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ABSTRACT: In addition to the roles of antioxidant and spacer, carotenoids (Cars) in purple photosynthetic
bacteria pursue two physiological functions, i.e., light harvesting and photoprotection. To reveal the
mechanisms of the photoprotective function, i.e., quenching triplet bacteriochlorophyll to prevent the
sensitized generation of singlet oxygen, the triplet absorption spectra were recorded for Cars, where the
number of conjugated double bonds (n) is in the region of 9-13, to determine the dependence onn of the
triplet lifetime. The Cars examined include those in (a) solution; (b) the reconstituted LH1 complexes; (c)
the native LH2 complexes fromRba. sphaeroidesG1C,Rba. sphaeroides2.4.1,Rsp. molischianum, and
Rps. acidophila10050; (d) the RCs fromRba. sphaeroidesG1C,Rba. sphaeroides2.4.1, andRsp. rubrum
S1; and (e) the RC-LH1 complexes fromRba. sphaeroidesG1C,Rba. sphaeroides2.4.1,Rsp. molischianum,
Rps. acidophila10050, andRsp. rubrumS1. The results lead us to propose the following mechanisms:
(i) A substantial shift of the linear dependence to shorter lifetimes on going from solution to the LH2
complex was ascribed to the twisting of the Car conjugated chain. (ii) A substantial decrease in the slope
of the linear dependence on going from the reconstituted LH1 to the LH1 component of the RC-LH1
complex was ascribed to the minor-component Car forming a leak channel of triplet energy. (iii) The loss
of conjugation-length dependence on going from the isolated RC to the RC component of the RC-LH1
complex was ascribed to the presence of a triplet-energy reservoir consisting of bacteriochlorophylls in
the RC component.

The photosynthetic unit in purple photosynthetic bacteria
consists of the reaction center (RC),1 the surrounding central
light-harvesting complex (LH1), and the peripheral light-
harvesting complex (LH2) (1). Some strains have the LH2
complex, but others do not. The detailed structures have been
determined, by X-ray crystallography, for the RCs from
Rhodopseudomonas(Rps.) Viridis (2) and Rhodobacter
(Rba.) sphaeroides(3) as well as for the LH2 complexes
from Rps. acidophila(4) andRhodospirillum(Rsp.) molis-
chianum(5). A first structure of the RC-LH1 complex has
been reported recently (6). This particular complex consists

of the RC component and the LH1 component containing
15 subunits and a peptide called pufX. One carotenoid (Car),
two bacteriochlorophylls (BChls), andR- and â-peptides
form the subunit.

Cars constitute one of the most diverse families of
multipurpose organic molecules, whose respective roles in
photosynthetic and nonphotosynthetic organisms still remain
unclear. In addition to the roles of antioxidant and spacer,
Cars in purple photosynthetic bacteria pursue two physi-
ological functions, i.e., light harvesting and photoprotection
(7, 8). In the former, Car harvests the light energy and
transfers its singlet energy to BChl, whereas in the latter,
Car quenches the lowest-triplet (T1) state of special-pair
BChls (3P) that is generated by reverse electron transfer
followed by charge recombination and dissipates the trans-
ferred triplet energy as heat.

In relation to these functions, the natural selection of the
Car configurations, i.e., the all-trans configuration by both
LH complexes and the 15-cis configuration by the RC, has
been found (see ref9 for a review). Furthermore, our recent
analysis of Cars inRubriViVax (RVi.) gelatinosus, having both
the spheroidene and the spirilloxanthin biosynthetic path-
ways, showed that Cars having a shorter conjugated chain
are selectively bound to the LH2 complex, whereas Cars
having a longer conjugated chain are selectively bound to
the RC (Kakitani et al. Unpublished results). The reason for
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the structural selection of the conjugated chain, i.e., (i) the
all-transshorter conjugated chain by the LH complexes and
(ii) the 15-cis longer conjugated chain by the RC, can now
be explained as follows (see refs8 and10 for reviews).

(i) The all-trans conjugated chain has approximateC2h

symmetry, which gives rise to low-lying singlet states with
different symmetries that are energetically located closeby.
Then, these singlet states of Car can facilitate multichannel
singlet energy-transfer pathways to the Qx and Qy states of
BChl, during the processes of stepwise singlet internal
conversion. All of those singlet states decrease in energy
with the number of conjugated double bonds,n, as linear
functions of 1/(2n + 1) (11) as in the case of polyenes (12,
13). Therefore, Cars having a shorter conjugated chain (n )
9 and 10) and, as a result, a higher singlet energy, are
advantageous for singlet-energy transfer to BChl (see, for
reviews, refs14 and15).

