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Abstract

[3-vinyl]-132-OH-bacteriochlorophyll @ has been selectively exchanged against native bacteriochlorophyll a in the
monomer binding sites at the A- and B-branch of the photosynthetic reaction centre from Rhodobacter sphaeroides. Transient
absorption difference measurements were performed on these samples over a temperature range from 4.2 to 300 K with 20 ns
time resolution. Specifically the decay of the primary donor triplet state, 3Pgy0, as well as the rise and decay rates of the
carotenoid triplet state, >Car (spheroidene), were measured. The observed rates revealed a thermally activated carotenoid
triplet formation corresponding to the decay of the primary donor triplet state. The activation energies for the triplet energy
transfer process were 100( % 10) cm™! for reaction centers from wild-type Rhodobacter sphaeroides 2.4.1, with and without
exchange of the monomeric bacteriochlorophyll on the electron transfer-active branch, Bs. For reaction centers from
Rhodobacter sphaeroides R26.1 with both monomers exchanged against [3-vinyl]-132-OH-bacteriochlorophyll a, and
subsequent spheroidene reconstitution the activation energy was 460( = 20) cm~!. These activation energies correspond to the
energy difference between the triplet states of the accessory BChl monomer, Bg, and the primary donor when native BChl a
or [3-vinyl]-132-OH-BChl a is present in the Bg binding site. In all samples the *Car formation rates were bi-phasic over a
large temperature range. A fast temperature-independent rate was observed on the wavelength of the carotenoid triplet—
triplet absorption which dominated at very low temperatures. Additionally, a slower temperature-independent *Car
formation rate was observed at low temperatures which could be explained with the assumption of heterogeneity in the
energy barrier (*Bg) and/or the primary donor triplet state (*Pgo). A tunneling mechanism as proposed earlier by
Kolaczkowski (PhD thesis, Brown University, 1989) is not only unnecessary but also incompatible with the available
experimental data. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Reaction centres (RC) of the purple photosyn-
thetic bacterium Rhodobacter (Rb.) sphaeroides 2.4.1
contain four bacteriochlorophyll ¢ (BChl «), two
bacteriopheophytin ¢ (BPh a), two ubiquinone-10,
and one spheroidene molecule [2-4] in a protein com-
plex comprised of 3 polypeptides traditionally Ia-
beled L, M, and H [5,6]. Their molecular structure
has been revealed by single crystal X-ray crystallog-
raphy [7-9].

One of the main roles of carotenoids in photosyn-
thetic pigment—protein complexes is photo-protection
[10,11]. In order to prevent harmful radicals or sin-
glet oxygen to be sensitized by chlorophyll triplet
states the latter are quickly quenched by the caroten-
oids. While chlorophyll triplet states are not involved
in the primary processes of photosynthesis they can
accidentally form under high light flux conditions. In
the case of plant photosystem II they are probably
involved in photo-inhibition, a process by which
photosynthetic production is decreased under high
light irradiation [12].

The question of triplet energy transfer in the bac-
terial reaction center, and hence the question of the
photo-protective role of its carotenoid composition,
has been discussed in the literature for the last
twenty years.

Cogdell and co-workers first showed that the trip-
let state of the primary donor 3Pgy, termed PR, was
efficiently quenched producing a triplet excited caro-
tenoid [13,14]. In fact, the primary donor triplet was
not observed at all in the wild-type RCs, and the
time of formation of *Car was of the order of tens
of nanoseconds depending on temperature.

A temperature dependent study of the decay rate
of 3Pg7 and quantum yield of *Car demonstrated the
existence of a triplet excited intermediate state which
was thermally accessible from 3Pg7o [15]. At first it
was tentatively assigned to a triplet charge transfer
(CT) state, 3[PgrmB’], to be formed between the pri-
mary donor and one of the BChl monomers [15,16].
However, the admixture of such a CT state to the
3Pg7o state was later rejected based on the temper-
ature dependent investigation of the triplet fine struc-
ture splitting with EPR and MODS spectroscopies
[17,18]. Instead, a temperature dependent admixture
of the triplet state of the monomeric BChl on the

electron transfer-inactive side of the RC was pro-
posed to account for the increase in the fine structure
parameter |D| [19]. Temperature-dependent absorp-
tion detected magnetic resonance (ADMR) of 3Pg7o
and the theoretical calculation of the fine structure
parameters based on the X-ray structure later proved
that admixture of 3Bg to *Pgy is unable to explain
the temperature dependence of |D| and |E| [20,21].
While these experiments did not exclude Bg from
acting as the bridge for triplet energy transfer they
pointed to the need for further investigation of the
existence and role of low energy excitations between
100 and 200 cm™! above the first excited triplet zero-
phonon level. Further indication for such a nearby
triplet state that may be located on the primary do-
nor came from time-resolved zero field ADMR ex-
periments [22].

The hypothesis that 3Bg actually is an intermediate
state in triplet energy transfer from 3Pg7y [19] gained
strong support from the phosphorescence data on
BChl and bacterial RCs by Takiff and Boxer
[23,24]. They estimated the triplet energy level of
the monomeric BChl, 3Bg, 200 cm™! above that of
3Pg70, at most [24], right in the range where the tran-
sient intermediate state was supposed to be according
to Schenck et al. [15]. This hypothesis was further
strengthened by Frank and co-workers who studied
borohydride-treated RCs by transient absorption
and temperature dependent EPR [25,26]. They
came to the conclusion that By is essential to triplet
energy transfer from 3Pgyy to Car. This was further
corroborated by the observation of different temper-
atures of onset of *Car formation in RCs from Rb.
sphaeroides, where the triplet energy level of *Bg was
changed by exchanging the corresponding pigment
against structural analogs [27]. In these preparations,
Bg was exchanged against (1) [3-vinyl]-132-OH-BChl
a, and (2) 132-OH-Zn-BPh « which feature blue-
shifted Sy — S; transitions compared to native BChl
a and probably similarly higher triplet energy levels.
Correspondingly, the *Car EPR signals started to
appear at different temperatures due to the different
energy barriers presented by the exchanged pigments.
The energetic position of the triplet states of the
intermediate Bp in native and modified RCs has
been determined by Frank et al. [28] through analysis
of the temperature dependence of the formation rate
of 3Car.
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Although the picture of Bg serving as the bridge
for triplet energy transfer between Pg;p and Car and
the mounting evidence for it seems very convincing,
this simple model cannot account for the following
experimental observations: (1) Kolaczkowski found
a biphasic *Car formation process below approx. 150
K which he interpreted as due to direct low temper-
ature tunneling of the triplet excitation from 3Pgy to
3Car, as well as a fast temperature-independent trip-
let energy transfer from 3[P§,H™] to *Car bypassing
3Pg70 [1]. (2) Zero field ADMR experiments showed
the presence of *Car at temperatures well below the
point where the thermally activated process is shut
off [29-31], indicating a possible alternate triplet en-
ergy transfer pathway.

