Photosynthesis Research 82: 83–94, 2004.
 2004 Kluwer Academic Publishers. Printed in the Netherlands.

83

Regular paper

Triplet excitation transfer between carotenoids in the LH2 complex from
photosynthetic bacterium Rhodopseudomonas palustris
Juan Feng1, Qian Wang2, Yi-Shi Wu1, Xi-Cheng Ai1, Xu-Jia Zhang2, You-Guo Huang2,
Xing-Kang Zhang1& Jian-Ping Zhang1,*
1

The State Key Laboratory for Structural Chemistry of Unstable and Stable Species, Institute of Chemistry,
Chinese Academy of Sciences, 1st North Street, Haidian District, Beijing 100080, P. R. China; 2The National
Laboratory of BioMacromolecules, Institute of Biophysics, Chinese Academy of Sciences, Beijing 100101,
P. R. China; *Author for correspondence (e-mail: jpzhang@mail.iccas.ac.cn; fax: +86-10-82616163)
Received 1 February 2004; accepted in revised form 1 April 2004

Key words: bacteriochlorophyll, carotenoid, light-harvesting antenna complex, time-resolved spectroscopy,
triplet excitation transfer

Abstract
We have studied, by means of sub-microsecond time-resolved absorption spectroscopy, the triplet-excited
state dynamics of carotenoids (Cars) in the intermediate-light adapted LH2 complex (ML–LH2) from
Rhodopseudomonas palustris containing Cars with diﬀerent numbers of conjugated double bonds. Following pulsed photo-excitation at 590 nm at room temperature, rapid spectral equilibration was observed
either as a red shift of the isosbestic wavelength on a time scale of 0.6–1.0 ls, or as a fast decay in the
shorter-wavelength side of the Tn ‹ T1 absorption of Cars with a time constant of 0.5–0.8 ls. Two major
spectral components assignable to Cars with 11 and 12 conjugated double bonds were identiﬁed. The
equilibration was not observed in the ML–LH2 at 77 K, or in the LH2 complex from Rhodobacter
sphaeroides G1C containing a single type of Car. The unique spectral equilibration was ascribed to temperature-dependent triplet excitation transfer among diﬀerent Car compositions. The results suggest that
Cars of 11 and 12 conjugated bonds, both in close proximity of BChls, may coexist in an a,b-subunit of the
ML–LH2 complex.
Abbreviations: BChl – bacteriochlorophyll; Car – cartotenoid; LH2 – light-harvesting complex II; ML–LH2
– intermediate-light adapted LH2
Introduction
Carotenoid (Car) plays important physiological
roles of light-harvesting and photoprotection in
photosynthetic organisms (Frank and Cogdell
1993). For light-harvesting it absorbs light in the
blue-green spectral region where bacteriochlorophyll (BChl) does weakly, and transfers the singlet
electronic excitation to BChls (Koyama et al. 1996;
Ritz et al. 2000). For photoprotection it quenches,
via eﬃcient BChl-to-Car energy transfer, tripletexcited state BChl (3BChl*) before the formation of
harmful singlet oxygen, or scavenges singlet oxygen