(ii) 15-cis Cars in solution most efficiently isomerize into
all-trans upon triplet excitation (see ref16 for a review).
This rotational motion toward all-trans, in the binding pocket
of the RC, causes a change in the orbital angular momentum
and, through the spin-orbit coupling, a change in the spin
angular momentum, which results in the T1 (the lowest triplet
state)f S0 (the ground state) intersystem crossing (ISC)
dissipating the T1 energy (17, 18). The T1 energy also lowers
with n (12, 13, 19); therefore, Cars having a longer
conjugated chain and, as a result, a lower energy, are
advantageous for accepting triplet energy from BChl and for
dissipation.

We found that the RCs fromRba. sphaeroidesG1C,Rba.
sphaeroides2.4.1, andRsp. rubrumS1 contain neurosporene
(n ) 9), spheroidene (n ) 10), and spirilloxanthin (n ) 13)
as the major components, respectively (see Table 1b). All

three strains grow equally well under similar light conditions.
Then, a question arises; how can they subsidize the advantage/
disadvantage in the light-harvesting and photoprotective
functions of Cars mentioned above, assuming that the
assemblies and functions of BChls and peptides are very
similar to one another? There must be some mechanism to
balance the incoming singlet energy and the outgoing triplet
energy. The mechanism must enhance the dissipation of the
triplet energy in strains with a shorter chain Car that is more
efficient in the light-harvesting function, whereas it must
suppress the triplet-energy dissipation in the strain with a
longer chain Car that is less efficient in the light-harvesting
function. In addition, the LH1 components of the RC-LH1
complexes from the above strains additionally contain, as
minor-component Cars, lycopene (n ) 11), neurosporene (n
) 9) + spirilloxanthin (n ) 13), and anhydrorhodovibrin+
rhodovibrin (bothn ) 12), respectively (Table 1c). The
minor-component Cars may play a role in the triplet-energy
dissipation.

The triplet-state Cars (3Cars) in the RC have been
extensively studied concerning (i) the mechanism of triplet
generation (20-23) and (ii) triplet-energy transfer from the
special-pair BChls (P;24-30). On the other hand, the
3Cars in the LH complexes and membranes have been studied
less extensively, concerning (i) the mechanisms of triplet
generation (31-35) and (ii) triplet-energy transfer from the
triplet-state BChl (3BChl; 36-39).

Most recently, Feng et al. (40) examined, by time-resolved
absorption spectroscopy,3Cars in the LH2 complex fromRps.
palustris. The authors found, following pulsed excitation of
BChl, rapid spectral changes in the Tn r T1 absorption of
Cars (in the 0.6-1.0 µs time range). They ascribed this
observation to an equilibration dynamics among Cars having
various conjugation lengths. The triplet-energy transfer
between a pair of Cars may be relevant to the role of the
minor-component Cars mentioned above.

On the other hand, Alric (41) examined, by the same
method, the LH2 and RC-LH1 complexes as well as the
membranes and cells ofRVi. gelatinosus. Taking advantage
of the unique characteristics of this bacterium, the authors
elegantly succeeded in separately probing the T1 states of
LH2-bound spheroidene and the RC-bound spirilloxanthin.
He found, under reducing conditions, that the excess light
energy was first dissipated by the formation of T1 spirillox-
anthin in the RC, and a further increase of light energy
enhanced the formation of T1 spheroidene in the antenna
complex. Under the oxidizing conditions, only the spheroi-
dene triplet was formed. This redox dependence of triplet
generation may be relevant to the mechanism of triplet-
energy dissipation in the higher order assembly of a
pigment-protein complex such as the RC-LH1 complex.

Stimulated by the above interesting observations, we have
focused our attention, in the present investigation, on the
conjugation-length (n) dependence of the T1 lifetimes in Cars
in solution and in the LH1, LH2, RC, and RC-LH1
complexes and have addressed the following three specific
questions.

Question 1: How can the intermolecular interaction in the
LH complexes, among Car, BChl, and peptides, affect the
triplet-energy dissipation? Can this interaction affect the
conjugation-length dependence of the T1 lifetime?