In the present paper we report on transient ab-
sorption spectra designed to clear up some of the
yet open questions about triplet energy transfer in
the bacterial photosynthetic RC of Rb. sphaeroides.
Our aims were: (1) to revisit the older data of
Schenck et al. [15] and Kolaczkowski [1] by detecting
both 3Pg7y decay and 3Car formation at the same
time, and (2) to extend these investigations to RCs
where the BChl monomers had been exchanged
against [3-vinyl]-132-OH-BChl « in order to distin-
guish between kinetic components due to the ther-
mally activated pathway *Pg79 — *Bg — *Car and pos-
sible other contributions.

2. Materials and methods
2.1. Sample preparation

Reaction centres of Rb. sphaeroides R26.1 and
wild-type strain 2.4.1 were isolated as described else-
where [32-34]. [3-vinyl]-132-OH-BChl a was prepared
from BChl a by reduction of the 3-acetyl group with
NaBH, to 3-a-OH-ethyl and subsequent dehydration
in pyridine to [3-vinyl]-BChl a. Hydroxylation at the
132-position occurs when [3-vinyl]-BChl is dissolved
in methanol and kept in the dark for several days at
4°C in the presence of air [35].

Simultaneous exchange of BChl at the sites Bx and
Bp against [3-vinyl]-13>-OH-BChl a is possible by
treating R26.1 RCs (OD/cm =1 at 865 nm), dissolved
in TL-buffer (10 mM Tris, 0.08% lauryldimethyl-
amine oxide (LDAO), at pH 8) with a tenfold molar

excess of [3-vinyl]-132-OH-BChl ¢ in methanolic sol-
ution for 90 min at 43°C. The organic solvent should
not exceed 10% of the whole reaction volume in or-
der to avoid extensive loss of RCs during the treat-
ment by irreversible denaturation. Purification of ex-
changed RCs from extra pigment and denatured
protein is done on DEAE-cellulose. The overall ex-
change rate was determined by pigment extraction
and subsequent diode-array detected high perform-
ance liquid chromatography (DAD-HPLC) [36,37].
Repeating the whole exchange experiment one or
two times leads to nearly quantitative replacement
of native monomeric BChl. In the actual Ba p-ex-
changed sample approx. 95+ 3% of the native mono-
meric BChl is replaced [38].

For introduction of spheroidene in carotenoid-less
RC, it is dissolved to maximum concentration in
diethyl ether and then diluted with 3 parts (v/v)
methanol. This mixture was added to the RCs
(OD/cm=1 at 865 nm) to a final concentration of
organic solvent of 10%. The reaction time is only
50 min at 43°C, by which about 90% of the RCs
are reconstituted with the carotenoid (according to
DAD-HPLC analysis). In the B g-exchanged sample
spheroidene is reconstituted to 93% (compared to the
wild-type 2.4.1 RCs, and estimated from room tem-
perature integral absorption at 505 nm relative to the
integral primary donor absorption at 865 nm).

Selective BChl exchange at the Ba-site only is
achieved in wild-type RCs of the strain 2.4.1. They
naturally contain spheroidene close to the By mono-
mer which blocks the exchange there. The exchange
rate of the Ba-exchanged sample is approx. 47% of
the monomeric BChl, corresponding to 94% replace-
ment at Bo. The carotenoid content is 98%.

All RC preparations with exchanged pigments
show the normal primary donor bleaching when ex-
posed to actinic light. The CD spectra show no de-
tectable structural changes besides spectral shifts due
to the different absorption bands of the exchanged
pigments [38].

2.2. Spectroscopic methods

Our set-up for transient optical spectroscopy has
been described previously [39]. Briefly, an excimer-
pumped dye laser is used for pulsed excitation
(Lambda Physik LPX240iCC pumping LPD 3002)
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using styryl 9. The excitation wavelength could be
varied between 820 and 860 nm and was adjusted
to give optimum excitation in the NIR (around 850
nm even at lower temperatures due to the drop-off in
dye performance). Pulse widths are slightly shorter
than 20 ns with the energy per pulse set to approx-
imately 1 mJ, spread over approx. 6 mm? of sample
area to avoid saturation. Detection light was pro-
vided by a tungsten-halogen lamp using appropriate
filter combinations for the visible and NIR detection
bands. We used a blue-enhanced silicon avalanche
photodiode with a bandwidth of 250 MHz (Hama-
matsu, model S5343) for detection of the laser-in-
duced transmission changes. It was situated in a dou-
ble Faraday cage to avoid electromagnetic
interference from the firing of the laser thyratron.
Data acquisition and averaging was performed by a
LeCroy 9400 digital oscilloscope.

2.3. Theoretical description of the 4-state model

In order to describe the triplet energy transfer in
the photosynthetic RC we used a 4-state model, as
shown in Fig. 1. We call it a 4-state model because
the 4 excited and 3 ground states can be approxi-
mated by a system of 4 linear inhomogeneous differ-
ential equations, describing the dynamics of the 4-
excited states. It includes the primary radical pair
triplet state, *[Pg;,H™] as the first step of triplet gen-
eration. All precursor states to *[Pg; H™] are implic-
itly included in the excitation rate k.o which leads
to the population of state 1 from the ground state
(state 0). ko describes the decay of [P, H™] back
to the ground state via spin-flip to '[Pg;,H™] and
charge recombination. k. ; describes the electron-
hole recombination into the primary donor triplet
state Pgy (state 2), and k., the thermally activated
charge separation from 3Pgyy to 3[P;;QOH_]. koo 1s
the rate of molecular intersystem crossing (ISC) with-
in the primary donor which leads to radiation-less
deactivation of 3Pgy. k3_, describes the thermally
activated population of the monomeric triplet state
3Bg (state 3), ko3 its reverse reaction. The quench-
ing of 3Bp by the carotenoid is described by k43
with k34 as its thermally activated reverse process.
ke.4 finally describes the ISC and relaxation of *Car
(state 4) back to the ground state of the complex.
Relaxation of 3Bp via ISC is not considered since

triplet energy transfer to 3Car is expected to be
much faster. In order to accommodate the hypothesis
of tunneling between *Pg;y and *Car and the notion
that the thermalized 3Pg;y may be bypassed in the
quenching reaction, as put forward by Kolaczkowski
[1], we also consider the rates k3;.; and k4., as
potential triplet energy transfer pathways. Their ar-
rows appear dotted to denote their speculative na-
ture. We can show in our analysis that these proc-
esses are not necessary to explain the available
experimental data.

