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Absorbance-difference spectra and kinetics of absorbance changes were measured of chromatophores of
Rhodospirillum rubrum by means of picosecond-absorption spectroscopy. A 35 ps excitation pulse at 532 nm
produced absorbance changes due to the formation and decay of excited states of antenna pigments (Nuijs,
A.M., Van Grondelle, R., Joppe, H.L.P., Van Bochove, A.C. and Duysens, L.N.M. (1985) Biochim. Biophys.
Acta 810, 94-105), and, when open reaction centers were present, also those due to charge separation and
primary electron transport. At low excitation energy density the lifetime of singlet-excited antenna
bacteriochlorophyll was 80 + 10 ps when the reaction centers were initially open and 200-400 ps when the
primary electron donor was oxidized. Under the former conditions photooxidation of the primary donor
occurred with a time constant of 70 + 10 ps. Reduction of an electron-acceptor complex in the reaction
center, probably involving both bacteriochlorophyll and bacteriopheophytin, was observed. Reoxidation of
this acceptor occurred with a time constant of 200-300 ps. When the ubiquinone acceptor was reduced
chemically, the primary radical pair decayed by recombination with a time constant of about 4 ns at high
flash-energy densities, and of about 10 ns at lower energy densities. This dependence of the lifetime of the
radical pair on the flash intensity was explained in terms of quenching processes by carotenoid triplet states
in the antenna, and indicated a standard free-energy difference between the radical pair and the singlet-ex-
cited state of antenna bacteriochlorophyll of about 160 meV.

Introduction complexes embedded in a light-harvesting an-
tenna, denoted as B880 [1]. Bacteriochlorophyil
(BChl) a and carotenoid (Car) together serve as
the pigments of the B880 complex, and about 50
BChl a molecules are present per reaction center.
Singlet excitations on antenna BChl, either formed
by direct excitation of BChl or by energy transfer

from excited Car, are rapidly transferred among

The photosystem of the purple bacterium
Rhodospirillum rubrum consists of reaction-center

Abbreviations: BChl, bacteriochlorophyll; B880, antenna com-
plex with an absorption maximum at 880 nm; Car, carotenoid;

P, primary electron donor bacteriochlorophyll; 1, intermediary
electron acceptor complex; BPh, bacteriopheophytin; P-800,
reaction center bacteriochlorophyll molecule absorbing around
800 nm; PMS, N-methylphenazoniummethosulfate; RC, reac-
tion center.

the BChl molecules, until trapping by the reaction
centers occurs. In the reaction centers a charge
separation takes place, followed by further elec-
tron-transfer steps that stabilize the separated
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charges. So far the charge separation and the early
electron-transport steps in purple bacteria have
mainly been studied in isolated reaction centers. It
was established that bacteriopheophytin (BPh)
functions as an intermediary electron acceptor
between the primary donor, P, and the traditional
primary quinone acceptor Q [2]. The role of a
bacteriochlorophyll molecule, P-800, as an even
earlier acceptor than BPh is still controversial.
Possibly P-800 and BPh interact strongly and to-
gether constitute an acceptor complex (see Ref. 3
and references therein.

In intact photosystems the quantum yield of
charge separation is high. At low-excitation inten-
sity about 90-95% of the excitations are trapped
in the reaction centers [4]; the remaining ones are
lost by emission of fluorescence or by radiation-
less decay processes. The experimentally observed
fluorescence lifetime under these conditions is
about 60 ps [5]. When the traps are closed (state
P*Q{™) the fluorescence lifetime is lengthened to
about 200 ps [5] and the fluorescence yield in-
creases 3-fold [6]. When the excitation density is
increased drastically by applying an intense pico-
second laser flash, a large decrease is observed in
both the mean fluorescence lifetime [7] and the
fluorescence yield [6]. These data can be quantita-
tively interpreted on the basis of competition be-
tween trapping, loss and singlet—singlet annihila-
tion [8]. From fluorescence yield measurements on
R. rubrum it was estimated that the fluorescence
lifetime, when all the reaction centers are in the
state P Q is about 100 ps, and in the state P*Q¢™)
about 300-350 ps [6].

Recently, we reported a picosecond absorbance
difference study on chromatophores of R. rubrum
in which the formation and decay of singlet-ex-
cited BChl (BChl*) were detected via spectral
changes in the near-infrared [9]. From these ex-
periments, in which the reaction centers were kept
in the state P*Q'7), it was concluded that the
average lifetime of BChl* decreased from 200-400
ps at low excitation intensity to 10 ps or less when
about 10 excitations are generated per reaction
center. In this work we report similar experiments
but now for different redox states of the reaction
center. At low intensity the lifetime of BChl*
decreases from 200-400 ps in the state P* Q™ to
80 ps or less in the state P Q. Under the latter
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conditions the oxidation of P is observed with a
time constant of 70 + 10 ps. The kinetic and spec-
tral data concerning the charge separation are in
general agreement with those obtained for isolated
reaction centers.

