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ABSTRACT Protein and cofactor vibrational dynamics
assodated with photoexcitation and charge separation in the
photosynthetic reaction center were investigated with femto-
second (300-400 fs) time-resolved inaed (1560-1960 cm-')
spectroscopy. The experiments are in the coherent transient
limit where the quantum uncertainty principle governs the
evolution of the protein vibrational changes. No significant
protein relaxation accompanies charge separation, although
the electric field resulting from charge separationm e the
polypeptide carbonyl spectra. The potential energy surfaces of
the "spedal pair" P and the photoexcited singlet state P* and
environmental perturbations on them are similar as judged
from coherence transfer measurements. The vibrational
dephasing time of P* modes in this region is 600 fs. A
subpicosecond transient at 1665 cm-1 was found to have the
kinetics expected for a sequential electron transfer process.
Kinetic signatures of all other transient intermediates, P. P*9
and P+, participating in the primary steps of photosynthesis
were identified in the difference infrared spectra.

The reaction center (RC) protein contains about a thousand
residues in three different subunits and has a molecular
weight of -100,000. Two of the subunits, L and M, are
related by an approximate C2 symmetry (1-5). Each of these
consists of seven transmembrane helices that span the -45-A
membrane lipid bilayer. Together these two subunits hold
four bacteriochlorophyll a (BChl) molecules, two bacte-
riopheophytins (Bphs), two quinones (Q), and one nonheme
iron atom. The C2 axis passes through the iron atom (near the
cytoplasmic side of the membrane) and through the midpoint
of the line joining the centers of the two BChl molecules on
the periplasmic side that are in van der Waals contact and
constitute the "special pair" (P).
The primary kinetic event of the photosynthetic process

consists of the transfer of an electron down the transmem-
brane chain of cofactors against the membrane potential
using the energy ofan absorbed photon (for a review, see ref.
6). Excitation ofP creates the photoexcited singlet state (P*),
which donates an electron to BphL to create the P+BphZ state
with a time constant ofabout 3 ps (for reviews, see refs. 7 and
8). Transfer of an electron from BphL to QA in about 200 ps
creates the P+Q- state, which generates the P+Q- state in
100 Ps.
The kinetics and energetics of most of the cofactors

participating in this process were already characterized by
spectroscopic techniques, but there are a number of unan-
swered questions. It is not yet clear why the electron is
transferred to BphL and not BphM (refs. 9-11; for a review,
see ref. 12). The increase of the rate of electron transfer at
cryogenic temperatures (13-16) also is not explained. The
dispersive kinetics observed in the first two steps of electron
transfer (17) and the nonexponential primary electron trans-

fer kinetics (18) are outstanding questions relating to the
heterogeneity of the protein structure. Optically detected
magnetic resonance experiments also point to heterogeneity
in the RC population (for a review, see ref. 19). Ultrafast
spectroscopic measurements exhibit vibrational coherence in
as yet unassigned low-frequency modes having periods com-
parable with electron transfer times (20). Ultrafast kinetics
obtained in the optical region have been interpreted to imply
a one-step mechanism for electron transfer from P to Bph (21,
22), whereas Zinth and coworkers (23) have presented evi-
dence for a two-step electron transfer scheme where P*
reduces BChl in 2.8 ps and the BChl- species decays with a
time constant of 0.8 ps to form P+Bph-. Theoretical calcu-
lations are not unequivocal as to the involvement of BCh1-
(24). Finally, information on the participation of the protein
medium in the electron transfer is scarce.

Ultrafast vibrational spectroscopy is a natural approach to
obtain answers to the foregoing questions. The protein IR
absorbance before and after the electron transfer should
manifest the changes that accompany the charge separation.
Indeed studies of trapped intermediates (refs. 25-27; for a
review, see ref. 28) have provided information on the vibra-
tional states of the cofactors, their oxidized forms, and the
protein. However, the measurement of changes in the IR
absorbance with high sensitivity at pico- or subpicosecond
time resolution (for reviews, see refs. 29 and 30) allows the
time evolution and spectra ofuntrappable intermediates to be
examined directly. This technique has been extended here to
study the perturbations on the protein and cofactors resulting
from the photoexcitation of P and the subsequent electron
transfer steps, the time scale of protein response to charge
separation, dephasing kinetics of vibrational modes affected
by electron transfer, determination of vibrational linewidths,
and the identity of the transient intermediates in the electron
transfer pathway in the electron-transfer process.