The details of the mathematical description of the
model have been presented in [40].

In order to analyze the predictions of these differ-
ent models and to compare them with the experimen-
tal data we need to define the reaction rates in the
model. These rates greatly depend on the mecha-
nisms that underly the respective reactions. We use
literature values for k;_; and their temperature de-
pendencies wherever they are available, in order to
leave the least number of free parameters for the
comparison between model and data.

2.3.1. Excitation

The excitation rate, k. ¢, depends largely on the
experimental parameters. In our case, under cw illu-
mination of the detection lamp a maximum of 2000
s~! can be achieved with full sample illumination
with the white light filtered only through a 3-cm
layer of water [22,41]. Since we used the normal
ADMR excitation channel only for the probing light
the level of excitation was reduced by interference
filters and reduction of the lamp current to yield
approx. ki_o=100~200 s~!'. For the modeling of
the kinetic experiment a non-saturating flash was as-
sumed, ie., a [Py H7]:[P] (triplet radical pair/
ground state) ratio of less than 5% was used as the
initial starting condition.

2.3.2. [P}, H™ ] decay

The transient decay of '[Pd;;H™] and *[Pg H]
has been studied extensively in the literature. While
it is not possible to distinguish between the two
states by purely optical means their rates can be ob-
tained by analyzing the magnetic field and RYDMR
effects on the 3Pg7y yield and lifetime [1,42-49]. ky_;
is identified with the rate of charge recombination of
3[P§,,H ] into the molecular triplet state of the pri-
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mary donor. It is of the order of 3-6x10% s7!

[43,46-48] and depends very little on temperature
since the energy gap between °[Pg H™] and *Pgy
(~1370£30 cm™! [50,51]) approximately equals its
reorganization energy [52,53]. We take k> =4x 108
s~! from Goldstein and Boxer [48] and leave it tem-
perature independent for our model calculations.

ko—1 has to be identified with the back reaction of
3[P§,,H ] into the ground state. This involves a hy-
perfine-mediated spin flip to get to the practically
isoenergetic singlet radical pair, '[Pg;;H™], and con-
secutive recombination into the ground state. This
reaction lies deep in the Marcus inverted range which
makes it thermally activated (2-4 X 107 s~! between
80 and 300 K) [53]. We approximate the literature
values [43,46] with the following temperature de-
pendent function

—440[K
ko1 = {1.3><107 +2X108Xexp<#) }s_l

(1)

ki1 describes a potential bypass reaction by
which the radical pair triplet state decays directly
into 3By bypassing the vibronically relaxed 3Pgy. It
is similar to the model proposed by Kolaczkowski to
account for the fast population kinetics of the caro-
tenoid triplet [1]. It can be switched on in our model

calculations by assigning it a rate that is competitive
with the 3[Pg, H™] decay.

2.3.3. 3Pgy decay

koo 1s the molecular intersystem-crossing (ISC)
decay rate of the primary donor triplet 3Pg7o. It is
almost temperature independent at around 6+8 X 103
s—1 [43,45].

On the other hand, the observed *Pg7 decay rate
in carotenoid-free Rb. sphaeroides R26.1 appears
thermally activated above approx. 160 K with acti-

vation energies between 750 and 950 cm™! [43,45,54].
This activation energy does not seem to reflect the
free energy drop between *[P¢;;H™] and *Pg7y which
is somewhat larger (0.13 eV) [43,50,51]. The cause for
this thermal activation still seems to be unresolved at
least for quinone-reduced RCs [43]. For our simula-
tion purposes we take

_AG(3[P3+70H7]*3P870)
kgT
with —AGip; 1Py, =0.13 eV from [43].

ko =kay XCXP{ (2)

2.3.4. 3By population and decay

In principle triplet energy transfer to Bg can be
described by the Marcus theory as Closs and co-
workers demonstrated for model systems [55].

The apparent rates k,. 3 and k4.3 which describe
the decay of *Bg can be assumed to be of the order
of 1x10° s7! or larger since otherwise the intermedi-
ate *Bg should show up as a separate kinetic compo-
nent in our and others’ transient absorption experi-
ments. The back reaction rates, k3., and ks_4 are
related to the forward rates by their corresponding
Boltzmann factors exp{—AGg, sp,,)/ksT} and
exp{—AGp,3car)/kBT}, i€,

AGpp,
K3y = ko3 X exp{ —7‘2;’“0) } (3)
and
—AGpg. scar
k3—q = ks3X CXP{_$} (4)

The purported tunneling rate k4., is assumed to
be temperature independent, and of the order of
1x10°% s7! in order to be meaningful as a separate
triplet transfer mechanism at low temperatures.

2.3.5. 3Car decay
3Car decays via ISC. It is only slightly temperature

Table 1

Sample preparations used in this study

Sample Ba Bg Carotenoid
A BChl a BChl a Native

B Vinyl-BChl a BChl a Native

C Vinyl-BChl « Vinyl-BChl a Reconstituted

The carotenoid present is always spheroidene, either naturally by using the wild-type strain or by reconstitution into the mutant strain

R26.1. Vinyl-BChl « stands short for [3-vinyl]-132-OH-BChl a.
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dependent and stays within 1--2x 10° s~! (from 3Car
decay, data not shown).

3. Results

Transients were investigated on the 3Car triplet—
triplet absorption band of spheroidene (550 nm) and
the Pg7o singlet-singlet absorption band (870-895
nm, depending on temperature). In order to observe
and correctly analyze the rise and decay of the var-
ious transients different time bases were used on the
digitizing oscilloscope to cover different kinetic com-
ponents. Three different samples were used with dif-
ferent degrees of BChl monomer exchange as indi-
cated in Table 1, and spheroidene as the carotenoid.

Fig. 2 shows some of the typical transients ob-
tained at 550 and 895 nm and their respective
mono- and bi-exponential fits. As it turns out,
many of the transients had to be fitted bi-exponen-
tially over a large temperature range in order to ob-
tain satisfactory fits.