Table 1: Car Compositions (in %) in the LH2, RC, and RC-LH1
Complexesa,b

Carsc
Rba.

sphaeroides
G1C

Rba.
sphaeroides

2.4.1

Rsp.
molischianum

Rps.
acidophila

10050

Rsp.
rubrum

S1

(a) LH2
neu (n ) 9) 93 11
sph (n ) 10) 7 89
lyc (n ) 11) 14 20
rhd (n ) 11) 86
rhd-g (n ) 11) 80

(b) RC
neu (n ) 9) 100
sph (n ) 10) 100
anh (n ) 12) 6
spx (n ) 13) 94

(c) RC-LH1
neu (n ) 9) 93 9
sph (n ) 10) 85
lyc (n ) 11) 7 40 21
rhd (n ) 11) 60
rhd-g (n ) 11) 17
anh (n ) 12) 15 6
rhv (n ) 12) 4
spx (n ) 13) 6 47 90

a The extinction coefficient (ε) determined for neurosporene (n )
9), spheroidene (n ) 10), lycopene (n ) 11), anhydrorhodovibrin (n
) 12), and spirilloxanthin (n ) 13) are transferred to other Cars having
the samen. b Components not larger than 4% are excluded.c Abbre-
viations: neu, neurosporene; sph, spheroidene; lyc, lycopene; rhd,
rhodopin; rhd-g, rhodopin glucoside; anh, anhydrorhodovibrin; rhv,
rhodovibrin; and spx, spirilloxanthin.
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Question 2: What is the function of the minor-component
Cars in the LH1 component of the RC-LH1 complex? Can
they subsidize the conjugation-length dependence of triplet-
energy dissipation?

Question 3: How can the intercomplex interaction,
between the RC and the LH1 components in the RC-LH1
complex, affect the triplet-energy dissipation? Can the
interaction subsidize the conjugation-length dependence of
triplet-energy dissipation?

We hope that the usage of a set of Cars with different
conjugation lengths in each pigment-protein complex will
provide more reliable pieces of information.

MATERIALS AND METHODS

Preparation of Samples.(a) Cars were isolated by the
methods described previously: neurosporene (n ) 9) and
spheroidene (n ) 10) fromRba. sphaeroidesG1C and 2.4.1,
respectively (42), lycopene (n ) 11) from tomato juice (43),
anhydrorhodovibrin (n ) 12) from ChromatiumVinosum
(44), and spirilloxanthin (n ) 13) fromRsp. rubrumS1 (11).
The sensitizer, BChla, was isolated as described previously
(45).

(b) The LH2 complexes containing Cars (n ) 9, 10, 11,
and 11) were isolated, as described previously, fromRba.
sphaeroidesG1C andRba. sphaeroides2.4.1 (46, 47), Rsp.
molischianum(48), andRps. acidophila10050 (49).

(c) The preparation of reconstituted LH1, i.e., incorporating
one of the Cars (n ) 9-13), i.e., neurosporene, spheroidene,
lycopene, anhydrorhodovibrin, or spirilloxanthin, into the
LH1 complex fromRsp. rubrumG9 was described previ-
ously (50, 51). In the present reconstitution, Cars with the
methoxy group, i.e., methoxyneurosporene (n ) 9) and
tetrahydrospirilloxanthin (n ) 11), were used instead of
neurosporene and lycopene. Those Cars were isolated from
Rba. sphaeroidesGa in reference to the previous method
(42). The detailed procedure is described in the Supporting
Information.

(d) Those RCs containing Cars (n ) 9, 10, and 13) were
isolated fromRba. sphaeroidesG1C,Rba. sphaeroides2.4.1,
and Rsp. rubrumS1, respectively. (i) The RCs fromRba.
sphaeroidesG1C and 2.4.1 were isolated by the method
described previously (52) with some modification. The details
are described in the Supporting Information. (ii) The RC from
Rsp. rubrumwas isolated based on the previous method (53),
the details of which are described in the Supporting Informa-
tion.