METHODS
Time-Resolved IR. Change ofabsorbance in the vibrational

IR due to photoexcitation of the RC was measured as a
function of time with a resolution of 300-400 fs and IR
frequency in the range 1560-1960 cm-'. The electron transfer
was initiated with a pulse of 870-nm light with energy 0.5 PJ
and probed with a tunable carbon monoxide laser, which was
gated (29, 30) by a short 870-nm pulse. The femtosecond
pulses are generated by a mode-locked titanium: A1203
oscillator (MIRA-900; Coherent Radiation, Palo Alto, CA). A
regenerative amplifier was constructed to amplify these low-
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energy (=8 nJ) pulses to :10 pJ at a repetition rate of 5 kHz.
More detail of this experiment is given in ref. 31.
The anisotropy after optical excitation was obtained from

probe absorbance changes with the probe polarization par-
allel (III) and perpendicular (I) to the pump polarization. The
anisotropy is given by (III - I,)/(III + 2I9, which is related
to the angle 0 between the pumped and probed transition
dipoles (29). When there is a sharp equilibrium distribution of
angles and rotational reorientation of the probed transition
does not occur within the few first picoseconds, the anisot-
ropy can be directly compared with the angles found from the
x-ray structure assuming the carbonyl IR transitions are
polarized along the relevant C-O bond. Theoretical calcu-
lations (32) ofthe polarization ofthe pump transition are used
for estimating these angles.
Sample Preparation. RCs were isolated from photosynthet-

ically grown Rhodobacter sphaeroides strain R-26 by the
method of Clayton and Wang (33), using the detergent
lauryldimethylamine oxide to solubilize the photosynthetic
membranes. RC was further purified by fast protein liquid
chromatography (FPLC) to an absorbance ratio of 280 to 802
nm of between 1.2 and 1.4. Bulk 1H20 was exchanged for
2H20 by repeated dilution of 10 mM Tris, pH 8 in 2H20/
0.04% lauryldimethylamine oxide/i mM dithiothreitol and
centrifugal Amicon filter concentration to about 1 mM final
protein concentration. RC was placed between CaF2 win-
dows in a rotating thin cell.
Theory of the Spectral Response. The spectra are inter-

preted on the basis of a simple model in which the signal
depends on the linewidths, absorption coefficients, and fre-
quencies ofthe transitions involved as well as on the intensity
envelope ofthe pumping and gating pulses and the frequency
of the IR probe field. These properties are used to calculate
the density matrix in terms of the vibrational states of the
cofactors and protein (ref. 31; for a review, see ref. 30). At
each IR frequency, the effect of all the nearby transitions is
incorporated in the fits to the spectra. The diagonal elements
of the density matrix (populations) were obtained from stan-
dard kinetic analysis of the models. It was assumed that the
electronic dephasing is much faster than the experimental
time resolution and that there is no transfer of vibrational
coherence from P* to the products P+, BChl-, or Bph-. The
theoretical approach includes optically induced coherence
transfer between P and P*. These assumptions are justified a
posteriori by observations of the transients. Because the
method uses gating of a continuous wave IR field, the signals
are not the same as those that would be observed with short
IR pulses.
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RESULTS
The 1590- to 1790-cm'1 frequency range encompasses the
amide I band of backbone carbonyl stretch vibrations of the
protein (34): P, BChl, and Bph all have carbonyl groups that
absorb in this region. The spectrum is therefore sensitive to
conformational and electrostatic changes of all parts of the
RC complex. Kinetics were measured every 4-8 cm-' in this
frequency range. Fig. 1 shows the difference absorption
spectrum plotted at four representative time delays. The
largest absorption change measured, at 1702 cm-', was 0.5%
of the peak static absorbance of the sample. The total area
under the difference spectrum at 35 ps is 0.3% of the area
under the static absorbance spectrum.

Fig. 2A shows a three-dimensional plot ofdata between -2
and +5 ps in the time axis and 1694 and 1714 cm-' in the
frequency axis. This strong difference band was identified
with the 9-keto C=O group of P+ in earlier studies (35, 36).
Fig. 2B shows the kinetics at separate frequencies in this
region. The fits establish that a 9-cm-1 bandwidth transition
is shifting from 1682 cm-' (see below) to 1702 cm-' with a
time constant of 2.5 ps.