Materials and Methods

R. rubrum was grown anaerobically in a con-
tinuous culture as described in Ref. 10. Chromato-
phores were prepared using a French press and
were diluted in a buffer medium containing 250
mM Tricine/5 mM KH,PO,/4 mM MgCl, (pH
8.0). The redox state of the reaction centers was
controlled by the addition of either ferricyanide
together with continuous back-ground illumina-
tion, or of dithionite, or of PMS and ascorbate.
All measurements were performed at room tem-
perature.

The picosecond absorbance difference measure-
ments were performed by means of the apparatus
described in Ref. 9. A 35 ps mode-locked Nd-YAG
laser served as a light source. The frequency-dou-
bled 532 nm output of the laser (maximum energy
density, about 3 mJ/cm?) was used as an exci-
tation pulse. The 1064 nm radiation that remained
after frequency-doubling was focused into a cell
filled with water, in order to generate a broad
wavelength continuum. The 35 ps probe pulse,
that was used for measuring the absorbance
changes, was obtained from this continuum by
means of a monochromator placed before the
sample (bandwidth, about 3 nm). Schott KV 550
filters were used to prevent stray excitation light
from reaching the photodiodes.

Results

Fig. 1 shows the absorbance difference spectra
of chromatophores of R. rubrum in the region
550-900 nm measured at 2 ns after the 35 ps
excitation pulse for different initial redox condi-
tions of the reaction centers. In the presence of the
donor system PMS and ascorbate (open circles)
the absorbance changes above 600 nm are due to
the formation of the state P* Q™. They are similar
to those obtained in isolated reaction centers [2].
The bleaching around 870 nm is caused by the
disappearance of the Q, band of P, while the
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Fig. 1. Absorbance difference spectra of chromatophores of R.
rubrum at 2 ns after the flash in the presence of 15 uM PMS
and 10 mM ascorbate (O) and in the presence of dithionite
(@), at a flash excitation energy density of 1.3 mJ/cm®. The
absorbance of the sample was 0.57 at 532 nm in a 2 mm cell.

maximum and minimum at 790 and 810 nm,
respectively, reflect the shift of a BChl molecule in
the reaction center which absorbs at about 800
nm. The absorbance increase centered at 570 nm
can be ascribed to the formation of triplet states
of antenna carotenoid molecules (Car”) [11]. The
formation of these Car’ states probably results
from a fission of the singlet excited state of Car
(Car*), produced by direct excitation of Car at
532 nm [12,13]. Car" states have been shown to be
present within 100 ps after the formation of Car*
[9].

In the presence of dithionite (solid circles) to
reduce Q chemically, the absorbance changes due
to formation of P* and Car” can be observed as
well, albeit that the changes related to oxidation
of P are smaller in amplitude (see below). In
addition, however, an increase in absorbance be-
tween 640 and 700 nm is present, together with a
small bleaching around 750 nm. These additional
changes have also been observed in isolated reac-
tion centers of purple bacteria under similar re-
ducing conditions, and have been ascribed to the
reduction of BPh [2]. A comparison of the two
spectra of Fig. 1 in the region around 800 nm after
normalization at 870 nm shows that the band shift
around 800 nm is not symmetric under reducing
conditions, in contrast to the band shift in the
P*Q™ spectrum. A similar asymmetry has been
observed earlier by Van Bochove et al. [14] and
Van Grondelle et al. [15], which could originate
from P-800 that forms a complex with BPh and
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Fig. 2. Absorbance difference spectra of chromatophores of R.
rubrum with coincident excitation and probe pulses {0 ps) in
the presence of 2 mM ferricyanide and continuous background
illumination at 528 nm (@) and in the presence of 15 pM PMS
and 10 mM ascorbate (O). Further conditions as in Fig. 1.

therefore loses oscillator strength upon the reduc-
tion of the complex, in a similar way as has been
proposed for isolated reaction centers of Rhodo-
bacter (Rhodopseudomonas) sphaeroides (see Ref. 3
and references therein). We will denote the com-
plex by L