directly (Cogdell et al. 2000). A common structural
basis of the above physiological functions is the
close proximity of Car and BChl molecules as
found in a number of integral photosynthetic pigment-protein complexes by means of X-ray crystallography, e. g., bacterial reaction centers from
Rhodopseudomonas (Rps.) viridis (Deisenhofer et al.
1985) and Rhodobacter (Rb.) sphaeroides (Allen
et al. 1987; Ermler et al. 1994), and light-harvesting
antenna complexes II (LH2) from Rps. acidophila
(McDermott et al. 1995) and Rhodospirillum (Rs.)
molischianum (Koepke et al. 1996). In the LH2
complex from Rs. molischianum, for an instance,
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the closest edge-to-edge distance between lycopene
and BChl molecules is 3.4 Å, a distance facilitating the reaction of eﬃcient BChl-to-Car triplet
energy transfer (Damjanović et al. 1999).
Early laser ﬂash photolysis studies on chromatophores, reaction centers and antenna complexes of photosynthetic bacteria had shown the
formation of triplet-excited state Car (3Car*) upon
photoexcitation of either BChls or Cars (Monger
et al. 1976, 1977; Rademaker et al. 1980; Cogdell
et al. 1981; Kingma et al. 1985). These experiments
and a later theoretical work (Nagae et al. 1993)
had established the reaction of eﬃcient BChl-toCar triplet energy transfer with a timescale of
10 ns which is governed by electron-exchange
coupling [Dexter’s theory (Dexter 1953)]. This
mechanism has recently been reconﬁrmed by a
theoretical analysis based on detailed crystallographic data available for the LH2 complex from
Rs. molischianum (Damjanović et al. 1999) and, by
a direct experimental demonstration on the LH2
from Rb. sphaeroides (Bittl et al. 2001). In
addition, an unusual mechanism of 3Car* formation proceeding on femtosecond and picosecond
timescales in the light-harvesting complexes from
Rs. rubrum was newly identiﬁed, and was suggested to be intra-molecular singlet ﬁssion of Car
(Gradinaru et al. 2001).
Depending on the growth condition, the LH2
complex from Rps. palustris was categorized
into three diﬀerent ‘spectral forms’, i.e., the lowlight form (LL) grown under a photon ﬂux of
100 lux, the intermediate-light form (ML) under
1000 lux, and the high-light form (HL) under
7000 lux (Tharia et al. 1999). These spectral
forms are spectroscopically distinguishable in
terms of the relative intensity between the
absorption bands of B800 and B850 BChls in the
near-infrared spectral region at 800 nm and 850
nm, respectively. The LH2 complexes from Rps.
palustris are unique in the heterogeneous composition of Cars. Total of 5 Cars with diﬀerent
numbers of conjugated C@C bonds (NC@C) were
identiﬁed as lycopene (11), rhodopin (11), rhodovibrin (12), anhydrorhodovibrin (12) and spirilloxanthin (13), and the content of individual Cars
as well as the molecular ratio of BChl:Car vary
upon diﬀerent spectral forms (Evans et al. 1990).
Hartigan et al. have recently succeeded in isolating
a novel LL–LH2 complex and obtained its electron density map at a 7.5-Å resolution, which

clearly shows an 8-fold symmetric aggregate
structure of a,b-subunits with unique apoprotein
expression (Hartigan et al. 2002). The authors also
proposed a model of geometric arrangement of
BChls based on the electron density map and on
an eﬀort to ﬁt the near-infrared absorption and
circular dichroism data. Regarding the arrangement of Car molecules in the LH2 complexes,
however, no detailed structural information has
been available.
The above peculiarities of the LH2 complexes
from Rps. palustris are both interesting and challenging for spectroscopic studies on the singlet and
the triplet energy-transfer reactions among BChl
and Car molecules. We are interested in the triplet
excited-state dynamics among the heterogeneous
Car compositions, and the present paper reports
the results of the ML–LH2 complex obtained by
the use of sub-microsecond time-resolved absorption spectroscopy both at room temperature and
at 77 K. Following pulsed photo-excitation of
BChls, rapid spectral relaxation on a timescale of
0.6–1.0 ls in the Tn ‹ T1 absorption of Cars was
observed, which could be attributed to the equilibration dynamics of triplet excitation among different types of Cars, and was found to be
temperature dependent. A total of 2 major spectral
components assignable to the 2 groups of Cars
with 11 and 12 conjugated double bonds were
clearly identiﬁed with the help of a global analysis
on the time-resolved data. The results are discussed in light of the number of Cars and their
locations with reference to BChl cofactors in an
a,b-subunit of the ML–LH2 complex from Rps.
palustris.

Materials and methods
Isolation and puriﬁcation of LH2 complexes
Cells of Rps. palustris were grown photoheterotrophically in Bose media (Bose 1963) at a light
intensity of 4000 lux at 28 C for about 50 h. The
intermediate-light adapted LH2 complex (ML–
LH2) was isolated and puriﬁed basically following
the method described by Evans et al. (1990) with
certain modiﬁcation. The cells harvested were
sonicated at 4 oC (Cole parmer Ultrasonic
homogenizer CPX 600) and digested by lysozyme
(1 mg ml)1) for an hour, and the pellets (mem-