Fig. 3 shows the kinetics obtained at 1682 cm-'. A bleach-
ing of the ground-state population, accompanied by an initial
increase in absorbance, is observed. The bleach corresponds
to the 9-keto C=O group of the neutral P (35, 36). The
positive component has the kinetic characteristics of an
electronic absorption band ofthe special pair P* and P+ states
(37). A sum of two exponentials are used for the positive
component; the first rises instantaneously with the excitation
and decays with a time constant of 2.5 ps (P* electronic
absorption), and the second component rises with a time
constant of 2.5 ps to a plateau.

Fig. 4 shows the kinetics obtained at 1665 cm-'. A signif-
icant contribution from a transient species is evident, along
with the formation of a population that does not decay. The
transient signal exhibits a rise time in the range of 1 ps. Two
kinetic models, one involving a population of the BchljL
species and the other ignoring it, are used to obtain the two
different fits shown in the figure (see below for discussion).
The kinetics at 1612 cm-' (not displayed, other than the

four points in Fig. 1) show a large contribution from a
transient species, along with the formation of a stationary
population. The rise time (<0.4 ps) of the transient signal
signifies a different component of the RC from that observed
at 1665 cm-'. It is tentatively identified with part of an
electronic absorption band of the special pair P* and under-
lying P+ states.

..
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FIG. 1. Difference absorbance
spectrum of the RC at four repre-
sentative time delays of 1 ps (A),
2.5 ps (A), 5 ps (a), and 35 ps (o).
The dashed horizontal line repre-

1750 1790 sents zero absorbance change.Points have been joined by
straight lines for clarity. OD un-
certainty is s0.25 x 10-3 (mOD).
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FIG. 2. (A) Kinetics in the 1702-cm-' region in a three-
dimensional plot. Uncertainty is <0.2 mOD. Points are joined by
straight lines for clarity. (B) Least-squares fits to the kinetics at 1702
cm-' (e), 1698 cm-' (o), and 1694 cm-1 (v) include dephasing-limited
kinetics of the P. P*, and P+ species. The electron transfer time and
the width of Lorenzian vibrational lines are free parameters.

As noted previously (36) the change in absorbance is
mainly positive, indicating that the transitions of P* and P+
are stronger than those for P. Anisotropies were measured for
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FIG. 3. Kinetics at 1682 cm-1. The fit (e) is a sum
bleach (dashed line) and an electronic absorption
(perhaps) P+ states (dotted line).
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FIG. 4. Kinetics at 1665 cm-'. The fits are sums ofan absorbance
of a transient species and of a P/P+ difference spectrum. One fit
assumes the transient species to be BChl- (dashed line); the other
assumes it to be P* (dotted line) with a 5-cm-1 linewidth. (Inset)
Expanded view of the first 3 ps.

most bands, and they were all time independent, confirming
that there is no motion of the cofactor transition dipoles on
the time scale of 0.3-3.5 ps.

DISCUSSION
Understanding the Kinetics of Specific Spectral Regions.

The method of time-gated detection employs spectral res-
olution narrower than the vibrational bandwidths and tem-
poral resolution shorter than the dephasing time associated
with these linewidths (29, 30). Under these conditions, the
signal evolution depends on the kinetics and on the shift and
the width of the vibrational transitions being probed.
The 9-Keto Vibration of P+: The 1702-c1 Region. A

broad band with two peaks at 1702 and 1714 cm-1 is the
strongest feature observed in the difference spectrum. This
band has been assigned to the two 9-keto groups ofPL and PM
of the oxidized special pair (25, 36). The anisotropy at 1702
cm-1 was 0.19 ± 0.04, so it was assigned as the PM 9-keto
carbonyl (expected anisotropy, 0.2). The 1714-cm-1 peak is
therefore identified as the 9-keto of PL or is associated with
some other vibration of the P+ or Bph- species (see later).
Stark effect (38, 39), electron neutron double resonance
spectroscopy (40), and Fourier transform IR (41) measure-
ments also indicate an asymmetric electrostatic environment
for PL and PM.
A distribution of rise times from 1.8 to 3.0 ps is found

across the =10-cm-'-wide band (half-width at half-
maximum) at 1702 cm-'. A distribution of electron transfer
rates in the RC is not needed to explain this result since, when
vibrational dephasing is included, the kinetics with a uniform
electron transfer rate is predicted to be nonexponential with
different rise times at different frequencies. With the 9-keto
bands of P and P+ centered at 1682 and 1702 cm-', the
least-squares fit yields a vibrational dephasing time of 600 fs
and an electron transfer time of 2.5 ps** (Fig. 2B).
The 9-Keto Vibration of P: The Bleach Around 1680 cm-.

