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ABSTRACT The primary light-induced charge separation
in reaction centers from Rhodopseudomonas sphaeroides R-26
has been investigated after excitation with laser pulses of 150
fsec duration within the longwave absorption band of the
primary donor at 850 nm. An excited state of the primary
donor, characterized by a broad absorption spectrum extend-
ing over the whole spectral range investigated (545-1240 nm),
appeared within 100 fsec and gave rise to stimulated emission
in the 870- to 1000-nm region with a 2.8-psec lifetime. The
photooxidation of the primary donor, as measured at 1240 nm,
and the photoreduction of the bacteriopheophytin acceptor,
monitored at 545 nm and 675 nm, have been found to proceed
simultaneously with a time constant of 2.8 + 0.2 psec. Kinetics
of absorbance changes at other probe wavelengths gave no
indication that an accessory bacteriochlorophyll is involved as
a transient electron acceptor.

The mechanism by which light is converted into chemical free
energy involves a sequence of very fast events between the
absorption of a photon by the antenna pigments and the
completion of the primary charge separation in the
chlorophyll-protein complex, called the reaction center.
Picosecond spectroscopy on reaction centers isolated from
photosynthetic bacteria has revealed the presence of short-
lived intermediates in this electron transfer process (1-11).
However, the first steps take place in a time shorter than the
duration of the pulses generally used and therefore have not
been kinetically resolved. A previous study using subpico-
second pulses suggests that an electron has been transferred
in =4 psec (5). However, the use of an excitation at 610 nm,
which could directly excite one of the possible initial accep-
tors (bacteriochlorophyll), made it difficult to reach definite
conclusions. In the present work, the earliest events in the
charge separation process occurring in the reaction center of
Rhodopseudomonas sphaeroides R-26 have been investigat-
ed by using a femtosecond spectroscopic technique, which
associates a 100-fsec time resolution with tunability of the
excitation in the near-infrared region (12, 13).

Reaction centers from photosynthetic bacteria can be
isolated in a functionally intact state and contain three
polypeptides, four bacteriochlorophylls, two bacteriopheo-
phytins, two quinones, and one non-heme iron atom (14). In
the case of the reaction center from R. sphaeroides R-26, the
main absorption bands of the pigments are located at 865,
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800, 760, 590, and 540 nm. The 865-nm band, which bleaches
upon (photo)oxidation of the reaction center, is ascribed to
the primary donor (P). ENDOR data (15, 16) indicate that in
oxidized P (P*) the hole left by the removal of the electron is
delocalized over a dimer of bacteriochlorophylls. Concomi-
tant with the (photo)oxidation of P, the 800-nm band under-
goes a change, which appears to be largely a blue shift. This
shift is currently assigned to an electrochromic effect of P*
on the Qy transition of the two other bacteriochlorophyll
molecules (called B) whose absorptions overlap at 800 nm.
The 760- and 540-nm bands are attributed to the Qy and Qx
transitions of the two bacteriopheophytins (called H), re-
spectively, while the 590-nm band is assigned to the Qx
transitions of all the four bacteriochlorophyll molecules.
Photodichroism experiments on the absorption changes
linked to the photooxidation of P have demonstrated the
existence of fixed geometries among the transition moments
of the six pigment molecules (17). X-ray diffraction studies on
crystals of the reaction center of the bacterium Rhodopseu-
domonas viridis have recently confirmed that P is a dimer and
have shown details of the spatial organization of P, B, H, and
the primary quinone acceptor Q, in the polypeptide scaffold
(18). In particular, the two bacteriochlorophylls constituting
P, the two B and the two H molecules, appear organized with
C, symmetry relative to an axis running from the center of P
to the iron atom. This symmetry defines two ‘‘branches’’ of
pigments extending from P, with only one of them directed
toward Q. We will denote B, and H, the B and H molecules
associated with the latter branch.