Absorbance difference spectra of chromato-
phores of R. rubrum at 0 ps (i.e., with coincident
excitation and probe pulses) are shown in Fig. 2.
In the presence of ferricyanide and continuous
background illumination (solid circles) only ab-
sorbance changes due to formation and decay of
antenna-excited states are brought about, since P
is permanently oxidized under these conditions
[9]. The bleaching around 888 nm is related to the
disappearance of ground-state absorbance of an-
tenna BChl a molecules upon excitation [16]. In a
previous publication [9] we have suggested that
the presence of a singlet excitation on a BChl a
molecule causes the bleaching of its Q, absorption
band at 880 nm and induces a blue shift of about
six or more neighboring BChl a molecules. The
combined spectral effects result in a shift of the
maximal bleaching from 880 to 888 nm and an
increase in absorption between about 800 and 867
nm. The absorbance increase between 550 and 650
nm is predominantly due to formation of Car*
and, possibly, of Car". The small trough around
590 nm is probably caused by the bleaching of the
Q, band of the antenna BChl a [9]. In the pres-
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Fig. 3. Kinetics of absorbance changes at 810 nm in chromato-
phores of R. rubrum in the presence of 15 uM PMS and 10
mM ascorbate at an excitation density of 1.1 mJ/cm? (O) and
in the presence of dithionite at 1.1 mJ/cm? (a) and at 0.1
mJ/cm? (x). Further conditions as for Fig. 1.

ence of PMS and ascorbate (Fig. 2, open circles),
or dithionite (not shown) similar absorbance
changes can be observed. However, the shape of
the spectrum between 770 and 820 nm now in-
dicates the electrochromic shift of a reaction center
BChl molecule resulting from the oxidation of P.
The reduction of I can be deduced from the
absorbance increase between 650 and 700 nm. A
comparison of the amplitudes of the absorbance
changes in the region 790-810 nm of Fig. 1 (open
circles) and Fig. 2 (open circles) shows that at 0 ps
(i.e., during the flash) in 50-60% of the traps that
will ultimately be closed, a radical pair has already
been formed. The rate at which the traps are
closed, however, depends upon the excitation en-
ergy density as will be shown below.

Fig. 3 depicts the kinetics of the absorbance
changes at 810 nm for a number of conditions. In
the presence of PMS and ascorbate (open circles)
a constant bleaching is observed from about 1 ns
after the flash onwards. The bleaching arises from
the shift of the absorption spectrum of a reaction
center BChl molecule (cf. Fig. 1) due to the forma-
tion of P*. At earlier times a short-lived increase
in absorbance can be discerned which is probably
due to antenna BChl* g (cf. Fig. 2). An additional
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phase is observed after the disappearance of BChl*
a that decays with a time constant of 200-300 ps
to the above-mentioned constant level. During the
time that I is reduced an additional bleaching is
present around 810 nm (2], and thus the 200-300
ps phase presumably represents the electron trans-
fer from I~ to Q, resulting in a partial recovery of
the oscillator strength of the P-800 molecule. At-
tempts to monitor this step in the electron transfer
in the region of absorption of BPh failed as a
result of a too small signal-to-noise ratio. In agree-
ment with this assignment, the 200-300 ps phase
is lacking in the kinetics with dithionite. Instead, a
decay lasting at least 4 ns can be observed after
the deactivation of BChl* 4, which is caused by
the recombination of the radical pair P*1~ [2,14].
The lifetime of the pair increases from about 4 ns
at an excitation energy density of 1.1 mJ /cm? (4.4
excitations absorbed per reaction center) (Fig. 3,
triangles) to about 10 ns at an energy density of
0.1 mJ /cm? (0.4 excitations absorbed per reaction
center) (Fig. 3, crosses). Such a dependence of the
lifetime of the radical pair upon the flash intensity
has not been observed for isolated reaction centers.
A possible explanation for this effect in terms of
quenching processes in the antenna will be given
in the Discussion.

The kinetics of the absorbance changes at 898
nm are shown in Fig. 4 for various excitation
energy densities. At this wavelength a bleaching is
observed caused by the formation of BChl* a (cf.
Fig. 2). The development of the bleaching in all
traces is determined by the convolution of the
temporal profiles of the excitation and probe
pulses. In the presence of ferricyanide (i.e., state
P*Q) (solid circles) the tail in the decay of the
bleaching from about 200 ps onwards yields a
lifetime of 200-400 ps for BChl* 4, that has been
ascribed to the mono-excitation decay [9], com-
parable to the 200 ps lifetime of the fluorescence
in the state P* Q™) [5]. At earlier times contribu-
tions of singlet—singlet annihilation to the decay
are present. At decreasing excitation-energy den-
sity the relative contribution of the annihilation to
the total decay diminishes, as is indicated by the
longer decay times for top compared to bottom
traces (solid circles). For a more complete discus-
sion of these kinetics we refer to Ref. 9. The
kinetics monitored in the presence of PMS and
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Fig. 4. Kinetics of absorbance changes at 898 nm in chromato-
phores of R. rubrum in the presence of ferricyanide and
continuous background illumination (@) and in the presence of
15 pM PMS and 10 mM ascorbate (O), for different excitation
densities. (A) 0.031 mJ/cm?;, (B) 0.081mJ/cm?; (C) 0.34
mJ/cm?,