The initial, small positive component of the kinetics in Fig. 3
implies that the band being probed is broader than =50 cm-,
which may correspond to an electronic transition of P* at

1e 20 **We have observed examples ofheterogeneity that are not revealed
in the visible spectra. For example, samples studied at the very
outset of this research exhibited an additional (709%) long time (10
ps) component to the transient adsorption of the 9-keto at 1702

of a vibrational cm-'. In these samples, this component correlated with 10 ps
of the P* and reorientational dynamics at the adjacent 10a ester at 1755 cm'1.

The samples in the present research did not show these effects.
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even lower frequency than the electronic transition reported
previously (37). It now appears likely that a weak electronic
absorption spectrum could underlie the vibrational spectrum
over the whole region 1560-1960 cm-'. The negative com-
ponent of the signal, due to the bleach of the 9-keto carbonyl
vibration of P, grows in over a few picoseconds. The time
evolution of the bleach should be very sensitive to the
changes in width and frequency of the vibrational transition
on excitation of P. The fact that the 9-keto vibrational band
ofP does not disappear in synchrony with the disappearance
of P population implies that the vibrational coherence is
retained even as the electronic state changes from P to P*. We
conclude that the width and frequency ofthis 9-keto mode are
not changed significantly on excitation of P -- P*, implying
very similar potential surfaces for these two states. The
similar dephasing times of 600 fs for P and P* implies that the
environmental perturbations are similar in both states.
The Amide I Region: Ultrafast Transient at 1665 cm-'. The

spectral kinetics in the region of 1661 to 1669 cm-1 reveals the
existence of a transient species with a lifetime shorter than a
few ps. In bacterial photosynthesis, only two intermediates
have such short lifetimes, so this signal must be connected
with either or both of them. One is the electronically excited
state ofthe special pair (P*), which decays with the formation
of P+ in 2-3 ps. The other is the reduced accessory bacteri-
ochlorophyll on the L side (BChl-). It has been proposed that
BChl- forms with the formation of P+ in 3.5 ps and decays
with the formation of Bph- in 0.9 ps (23). Other possibilities
for transitions in this region include the 2a acetyl or 9-keto
carbonyls of the cofactors and the amide carbonyls of the
protein backbone responding to either or both of the afore-
mentioned processes. The kinetics allow us to test for the
existence of a population of BChl-.
The kinetics at 1665 cm-1 shown in Fig. 4 was fit to the

expected time-dependent absorbance change of a carbonyl
stretching mode that shifts in frequency by 20 cm-1 when
perturbed by P* or BChl-. The signal levels off at a finite
positive value, implying a contribution from the P+Bph-
species. The relative magnitudes of the transient and the
persistent components of the signal are the two free param-
eters of the fit. The width of the band is fixed at 9 cm-1, and
the electron transfer time is fixed at 2.5 ps in accordance with
the values found earlier for the 9-keto band. The peak
frequency is chosen to be the center frequency of the
observed band-namely, 1665 cm-1. The fits to the P*
kinetics (see Fig. 4) were systematically poorer than those to
the BChl- kinetics. The best possible P* fit required an
unphysically long dephasing time of 3.6 ps. For the BChl-
model, the lifetime of BChl-, which was varied as a free
parameter, was found to be 0.9 ps for the best fit. The fits to
the data are shown in Fig. 4 (Inset shows an expanded view
of the first few picoseconds). The number of data points and
the signal-to-noise ratio at the adjacent frequencies (1667 and
1669 cm-') are more limited, but the BChl- kinetics consis-
tently fit the data better.
The anisotropy measured at 1667 cm-' at a time delay of

2.5 ps was 0.25 ± 0.08. The expected anisotropy for the
9-keto of BChlj is 0.36. The underlying amide I response
(48% of the signal at 2.5 ps) will reduce this somewhat, so that
the observations are consistent with expectations for BChl-.
The sequential electron transfer scheme with BChl- as a
kinetic intermediate (23) is therefore supportable by this
result. The average calculated anisotropy of a signal from the
amide I carbonyls within a 1-nm radius of P is -0.09. Thus
perturbation of amide carbonyl(s) resulting from the presence
ofP* is excluded. The 2a acetyl Cow{O ofPM also would have
too small an anisotropy (0.14). _
A number of facts argue against the BChl- interpretation.