85
branes) were precipitated by centrifugation at
150,000 · g for an hour at 4 C and re-suspended
in 20 mM Tris-HCl (pH 8.0) to give an absorption
maximum of 50 cm)1 at 880 nm. The membranes
were further solubilized with 1% (v/v) lauryldimethylamine N-oxide (LDAO) and centrifuged at
5000 · g for 10 min to remove the unsolubilized
debris. The supernatant was then diluted with
20 mM Tris-HCl (pH 8.0) to bring the LDAO
concentration to 0.3% (v/v) and layered onto a
sucrose step gradients consisting of 0.3, 0.6 and
1.2 M sucrose in 20 mM Tris-HCl (pH 8.0) and
0.1% (v/v) LDAO. The gradients were centrifuged
at 150,000 · g for 16 h at 4 C and the protein
band located between 0.3 and 0.6 M sucrose was
collected and dialyzed against the buﬀer containing
20 mM Tris-HCl (pH 8.0) and 0.1% LDAO. The
purity of the ML–LH2 complexes was >95% as
estimated by the use of absorption spectrum and
SDS-PAGE. Figure 1 shows the room-temperature
absorption spectrum of the puriﬁed ML–LH2.
The LH2 complex from Rb. sphaeroides G1C
was prepared following the procedures reported by
Fujii et al. (1998).
Analysis of pigment compositions
The pigment extraction and the HPLC analysis of
Car composition were carried out following the
procedures and the HPLC conditions described by
Qian et al. (2001). Brieﬂy, the complete acetone/
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methanol (7 : 2, v/v) extract of pigments from the
ML–LH2 suspension was further dissolved in
petroleum ether. Saturated sodium chloride solution was then added to transfer the pigments into
the petroleum–ether layer, and the procedure was
repeated until the complete extraction of pigments.
The pigment-containing epiphase was dried by the
use of a rotary evaporator in the dark, and the
extract was then dissolved in HPLC-grade acetone/benzene (1 : 40, v/v) that was used as the
eluent for the subsequent HPLC analysis. The
HPLC analysis was done with a silica gel column
(Alltima silica, 5 lm, 25 · 0.46 cm; Alltech
Associates) on a Hitachi system equipped with a
photodiode array detector (Hitachi, L-7455). Cars
were identiﬁed by their UV–visible spectra from
350 to 600 nm. The relative contents of all the
Cars in the ML–LH2 complex were determined by
integrating the elution amplitude, and by using the
reported molar extinction coeﬃcients of Cars at
480 nm in the same eluent (Qian et al. 2001). The
results of HPLC analysis are presented in Table 1.
The BChl-to-Car molecular ratio was determined from the UV–visible spectrum of the
pigment extracts in the HPLC eluent. An average
extinction coeﬃcient of 138.1 mM)1 cm)1 at
480 nm was used for Cars, whereas that for BChl a
was 85 mM)1 cm)1 at 772 nm. The latter coeﬃcient was estimated by recording the absorbance of
BChl a either in acetone/methanol [e772 nm ¼
76 mM)1 cm)1 (Clayton et al. 1966)] or in ethanol
[e774 nm ¼ 62 mM)1 cm)1 (Connolly et al. 1982)],
drying and re-dissolving it with the same volume
of eluent, and then calculating the coeﬃcient
with reference to the known extinction coeﬃcients. The BChl-to-Car ratio thus obtained is
2.5 ± 0.2:1 as an average of four independent
determinations on two diﬀerent ML–LH2 preparations.
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Figure 1. Room-temperature (295 K) absorption spectrum of
the LH2 complex from Rhodopseudomonas palustris grown
under an intermediate light level (ML) of ~4000 lux. Numerals
indicate the peak wavelengths in nm.

For the measurements at room temperature (295
K) oxygen was removed, when necessary, by
adding 5 mM glucose, 0.1 mg ml)1 glucose oxidase and 0.05 mg ml)1 catalase to the LH2 preparation, a method that was used in spectroscopic
studies on Photosystem II (Crystall et al. 1989).
The sample cell was mounted on a translational
stage to ensure that a fresh sample volume was
exposed to each shot of pulsed excitation. For the
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Table 1. Results of the HPLC analysis of Cars in the ML–LH2 complex from Rhodopseudomonas palustris
Retention time (min)

Carotenoid

Partial content

Absorption
wavelength

a

b

(%)

NC@C

(nm)

3.01
3.96

Lycopene
Anhydrorhodovibrin

514.5
528.6

11.2 ± 1.0
9.4 ± 0.2

11
12

5.68

Spirilloxanthin

538.9

12.4 ± 3.4

13

11.00

Rhodopin

514.3

32.2 ± 1.6

11

11.39

3,4-Didehydrorhodopin

528.7

26.4 ± 0.8

12

18.27

Rhodovibrin

528.6

2.8 ± 0.7

12

18.84

Monomethylated spirilloxanthin

538.9

5.6 ± 0.9

13

The 1Bþ
1Ag)(0) vibronic transition for Cars in the HPLC eluent of acetone/benzene (1:40, v/v).
u ð0Þ
The extinction coeﬃcients of rhodovibrin and spirilloxanthin reported by Qian et al. (2001) were used for 3,4-didehydrorhodopin and
monomethylated spirilloxanthin, respectively, for the estimation of the partial contents.
a

