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ABSTRACT The initial electron transfer steps in the pho-
tosynthetic reaction center of the purple bacterium Rhodobac-
ter sphaeroides have been investigated by femtosecond time-
resolved spectroscopy. The experimental data taken at various
wavelengths demonstrate the existence of at least four inter-
mediate states within the first nanosecond. The difference
spectra of the intermediates and transient photodichroism data
are fully consistent with a sequential four-step model of the
primary electron transfer: Light absorption by the special pair
P leads to the state P*. From the excited primary donor P*, the
electron is transferred within 3.5 = 0.4 ps to the accessory
bacteriochlorophyll B. State P*B~ decays with a time constant
of 0.9 = 0.3 ps passing the electron to the bacteriopheophytin
H. Finally, the electron is transferred from H™ to the quinone
Q4 within 220 = 40 ps.

The reaction centers (RCs) of photosynthetic bacteria are
membrane-bound pigment-protein complexes (for review,
see ref. 1). They mediate the conversion of light to photo-
chemical energy through a sequence of directional electron-
transfer steps across a membrane (2). Crystal structure
analysis of the RCs of Rhodopseudomonas (Rps.) viridis
(3-5) and Rhodobacter (Rb.) sphaeroides (6, 7) has revealed
the spatial arrangement of the prosthetic groups and their
protein environment. The prosthetic groups are disposed as
two branches (A and B) in an approximate C2 symmetry.
Two bacteriochlorophyll molecules form the so-called *‘spe-
cial pair’’ (P) centered around the pseudosymmetry axis.
Starting at P, each branch continues with an accessory
bacteriochlorophyll (B, or Bg), a bacteriopheophytin (H, or
Hpg), and a quinone (Q4 or Qg). A nonheme iron atom resides
approximately between the two quinones close to the sym-
metry axis.

According to present knowledge, an electron is transferred
upon light absorption from the P along branch A to the
quinone Q4 (8-13). The spatial arrangement of the chro-
mophores suggests a stepwise electron transfer via the ac-
cessory bacteriochlorophyll B, and the bacteriopheophytin
H, (hereafter termed B and H). In this way, the sequence of
radical pairs, P*B~, P*H™, and P*Qj, would be created."
Surprisingly, publications based on femtosecond spectros-
copy contradicted this straightforward interpretation. It was
stated (14, 15) that the electron is directly transferred from
the excited special pair (P*) to H and from there to the
quinone Q4. There was no generally accepted experimental
evidence of an intermediate electron-carrying state B~ (16—
23). The postulated direct electron transfer from P to H
imposed numerous difficulties on the theoretical description
of the charge-transfer process (24-38). Various sequential
reaction sghemes (24-29), a nonadiabatic-adiabatic mecha-
nism (30); or a superexchange mechanism (31-36) were
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considered to explain the very fast primary charge separa-
tion.

Femtosecond experiments with RCs of Rb. sphaeroides
under optimized conditions (39) have resolved an additional
kinetic component and have challenged the assumption of a
0.9-ps direct electron transfer from P to H. The appearance
of a transient component suggested the existence of an
intermediate state P*B~ (39-41). Here we present data with
a detailed analysis of the kinetic and spectroscopic properties
of this intermediate.

Materials and Experimental Techniques

RCs from two strains of Rb. sphaeroides, the wild-type strain
(ATCC 17023) and the carotenoid-free strain (R 26.1), were
isolated as described (39). The measurements were per-
formed at room temperature (297 K) in cuvettes with a 1-mm
path length with stirring. The concentration of the samples
was adjusted to ODgg values between 0.5 and 1.0 mm™*

A synchronously pumped unidirectional ring dye laser (42)
generated pulses with a duration of 60 fs at a wavelength of
860 nm. The energy of single pulses was increased to 20 uJ
by a three-stage dye amplifier (repetition rate, 10 Hz). Each
of these pulses was split into two parts. (i) The excitation
pulse was focused to a 0.5-mm spot providing an energy
density of not more than 100 xJ/cm? in the sample. In the
probed volume, =7% of the RCs were excited per pulse. This
low excitation density prevents double excitation of the RC
and related nonlinear processes. The exciting pulse, centered
at 860 nm, had a bandwidth of <15 nm (full width at
half-maximum). No spectral components of the exciting
pulse were detected at wavelengths of <840 nm. Thus only
the lowest electronic level of P at 860 nm was excited. (ii) The
probing pulse passed an adjustable delay line and was fo-
cused onto a 1-mm-thick jet of ethylene glycol to generate a
femtosecond white-light pulse. A 10- to 20-nm-wide portion
of this continuum was selected by means of a special disper-
sion compensating monochromator (43). The energy of the
probing pulses was <7 uJ/cm?.