The intensity of the 1665-cm-1 transient is larger than ex-
pected for a BChl- carbonyl, which, because of the fast

decay, can only achieve 20%o of its possible value. Its total
signal area at 2.5 ps is about 40%6 of that at 1702 cm"1.
Mantele and coworkers (25) have shown that the IR cross
sections for the same mode in neutral, cationic, and anionic
species can vary by a factor of 4. The frequency of the 9-keto
vibration of BChl- is 1645 cm-1 in tetrahydrofuran solution,
but shifts of 20 cm-' are known to occur between such
solutions and protein (42). Thus, the association of the
transient at 1665 cm-' with BChl- is not excluded by
experiments on separated cofactors. The assignment of the
fast 1665-cm-1 signal to BChl- would require that an inco-
herent population ofthis species is established faster than 900
fs. This is not in accord with expectations from some theo-
retical predictions of the ordering of P* and BChl- states (43)
nor with simulations based on these calculations (ref. 44 and
references therein) in which the BChl- state is placed at
higher energy than P*. A study of the 1665-cm-1 region with
IR probe pulses is needed to distinguish clearly P* from
BChl-.
The Response of the Protein. In the 1665-cm-1 region,

where the fast transient occurs, there is a slower component
that grows in 2.5 ps and remains constant thereafter. We
attribute this signal to the amide I response (37): there are no
P+ transitions seen in this region. A protein conformational
change or a vibrational Stark effect might cause this apparent
intensity increase of the amide transitions.

It is proposed that the observed signal is from a large
number of amide oscillators experiencing small vibrational
Stark shifts and intensity changes as a result of the electro-
static fields associated with the primary charge separation.
Using the procedures of Sharp and coworkers (45), we
calculated the electric field at each carbonyl of the protein
(31) and then by means ofquantum chemical calculations (42)
on formaldehyde estimated vibrational spectral shifts in the
range -2 to 2 cm-1 and an average intensity of 0.17%. Such
changes are adequate to account qualitatively for the obser-
vation of a 0.05% increase in the intelsity. There is no
evidence of a large-scale protein conformational change
during the first 35 ps of photosynthesis from which shifts in
the range of -15 cm-1 can be expected (34). This result is
consistent with a number of other experiments (46, 47).

Significant differences exist in both the amide I and co-
factor regions of the spectra reported here and those of dry
lipid films (37). These two preparations are known to differ
functionally, with the most noticeable differences being the
absence of a peak around 1640 cm-1, a much diminished
feature around 1660 cm"-l", and the presence of a band around
1700 cm-' in the solution RC. Both the 1640- and the
1665-cm"1 region are expected to be dominated by protein
amide I changes. Thus the overall change in the vibrational
spectrum of the protein on electron transfer from P -- Bph is
even smaller in the solution RC compared with the dry film
preparation. The likely reason is the presence of intraprotein
water molecules (35), which effectively shield the ionic
charges from the rest of the protein medium in the solution
preparation and also stabilize the charge-separated state.

CONCLUSIONS
This femtosecond IR study addresses how the vibrational
transitions respond to the primary electronic processes. Two
global issues concern the increased absorption across the
spectrum after excitation and the absence of large protein
relaxation after charge separation. There are protein signa-
tures to be seen in the spectrum, but we suggest they are
attributable to electric field effects on the polypeptide car-
bonyls-effects that result in negligible energy reorganiza-
tion. The potential energy surfaces and environmental per-
turbations for P and P* are very similar based on a mode
having the same dephasing time and frequency in both states.

Biophysics: Maiti et al.
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The excited state (P*) dephasing time for this mode is 600 fs,
which is just somewhat shorter than the time (-2.5 ps) for
electron transfer. A transition at 1665 cm-' has time depen-
dence consistent with a population of accessory bacterio-
chlorophyll being formed with kinetics in agreement with
those reported by Zinth and coworkers (23). The attribution
of this band to a P* transition could not be ruled out although
a definitive experiment was proposed. The anisotropy mea-
surements have shown that the strong carbonyl vibration at
1702 cm-' is associated with the PM side of the special pair,
indicating that significant charge alteration occurs on the M
side after electron transfer. Comparison with IR spectra of
dried films suggests participation of intraprotein water in the
reorganization associated with electron transfer.
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