b

measurements at cryogenic temperature (77 K),
60% glycerol (v/v) was added to the suspension,
and the mixture was frozen rapidly by the use of a
cryostat (ST-100, Lauis Research Co., Inc.) to
form a glassy block of optical quality. The optical
path lengths are 5 and 2.5 mm for the room-temperature and the 77-K measurements, respectively.
The optical density at the excitation wavelength of
590 nm was adjusted to 0.3–0.4.
The excitation laser pulses (7 ns, 3 Hz) at the
wavelength of 590 nm were obtained from a dye
laser (TDL-51, Quantel International) pumped by
the second harmonic wave from a Nd:YAG laser
(571C, Quantel International). The excitation energy was attenuated to 1.5 mJ at the sample cell.
White light pulses from a xenon ﬂash lamp (L7685,
Hamamatsu Photonics) were used as the probe.
After passing the excited volume of sample the
probe light was sent to a polychromator equipped
with a gated linear photodiode array detector
(1420, EG&G; gate width 50 ns). An electric delay
pulse generator (DG535, Stanford Research System) was used to regulate the delay time between
the excitation and the gate pulses, the latter of
which had been synchronized to the probe pulse.
This apparatus allowed us to record transient
spectra at selected delay times. Global curve ﬁtting
was made over a number of kinetics at selected
wavelengths, in which a sum of exponentials convoluted to a Gaussian instrumental response function (full width at half maximum, 50 ns) was used
as a model function. Computer programs for the
data analysis were compiled based on Matlab 5.2
(Mathworks) and Mathcad Pro7 (MathSoft).

Results
Pigment compositions of the ML–LH2 complex
The HPLC analysis has revealed heterogeneous
Car compositions (Table 1). Seven diﬀerent types
of Cars, lycopene, anhydrorhodovirin, spirilloxanthin, rhodopin, 3,4-didehydrorhodopin, rhodovibrin and an unknown Car that is likely
monomethylated spirilloxanthin present in the
ML–LH2 complex. The above assignments were
based on Qian’s work on Rhodobium marinum that
was done under the same HPLC conditions as here
(Qian et al. 2001), the electronic absorption spectra of the elution components, as well as the spirilloxanthin biosynthesis pathway described by
Schmidt for Rps. palustris (Schmidt 1978). The
Cars can be categorized into 3 groups having 11,
12 and 13 conjugated double bonds with the partial contents of 43.4%, 38.6% and 18%, respectively.
These
Car
compositions
deviate
considerably from those reported for LL–LH2 and
HL–LH2 complexes from Rps. palustris by Evans
et al. (1990), where spirilloxanthin constitutes
more than 50% of the overall Car in either of the
complexes. The relative high content of the Cars
having 11 conjugated double bonds is also evidenced by the shorter peak wavelengths of the
vibronic bands in the present study (Figure 1)
compared to those in Evans et al. (1990), as well as
by the clearer vibronic structures observed in the
present study. The BChl-to-Car molecular ratio of
2.5 ± 0.2:1 implies that 1.2 ± 0.1 Car molecules
associate with an a,b-subunit given the number of
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BChls in it is 3 as in the cases of Rps. acidophila
and Rs. molischianum. In view of the light-level
dependent apoprotein expression of the LH2
complex for Rps. palustris (Tharia et al. 1999),
Hartigan and co-worker’s structure of LL–LH2
(Hartigan et al. 2002) may not be the same as the
ML–LH2 complex in the present study. Nevertheless, if we take the number of BChls per a,bsubunit as 4 as suggested by Hartigan et al. (2002),
the number of Car molecules can be 1.6 ± 0.1.
Dynamics of spectral equilibration
With the pulsed excitation at 590 nm, which corresponds to the Qx absorption band of BChls, we
recorded sub-microsecond time-resolved absorption spectra for the ML–LH2 of Rps. palustris at
room temperature under both aerobic and anaerobic conditions, as well as those at 77 K, and the
results are presented in Figures 2a–c. For comparison we also measured, at room temperature,
the time-resolved spectra for the LH2 complex
from Rb. sphaeroides G1C containing mainly alltrans-neurosporene (NC@C ¼ 9), and the results
are shown in Figure 2d.
In all the sets of time-resolved spectra, bleaching of ground-state absorption appear to the
shorter-wavelength side as negative signals immediately following the pulsed excitation (0.0 ls).
They are accompanied by positive Tn ‹ T1
absorption to the longer-wavelength side peaked
at 560 nm (Figures 2a, b) and 566 nm (Figure 2c) under physiological and cryogenic temperatures, respectively, for the ML–LH2 of Rps.
palustris, and at 518 nm for the LH2 of Rb.
sphaeroides G1C (Figure 2d). The triplet absorption spectra of the ML–LH2 are obviously much
broader than those of the LH2, a fact that suggests
the contribution from diﬀerent Car compositions.
In the 77-K measurement the triplet absorption
band clearly splits into 2 peaks at 550 and
566 nm. The transient spectra reach a maximal
DOD at the delay time of 0.05 ls under room
temperature (Figures 2a, b), whereas a rising phase
between 0.0 and 0.3 ls can be clearly identiﬁed in
the 77-K case (Figure 2c). The absence of a rising
phase at room temperature suggests that the formation of 3Car* is faster than the present instrumental resolution (50 ns). The temperaturedependent building-up phase of 3Car* population
observed in the present work is ascribed to the

