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ABSTRACT The primary electron transfer in reaction
centers of Rhodobacter sphaeroides is studied by subpicosecond
absorption spectroscopy with polarized light in the spectral
range of 920-1040 nm. Here the bacteriochlorophyll anion
radical has an absorption band while the other pigments of the
reaction center have vanishing ground-state absorption. The
transient absorption data exhibit a pronounced 0.9-ps kinetic
component which shows a strong dichroism. Evaluation of the
data yields an angle between the transition moments of the
special pair and the species related with the 0.9-ps kinetic
component of 26 x 8°. This angle compares favorably with the
value of 29° expected for the reduced accessory bacteriochlo-
rophyll. Extensive transient absorbance data are fully consis-
tent with a stepwise electron transfer via the accessory bacte-
riochlorophyll.

In the primary processes of bacterial photosynthesis, ab-
sorbed light energy is stored via an electron transfer within
the reaction center (RC). While the molecular structure of
two bacterial reaction centers has been known for a number
of years (1-3), the detailed molecular mechanism of the
electron transfer is still the subject of intense investigations
(4-20). There is general agreement that the first electron
transfer process starts at a pair of bacteriochlorophyll (BChl)
molecules—the special pair P—which acts as the primary
donor. The special pair is excited by energy transfer from
antenna molecules or by direct light absorption. The excited
electronic state P* exists for =3 ps. With the same time
constant, absorption features appear which have been as-
signed to a RC containing the reduced bacteriopheophytin
(BPhe), Hj, on the A branch. After =200 ps the electron is
transferred to the quinone Q4 in a final picosecond process.
In addition to these well-established transfer steps, transient
absorption data presented by several investigators (5-8, 12,
17, 20) indicate a third kinetic process characterized by a very
short time constant of 0.9 ps and 0.65 ps for RCs of
Rhodobacter sphaeroides and Rhodopseudomonas viridis,
respectively. This kinetic component has significant ampli-
tudes only at spectral positions where the BChl or its anion
radical shows strong absorption. To be detailed: The subpi-
cosecond component is clearly resolved in the BChl Q, and
Qx absorption bands and in the BChl anion band around 650
nm (5, 7, 8). The results were consistently described by a
model where the electron is transferred from the special pair
to the BPhe via the accessory BChl B4, forming a short-lived
BChl anion B;. The two-step electron transfer may be
written in the form

0.9 ps

— 200 ps -
06 s P*H, P*Q;.

P 2B p*B; 1l
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A frequent objection to the transfer model 1 is based on the
fact that the spectral regions where the subpicosecond com-
ponent is seen most clearly are somewhat congested. Fur-
thermore, in ref. 6 the fast component was interpreted as the
result of a structural heterogeneity. Recent emission exper-
iments added further complexity to the situation: the decay
of P* was found to be non-monoexponential (11, 18) and
could be fitted, in a first-order approximation, by a biexpo-
nential function with decay times of 2.3 ps and 7 ps (11). This
non-monoexponentiality of the decay of P* found for Rb.
sphaeroides fitted well to earlier observations on RCs of
Chloroflexus aurantiacus (21, 22). More recently, short-lived
oscillations were observed in the transient absorption spec-
troscopy of RCs at low temperatures (9, 10). In active RCs
under physiological condition—i.e., at room temperature—
these oscillations were not detected.

In this paper we present experimental data demonstrating
the appearance of the subpicosecond component in the
spectral range of 1000 nm, where neither the special pair P nor
BChl, BPhe, or BPhe anion radicals have absorption bands.
The subpicosecond component in this range can be related
directly to a BChl anion radical. Additional strong support
comes from transient dichroic measurements where the ob-
served direction of the transition moment of the short-lived
intermediate is compared with calculations based on the
structure of the RCs.