Previous studies (3, 4) have shown that excitation of the
bacteriopheophytins with an actinic pulse at 530 nm leads to
the appearance of the characteristic absorption band of P* at
1240 nm within 5-10 psec after the excitation pulse. This
initial transfer induces the reduction of at least one interme-
diary electron acceptor that is identified as one of the
bacteriopheophytins (H,). The primary charge separation is
completed by the transfer of the electron from Hj to Q, in
about 200 psec (1-5, 19).

While the involvement of one of the two H molecules as an
intermediary acceptor has been clearly indicated, the occur-
rence of earlier electron transfer step(s) and the involvement
of B, in these processes is uncertain (6-11). Holten et al. (5)
observed a very fast absorbance increase (instrument-limited
rise time) prior to the 4-psec phase, which apparently
corresponds to a precursor of the P*Hj species. The identity
of this initial transient could not be determined and was
assigned to either an excited state of P or the state P*Bj.
Shuvalov et al. (6, 9) and Kryukov et al. (20) reported
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evidence for P*Bj as an intermediate step before electron
transfer to H,. However, Borisov et al. (10) were unable to
detect in the 800-nm region a change associated with B,
reduction. In a recent review of these results, Kirmaier et al.
(11) argue that there is no convincing evidence that P*Bj is
a kinetically or spectrally resolved intermediary state in the
charge separation process. Thus, while most of the above
studies agree with a scheme in which P*Hj is formed in a few
picoseconds, data on the possible involvement of B3 as an
earlier intermediate are still strongly debated. The main
reason for this lack of agreement appears to be due to a
combination of unsatisfactory experimental conditions, such
as ill-suited excitation wavelengths in which the excitation is
not directly created on P but rather on H or B, excessive
excitation energies that can lead to nonlinear processes (7),
and pulses of a duration much longer than the phenomena
under investigation. This has led to a tangle of ambiguous
results and conflicting interpretations. Only with the advent
of techniques to generate sufficiently intense pump pulses in
the near-infrared with a duration of 100-200 fsec has it
become possible to avoid the pitfalls described above.

MATERIALS AND METHODS

Generation and amplification of laser pulses of 150 fsec have
been described (12, 13, 21, 22). Briefly, 80-fsec pulses at 620
nm were generated by a passively modelocked CW dye ring
laser. Amplification of these pulses to powers in the gigawatt
regime was achieved by using a four-stage dye amplifier
pumped by a Q-switched frequency doubled Nd-Yag laser.
This set up produced 1-mJ pulses at 10 Hz in the 100- to
200-fsec time range. The output pulses were split in two parts,
both used to generate a broadband stable continuum. The
pulse duration in the near-infrared region has been measured
in a separate experiment by using a second harmonic fre-
quency mixing technique and it was found to be close to 150
fsec. From one continuum, a selected part of 7 nm width
centered at 850 or 870 nm was further amplified to a few uJ
in a Styryl 9 dye flowing solution and used as the pump beam.
In most experiments, parallel polarization of pump and probe
beams was used. Handling of the data as well as analysis of
the measured kinetics and fitting of the curves were carried
out essentially as described (22).

The reaction centers, prepared according to ref. 14, were
resuspended in 10 mM Tris-HCI buffer (pH 8.0) containing
0.1% lauryl-dimethylamine oxide to an absorbance of 0.7-0.8
A at 865 nm in a cuvette of a 0.1-cm light path. Under these
conditions =20% of the reaction centers in the probed
volume were excited on each laser pulse. During the exper-
iment, the cuvette was moved in a plane perpendicular to the
propagation of the light beams so that each pulse at 10 Hz
excited a new region of the sample. Equilibrium spectra
recorded before and after each run were identical.