process of BChl-to-Car triplet energy transfer. It
has been well established that 3BChls* transfer the
excitation energy eﬃciently to their adjacent Cars
in bacterial antenna complexes. The timescale of
energy transfer is temperature dependent, it is
10 ns at room temperature, and slows down
upon decreasing temperature with a pronounced
relationship (Bittl et al. 2001).
We now examine the dynamics of spectral
equilibration in the time-resolved absorption spectra at room temperature (Figures 2a, b). The
dominant Tn ‹ T1 absorption bands have a
shoulder at 545 nm in the delay time range of 0.0–
0.3 ls, which appears at 0.0 ls with a higher
intensity ratio with respect to the 560 nm main
absorption, and decays completely within 1.0 ls.
This time-dependent change of transient spectra
can be more clearly seen in Figure 3, where the
transients are normalized after being smoothed by
the use of a Gaussian kernel method. The rapid
relaxation of the 545 nm shoulder is accompanied
by a 3 nm dynamic red shift of the isosbestic point
around 500 nm (Figures 3a, b). In parallel with this
shift the peak wavelength shifts to the red by
2.5 nm. In contrast, spectral relaxation is not seen
in the red edge of the Tn ‹ T1 absorption bands.
To characterize the dynamics of spectral relaxation
we extracted the kinetics of time-dependent changes of the isosbestic wavelength as shown in the
insets of Figures 3a and b. They could be ﬁt to an
exponential increase function in form of 1)exp()t/s)
with the time constant s of 0.6 ls in the aerobic and
1.1 ls in the anaerobic cases. It is not surprising to
ﬁnd the dynamic spectral relaxation because the
MH–LH2 contains diﬀerent types of Cars and the
lifetime of 3Car* is conjugation-length dependent.
However, the aforementioned unrelaxed red edges
of the Tn ‹ T1 bands, as well as the direction of the
isosbestic point shift cannot be explained in terms
of the general trend of the conjugation-length
dependent lifetimes of triplet Cars and relative
polyenes, i.e., the longer the conjugation-length, the
shorter the lifetime (Truscott et al. 1973; Farhoosh
et al. 1994). To the contrary, the 545-nm spectral
component associated with a shorter-conjugated
Car decays much faster than the 560 nm component with a longer-conjugated one. For the 77-K
measurement, on the other hand, the isosbestic
point of the time-resolved Tn ‹ T1 spectra shows
no appreciable time dependence (inset of
Figure 3c). The diﬀerent spectral dynamics
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Figure 2. Time-resolved Tn ‹ T1 absorption spectra of carotenoids in the ML–LH2 complex from Rhodopseudomonas palustris
recorded following pulsed excitation at 590 nm at room temperature under (a) aerobic and (b) anaerobic conditions, and (c) those
recorded at 77 K. (d) Time-resolved Tn ‹ T1 absorption spectra of carotenoid (all-trans-neurosporene) in the LH2 complex from
Rhodobacter sphaeroides G1C recorded at room temperature under the excitation wavelength of 355 nm. All the spectral curves (solid
lines) are unsmoothed; Asterisks in Figures (a)–(c) indicate the laser interference. In each panel an arrow bar indicates the scale of
absorbance change, and the delay times are given by the right-hand side numerals.