MATERIALS AND METHODS

RCs were isolated from the carotenoid-less strain R26.1 of
Rb. sphaeroides (5). The transient absorption measurements
were performed at room temperature in cuvettes with 1-mm
pathlength. The concentration of the sample was adjusted to
OD 20 cm™! at 860 nm. The excited volume was exchanged
between two laser shots by stirring. For the time-resolved
excite-and-probe experiments, we worked with a femtosec-
ond spectrometer based on a colliding pulse-mode-locked
(CPM) dye laser. Generation and amplification of the fem-
tosecond pulses are described elsewhere (20). The salient
parameters of the system are as follows: repetition rate, 50
Hz; wavelength of the pump pulses, Acxc = 865 nm; excitation
of <20% of the RCs in the irradiated volume. Probing pulses
are produced by femtosecond continuum generation. They
have a spectral width of 15 nm. The instrumental response
function—i.e., the cross-correlation between excitation and
probing pulses—has a temporal width of 250 fs. The two
beams cross in the sample at an angle of 8°. If not stated
otherwise, polarization of exciting and probing pulses was
parallel.

The time-resolved absorption data (Figs. 1, 2, and 4) were
modeled by sums of exponentials convoluted with the instru-

Abbreviations: RC, reaction center; BChl, bacteriochlorophyll;
BPhe, bacteriopheophytin.
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mental response function K(¢). The mathematical description
of the transmission 7(z) or of the transient absorbance
changes AA(r) = —log[T(¢)/T(t = —x)] was performed by a
system of rate equations which provide a set of amplitudes a;
and decay constants k; (or decay times 7 = 1/k;):

o N
AA(, Ay) = f jziaj(Ap,)-exp(—t'-kj)-K(t-t’)dt’.
=

For a specific reaction model one is able to calculate spectra
of difference cross section Ag{Ayr) = 0 Apr) — Go(Apr) Of the
intermediates from the amplitudes a; (see refs. 7 and 23).

RESULTS

Time-Resolved Spectral Data. Transient absorption data
were collected in the spectral range between 920 nm and 1040
nm, where ground-state pigments of the RC do not absorb.
From the potential intermediates only the anion radical of
BChl, By, is known to have an absorption band in vitro
around 1000 nm (reproduced in Fig. 5b, dashed line) (24, 25).
Data of our transient absorption experiments taken over a
wide time range are presented in Figs. 1 and 2. At 940 nm (Fig.
1), in the short-wavelength end of the investigated regime, an
apparent strong decrease of absorption at delay time zero is
observed. This first absorption decrease recovers with a time
constant of several picoseconds to an enhanced weak ab-
sorption. Since there is no ground-state absorption at 940 nm,
the initial apparent absorbance decrease must be due to
amplification (gain) of the probe pulse via stimulated emis-
sion from the excited electronic level P*. For longer probing
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Fi1G. 1. Changes of absorbance after excitation at Aexc = 865 nm
(points) for RCs of Rb. sphaeroides R26.1 at room temperature. The
curves (solid lines) were calculated with five time constants: 0.9 ps,
2.3 ps, 7.0 ps, 200 ps, and infinity [amplitude ratio a(7 ps)/a(2.3 ps)
= 0.3]. Note the linear scale for the delay times of <1 ps and the
logarithmic scale at later delay times. Apr, probing wavelength.
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Fic.2. Change of absorbance as in Fig. 1. The solid curves were
calculated with five time constants, 0.9 ps, 2.3 ps, 7 ps, 200 ps, and
infinity, while the broken curves were calculated without the 0.9-ps
component. Note the different scale used for the absorbance changes
in the lower part.

wavelengths the stimulated emission (gain) decreases and a
faster absorption transient appears. This new transient is
clearly seen for probing wavelengths (Ay) of 1000 nm and
1016 nm (Fig. 2). A three-component fit with the time
constants 2.3, 7, and 200 ps (dashed lines) is not adequate to
account for the data points. An additional faster kinetic
component with the time constant 0.9 ps (solid lines) is
required to simulate the experimental data. At still longer
probing wavelengths (1040 nm) the gain around time zero has
disappeared. A careful inspection of the signal traces (1029
nm, 1040 nm), where time zero was determined in an inde-
pendent experiment with a precision of better than 50 fs,
shows a substantial mismatch between data points and the
three-component fit.