ascorbate (open circles) differ in some respects. At
low excitation energy density (Fig. 6A) the
200-400 ps decay is lacking, and a shorter decay
of about 80+ 10 ps can be observed. Further-
more, from about 200 ps onwards a small remain-
ing bleaching is present due to the formation of
P* (Fig. 1). We ascribe the 80 ps phase to the
mono-excitation decay when the traps are in the
state P Q. This lifetime compares reasonably well
with the 60 ps decay of the fluorescence as ob-
served by Freiberg et al. for open traps [5]. At
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Fig. 5. Kinetics of absorbance changes at 868 nm in chromato-

phores of R. rubrum in the presence of 15 uM PMS and 10

mM ascorbate for different excitation densities. (x): 0.1

mJ/cm? (0.4 photons absorbed per RC); (O): 0.23 mJ/cm?

(0.9 photons per RC); (#):0.8 mJ/cm? (3.2 photons per RC).

higher energy densities (Fig. 6C) the slower
200-400 ps phase reappears. This effect results
from the fact that most of the traps are closed
during the excitation pulse at those flash energies
(see below), which implies that the excitations still
present after 200 ps will decay with the traps
predominantly in the state P*Q( ).

The kinetics of the absorbance changes at 868
nm are shown in Fig. 5. At this wavelength the
changes due to formation of BChl* a have an
isobestic point (Fig. 2). The bleaching in Fig. 5 is
due to the oxidation of P (Fig. 1). It is observed
that the development of the bleaching depends
upon the excitation intensity. At relatively low
intensity (0.4 photons absorbed per reaction
center) the rise-time of the oxidation of P is 70 + 10
ps. At higher intensities the rise-time becomes
shorter and ultimately cannot be resolved due to
convolution with the temporal profile of the pulses.
The initial small absorbance increase in some of
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Fig. 6. Absorbance change at 810 nm at 1 ns after the pulse
versus the excitation energy density in the presence of 15 uM
PMS and 10 mM ascorbate. Further conditions as for Fig. 1.

the traces is presumably due to the excitation of
antenna BChl, since the mentioned isobestic point
shifts somewhat upon changing the flash density
[9]. The low intensity time constant for oxidation
of P agrees with the low-intensity lifetime of BCh]*
a which suggests that this lifetime is determined
by trapping.

Fig. 6 depicts the saturation behaviour of the
formation of P* monitored at 810 nm at 1 ns after
the pulse. From the amplitude of the maximal
bleaching as compared to that under continuous
illumination (not shown) it was calculated that
60-70% of the traps can be closed. The value for
the maximum amount of P* that can be formed
after excitation with a picosecond pulse agrees
very well with the value of 65% obtained by
measurement of the fluorescence yield, and can be
explained on the basis of a competition between
trapping and annihilation [6].

Discussion
Excitation of chromatophores of R. rubrum

produces absorbance changes due to formation
and decay of excited states of antenna pigments
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and, in the case of active reaction centers, also
those due to the primary charge separation and
the ensuing electron transport. In the antenna,
direct excitation of Car gives rise to formation and
decay of Car* and BChl* g, and to formation of
Car™. The absorbance changes caused by these
processes have been extensively dealt with in Ref.
9.

The lifetime of BChl* g depends upon the state
of the traps and upon the number of excitations
generated per domain. At low intensities the decay
time of BChl* g is 80 + 10 ps in the state P Q and
200-400 ps in the state P*Q(™), These decay
times are in reasonable agreement with the flu-
orescence lifetimes of 60 ps and 200 ps respec-
tively, obtained by Freiberg et al. [5]. Further-
more, our data suggest that the 80 ps lifetime is
determined by the trapping, since the time con-
stant for the oxidation of P was found to be
70 + 10 ps.