observed under physiological and cryogenic temperatures for the ML–LH2 from Rps. palustris is to
be interpreted as the temperature-dependent reaction of triplet excitation transfer among diﬀerent
Car compositions. As a supporting evidence, the
LH2 complex of Rb. sphaeroides G1C exhibits no
spectral relaxation on either the red or the blue side
of the Tn ‹ T1 band (Figure 3d).
Identiﬁcation and assignment of the transient
spectral components
The above results have demonstrated, for the MLLH2 from Rps. palustris at room temperature, the
rapid spectral equilibration with a characteristic
time constant of 1 ls in the blue side of the main
Tn ‹ T1 bands. To extract the triplet-excited state
dynamics of an individual Car from a set of timeresolved spectra, we carried out general-purpose
global curve ﬁtting over 28 representative wavelengths from 460 to 605 nm. The room-tempera-

ture data could be well accounted for by a
summation of two exponential decays, whereas the
77-K data required an additional exponential
component describing the rising phase in the set of
original transients (Figure 2c, 0.0–0.3 ls). The
decay associated diﬀerence spectra (DADS) and
the corresponding time constants thus obtained
are depicted in Figures 4a–c. At the top of panels
a–c, the summation of DADS components 1 to 2
are shown (Sum). For all the three cases, the Sum
spectra faithfully reﬂect the key features of the
time-resolved spectra in the initial phase (e.g.,
those at 0.03 ls), a fact which proves a satisfactory
ﬁt. For comparison, global ﬁtting was also applied
to the time-resolved data of the LH2 from Rb.
sphaeroides G1C. A 2-exponential decay function
could ﬁt the 28 kinetics curves nicely, and Figure 4d depicts the resulted DADS components and
associated time constants. Figure 5 illustrates the
calculated ﬁtting curves along with the experimental data points at representative probe wave-
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(a)

[530 nm (Monger et al. 1976)]. It was reported
that Cars consisting of 11 conjugated double
bonds in the LH2 complexes from Rps. palustris
and Rps. acidophila have their Tn ‹ T1 transition
energies at 550 nm at 10 K (Angerhofer et al.
1995; Bittl et al. 2001). Compared to the present
result at room temperature, a 5-nm red shift of
Tn ‹ T1 transition energy seems reasonable for
Cars of NC@C ¼ 11 in the ML–LH2 complex. This
type of red shift may originate from the increase in
the solvent density upon decreasing the temperature, which results in a higher optical refractive
index and hence higher solvent polarizability. The
DADS of component-1 is coupled to a negative
spectral section peaked at 560 nm and 585 nm.
The 560 nm negative feature implies an intrinsic
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lengths for the ML–LH2 complexes, in which the
rising phase with a time constant of 0.16 ± 0.05 ls
is clearly seen in the 566 nm trace for the 77-K
case.
At room temperature component-1 in Figure 4a and b contributes 30% in amplitude to the
Sum spectra as measured at its peak wavelength of
545 nm. This component can be ascribed to the
Tn ‹ T1 absorption by the group of Cars having
11 conjugated double bonds including lycopene
and rhodopin. As the supporting evidence to this
assignment, for spheroidene (NC@C ¼ 10) in the
LH2 complex from Rb. sphaeroides 2. 4. 1, its
Tn ‹ T1 transition shifts about 7 nm to the red at
10 K [537 nm (Angerhofer et al. 1995)] compared to the transition at room temperature
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Figure 3. Normalized and smoothed 5 Tn ‹ T1 transient absorption spectra between 0.00 and 2.00 ls, arrows in (a) and (b) indicate
the sequence of delay time in the order of 0.00 ﬁ 0.05 ﬁ 0.30 ﬁ 1.00 ﬁ ~2.00 ls. Figures (a)–(d) correspond to those in Figure 2.
Insets in (a)–(c) show the kinetics of the shift of isosbestic wavelength (open circles) together with ﬁtting curves (thicker solid lines).
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Figure 4. DADS components and associated time constants (in parentheses) derived from the global analysis on the sets of timeresolved spectra as shown in Figure 2 (see text for details). Figures (a)–(d) correspond to those in Figure 2. In panel (c) the rising
component-0 is inverted for better comparison with the Sum spectrum.