In Fig. 3 the amplitudes related to the various kinetic
components are plotted as a function of probing wavelength.
The amplitudes of the 2.3- and 7-ps kinetic component are
approximately proportional to each other with a(7 ps)/a(2.3
ps) = 0.3. This amplitude ratio is close to the value of 0.25
found in previous time-resolved emission éxperiments (11).
Both amplitudes decrease continuously for longer wave-
lengths and vanish for A,; > 1016 nm. The amplitude of the
0.9-ps kinetic component a(0.9 ps) is very weak at shorter
wavelengths in the gain region. At longer wavelengths the
amplitude a(0.9 ps) becomes substantial, with its maximum
value around 1016 nm. It should be noted in this context that
the subpicosecond component contributes 70% to the total
signal amplitude at 1016 nm. In other words, the 0.9-ps
component appears as a strong signal readily seen in our
measurements and far above any noise background. The
200-ps component related to the electron transfer between
Hj and Q, is weak at all probing wavelengths. This obser-
vation is expected, since H has negligible absorption in this
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FiG. 3. Spectra of amplitudes of the five kinetic components
obtained by evaluation of the data of Figs. 1 and 2 for various probing
wavelengths.

wavelength range. As all RCs reach the final state P*Qj at
very late delay times, the amplitude *‘infinity”’ shown at the
bottom of Fig. 3 corresponds to the spectrum of P*Qj. It
displays a broad peak around 980 nm representing the ab-
sorption of the cation P* of the special pair (26). We repeat
that Qa, Q3, and P do not absorb in the investigated spectral
region. The spectra of the other intermediates are discussed
below.

Time-Resolved Dichroic Data. The absence of ground-state
absorption of the RC in the spectral range investigated here
allows a determination of the direction of dipole moments by
dichroic experiments. A probing wavelength of 998 nm was
chosen (Fig. 4), where stimulated emission and the 0.9-ps
component are of approximately equal magnitude. Data
taken with parallel polarization between excitation and probe
pulses (points) have the same transient behavior as shown in
Fig. 2. With perpendicular polarization (triangles) the tran-
sient absorption curve is changed in shape and reduced in
magnitude. At early times an absorbance ratio A4j/AA, =3
is found, while at late delay times (>200 ps) this ratio is
AA)/AA, = 2.1. These numbers determine the directions of
the transition dipole moments of the species present at early
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F1G. 4. Time-resolved absorption change taken at Ap; = 998 nm
for RCs of Rb. sphaeroides. Pump and probe pulses are parallel (@)
and perpendicular (a) polarized. The curves (solid lines) were
calculated with the five time constants of Fig. 2.
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Table 1. Amplitudes of the exponential functions used to model
the data at a probe wavelength of 998 nm

a2.3 ps) a(7 ps) a(0.9 ps) a(200 ps) a(x)
{ -1.68 —0.58 -1.46 0.32 1.30
1 -0.74 -0.22 —-0.61 0.27 0.61

and late times relative to the direction of the absorption
dipole moment of P. For P* at the beginning and P* around
500 ps one finds the corresponding angles of approximately
0° and 27°, respectively. Modeling the dichroic data with
exponential functions using the time constants discussed
above, one obtains the amplitudes shown in Table 1. For
specific reaction models the amplitudes can be used to
calculate the direction of the transition moments of other
intermediates.

DISCUSSION

The spectral range investigated in this paper allows a ready
interpretation of the experimental data. There is no interfer-
ence from ground-state absorptions or from electrochromic
shifts or from absorption of the BPhe anion.

Due to the apparent absence of coherence effects at room
temperature’ it is justified to work with a rate equation
system as a first-order description of the electron transfer.
The observation of two time constants (2.3 and 7 ps) in
emission and absorption experiments related to the decay of
P* requires an extension of the reaction picture. As a possible
explanation of the non-monoexponential decay, a ‘parking’’
state (11) or a distribution in the difference of the Gibbs free
energy AG (18) has been suggested. These models do not
yield significant differences for the shapes of the transient
spectra presented in the following. The model we use in-
volves a parallel reaction with two substates of P*. The
dominant fraction (77%) of the excited RCs have a fast decay
time constant of 2.3 ps (reaction model 2), the remaining 23%
decay with 7 ps (reaction model 3).

p* 2.3 ps P+B; 0.9 ps P+H; 200 ps P+QX [2]
p* 15 prB; 228 pr; 225 prq;. 3]