3PH']
1
3B
-
/( 4 \ 3
k3o, \ k\\
3P /// k2 3 \\\ \\\k3(—4
- 4(—3\\\ \
Ko A \ \\3 Car
Kico =4
k6k4
0 5 6
P B Car

Fig. 1. The 4-state model used for the description of triplet en-
ergy transfer in the RC. For detailed explanation, see text. The
filled arrows denote the rates that have been observed and de-
scribed in the literature. The broken arrows depict rates that
are unknown (from and to *Bg), the dotted ones show rates
that are speculative (k;; for bypass reaction, and k4., for
tunneling). The rates defined by arrows between different mole-
cules (P, B, and Car) are in reality second order rates, i.e. they
depend on the ground state concentrations of the molecule the
excited state of which they point to.
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Fig. 2. Comparison of mono- and bi-exponential fits to the rise
(upper traces, at 45 K) and decay (middle traces, at 30 K) of
the transient triplet—triplet absorption of *Car observed at 550
nm, and the decay (lower traces, at 35 K) of 3Pgy observed at
895 nm. Excitation by a 20-ns wide laser pulse at 855 nm. The
transients were taken with sample A (Rb. sphaeroides 2.4.1).

3.1. Fuast transients observed at 550 nm
(3Car triplettriplet absorption)

In order to correctly fit the rate of *Car formation
(see for example Fig. 2, upper traces) its decay rate
has to be used in the simulation function. It was
derived from the *Car decay analyzed from transi-
ents obtained on a longer time scale (e.g., Fig. 2,
middle traces), and was included as a fixed parameter
in the fit of the multi-exponential rise and decay
curves obtained on a short time scale.
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These results were obtained for Rb. sphaeroides
2.4.1 (sample A) by the following procedure.

Below 85 K two distinct rates were necessary to
obtain a good fit for the 3Car formation process.
Both were fairly temperature-independent below
about 50 K (see Fig. 3) at around 107® and 1077 s,
and agree very well with previous measurements
[1,28,56]. Above 85 K a mono-exponential fit was
able to describe the data. It was temperature depend-
ent with an increase in >Car-formation rate of ap-
prox. a factor of 4 between 80 and 300 K. Below
45 K the 3Car absorption became so weak that the
transient response of the primary donor triplet—trip-
let absorption (see Fig. 8) had to be taken into ac-
count and subtracted from the trace before fitting.
Another effect of the low intensity of the *Car signal
at low temperatures was that below about 20 K the
signal-to-noise ratio became so poor that we were

Temperature [K]
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L 1 1 1 1
108 -10°
107 RN A“QAA_A g -7
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Fig. 3. Top: 3Car formation rates in Rb. sphaeroides 2.4.1
(sample A) in an Arrhenius plot. The transients were observed
at 550 nm and evaluated by either a mono- (A, 7>85 K) or a
bi-exponential (v, T<85 K) fit to the rise of the signal. The
dashed lines represent fits to Eq. 6 (see Table 2). Bottom: Am-
plitudes of the kinetic components normalized to the OD at the
wavelength of observation (550 nm) with corresponding sym-
bols. The amplitudes of the two components can be directly
compared and allow to distinguish between the dominant and
the minor contributions.
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Fig. 4. Top: 3Car formation rates in Rb. sphaeroides 2.4.1, Bp
exchanged with [3-vinyl]-132-OH-BChl a (sample B, @) and Rb.
sphaeroides R26.1, Bx and Bp exchanged with [3-vinyl]-132-OH-
BChl a and reconstituted with spheroidene (sample C, A and
v) in an Arrhenius plot. The transients were observed at 550
nm and evaluated by either a mono- or a bi-exponential (below
85 K for sample B, and in the whole temperature range for
sample C) fit to the rise of the signal. Bottom: Amplitudes of
the kinetic components normalized to the OD at the wavelength
of observation (550 nm) with corresponding symbols.

not able to distinguish the two rates any more, i.e.,
a mono-exponential fit was sufficient to describe the
data (not shown).

Similar limitations were present in samples B and
C (Rb. sphaeroides 2.4.1 with By exchanged, and Rb.
sphaeroides R26.1 with both By and Bp exchanged
for [3-vinyl]-132-OH-BChl a, then reconstituted with
spheroidene). Fig. 4 presents the temperature de-
pendence of the rates and amplitudes of the different
components in *Car formation in samples B and C.
Sample B behaved very similar to sample A. This
was expected since only By was exchanged, but not
Bg over which the triplet energy transfer process
should proceed. For sample C (both BChls ex-
changed with [3-vinyl]-13>-OH-BChl 4, and reconsti-
tuted with spheroidene) we found bi-exponential
3Car formation behavior in the complete temperature
range above 20 K.

The most striking difference between the Bg-modi-
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Fig. 5. Top: 3Pgy decay rates in Rb. sphaeroides 2.4.1 (sample
A) in an Arrhenius plot. The transients were observed between
870 and 895 nm (depending on the location of the Pgzp maxi-
mum at different temperatures) in different time intervals and
globally evaluated by either bi-, tri-, or tetra-exponential fits to
the decay of the signal. Bottom: Amplitudes of the kinetic com-
ponents normalized to the OD at the acquisition wavelength
(between 870 and 895 nm) with corresponding symbols.

fied sample C and samples A and B (with native
BChl at Bpg) is the additional slow component in
sample C which appears between 110 and 300 K.
In the representation in Fig. 4 this appears as a dip
in the slow rate between 110 and 300 K. A similar
behavior, albeit with less data points at higher tem-
peratures, was observed by Frank et al. in the same
sample [28]. Upon raising the temperature this ther-
mally activated component quickly gains strength
surpassing the amplitude of the ever present fast
component around 150 K. It thus seems to be a
direct result of the exchange of Bp with [3-vinyl]-
132-OH-BChl a. Except for this additional dip in
the slower rate the observed rates and corresponding
amplitudes are roughly the same in all three samples.