The exciting and probing pulses were polarized either
parallel or perpendicular to each other, depending on the
specific experiment. If not stated otherwise, parallel polar-
ization was used. For each probing wavelength (), the
instrumental response function was recorded and used in the
mathematical modeling. Depending on the A, the temporal
width (full width at half-maximum) of the instrumental re-
sponse function varied between 100 fs and 200 fs, providing
a temporal resolution somewhat <100 fs.

The small transmission changes resulting from the weak
excitation were accurately measured by a sensitive differ-

Abbreviations: RC, reaction center; P, special pair; B, bacteriochlo-

rophyll Ba; H, bacteriopheophytin Ha; A, probing wavelength.

1C:1tion and anion radicals are indicated by their charges only (e.g.,
P* or H).
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ence-detection system (44). At least 1000 individual absorp-
tion data were taken for each delay time tp.

A series of control experiments was carried out as follows:
(i) RCs from two strains (ATCC 17023 and R 26.1) were
investigated. Experiments performed at 665 and 920 nm gave
identical results for both samples. (ii) Additional experimen-
tal runs were made at a A, of 665 nm with reduced excitation
intensity to exclude irradiance artifacts. The same Kinetic
constants were observed when <2% of the RCs were excited
instead of 7%. (iii) It was ascertained in two ways that no
long-lived intermediates accumulated during the experi-
ments: (a) The transmission of the sample was continuously
recorded at the excitation wavelength of 860 nm and no
long-term absorption changes occurred. (b) The time-
resolved data shown in Figs. 1 and 3 were obtained from at
least 10 individually recorded traces. The latter were found
not to be influenced by the integral exposure of the sample.
(iv) To rule out sample decomposition, the absorption spectra
were recorded prior to and after each experiment. No indic-
ative absorption changes were found.

Theoretical Analysis of the Data

The mathematical description of the transient absorption
changes is based on the hypothesis that intermediates with
spectroscopically well-defined properties exist. The excitation
of the RC in its ground state I, leads to the population of a first
intermediate state I;. Subsequent decay processes populate
intermediates I-1,. The population changes of the intermedi-
ate states are determined by the rate equation system:

n
dN—'(t)=—2KyN,(t) fori=1...n, (1]
dt Jj=1

where the rate constants K; for i # j describe the population
transfer from intermediate I; to I;. For the most probable case
of nondegenerate eigenvalues of the rate constant matrix, K,
the population density Nit) of a state I;, is a linear combi-
nation of n exponentials:

n
N1 = Zl Nge™  fort>0
£
and [2]
n
No)=N - 21 N{o).

The decay constants k; are the eigenvalues of the rate
constant matrix K;. The matrix N; may be calculated from the
eigenvectors of the rate constant matrix K; and the starting
population N{0). N is the total density of RCs.

For weak excitation, the duration of the exciting and
probing light pulses is taken into account by the instrumental
response function R(t), which is the measured cross corre-
lation of probing and exciting intensities. In this way, the
exponentials in Eq. 2 are replaced by the functions Fyz).

Fi(1) = f dt'R(t — t')e . 31
0

Finally, the absorbance change of a sample of thickness ¢
detected at a delay time (fp) becomes

l n n
5 2 200 = aur) INGFtp)¢

AA(A, tp) =
(Apr:fp) In 10 51

= ,21 afApr)Fitp). [4]
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Eq. 4 shows that a transient absorption measurement provides
a set of amplitudes a; and decay constants k; contained in F;.
In a general case, where branching and back reactions occur,
it is not possible to reconstruct the complete rate constant
matrix K without additional information. In the special case
of a linear sequential reaction model, the information obtained
from transient spectroscopy is sufficient to calculate the rate
constant matrix K; and the difference spectra [odAy) —
0o(Apy)] of the intermediates without free parameters.