In an experiment similar to ours, Borisov et al.
[16] found a decay time of about 60 ps for BChl*
a and a risetime of about 60 ps for the oxidation
of P. However, they claimed that the lifetime of
BChl* a was independent of the state of the traps
[17]. This discrepancy with our results is presum-
ably due to the fact that their kinetics only ranged
to 300 ps and to a neglect of the distortion of their
kinetics by the convolution with the shape of the
pulses. A mono-exponential fit of our first 300 ps
of the decay of BChl* a (Fig. 4) at a comparable
flash-energy density yields an average lifetime of
BChl* a of 70-100 ps, almost independent of the
state of the traps, and would thus lead to a
misinterpretation of the data.

Upon increasing the excitation density, the
average lifetime of BChl* g in the state PTQ(™
decreases from about 200-400 ps to about 10 ps
when about ten excitations are generated per reac-
tion center as a result of efficient singlet—singlet
annihilation [9]. An analogous effect of annihila-
tion can be observed when the traps are originally
in the state PQ. Due to the efficient competition
between annihilation and trapping at high-excita-
tion densities only 60-70% of the traps can be
closed (Fig. 6 and Ref. 6).

In the reaction center a charge separation takes
place between P and a complex, I, involving both
BPh and P-800, analogous to the situation in
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isolated reaction centers of Rb. sphaeroides [2,3].
The electron transfer from I™ to Q proceeds with a
time constant of 200-300 ps, which number agrees
well with the 250 ps observed in isolated reaction
centers of R. rubrum [18]. When Q is chemically
reduced the lifetime of I~ is increased and the
radical pair decays with a time constant of at least
4 ns, depending on the excitation energy density,
in clear contrast to the 10-15 ns reported for
isolated reaction centers of Rb. sphaeroides [19].
As will be explained below, this reduction of the
decay time may be due to the presence of antenna
Car states in our experiments.

When in chromatophores of R. rubrum the
acceptor Q is chemically reduced, the emission of
luminescence can be observed with a lifetime of
8-11 ns, probably resulting from a recombination
of P* and 17 [20]. Thus, during the lifetime of the
radical pair a certain amount of BChl* 4, depend-
ing on the energy difference between P*I~ and
BChl* a is present. In our spectrum of the radical
pair (Fig. 1, solid circles) no additional bleaching
around 888 nm was observed. Since the amplitude
of the absorbance changes upon the creation of
one excitation per reaction center is known [9], we
can estimate that less than one excitation per 20
reaction centers contributes to the spectrum of
Fig. 1. Taking the presence of 0.6 radical pairs per
reaction center in Fig. 1, and assuming that one
reaction center is in thermal equilibrium with 50
antenna BChl a molecules, it is then easily calcu-
lated that the standard free-energy difference, AG,
between P*1~ and BChl* g is at least 160 meV,
which compares well with the value of 160 meV
derived by Woodbury and Parson from lumines-
cence measurements [21].

We can now estimate the lifetime of the radical
pair when it is in thermal equilibrium with the
antenna, in which Car” states act as quenchers of
the fluorescence [12]. If k;=5-10% s~' [6] and
kS=2.9-10° s! [6] are the rate constants for loss
of excitations in the antenna and quenching by the
closed reaction centers, respectively, then a life-
time of BChl* a at low excitation densities is
expected of 1/(k, + k)= 300 ps, in good agree-
ment with our results. When chromatophores of
R. rubrum were excited by means of a 532 nm
pulse of 1.3 mJ /cm?, Rademaker et al. observed a
decrease in the fluorescence yield of about 30%,

which they attributed to the quenching by Car”’
states [12]. It thus follows that the rate constant of
quenching, }q, should be about 0.5 (k, +k¢)=
1.7-10° 7" If £, and f, are the fractions of
excitations that exist as BChl* 4 and P*1", re-
spectively, then, from a value of AG =160 meV
and from an antenna size of 50 BChl 4 per
reaction center it is calculated that f, = 0.08 and
£, = 0.92. If we further take a lifetime of 12 ns for
the radical pair when no luminescence can occur,
as in isolated reaction centers, i.e., kp+-=8.5-
1077571 [19], then at low excitation density, when
the amount of CarT is low, a lifetime of the
radical pair is expected of 1/(f,k; + f,kp-) =9
ns. At higher excitation densities, when quenching
by the Car’ states occurs, the lifetime of P*1~ can
be expected to decrease to 1/{f,(k, +%q)+
fikp+1-} =4 ns. Both values are in good agree-
ment with the observed lifetimes of about 10 ns
and 4 ns, respectively.

In conclusion, we may say that the application
of sensitive picosecond absorbance difference
spectroscopy to chromatophores of R. rubrum
yields information about antenna excited states,
trapping and properties of the primary radical
pair in a relatively intact photosystem.
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