaxed P*
state has been discussed in theoretical terms in several papers
(33, 35-38). In particular, Skourtis et al. (37) argued that a
mechanism whereby vibrational relaxation takes place on the
same time scale as ET will be very efficient and robust against
changes in the free-energy gap of the reaction and in tem-
perature. On the other hand Bixon and Jortner (39) argued
that activationless or inverted-region ET may be only weakly
dependent on the medium relaxation dynamics, although
coherence effects were not treated in their paper.

The low-frequency modes that are coupled to the P — P*
transition probably have a rather delocalized character (21,
22). The significant differences between the FT spectra of
wild-type R. sphaeroides and those of the Dy mutant of
Rhodobacter capsulatus (18), which bears several mutations
distant from P and which lacks H; , are consistent with such
a character. The chromophores not constituting P, including
B, are likewise also involved to a certain extent in these
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motions, and this will be reflected in the early-time kinetics
in regions where these chromophores absorb.

This observation may be particularly pertinent for the
debate on the role of a state P*By ~ as a real intermediate state
in ET between P* and P*Hy ~. As the time scales of decay of
P* and appearance of P*Hj ~ are not very different (3, 4), an
intermediate state can be rationalized in a rate scheme only if
it is short lived compared to the lifetime of P* (7, 8, 11-13). The
use of rate constants to describe the primary charge separation
kinetics is based on transitions between thermodynamically
equilibrated states. We have shown here that even at room
temperature the P* state is not thermally relaxed and that the
short-lived character (<1 ps) of a putative P*By ~ state makes
it unlikely that this state would be thermally relaxed either. In
particular, if the nuclear movement along the reaction coor-
dinate(s) is coherent, the probability of ET will be time
dependent and a rate description is inappropriate. Even in the
case that the coherent motions are orthogonal to the reaction
coordinates, they may be reflected in the optical transients and
interfere in the analysis of the kinetics in terms of rate
constants. The use of long pump and probe pulses experimen-
tally smears out the oscillatory features but cannot a priori
prevent the possibility that damped low-frequency motions
contribute to the kinetics.

Conclusion. We have demonstrated vibrational coherence in
the excited state of bacterial reaction centers at room temper-
ature. The vibrational motions persist at least in part during the
primary ET reaction. Whereas the present findings have
characterized the vibrational motions activated by the capture
of photons, it remains to be determined whether these motions
are directly involved in the ET reaction, and the ensemble of
available experimental data, including those from hole-
burning, resonance Raman, femtosecond, and other spectro-
scopic studies, have yet to be merged in a unique comprehen-
sive picture of the primary ET reaction. Several apparent
inconsistencies among those various studies, such as that
regarding the total displacement of the excited-state potential
energy surface (40), remain to be resolved.
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