As a consequence of Eq. 4, the most rapid decay process
always appears close to time zero, even if the related inter-
mediate occurs at a later stage in the reaction scheme. The
amplitudes afA,) of the exponentials, however, strongly
depend on the rate constants and on the order of states.

It should be noted that the determination of the decay rates
7;and amplitudes a{A,) from the transient experimental data
are independent of the specific model, whereas the calcula-
tion of the difference spectra depends on the assumed reac-
tion model.

Results

The time-resolved absorption changes were measured at A,
values between 500 and 1000 nm. Data at a Ay, of >860 nm
give information on the ground-state species P and the
excited electronic state P* (18). The accessory B has its Q,
and Q, transitions at A, values of 805 and 600 nm, respec-
tively. The Q, and Q, transitions of H occur at 760 nm and 540
nm, respectively. Of special interest is the spectral region
around 670 nm, where the unexcited RCs absorb only weakly
but where the reduced B~ molecules (45) and the reduced H™
molecules (46) have a pronounced absorption.

In Fig. 1 the transient absorption changes are plotted for A,
values of 920 nm, 785 nm, and 545 nm. At early delay times
(tp < 1 ps), a linear time scale and, for later times (zp > 1 ps),
a logarithmic scale is used. The broken curves are calculated
according to a kinetic model including three decay times 7; =
1/k; of 3.5 ps, 220 ps, and . ® corresponds to a constant
absorption on the investigated time scale of 1 ns. A fourth
kinetic component with a decay time of 0.9 ps is added to
compute the solid curves in Fig. 1 b and c.

Ata A, of 920 nm (Fig. 1a), one sees a nearly instantaneous
decrease of absorption due to the formation of the excited
state P*. Induced emission (gain) from P* and depopulation
of the ground state P contribute to the absorption decrease.
The subsequent relaxation of the signal with a time constant
of 3.5 = 0.4 ps represents the decay of P*. At rp values of >10
ps, the absorption again slightly decreases due to the forma-
tion of the long-lived final photoproduct P*Qj, which ab-
sorbs less than the initial ground state. The three-component
model (broken curve) readily describes the observed absorp-
tion changes at this A, of 920 nm.

At a A, of 785 nm, enhanced absorption is observed
throughout the entire time range (Fig. 1b). The absorption
rapidly increases around time zero to a maximum followed by
a decrease with a time constant of 0.9 + 0.3 ps between 0.2
and 2 ps. At later delay times, the absorption increases again
with two different time constants of =3.5 ps and 220 ps. In
contrast to the measurements at a Ay, of 920 nm (Fig. 1a), the
three-component model (broken curve) cannot describe the
observed absorption changes at a A, of 785 nm. A fourth
kinetic component with a decay time of 0.9 ps is required for
a satisfactory fit of the data (solid curve in Fig. 1b). The
necessity of the fourth kinetic component is also clearly seen
at other A, values of 545 nm (Fig. 1¢), 665 nm (see Fig. 3,
solid circles), and 775 nm (data not shown).

At a A, of 545 nm, the absorption rises as a result of the
formation of P* to a broad maximum (Fig. 1¢). The plateau
between tp, values of 0.1 ps and 1 ps originates from the 0.9-ps
kinetic component. Omission of this component would lead
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FiG. 1. Time-resolved absorption data (solid circles) for Ay
values of 920 nm (a), 785 nm (b), and 545 nm (c¢) for RCs of Rb.
sphaeroides strains, ATCC 17023 (a and b) and R 26.1 (c) [excitation
wavelength, 860 nm]. The curves are calculated according to the
models discussed in the text. Broken curves, calculated according to
a kinetic model with three decay times; solid curves, calculated
according to a kinetic model with four decay times.

to an immediate decay of the absorption, as indicated by the
broken line. The strong absorption decrease between 1 and 10
ps results from the reduction of H. At late ¢p values, the
absorption rises again, when the electron is transferred from
H™ to QA'

Time-dependent measurements were carried out at more
than 20 values of A,,. The analysis of this large body of data
concludes that the smallest number n of intermediate states
is n = 4./l The related time constants, consistent with all data
curves, are 1 = 3.5+ 0.4 ps, 7, = 0.9 = 0.3 ps, 73 = 220 +
40 ps, and 74 = . In Fig. 2, the amplitude spectra ayA,,) are
presented. They are used below to relate the different kinetic
components to specific intermediate states of the RCs.