decay-to-rise correlation between component-1
and component-2, the latter of which is also
peaked at 560 nm. This correlation suggests a
transformation of excited population from component-1 to component-2 with the time constants
of 0.52 ± 0.03 ls, and 0.76 ± 0.03 ls under aerobic (Figure 4a) and anaerobic (Figure 4b) condition, respectively. These timescales are in rough
agreement with those of spectral equilibration
derived directly from the kinetics of isosbestic
wavelengths (0.6 and 1.1 ls). The negative feature
at 585 nm, which is rather weak in the anaerobic
case, may originate from triplet (monomethylated)
spirilloxanthin because the Tn ‹ T1 transition of
spirilloxanthin locates at 585 nm at room temperature (Monger et al. 1976; Kingma et al. 1985).
The subsequent decay of triplet (monomethylated)
spirilloxanthin appears as a weak shoulder that is
distinguishable in the longer-wavelength side of

component-2 in the aerobic case (Figure 4a). This
particular spectral component could not be
extracted independently owing to its low signal
level in the original data sets (Figures 2a, b).
Component-2 in Figures 4a and b makes a major contribution to the Sum spectra. Its peak
wavelength of 560 nm is a few nanometers shorter
than the reported values of Tn ‹ T1 transition for
Cars having 12 conjugated double bonds in the LH2
complexes at low temperature (Angerhofer et al.
1995). Therefore, we attribute component-2 to the
group of Cars having 12 conjugated bonds which
occupies 38.6% of the overall Car content (Table 1).
At 77 K the DADS of the exponential increase
component (component-0) is quite similar in key
features as the Sum spectrum (Figure 4c), suggesting that components 1 to 2 all experienced a
rising phase with the time constant of 0.16 ±
0.05 ls immediately following the pulsed excita-
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Figure 5. Kinetics traces plotted from the sets of time-resolved
spectra as shown in Figure 2 at 560 nm for aerobic (open circles) and anaerobic (ﬁlled circles) cases under room temperature, and that plotted at 566 nm for the 77-K case (open
squares). Solid lines are ﬁtting curves obtained from the global
curve-ﬁtting procedures (see text for details). Inset shows the
details of the initial delay-time range.

tion. Here again, component-1 that peaks at
550 nm can be ascribed to the group of Cars
having 11 conjugated double bonds (lycopene and
rhodopin), and components-2 at 566 nm to those
Cars having 12 (anhydrorhodovibrin, 3,4-didehydrorhodopin and rhodovibrin). The peak wavelengths of the Tn ‹ T1 absorption of these two
spectral components are both red shifted by
5 nm with respect to the corresponding roomtemperature values. In the DADS of component-0
a feature at 590 nm can be clearly identiﬁed,
which is most likely due to the interference from
the excitation laser pulses as seen in the original
data set (Figure 4c). Similar as the room-temperature case, the DADS of (monomethylated) spirilloxanthin was not unambiguously detected, and
appeared only as a weak shoulder to the longerwavelength side of the main absorption of component-2. In component-1 the negative spectral
features seen at room temperature are not seen in
the red edge of the main absorption band at
550 nm. Most importantly, the triplet excited-state
lifetimes of component-1 and component-2, 14.9
± 1.9 and 4.4 ± 0.1 ls, respectively, both prolonged signiﬁcantly with reference to those in the
room-temperature cases (0.5–0.8 and 1.7–2.1 ls),
and the time constant of component-1 is considerably larger than that of component-2, which is

opposite to the case of room temperature. The
above results suggest that triplet excitation transfer from a shorter- to a longer-conjugated Car is
essentially inactive at 77 K.
For the LH2 complex from Rb. sphaeroides
G1C (Figure 4d), global analysis yielded 1 major
DADS component with a decay time constant of
6.6 ± 0.9 ls (component-1), while component-2
is both weak and featureless, which can be
regarded as a background. This result delivers an
important piece of information that no appreciable spectral equilibration was observed for
this LH2 complex that mainly contains a single
type of Car.