RESULTS

Fig. 1a shows a measurement of the induced transmission at
870 nm after excitation at 850 nm. The bleaching at 870 nm
corresponds to the disappearance of the ground state of P.
This Kinetics was found to have an instrument limited rise
time and is well-fitted with a 150-fsec pulse duration. Fig. 1o
represents the same kinetics on a larger time scale. This
figure emphasizes a partial relaxation phase that has a time
constant of 2.8 psec. The origin of this recovery process is
discussed later.

Fig. 2 corresponds to the induced absorption at 1240 nm
after photoexcitation at 850 nm. The 1240-nm absorption
band has been assigned at equilibrium to P* (3). The kinetics
is biphasic with an instantaneous contribution—i.e., <100
fsec time constant—and a 2.8-psec component. More pre-
cisely, the best fit corresponds to the sum of two species with
different absorption coefficients; the first species appears
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FiGc. 1. (a) Kinetics of induced transmission at 870 nm after
excitation of reaction centers of R. sphaeroides R-26 with a 150-fsec
laser pulse at 850 nm. (b) A separate experiment, emphasizing the
partial recovery due to the stimulated emission. The best fit (dotted
line) corresponds to the sum of an instantaneous bleaching, which is
stable on these time scales, and the stimulated emission, which
relaxes in 2.8 psec. The ratio of the amplitudes of the former over the
latter component is 4.5.

instantaneously and populates in 2.8 psec the second one,
whose lifetime is much larger than the time domain investi-
gated.

Fig. 3 gives the corresponding induced absorption at
675 nm, which has been attributed to the formation of Hy (5,
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Fi1G.2. Kinetics of induced absorption at 1240 nm. Conditions are
the same as in Fig. 1b. The best fit (dotted line) corresponds to an
absorption rising instantanepusly and relaxing in 2.8 psec and an
absorption increasing with a 2.8-psec time constant. The ratio of the
amplitudes of the former over the latter component is 1.8.
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FiG. 3. Kinetics of induced absorption at 675 nm. Experimental
conditions are the same as in Fig. 1b. The best fit (dotted line)
corresponds to the one in Fig. 2 with a ratio of 2 for the amplitudes.

23, 24). Within our experimental uncertainty, this kinetics is
identical to the one measured at 1240 nm. It reveals the
presence of the same two components, an instantaneous one
and a 2.8-psec one. The kinetics and amplitudes of the two
components are identical within our experimental accuracy
for parallel or perpendicular configuration of pump and probe
beams.

The formation of Hy in the states P*Hx and PHj is
accompanied by a bleaching of the Qy and the Qx bands of
H, at 760 and 545 nm, respectively. Fig. 4 shows the
measurement at 545 nm after excitation at 850 nm. It reveals
a biphasic response with an initial instantaneous absorption
followed by a recovery phase that leads to an induced
bleaching with a formation time of 2.8 psec. We found a
similar result at 760 nm (not shown).

The measurement of the induced absorbance changes at
650 nm (Fig. 5) reveals a kinetics very close to the one
observed at 675 nm (Fig. 3). The instantaneous initial in-
crease in absorption is followed by a slower phase well-fitted
by the 2.8-psec time constant for the rate of formation of Hj.

Fig. 6 shows that after an instantaneous absorbance in-
crease, the blue shift of the 800-nm band occurring upon
P*Hj formation (measured between 785 and 805 nm) appears
with a 2.8-psec time constant. As is especially clear from the

—0.005

0.0

+0.005

Time, psec

F1G. 4. Kinetics of absorption changes at 545 nm. Conditions are
the same as in Fig. 1b. The best fit (dotted line) corresponds to an
instantaneous absorption relaxing in 2.8 psec and a bleaching
appearing in 2.8 psec. The ratio of the amplitudes of the two
processes is 0.5.
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FiG. 5. Kinetics of induced absorption at 650 nm. Conditions are
the same as in Fig. 1b. The best fit (dotted line) corresponds to the
one in Fig. 2.

kinetics near the isosbestic point of the shift (Fig. 6 b and c),
there is no evidence for the presence of a fast transient
bleaching in the 100-fsec to 2-psec time domain.