At Ap, values of 665 nm (Fig. 3) and 753 nm (data not
shown), the transient absorption changes were investigated
for parallel and perpendicular polarizations of probing and
exciting pulses. A pronounced dichroism is induced by the
exciting light pulses at both wavelengths.

l'Within the experimental accuracy, a weak fifth component with a
time constant of between 10 and 20 ps cannot be ruled out. This
component, if it exists, provides further complication but does not
interfere with the present conclusions.
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Fi1G.2. Amplitude spectra a{A,,) of the four kinetic components
71~74. The data points represent the amplitudes ajAp,) of the four
components with time constants of 3.5 ps (a;), 0.9 ps (a3), 220 ps (a3),
and = (ay) used to fit the transient absorption data at the various
values of Ay, The solid lines were drawn to guide the eye. At A,
values <720 nm, all amplitudes are multiplied by a factor of 4. At A,
values >600 nm, RCs from strain ATCC 17023 and at A, values <600
nm RCs from strain R26.1 were used.

Discussion

The experimental data strongly suggest the existence of the
four time constants 0.9 ps, 3.5 ps, 220 ps, and © with the
amplitude spectra of Fig. 2. Four intermediate states, I; Iy,
are connected with these four time constants. Difference
spectra (o; — op) of the intermediates may be determined from
the experimental results, if the reaction scheme is known. It is
accepted that light absorption generates the electronically
excited state P* and that the states related with the time
constants of 220 ps and © are P*H™ and P*Qj, respectively
(11, 18, 20, 47-49). As a consequence the difference spectra for
these three states can be calculated from the data of Fig. 2. The
determination of the difference spectrum of the second inter-
mediate requires the assumption of a specific model for the
primary reaction. The structure of the RC suggests a stepwise
electron transfer along the chromophores:
P& p I pB- -2 PPH -5 PTQR = . ..
3.5ps 0.9 ps 220 ps *

The order of the time constants is based on the following
argument: The occupation of the electronically excited level
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FiG. 3. Polarized time-resolved absorption data taken at a A, of
665 nm for RCs of Rb. sphaeroides ATCC 17023. The polarizations
of exciting and probing pulses are parallel (solid circles) or perpen-
dicular (open circles). The calculated curves (solid lines) are based
on the four-component model discussed in the text.

P* is reflected by optical gain, which decays with a time
constant of 3.5 ps. Consequently, the 3.5-ps component may
be linked to the first step in the sequence, and the shorter, the
0.9-ps kinetic, is the second step. By using this order of
intermediates, the difference cross-section spectra of the
states I)-I, were calculated (Fig. 4a). These spectra are
difference spectra of the intermediates I; and the ground
state. They should not be mixed up with common experi-
mental transient spectra, which reflect the mixture of the
various intermediates being populated at any chosen tp value.
The data shown in Fig. 4a are calculated from the experi-
mental data. For wavelengths of <720 nm, the values are
enlarged for better display. The calculation of the difference
spectra (o; — op) is based on measurements, where the
exciting and probing pulses were polarized parallel.

The difference spectrum of the final photoproduct I,
[P*Qa, (04— 0v), Fig. 4a] reflects the disappearance of the P-
absorption (negative values around 860 nm and 600 nm) and
the electrochromic shift due to the radical pair P* Q™ (disper-
sive shape in the Q, band of the monomeric bacteriochloro-
phyll around 800 nm). The difference spectrum of the photo-
product I3 [P*H™, (03—ay), Fig. 44, with a decay time of 220
ps, resembles the one of P*Qj,. Differences between the
spectra originate from the reduction of H. Especially the
pronounced absorption increase around 660 nm is due to the
absorption of H™. On the other hand, in the Q, band of H (760
nm), no absorption decrease is found for parallel polarized
pulses due to the particular orientation of the Q, transition
moment. The difference spectrum of the first intermediate I,
[P*, (01—0y), Fig. 4a] strongly deviates from the other differ-
ence spectra. Due to stimulated emission (gain) of P*, the
absorption decrease at A, values >830 nm is larger and
extends further to the infrared. Between 750 and 830 nm, a
strong absorption increase peaking at 800 nm is observed,
which is caused by strong absorption of the excited state P*.