Discussion
The present work has provided the ﬁrst spectroscopic evidence on the equilibration dynamics of
triplet excitation among diﬀerent types of Cars in a
bacterial antenna complex. We now discuss the
structural information concerned with diﬀerent
types of Cars in an a,b-subunit based on our
spectroscopic data.
At room temperature, rapid spectral relaxation
was observed with a characteristic time constant of
0.6–1.1 ls as derived from the dynamic shift of
isosbestic wavelengths around 500 nm (Figures 3a, b). This timescale is in rough agreement
with the decay time constant of the shorter-conjugated Cars, 0.5–0.8 ls, obtained with the help of
global spectral analysis (Figures 4a, b). Further,
the dynamic relaxation observed in the ML–LH2
complex from Rps. palustris was not seen in the
LH2 complex from Rb. sphaeroides G1C containing mainly a single type of Car. These together
with the decay-to-rise correlation found between
components 1 and 2 in Figures 4a and b lead us to
ascribe the unique spectral relaxation to the reaction of triplet excitation transfer between diﬀerent
types of Cars, i.e., for energetic reasons, from
lycopene/rhodopin to anhydrorhodovibrin/3,4didehydrorhodopin/rhodovibrin, or likely to
(monomethylated) spirilloxanthin. A structural
prerequisite for the reaction to take place is the
coexistence and the close proximity of the Car
molecules in an a,b-subunit.
In the ﬁrst 2.5-Å crystallographic structure of
the LH2 from Rps. acidophila, the existence of a
second Car molecule in an a,b-subunit was
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ambiguous (McDermott et al. 1995; Freer et al.
1996). A later spectroscopic study suggested two
Car molecules (Herek et al. 1998), whereas a
careful stoichiometry study found only one
(Arellano et al. 1998). Most recently, a 2.0-Å
structure of the LH2 from Rps. acidophila was
reported (Papiz et al. 2003), in which a second
rhodopin glucoside molecule likely in a 12,15-cis
conﬁguration was found to keep van der Waals
contact with both a- and b-B850s. For the LH2
complex from Rs. molischianum whose X-ray
structure shows only one Car molecule in an a,bsubunit, there was a discussion on how this Car
having close contact only with a-B850 can protect
b-B850 and B800 (Damjanovic et al. 1999). The
newly reported 2.0-Å data on Rps. acidophila
would be helpful in clarifying this issue. For the
ML–LH2 complex from Rps. palustris, our spectroscopic results suggest that Car molecules of
NC@C ¼ 11 and 12 (13) coexist in an individual
a,b-subunit. In fact, a recent time-resolved electron
paramagnetic resonance (EPR) study on the LH2
complexes from a number of strains had shown
clear polarization inversion in the spin-polarized
triplet states of Cars, which could also be explained by assuming the Car-to-Car triplet exchange reaction although the authors rejected this
possibility based on the believe that only one
Car molecule exists in an a,b-subunit (Bittl et al.
2001).
In the set of original time-resolved absorption
spectra at 77 K (Figure 2c), it seems that the 550
nm absorptive band decays even slower than the
566-nm band. This is in agreement with the results
of global analysis that shorter-conjugated Cars
(NC@C ¼ 11) live longer than longer-conjugated
ones (NC@C ¼ 12). In addition, no apparent decay-to-rise correlation among the DADS components 1 to 2 can be recognized (Figure 4c). This
situation is opposite to the room-temperature
cases. For kinetics reasons we conclude that the
excitation transfer from a shorter- to a longerconjugated Car is less eﬃcient at 77 K than at
room temperature. Therefore the reaction of Carto-Car triplet excitation transfer is temperature
dependent. Since the triplet excitation energy of a
shorter-conjugated Car is higher than that of a
longer-conjugated one (Farhoosh et al. 1994), it is
reasonable that the Car-to-Car energy transfer
process is energetically feasible both at room
temperature and at 77 K. The temperature-

dependent behavior may originate from the spectral narrowing of the phosphorescence spectrum of
the donor Car and the eﬀective T1 ‹ S0 absorption spectrum of the acceptor Car upon decreasing
temperature, which would result in a smaller
spectral integral in the formulism of transition
probability by the exchange mechanism (Dexter
1953).
The initial building-up phase of Tn ‹ T1
absorption, which reﬂects the process of BChl-toCar energy transfer, was clearly observed at 77 K
(Figure 2c, 5) although not seen at room temperature owing to the limited instrumental resolution
(Figures 2a, b). As revealed by the use of global
analysis for the 77-K data (Figure 4c), the DADS
of component-0, which consists of the contribution from all the two groups of Cars and increases
with a time constant of 0.16 ± 0.05 ls, is almost
identical in spectral patterns to the Sum spectrum
obtained by adding up the subsequent components. This suggests that 3BChl* transfers triplet
excitation to diﬀerent groups of Cars with the
number of conjugated bonds from 11 to 13. Here
again, all the three groups of Cars must keep van
der Waals contact with BChl molecules in the
antenna complexes for eﬃcient BChl-to-Car triplet
energy transfer to take place.
In summary, the present study has shown that
Cars of 11 conjugated bonds transfer their triplet
energy to those of 12 or 13 conjugated bonds, and
that BChl molecules transfer their triplet excitation
to Cars with the number of conjugated bonds from
11 to 13 in the ML–LH2 complex from Rps. palustris. These reactions of triplet excitation transfer
exhibit temperature dependence. Based on the
above results and those of the pigment composition analysis, we propose that Cars of 11 and 12
13) conjugated bonds, both in close proximity of
BChls, may coexist in an a,b-subunit of the ML–
LH2 complex.
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