The kinetics in the 920- to 950-nm region have negative
signs—i.e., they appear to represent a bleaching (Fig. 7).
However, no significant absorption is present at these wave-
lengths, especially above 930 nm. Consequently, the mea-
sured kinetics must be attributed to the presence of stimu-
lated emission. The trace of the kinetics at 920 nm (Fig. 7a)
has a negative asymptote at long times, which is due to the
bleaching of the edge of the absorption band of P. At 930 nm
(Fig. 7e) the asymptotic value is zero, whereas at 950 nm (Fig.
7¢) the asymptote is positive, representing a long-lived
induced absorption, which is attributed to P* (3). Apparently,
930 nm is the isosbestic point of the P-P* transition, in
agreement with ref. 3. Taking into account the respective
asymptotic values, the decay kinetics in Fig. 7 as well as in
Fig. 1b are well fitted with a 2.8-psec time constant. The
increase in the stimulated emission at 940 nm is displayed in
Fig. 7d. The fits correspond to an instantaneous and to a
100-fsec rise time. The latter value, which is our instrumental
time resolution, appears to represent an upper limit.

DISCUSSION

The P*H; Species. The similarity of the Kinetics of the
absorbance changes at 1240 nm (Fig. 2) and 675 nm (Fig. 3),
after exciting directly in the absorption band of the primary
donor P, is strong evidence that P is oxidized simultaneously
with the reduction of H, with a time constant of 2.8 + 0.2
psec. (This time constant of 2.8 psec corresponds to the value
that gives the best fits for the kinetics observed at all the
investigated wavelengths. The error bar of +0.2 psec is
estimated from the maximum and minimum values beyond
which the fit is no longer satisfactory, at least at one
wavelength.) This is confirmed by the 2.8-psec phase of the
kinetics of the absorbance decrease at 545 and 760 nm after
the instantaneous increase, and the same kinetics for the blue
shift of the band as measured around 800 nm.

No Evidence for a P*H; Transient. An important point is
whether one of the accessory bacteriochlorophylls (B,) is
directly involved in electron transfer from P to H,. Conflict-
ing evidence has been presented in the literature (9-11). In
the 650-nm region where the bacteriochlorophyll anion in
vitro shows an absorption band (23), while the difference
spectrum of P* minus P is practically zero, we found kinetics
of induced absorption very close to the one observed at
675 nm, with no indication of the existence of an intermediate
transient state in the time range larger than 100 fsec.
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However, the strongest evidence against the involvement
of atransient P*Bj state comes from the measurements in the
785- to 805-nm spectral range. More precisely, the absence of
significant bleaching in the 800-nm band, and especially near
the isosbestic point observed for the blue shift around 798
nm, excludes the participation of B, as an electron acceptor
operating in the 100-fsec to 2.8-psec time range—i.e., be-
tween the appearance of the excited state of P and the
reduction of H,.

The above result contrasts the assertion of Shuvalov and
Klevanik (9), based on a transient absorbance change at 798
nm measured with 30-psec pulses, that B, is reduced in <1
psec and reoxidized in 7 psec. A recent reexamination by
Kirmaier et al. (11) of the results of ref. 9 suggests that this
discrepancy is caused by the data analysis procedure used by
Shuvalov and Klevanik (9). Our work confirms the result of
Borisov et al. (10) who, using a 4-psec pump and probe
pulses, were unable to observe bleaching at 801 nm.
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Fic. 7. Kinetics of stimulated emission from 920 to 950 nm. These curves taken in a region of initial low optical density demonstrate a net
optical gain. All relaxations are best-fitted (dotted line) with a time constant of 2.8 psec, assuming some residual bleaching (a) or induced
absorption (c and d) contribution. (a, b, ¢, and ) Curves were obtained under the same experimental conditions as in Fig. 1b. On curve e, taken
on a 20-psec full scale, the relaxation phase is well-fitted with a single exponential decay of 2.8-psec time constant. Curve d was obtained under
the experimental conditions used for the measurement in Fig. 1a: the fits correspond to an instantaneous (---) and a 100-fsec () rise time.
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The Precursor of P*H; and the Stimulated Emission. At
practically all wavelengths investigated, an instantaneous
increase in absorbance was observed. An early increase was
also seen by Holten et al. (5) in the wavelength region
480-570 and 650-680 nm, using 0.7-psec pulses at 610 nm.
The observed increase is likely due to absorbance of an
excited state, which is either the excited singlet state of P,
denoted P*, or an early charge transfer state P* within the
dimer making up P, or a mixture of the two. It is this excited
state (called P* for simplification) that apparently gives rise
to the stimulated emission observed at 870 nm and beyond,
a phenomenon that was also observed by Parson et al. (25).
The peak of this emission is around 910 nm with a cross-
section value of 2.8 x 10716 cm?. This relatively high emission