Of special interest is the difference spectrum of the inter-
mediate I, with a decay time of 0.9 ps. It shows the same
absorption decrease in the P band at 860 nm as the interme-
diates I; and 1, emphasizing that intermediate I, also con-
tains an oxidized P*. The absorption decrease at 805 nm is
stronger than that of I3 and I by >50%. The band is
broadened toward shorter wavelengths. In contrast to the
spectra of intermediates I; and 14, there is no dispersive shape
in the range of the Q, band of the accessory B around 800 nm.
Instead, the spectrum indicates a partial bleach of the mo-
nomeric B band. Between 700 and 500 nm, where B~ and H™
absorb strongly, a rather intense absorption increase occurs,
which around 665 nm is nearly three times larger than in the
intermediate I3 (P*H ™). The minimum around 600 nm reflects
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F1G. 4. (a) Spectra of the difference cross-sections (g; — ap) of the
four intermediates P* (a1), P*B~ (03), P*H™ (03), and P*Qj (04)
relative to the cross-section of the ground state (op). The data (solid
circles) are calculated from the amplitude spectra of Fig. 2, assuming
the four-component sequential model. (b) Absorbance spectrum of
the ground-state RCs of Rb. sphaeroides R26.1 proportional to ay.

the disappearance of a bacteriochlorophyll Q, absorption.
These spectral features support the hypothesis that interme-
diate I, contains a reduced monomeric B molecule.

The above interpretation is strongly supported by the
time-resolved dichroism data at 665 nm (Fig. 3). From these
experimental data the values of Ao, /Aa of the intermediates
I, and I; were calculated to be 0.59 + 0.2 and 1.46 = 0.06,
respectively. Based on these values the angles O between the
transition moments of the P band at 860 nm and the transition
moment of the species absorbing at 665 nm were evaluated
(50). For intermediate I,, a value of ©, = 36° (19°-46°) and,
for I3, a value of ©; = 68 + 2° were obtained. These numbers
should be compared with the corresponding angles calculated
from the protein structure.** Quantum-chemical calculations

**The directions of the Qy transition of the tetrapyrol was assumed
to be parallel to the line connecting the nitrogens of ring 1 and ring
3.
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have shown that the 660-nm bands of bacteriochlorophyll a
and of bacteriopheophytin a anion radicals (51, 52) are
practically parallel to the Q, transition of the unreduced
molecules. The high-resolution (2.3 A) structure of the RCs
of Rps. viridis was employed as a model for Rb. sphaeroides
to calculate values of O = 29° for the accessory B and Oy
= 73° for the H. This finding is in good agreement with our
experimental values and confirms that the 665-nm absorption
band of intermediate I, is due to a reduced B molecule and not
due to a reduced H molecule.

The analysis of the transient absorption changes given
above was based on the model where one excited state P*
decays through a linear sequence of radical pairs. It describes
the experimental data and is fully supported by model calcu-
lations (53). Even though, other schemes cannot be excluded.
Two possible alternatives are as follows. (i) A branched
reaction model, where the formation of P*H~ occurs either
through the radical pair state P*B~ or directly through a
superexchange mechanism (fraction n). However, the photo-
dichroism data restrict the value of 7 to <0.5. (ii) A model with
two excited states, P} and P%, with relaxation times of 0.9 and
3.5 ps, respectively. At present there is no support for the
existence of two excited electronic states of P.

In conclusion, femtosecond spectroscopy on the RCs of
Rb. sphaeroides demonstrates that at least four time con-
stants are related to the primary electron transfer during the
first nanosecond. The experimental data—time-dependent
absorption changes, difference spectra of the intermediates,
and photodichroism—are in full agreement with the model of
a stepwise electron transfer suggested by the chromophore
arrangement: After excitation of the P, an electron is trans-
ferred to the accessory B within 3.5 ps. Here the electron
resides for 0.9 ps before it is transferred to the H. With a time
constant of 220 * 40 ps, it finally arrives at the quinone Q4.

The work was supported by the Deutsche Forschungsgemein-
schaft, SFB 143.
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