3.2. Decay rates observed on the Pgz) absorption band
The temperature dependence of the decay rates of

the primary donor triplet of samples A and B (wild-
type with and without By exchanged) are shown in

Figs. 5 and 6. The main features are very similar in
both samples, as expected. Below 35 K the decay is
bi-exponential in sample A with both rates slowly
dropping with temperature to 1.4x10* and
3.5x10° s7! below 15 K due to the different triplet
sublevel decay paths [22,57]. In the same temperature
range, sample B exhibits a similar behavior with its
sublevel decay rates at 9x10° and 1.5%10? s! and
two additional faster temperature-independent decay
rates at 1.2x10° (filled v) and 1.4x 107 s~! (filled
A ) with weak contributions to the overall amplitude.
These two additional rates merge with the temper-
ature-dependent rate (filled ©O) at around 60 and 90
K. Sample A shows only very weak indications of
the presence of these rates setting on at higher tem-
peratures (empty v and A). Both samples show a
further slow rate of 9x10° s™! (X) at temperatures
between 30 and 160 K (sample A), and between 30
and 65 K (sample B). At these temperatures the rate
starts to increase linearly with decreasing inverse
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Fig. 6. Top: 3Pgy decay rates in Rb. sphaeroides 2.4.1, By ex-
changed with [3-vinyl]-13>-OH-BChl a (sample B) in an Arrhe-
nius plot. The transients were observed between 870 and 895
nm (depending on the location of the Pg;p maximum at differ-
ent temperatures) in different time intervals and globally eval-
uated by either bi-, tri-, or tetra-exponential fits to the decay of
the signal. Bottom: Amplitudes of the kinetic components nor-
malized to the OD at the acquisition wavelength (between 870
and 895 nm) with corresponding symbols.
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temperature. The behavior of the slow rate of sample
A around 9x10% s7! is identical with that observed
in RCs of Rb. sphaeroides R26.1 where a thermal
activation of 730 cm~! had been determined for the
back-reaction to *[Pg,,H™] [54,56] and thus is attrib-
uted to RCs which lost their carotenoid during prep-
aration. The amplitude of the slow rate is very weak
in both samples which underlines this interpretation.

Sample C (both BChl monomers exchanged
against [3-vinyl]-132-OH-BChl a and reconstituted
with spheroidene) shows a drastically different be-
havior (see Fig. 7). While the slow component arising
from the minor contribution of carotenoid-free RCs
is again present (at 9x 103 s~! with an additional
component at 2.3Xx10° s™! below 25 K, and a ther-
mally activated behavior above 160 K (X)), there is
only one additional, thermally activated decay rate
visible above 90 K (Q).
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Fig. 7. Top: 3Pgy decay rates in Rb. sphaeroides R26.1, By and
Bp exchanged with [3-vinyl]-132-OH-BChl a and reconstituted
with spheroidene (sample C) in an Arrhenius plot. The transi-
ents were observed between 870 and 895 nm (depending on the
location of the Pg7p maximum at different temperatures) in dif-
ferent time intervals and evaluated by either a mono- or a bi-
exponential (below 25 and above 100 K) fit to the decay of the
signal. Bottom: Amplitudes of the kinetic components normal-
ized to the OD at the acquisition wavelength (between 870 and
895 nm) with corresponding symbols.

A. Angerhofer et al. | Biochimica et Biophysica Acta 1365 (1998) 404-420

1.00

0.75 4

Amplitude

-0.25

475 500 525 550 575 600 625
Wavelength [nm]
Fig. 8. Wavelength dependence of the amplitudes of the decay
rates observed at 550 nm on the triplet-triplet absorption band
of spheroidene in Rb. sphaeroides R26.1, By and Bg exchanged
with [3-vinyl]-132-OH-BChl @ and reconstituted with spheroi-
dene (sample C) at 55 K. Open circles correspond to the >Car
decay rate. The Xs correspond to the residual signal of the
3Pgy triplet—triplet absorption which appears as a slowly decay-
ing component in the transients. The lines represent the MIA
spectra of 3Car (full line) and 3Pg7y (broken line).
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3.3. Transient spectra

For spectral identification of the observed kinetic
components the transients were measured and ana-
lyzed between 450 and 650 nm. Fig. 8 displays the
result for the 3Car decay (Q) in sample C at 55 K
which had to be distinguished from the underlying
triplet—triplet absorption of the longer lived *Pgso
(X). The two components compare very well with
the microwave induced absorption (MIA) spectra
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Fig. 9. Wavelength dependence of the amplitudes of the kinetic
components observed at 550 nm on the triplet-triplet absorp-
tion band of spheroidene in Rb. sphaeroides R26.1, B ex-
changed with [3-vinyl]-132-OH-BChl a (sample B) at 45 K. X,
3Car decay rate; O, fast rate of >Car formation (see Fig. 4);
v, slow rate of 3Car formation (see Fig. 4). The broken line
represents the MIA spectrum of 3Car.
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of the two species. The MIA spectrum is a ‘site-se-
lective’ triplet-minus-singlet spectrum that has been
observed via the ADMR technique [38,58].

Fig. 9 shows the *Car decay as well as the two
different 3Car formation rates in comparison with
its MIA spectrum for sample B. As can be seen, all
observed rates follow the triplet-minus-singlet pat-
tern of the 3Car MIA spectrum and may be identified
with the spheroidene triplet state. However, note the
caveat for the fast rate as discussed below.

4. Discussion
4.1. Carotenoid triplet formation rates

As is evident from Figs. 3 and 4 the rise-time of
the carotenoid triplet-triplet absorption signal is bi-
exponential in the temperature range below about
100 K. Above 100 K the bi-exponentially persists
in the Bg exchanged RCs while in samples with nat-
ural BChl a at By the two different rates seem to
merge and are not distinguishable any more. The
faster of the two rates shows a very weak temper-
ature dependence (if any) and has a characteristic
time constant between 10 and 100 ns. It may be
due to radical-pair recombination kinetics, and may
ultimately be limited by the time resolution in our
experiment. A similarly fast component in the rise of
the 3Car triplet-triplet absorption signal was also
observed by Kolaczkowski [1], and by Frank et al.
[28].

The spectral response of this fast component is
very similar to the spheroidene triplet-minus-singlet
spectrum (see Fig. 9). This contrasts with the findings
of Frank et al. [28] who observe a rather flat wave-
length dependence of the temperature-independent
fast rate which may perhaps be due to the wider
spectral bandwidth used by these investigators and/
or their noisier primary data.

The complication in the interpretation of the dif-
ference spectrum of the fast component is due to its
similarity to the ![Pg,,H™]-minus-ground state differ-
ence spectrum [16], which makes [P§,,H™] decay and
3Car formation virtually indistinguishable in this
spectral region. Of course, the transient due to
[Pg,oH™] formation appears within 200 ps as a
bleaching of the pheophytin absorption band at
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Fig. 10. Arrhenius plot of the calculated rates, i.e., the 4 kinetic
components present in the 4-state model for the classic model
(A), the classic model with heterogeneity (B), and the tunneling
model (C) (see text and [40]).

546 nm and would be present during the laser pulse,
while the 3Car transient appears as an absorption
increase. Thus the decay of [Pg;)H™] which takes
place in the 10-50-ns range and the formation of
3Car produce absorption changes in the same direc-
tion and in the same time window. We can therefore
not exclude the possibility that part of the fast tran-
sient observed at 550 nm is due to [Pg;(H™] recombi-
nation.