In our model the spectral properties of the two fractions of
reaction centers are considered to be the same. With these
assumptions one calculates the spectra of the intermediates
shown in Fig. 5 without free parameters. The emission
spectrum of P* is proportional to the sum of all measured
amplitudes a; (7). It decreases continuously with wavelength
(Fig. Sa). The pure B3 spectrum (Fig. 5b) is obtained by
taking the difference between the spectra of P*B3 and P*.
Ao(B3) has a peak around 1010 nm and a broad shoulder in
the range 920-970 nm. !l Qualitatively it agrees well with the
spectrum of the BChl anion radical in solution (25) (dashed
line in Fig. 5b). There is a spectral shift of =20 nm, in
agreement with similar spectral shifts known for the other
bands of B. The absorption cross section of By was calcu-
lated from the absolute cross section of P in ref. 27 and the
difference cross-section spectrum (Fig. 5). Considering the
small transient population of B discussed previously (5), we

In the data presented here no oscillations are found in spite of
sufficient time resolution. In fact, oscillations at room temperatures
have never been seen even in the photosynthetically inactive mutant
RC Dp1 (19).

IlIn a stepwise electron transfer model, where the second time
constant (0.9 ps) is shorter than the first one, a negative amplitude
a(0.9 ps) corresponds to an absorption of the related intermediate
which is more positive than the absorption of the first state (5, 23).
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F1G. 5. Spectra of difference cross sections Ao of the two
intermediates P* (a) and B3 (b). The points (@) were calculated from
the time-resolved absorption data, by assuming the sequential two-
step model of Eqgs. 2 and 3. The solid lines were drawn to guide the
eye. The dashed line in b represents the absorption spectrum of
BChl~ in dimethylformamide from Fajer et al. (25). a.u., Arbitrary
units.

find an extinction coefficient which agrees within 20% with
the value in solution (25).

Additional support for the presented reaction model comes
from the observed induced photodichroism, which allows a
determination of the angle a between the direction of the
transition dipole moments of the intermediates and the di-
rection of the special pair. For a ratio of cross sections s =
Aoy/Aa, of a specific state one calculates the angle a (28):

2s — 1\ 2
a = arccos (s+2) . 4]

Angles a for P*, P*, and B~ are summarized in Table 2. The
Ao values were calculated with the time constants of reaction
models 2 and 3 and the amplitudes of Table 1 (7, 23). The
transition dipoles of P* and P are approximately parallel to
each other, whereas the dipole of P* exhibits an angle a =
27°. Most important for the present paper is the orientation of
Bjx. The evaluation of our data provides a number of a = 26°
+ 8° It has been shown (29) that the transition moments of
the long-wavelength transition of B3 are parallel to the Qy
direction which points from the nitrogen at ring 1 to the
nitrogen at ring 3. Taking advantage of the known x-ray
structure of the RCs, one can predict an angle of a = 29°
between the Q, transitions of P and By, which agrees well
with the experimental result.

The polarized absorption data allow a critical test for other
reaction models—e.g. for the one-step model with a direct
electron transfer from P to P*H, via a superexchange
mechanism. In this model it is necessary to assign the 0.9-ps
component to a fast-decaying fraction of P*, which leads to
intrinsic contradictions: the resulting dichroic ratio Ao)/Ao,
of considerably more than 3 for this component is not
allowed.

Table 2. Calculated difference cross-sections (Aco?) at 998 nm and
angles (a) between the direction of the transition dipole moments
of the intermediates and the absorption dipole moment of the Qy
transition of the special pair

P* P+ B
Aoy, 10717 cm? -3.10 1.92 4.60
Aoy, 10~V cm? -1.03 0.90 2.10
a, degrees 0-8 27+ 15 26+8

Proc. Natl. Acad. Sci. USA 90 (1993)

Conclusions. Transient absorption data on RCs of Rb.
sphaeroides R26.1 at room temperature in the spectral range
between 920 and 1040 nm show convincingly the existence of
the subpicosecond (0.9-ps) kinetic component. The data allow
(from spectrally resolved as well as from dichroic data) the
assignment of this component to a transiently populated
radical pair state P*Bj. The experimental results supplement
previously published data. For all spectral positions in the
visible and near infrared—i.e., between 500 nm and 1040
nm—the transient data are in accordance with a picture of an
intermediate P*Bj in a stepwise reaction model. This agree-
ment gives strong evidence—if not proof—for a primary
electron transfer involving the accessory BChl as a real
electron carrier.
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