(e) The RC-LH1 complexes containing major Cars (n )
9-11, 11+ 13, and 13) were obtained fromRba. sphaeroi-
desG1C,Rba. sphaeroides2.4.1,Rsp. molischianum, Rps.
acidophila10050, andRsp. rubrumS1, respectively. (i) The
RC-LH1 complexes were obtained fromRba. sphaeroides
G1C, Rba. sphaeroides2.4.1, andRsp. molischianumas
follows: The chromatophores of the three strains in 50 mM
glycylglycine (pH 7.8; OD850 ) 100 cm-1, 17 mL) were
solubilized at 0°C for 10 min with a mixture ofn-octyl-â-
D-thioglucopyranoside (OTG; Kishida Chemical Co., Ltd.,
Japan) and sodium cholate (SC; Kishida Chemical Co., Ltd.,
Japan) whose concentrations were 1.5 and 0.50, 1.5 and 0.50,
and 1.0 and 0.33%, respectively. After the addition of 1 equiv
volume of the same buffer, each suspension was centrifuged
(220000g, 4 °C, 1 h). The supernatant was subjected to

sucrose density-gradient centrifugation (100000g, 4 °C, 19
h) by use of 0.3, 0.6, 0.9, and 1.2 M sucrose layers containing
0.3% OTG and 0.2% SC. InRba. sphaeroidesG1C and 2.4.1,
two bands originating from the monomer and the dimer
appeared, the latter of which was collected. (ii) The RC-
LH1 complexes fromRps. acidophila10050 andRsp. rubrum
S1 were obtained following the method described previously
(54). Chromatophores in 20 mM Tris-HCl (pH 8.0; OD860

and OD880 ) 20 cm-1, respectively) were solubilized with
1% N,N-dimethyldodecylamine-N-oxide (LDAO; Fluka Che-
mie GmbH, Germany) at 27-28 °C for 30 min. After
centrifugation (23000g, 4 °C, 10 min), the supernatant was
subjected to sucrose density-gradient centrifugation (206000g,
4 °C, 16 h) by the use of 0.4, 0.6, 0.8, and 1.0 M sucrose
layers containing 1% SC. The crude RC-LH1 was purified
by DE52 ion-exchange column chromatography (Whatman
International Ltd., United Kingdom).

Determination of Car Compositions in the Pigment-
Protein Complexes.The Cars in pigment-protein complexes
were extracted by the method described previously (54) with
some modifications: The suspension of each pigment-
protein complex (OD) 10 cm-1 at the Qy absorption) was
loaded onto a DE52 column, washed with distilled waster,
and purged with N2 gas to facilitate the complete binding of
the pigments to the column. For complete removal of Cars,
the column was washed with acetone and then benzene until
it became colorless. After it was dried with anhydrous Na2-
SO4, the solution was concentrated by purging N2 gas and
then applied to alumina column chromatography (Alminum
oxide 90 standardized; Merck KGaA, Germany) to remove
BChl a and lipids; Cars were eluted by the use of a diethyl
ether/benzene mixture. This column chromatography was
repeated twice. The eluent was dried by purging N2 gas,
dissolved into the eluent, and subjected to high-pressure
liquid chromatography (HPLC).

The Car extracts were analyzed by an HPLC apparatus
equipped with a diode array detector (Waters 996; Waters
Corp., United States) under the following conditions: col-
umn, a 4.6 mm i.d.× 250 mm column packed with
Lichrosorb Si-60 (5µs; Merck GmbH); eluent, 1% acetone
in benzene; the flow rate, 0.5 mL/min; and the detection
wavelength, 350-800 nm.

Submicrosecond Time-ResolVed Absorption Spectroscopy
of T1 Cars in Solution and in Pigment-Protein Complexes.
(a) Time-ResolVed Absorption Measurements.The setup for
time-resolved absorption measurements was described previ-
ously (55). A dye laser (Lambda Physik FL-2003; pulse
duration, 12 ns; repetition rate, 2 Hz) was pumped by the
second harmonic (532 nm) of a Nd:YAG laser (Lumonics
HY-400; pulse duration, 12 ns; and repetition rate, 2 Hz).
The 781 nm pulses for excitation of BChla in solution to
the Qy state were generated by the use of LDS765 (Nippon
Kankoh Shikiso Kenkyusho, Japan), whereas the 850, 881,
868, and 881 nm pulses, for excitation of BChls in the LH2,
LH1, RC, and RC-LH1 complexes, respectively, to the Qy

state were generated by the use of LDS867 (Hayashibara
Biochemical Laboratories, Inc., Japan); the output power was
1.0-1.2 mJ/pulse. In recording time-resolved spectra, a 200
ns gate was used for Cars in solutions, whereas a 50 ns gate
was used for the pigment-protein complexes. A total of 60
time-resolved spectra were recorded for each sample: 10
times data accumulation for Cars in solution and 40 times
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data accumulation for pigment-protein complexes to obtain
one time-resolved spectrum. The sample solution was
circulated between a flow cell (optical path length, 2 mm)
and a reservoir.