The slow *Car formation rate which levels off at
1x10° s7! does not suffer from this complication
since [Pg;,H ™| recombination occurs on a much fast-
er time scale. Based on its spectral behavior it can
clearly be interpreted as true 3Car formation. The
implications of this rate leveling off at 1x10% s~!
will be discussed below in conjunction with the
3Pg70 decay.



414 A. Angerhofer et al. | Biochimica et Biophysica Acta 1365 (1998) 404-420

Al /1

500 500 700 860 500 1000

Wavelength [nm]
Fig. 11. MIA spectra of Rb. sphaeroides R26.1, By and Bg ex-
changed with [3-vinyl]-132-OH-BChl « and reconstituted with
spheroidene (sample C) at 9, 32, 58, 98, and 130 K, observed
on the 2|E| signal of the spheroidene triplet state. The spectra
are normalized to equal height of the 3Car triplet—triplet ab-
sorption peak at 550 nm. Microwaves were set at 267 MHz
with 3 W power.

4.2. Primary donor bleaching decay rates

The temperature dependence of *Pg;y decay of
sample B (RCs with Ba exchanged) is the richest in
terms of observed exponentials (see Fig. 6). Appar-

ently, the temperature independent components be-
tween 10 and 50 K observed with rates of approx.
10° s7! and 107 s~! resemble very well the observed
3Car formation rates. While 3Car does not have any
known absorption components around 8§90 nm
where the transients were observed it is theoretically
expected that its rates show up in the kinetics of
3Pg7o if both species can exchange energy [40]. Ap-
parently, sample A (wild-type RCs) shows a similar
behavior, although the onset at which these fast com-
ponents can be distinguished from noise lies at higher
temperatures (see Fig. 5). Sample C (both monomers
exchanged) does not show any indication of these
temperature independent fast rates (see Fig. 7).
This may actually indicate that the fast tempera-
ture-independent rates observed at 550 nm in sam-
ples A and B are due to 3Car formation rather than
[Pg-oH™] decay since the latter is present in sample C
as well while 3Car formation is depressed at low
temperature due to the higher triplet transfer barrier
*Bg [28].

The rate that dominates *Pg;o decay for samples A
and B is temperature dependent, rising from approx.
10* s7! (above 30 K) to merge with the fast rates at
higher temperatures. The slow (10* s~!) rate ob-
served at temperatures above 30 K with a thermally
activated behavior above 100-+150 K can be attrib-
uted to carotenoid-free RCs (see Section 3).

Table 2
Activation energies (in cm™!) for *Pgyy decay, and 3Car decay and formation
Sample Activation energies in cm™!

According to Eq. 5 According to Eq. 6
A: Rb. sphaeroides 2.4.1
3P870 decay 65£10 95+ 10
3Car formation (fast) 105 £10 140 + 15
3Car formation (slow) 115 £10 195 +30
3Car decay 3242
B: Rb. sphaeroides 2.4.1 B exchanged
3Pgy decay 100 £5 105 £5
3Car formation 110 £15
3Car decay 35%2
C: Rb. sphaeroides R26.1 Bx, Bg exchanged, and reconstituted with spheroidene
3Pgyo decay 410 £20 460 £20
3Car formation (above 150 K) 310 £10

3Car decay 303
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4.3. The slow 3Car formation rate

The main question that we want to address in this
section is: Why does the temperature dependent for-
mation rate of the carotenoid triplet level off around
10% s~! below 50 K? (Since sample C shows quite a
different picture for 3Pgy decay than samples A and
B, we defer the discussion of the By exchanged spe-
cies to the next section.) This observation cannot
only be seen in Figs. 3 and 4, but is also evident
from previous reports [1,28,56]. While this kinetic
rate is weakly observed in the *Pg7y decay as well
(especially sample B, see Fig. 6), it does not corre-
spond to the predominant *Pg;y decay rate at low
temperatures. Kolaczkowski assumed a tunneling
process to explain this rate which would only be ob-
servable at low temperatures when the thermally ac-
tivated process shuts down [1].

Based on the linearized 4-level model described in
Section 2 (for a detailed account see [40]) one can
calculate the temperature dependence of the apparent
rates observed on the transients of the triplet concen-
trations on the primary donor as well as on the car-
otenoid. These rates correspond to the inverse life-
times of states 1-4 in the 4-level model (see Fig. 1). It
is especially revealing to compare the results of the
classical model (no tunneling, k4. >, and no bypass,
k3.1, process assumed) with and without heterogen-
eity of the energy level of 3Bg (see Fig. 10A,B) with
the tunneling model (see Fig. 10C). All three models
show two temperature-independent slow rates at low
temperatures.

The question then is, whether it is possible to mod-
el a temperature independent rate at 1xX10°% s~! for
the carotenoid formation as observed in the experi-
ment. Apparently, this is not possible for the classic
model (without provision for tunneling, bypassing,
or heterogeneity, Fig. 10A). At low temperatures
the only slow rates observable are the inverse life-
times of the primary donor and the carotenoid triplet
(decay rates of 1x10* s7' and 2x10° s™!, respec-
tively). Obviously, one would not even expect to ob-
serve *Car at all at temperatures low enough where
the thermally activated triplet transfer becomes slow-
er than the intrinsic lifetime of *Pg7 (the intensity of
the 2x 10° s~! kinetic component would be too small
to be observable). This rules out the classic model. It
can also be rejected based on the observation of the

presence of 3Car at temperatures as low as 4.2 K
with ODMR [29-31].

Kolaczkowski’s assumption of a tunneling process
that would only be visible at low temperatures when
the thermally activated triplet transfer becomes inef-
ficient [1] also does not solve the question. In this
case it is of course possible to simulate an apparent
rate of 1 X 10° s™! by arbitrarily assuming it to be the
tunneling rate k4., in the model (see Figs. 1 and
10C). However, this assumption excludes the observ-
ability of the intrinsic *Pg7y decay at all. Obviously,
tunneling would dominate over the ISC decay of the
primary donor triplet at low temperatures which
would make it impossible to observe the dominant
decay rate of 1x10* s7! as seen in Figs. 5 and 6
which is comparable to carotenoid-free mutants.
These kinetic components would only be observed
from the minor contribution of carotenoid-free RCs
whose intensities appear at least 1 order of magni-
tude below the intensity of the carotenoid-containing
main component. One can see that this is not the
case in Figs. 5 and 6. Rather the slow component
attributed to *Pg7y decay dominates the amplitudes
at low temperature. Furthermore, if tunneling were a
valid route for triplet energy transfer from 3Pg;y to
3Car one would expect to observe high concentra-
tions of *Car down to 4.2 K, e.g., by EPR, which
is not the case [27].