cross-section does not mean that the radiative transition is a

major pathway of relaxation of P*. In fact, the picture that
emerges from these results is that the 2.8-psec lifetime of the
stimulated emission corresponds to the rate of disappearance
of the P* state into P*Hj as revealed by the similar time
constant of 2.8 psec found at 1240 nm and 675 nm as well as
for the blue shift of the band at 800 nm. As the ‘‘natural”
radiative transition to the ground state is in the nanosecond
time region, radiative decay accounts for =103 of the energy
stored in P*. This is consistent with the known high quantum
yield of energy conversion in reaction centers.

From the rise time of the stimulated emission at 940 nm
(Fig. 7d), which is at the limit of our time resolution (the best
fit gives 100 fsec), we conclude that if there is a precursor to
the state responsible for both the stimulated emission and
P*Hj formation, its lifetime should be <100 fsec. Such a
short lifetime may correspond to vibrational relaxation within
the 'P* singlet state.

The spectrum of the resolved excited state (Fig. 8), which
in principle might include charge transfer states such as P* or
P*Bj, has been computed following a procedure to be
described elsewhere (unpublished results). This broad-band
spectrum, extending up to 1240 nm, is consistent with an
assignment to either 'P* or to a mixture of 'P* and P* states.
The rather flat character of the spectrum of Fig. 8 in the
800-nm region argues against a significant contribution of a
P*B, state composed of weakly interacting P* and Bj
species. Note that for a strongly interacting species P*Bj or
for a large contribution of !B} to P*, one would expect a
strong bleaching at 800 nm, contrary to observation. Hence,
although we cannot exclude that B, participates to a small
extent in P*, we can rule out a role as transient electron
acceptor. The presence of B, might serve to facilitate

0 . . .
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FiGc. 8. Molecular extinction coefficient and absorption cross-
section of the excited species P*, which decays with a 2.8-psec time
constant. The dots are the experimental values (see text).
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electron tunneling from P* to H, by lowering the energy
barrier, as suggested by Parson et al. (25).

In conclusion, by using femtosecond laser spectroscopy
with a time resolution of 100 fsec and exciting directly in the
main absorption band of P, we have determined that the
charge separated state P*Hj, is formed in 2.8 = 0.2 psec. This
state results either directly from the excited singlet state of P,
or from an initial excited charge transfer state P* within the
primary donor that presumably is strongly mixed with the
excited singlet state of P. The initial excited state gives rise
to a stimulated emission, whose lifetime is identical to the
characteristic time of electron transfer to H,. We have found
no direct evidence that an accessory bacteriochlorophyll is
involved as a transient electron acceptor, as suggested by
Shuvalov and Klevanik (9). Our data are essentially consis-
tent with the results of Holten et al. (5), of Parson et al. (25),
and the interpretation of Kirmaier et al. (11). We believe that
from the spectral and Kinetic properties of the initial excited
state we can exclude a contribution of Bj to this state.
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