(b) Preparation of Deoxygenated Sample Solution and
Suspensions.(i) Each Car (n ) 9-13) and BChla (the
sensitizer) were dissolved in benzene (spectral grade; Kishida
Chemical Co., Ltd., Japan) at a concentration of 3× 10-5

M. Before each measurement, benzene-saturated high-purity
Ar gas (>99.999%) was bubbled through the sample solution
(20 mL) for 40 min; the bubbling continued during the
measurement.

(ii) Each pigment-protein complex was resuspended into
0.25% sucrose monocholate (Kishida Chemical Co., Ltd.)
in 20 mM Tris-HCl (pH 8.0); the concentrations were OD
) 10 cm-1 at 850, 881, 800, and 881 nm for the LH2, LH1,
RC, and RC-LH1 complexes, respectively. In the measure-
ment under the reducing conditions, 400 and 50 mM Na
ascorbate was added to the suspensions of the RC and RC-
LH1 complexes, respectively. Each sample suspension (10
mL) was degassed by a freeze-thaw technique under the
reduced pressure by the use of an aspirator; this procedure
was repeated three times to completely remove the atmo-
spheric oxygen. Then, high-purity Ar gas (>99.999%) was
bubbled through the suspension for 3 h. Each sample solution
or suspension was measured three times to reproducibly
obtain the longest T1 lifetime.

RESULTS

Ground-State and Triplet-State Absorption Spectra of Cars
in Solution and in Pigment-Protein Complexes. (a) Cars
(n ) 9-13) in Solution. Figure 1 shows microsecond time-

resolved absorption spectra of typical bacterial Cars, includ-
ing all-trans neurosporene (n ) 9), spheroidene (n ) 10),
lycopene (n ) 11), anhydrorhodovibrin (n ) 12), and
spirilloxanthin (n ) 13) in benzene solution. The ground-
state absorption spectra of the set of Cars are shown on the
top of the time-resolved spectra for comparison. In order to
generate the T1 state of each Car, the same amount of BChl
a was added as a sensitizer, and it was then excited at the
Qy absorption (781 nm) in the Ar atmosphere. In the time-
resolved spectra, transient absorption due to3BChl that
appears in the shorter wavelength region exhibits a maximum
at ∼1 µs and then decays, whereas transient absorption due
to 3Car appearing in the longer wavelength region rises,
reaches a maximum later, and decays. Table 2 lists the
wavelengths of the 1Bu+(0) r 1Ag

-(0) and Tn(0) r T1(0)
absorptions, both shifting to the red withn. Table 3 lists the
T1 lifetime (the decay time constant of the Tn r T1

absorption), which decreases withn. [To avoid an anomaly
in the set of T1 lifetimes of those Cars, the Car concentration
in benzene as well as the pump power for BChl excitation
were kept to a minimum, which resulted in such a low S/N
ratio of the time-resolved spectra.]

(b) Cars (n) 9-11) in Isolated LH2 Complexes.Figure
2 shows submicrosecond time-resolved absorption spectra
of the LH2 complexes fromRba. sphaeroidesG1C, Rba.
sphaeroides2.4.1,Rsp. molischianum, andRps. acidophila
10050. The spectra were recorded, in the Ar atmosphere,
after excitation at the Qy absorption of BChl (850 nm). Table
1a lists the Car compositions in those LH2 complexes; Cars
with n ) 9, n ) 10, n ) 11, andn ) 11 predominate in
those complexes, respectively. The unique spectral pattern
of all-trans Cars, consisting of the Tn r T1 absorption and

FIGURE 1: Submicrosecond time-resolved absorption spectra of all-transneurosporene (n ) 9), spheroidene (n ) 10), lycopene (n ) 11),
anhydrorhodovibrin (n ) 12), and spirilloxanthin (n ) 13) in benzene solution (3× 10-5 M); BChl a (3 × 10-5 M) was used as a triplet
sensitizer. The sensitizer was excited, in the Ar atmosphere, at the Qy absorption (781 nm). The ground-state spectra are shown on the top
for comparison.
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the bleaching of the 1Bu+ r 1Ag
- absorption, is clearly seen.