The explanation which we would like to put for-
ward introduces a heterogeneity of the energy level
of *Bg. We assumed a Gaussian distribution of en-
ergy levels with a half width T =95 cm™!, which cor-
responds to the linewidth of the singlet ground state
absorption spectrum of Bg [38]. As seen from Fig.
10B, the resulting simulation yields an apparent rate
of the order of 1Xx10° s™! at low temperatures in
addition to the intrinsic *Pg7y decay of 1Xx10* s,
Obviously, the decay rates are not mono-exponential
any more and the plotted rates are weighted averages
of the expected theoretical rates as they would ap-
pear in the experiment. The distribution of rates now
also results in non-linear dependencies on inverse
temperature in the Arrhenius plot and complicates
the analysis of the energy barrier. As the temperature
is dropped, less and less RCs will participate in the
triplet energy transfer process leaving only those at
the low energy wing of the non-homogeneous distri-
bution of By energy levels to produce *Car. This
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model not only explains the apparent temperature
independent slow *Car formation rate at low temper-
atures but also the available magnetic resonance
data. One would expect the 3Car concentration to
drop sharply around 3040 K as observed in light-
induced cw-EPR experiments [25]. On the other
hand, low concentrations of *Car would still be ob-
servable down to very low temperatures, stemming
from the fraction of RCs with very low 3Bg energies
relative to the primary donor triplet state. This
would explain the observation of 3Car ODMR sig-
nals down to 4.2 K [29-31]. Under many circumstan-
ces, ODMR is much more sensitive than cw-EPR
and therefore might pick up very low triplet concen-
trations which would not show up in cw-EPR. Fi-
nally, this model might also explain the direct obser-
vation of *Bg by zero-field ADMR in carotenoid-free
mutants of Rb. sphaeroides [59]. It should be in dy-
namic equilibrium with 3Pg;y due to the close prox-
imity of the two pigments. In the classic model all
triplet energy would end up on 3Pgyy and thus *Bg
would not be observed by ODMR. However, with
the assumption of heterogeneity of the energy of 3B,
and/or in 3Pg;, for that matter, there would be a
fraction of RCs in the sample that has 3Bp lower
in energy than 3Pg7 thus rendering it observable. It
should be added that of course the heterogeneity
may also be present in the triplet energy level of
the primary donor itself, 3Pg;, which would also
lead to the observed effects since only the relative
energy difference between 3Pg; and *Bp has to
change sign to observe activation-less triplet energy
transfer from 3Pg7 to 3Bg.

Summarizing this section we want to stress that it
is not necessary to invoke an unlikely tunneling proc-
ess at low temperatures to explain the slow temper-
ature independent carotenoid triplet formation proc-
ess. Instead, it is possible to reconcile the transient
optical data with previous magnetic resonance results
by assuming heterogeneity in the energy level of *Bg
(and/or 3Pgy).

4.4. The fast 3Car formation rate

Kolaczkowski showed evidence for the fast tem-
perature independent process without backing it up
with an absorption difference spectrum [1]. Frank et
al. also observed a fast component but discounted it

as due to primary donor triplet formation because its
spectral shape lacked the characteristic peak around
550 nm [28]. Closer inspection of Fig. 5 in [28] shows
a slight maximum around 545 nm that could perhaps
in part be due to a spheroidene triplet—triplet absorp-
tion band. It may very well be that the lower signal-
to-noise ratio in the original transients (compare Fig.
2a in [28] with our Fig. 2 top panel) combined with
lower spectral resolution precluded these workers
from resolving the 3Car absorption peak in the spec-
trum of their fast rising component. Our absorption
difference spectra (see Fig. 9) clearly show a peak at
550 nm for the fast kinetic component.
Nevertheless, due to the similarity of the carote-
noid triplet-triplet absorption spectrum with the dif-
ference spectrum of [P, H™] recovery it seems pre-
mature to speculate about a possible mechanism
which could explain such a fast *Car formation
in bypassing *Pg7y as proposed by Kolaczkowski

[1].
4.5. The energy barrier, >Bg

The fact that we have to assume substantial heter-
ogeneity (i.e., broadening) of the energy level of *Bg
makes it difficult to obtain a good number for its
value. For once, the thermally activated rate does
not obey a strict Arrhenius behavior any more (as
can be seen by the predicted curved lines in Fig.
10B). On the other hand, our data are still too noisy
to use the extended model and to include the degree
of heterogeneity as a free fit parameter. It therefore
has to be kept in mind that the application of a strict
Arrhenius law, and the energy barriers derived from
it are fraught with a substantial uncertainty not only
due to fitting errors but also due to the convolution
of rates from different subpopulations of reaction
centers. It is especially hazardous to take the thermal
activation of the slow component of the *Car forma-
tion rate because at low temperatures only a subpo-
pulation of RCs is sampled. Additionally, in the vi-
nyl-BChl (Bg) exchanged sample C a certain
percentage of unexchanged RCs is present [38,60],
and may be the reason why the slopes of the slow
3Car formation (above 100 K) in Fig. 4 and the rate
of 3Pg7y decay in Fig. 7 do not coincide with each
other (see also further discussion below). We there-
fore prefer to take the rates from the temperature



A. Angerhofer et al. | Biochimica et Biophysica Acta 1365 (1998) 404-420 417

dependence of the 3Pgy, life-time since one always
observes the bulk behavior in this case.

Table 2 shows the activation energies obtained for
the different samples from the analysis of the temper-
ature dependence of their 3Pgy decay, and 3Car de-
cay and formation rates. For 3Car only the slow
formation rate was used since it is due to the ther-
mally activated energy transfer while the fast rate
may be due to a bypass reaction for which no tem-
perature dependence is expected, and may be ob-
scured by or entirely due to [Pg;(H™] recombination.

The rates were fit to the Arrhenius equation

Kobserved = kOGXp{_kAB—ET} (5)
where ko corresponds to k.3 of the 4-state model
(see Fig. 1), and kopserved 1S the observed rate of either
3Pgy0 decay (see Figs. 5-7), or 3Car formation (see
Fig. 3 or Fig. 4); kg is Boltzmann’s factor. Since the
rates level out at low temperatures, only data points
above 100 K (above 140 K for sample C) can be used
for the fit as they provide approximately straight
lines in the log k vs. 1/T plot.

In order to include more data points at lower tem-
peratures and increase the accuracy of the fits we
included the low temperature rates in the fits, by:

Kobserved = k[3P] + koCXp{—léABE]:} (6)
where k{zp) is the life-time of 3Pg7o at very low tem-
peratures (with no thermally activated energy trans-
fer present).

If we take the evaluation of the *Pg;, decay with
Eq. 6 as the most reliable figure for the energy bar-
rier we arrive at a difference of approximately 360
cm~! in activation energies between native BChl a
and [3-vinyl]-132-OH-BChl « at Bg.

This is less than the energy difference of their sin-
glet excited states (approx. 590 cm™! [38]) which in-
dicates slightly different exchange interactions in the
LUMOs of the two molecules, or might be ascribed
to the effect of heterogeneity that puts heavier
weights on lower energy barriers in the experimental
observation of triplet energy transfer (thus ‘pulling
down’ the higher energy barrier more than the lower
one).

Our results are consistent with those previously
reported by Frank et al. [28]. The values for wild-

type RCs match exactly if we compare our data from
the analysis of the temperature dependent *Car for-
mation (140 + 15 cm™!) with theirs (140 %100 cm™!).
For the afore-mentioned reasons we believe that the
evaluation of the temperature dependence of the
3Pg70 decay rates is more reliable. It leads to some-
what lower values of around 95+ 10 cm~!. This is
still consistent with [28] considering the large error
margin given, and our sample B (1055 cm™!) as
well as the values given by Kolaczkowski (130 %20
cm 1) [1]. Work on RCs from Rsp. rubrum S1 found
an energy barrier of 190 cm™! [31] but in that case
Bg appears to be slightly blue-shifted as compared to
Rb. sphaeroides [60] which may explain the differ-
ence.

Sample C exhibits a discrepancy of the activation
energies of about 100-150 cm™! as measured from
the temperature dependence of 3Car formation and
3Pg70 decay (see Table 2). Since we believe that this
sample may be contaminated with small amounts of
RCs not exchanged at By (see below) it is especially
hazardous to take the *Car formation rate as a meas-
ure of triplet energy transfer. At low temperatures
the contamination will contribute over-proportional
due to its lower activation barrier. We therefore be-
lieve that the value of 460 =20 cm™! is more accurate
for the energy barrier in this case, of course with the
cautionary remark that heterogeneity is expected to
play a role in sample C, too. Since heterogeneity al-
ways tends to favor RCs with lower energy barriers
in the observation of the transients, the real median
value may actually still be higher. Our results are in
agreement with those reported by Frank et al. [28]
(380+100 cm™!') within their large error margin.
However, these workers used the 3Car population
for their analysis which underestimates the true en-
ergy barrier.

4.6. The Bp exchanged sample C

Closer inspection of the *Car formation rates of
the [3-vinyl]-132-OH-BChl a exchanged sample C
(Fig. 4) shows a peculiar behavior of the slow com-
ponent which in our view can only be explained by
the heterogeneity in the sample composition (not the
inherent heterogeneity in the energy of 3Bg but the
presence of unexchanged RCs). At low temperatures
(below 100 K) the rate appears to rise steadily from



418 A. Angerhofer et al. | Biochimica et Biophysica Acta 1365 (1998) 404-420

approx. 1x10° s7! (at 20 K) to approx. 4x10°% s~!
(around 100 K) in good agreement with the observa-
tion in wild-type RCs (filled circles). Above 100 K
the rate apparently drops to slightly below 1x10°
s~!, and rises again with temperature with a much
steeper slope to arrive at 4Xx10° at around 300 K.
The slope translates into an activation energy of
310£10 cm™! (see Table 2).

The MIA spectra of the spheroidene triplet state in
sample C (see Fig. 11) supplies us with a plausible
explanation for this behavior. The BChl region
shows two distinct bleaching bands in the low tem-
perature spectra (9 K to 58 K) with maxima at 812
and 775 nm. At higher temperatures only the band at
775 nm persists. These bands can be ascribed to the
partial bleaching of Bg while the spheroidene mole-
cule is in its triplet state [38]. Clearly, at low temper-
atures we are picking up some fraction of RCs that
have not been exchanged with [3-vinyl]-132-OH-BChl
a at Bg thus exhibiting the native By bleaching at 812
nm. According to HPLC analysis this fraction is
rather small, approx. 5% of the total population
[38]. Nevertheless it produces a signal comparable
in strength to the 95% of [3-vinyl]-13>-OH-BChl «
exchanged RCs at 9 K. The impurity is favored
against the bulk due to the lower energy barrier for
triplet energy transfer. The same is expected to hap-
pen in the transient absorption measurements, ex-
plaining why the slow rate of 3Car formation of
samples C and A are so similar below 100 K. Above
100 K the MIA signals are due to the bulk of [3-
vinyl]-132-OH-BChl @ exchanged RCs drowning out
the impurity band at 812 nm. The 3Car formation
rates taken from the corresponding absorption tran-
sients reflect the triplet transfer activity of the modi-
fied RCs.

Finally, we want to point out that due to the con-
tamination with non-exchanged RCs the application
of the 4-state model to the 3Car formation rates does
not bring additional information. At low tempera-
tures we would only get the results obtained from
samples A and B because the contamination domi-
nates the *Car formation. At higher temperatures a
simple Arrhenius analysis suffices to extract the ap-
parent energy barrier.

5. Conclusions

In this study we have analyzed carotenoid triplet
formation and decay as well as primary donor triplet
decay in RCs from Rb. sphaeroides 2.4.1 (wild-type,
sample A), exchanged at position By with [3-vinyl]-
132-OH-BChl «a (sample B), and those from the mu-
tant R26.1, exchanged at both monomer positions
with [3-vinyl]-132-OH-BChl « and reconstituted
with spheroidene. A simple model for triplet energy
transfer was used to interpret the experimental data.
We can explain the slow temperature independent
3Car formation rate at low temperatures by introduc-
ing a heterogeneity in the energy of *Bg. A Gaussian
distribution with a half width of 95 cm™! simulates
the observation rather well. The observation of an
additional temperature independent fast kinetic com-
ponent on both the 3Car triplet-triplet absorption
and the 3Pgyy bleaching bands may be due to either
an additional triplet transfer process bypassing the
vibronically relaxed *Pg7y, or may be explained by
the [Py H™] recombination kinetics. The quality of
our data is not good enough to clearly distinguish
between both possibilities.

The energy barriers for triplet energy transfer from
3Pg7o to 3Car via *Bp were estimated to be of the
order of 100+ 10 cm™! for samples A and B where
Bg has not been exchanged, and 460+20 cm™! for
sample C where Bg has been exchanged against [3-
vinyl]-132-OH-BChl a.
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