The transient absorption of each3Car exhibits a maximum
even after 0.2µs, showing extremely rapid triplet-energy
transfer from3BChl to Car in this complex. The intensity of
the spectral pattern is much higher inRsp. molischianum
than in Rps. acidophila; the difference may reflect the
different compositions of Cars that have different binding
characteristics (see Table 1a). The wavelengths of the 1Bu

+-
(0) r 1Ag

-(0) and Tn(0) r T1(0) absorptions are listed in
Table 2, while the T1 lifetimes are listed in Table 3. Both
decrease withn.

(c) Cars (n) 9-13) in Reconstituted LH1 Complexes.
Figure S1 in the Supporting Information shows the ground-
state absorption spectra of the reconstituted LH1 complexes.
Into the LH1 complex fromRps. rubrumG9 (a Carless
mutant), a set of Cars including all-trans methoxyneuro-
sporene (n ) 9), spheroidene (n ) 10), tetrahydrospirillox-
anthin (n ) 11), anhydrorhodovibrin (n ) 12), and spiril-
loxanthin (n ) 13) were incorporated. All of those Cars have
the methoxy group at the end of the conjugated chain to

stabilize the binding to theâ-peptide. In comparison to the
previous reconstitution using neurosporene (n ) 9) and
lycopene (n ) 11; 50, 51), the replacement of those Cars by
methoxyneurosporene and tetrahydrospirilloxanthin caused
the red-shift of the Qy absorption (879f 881 nm and 877
f 882 nm), indicating a much stronger Car-to-BChl
intermolecular interaction. The wavelengths of the 1Bu

+(0)
r 1Ag

-(0) absorption for the Cars incorporated into the LH1
complex are listed in Table 2a. The reconstituted LH1
complex is supposed to form a closed ring consisting of 16
subunits as in the case of the LH1 complex isolated from
Rhodobium marinum(54).

Figure 3 shows the submicrosecond time-resolved absorp-
tion spectra of the reconstituted LH1 complexes. The spectra
were recorded, in the Ar atmosphere, after excitation at the
Qy absorption of BChl (881 nm). The spectral patterns of
3Cars in those LH1 complexes are similar to those in the
LH2 complexes (Figure 2). Both the wavelength of the Tn

r T1 absorption and the T1 lifetime in each LH1 complex
are shorter than those in each LH2 complex, containing Car
with n ) 9, 10, or 11 (see Tables 2 and 3). In the set of
LH1 complexes, the intensity of the Tn r T1 absorption tends
to become higher in longer chain Cars, probably reflecting
higher quantum yields of generating the T1 state from the
singlet 1Bu

- state (51) and possibly reflecting higher molar
extinction coefficients.

(d) Cars (n) 9, 10, and 13) in Isolated RCs.Figure S2
in the Supporting Information shows the ground-state
absorption spectra of the RCs fromRba. sphaeroidesG1C,
Rba. sphaeroides2.4.1, andRsp. rubrumS1. HPLC analysis
showed that neurosporene (n ) 9), spheroidene (n ) 10),
and spirilloxanthin (n ) 13) are predominant in those RCs
(Table 1b). Figure 4 shows submicrosecond time-resolved

Table 2: Conjugation-Length (n) Dependence of (a) 1Bu+(0) r
1Ag

-(0) and (b) Tn(0) r T1(0) Absorption (in nm) for Cars in
Solution and in Pigment-Protein Complexes

Carsa

n ) 9 n ) 10c n ) 11 n ) 12 n ) 13f

(a) 1Bu
+(0) r 1Ag

-(0) absorption
hexane 468 (neu) 484 (sph) 502 (lyc) 516 (anh) 526 (spx)
benzene 481 (neu) 498 (sph) 518 (lyc) 532 (anh) 545 (spx)
LH2 490 (neu)b 510 (sph) 529 (lyc+ rhd)d

523 (lyc+ rhd-g)e

LH1 483 (met-neu) 502 (sph) 518 (4H-spx) 531 (anh) 548 (spx)
RC 485 (neu)b 503 (sph) ∼534 (spx)
RC-

LH1
486 (neu)b 505 (sph) 522 (lyc+ rhd)

521 (lyc+ rhd-g)e
546 (spx)

(b) Tn(0) rT1(0) absorption
acetone 486 (neu) 506 (sph) 523 (lyc) 540 (anh)g 559 (spx)h

benzene 499 (neu) 519 (sph) 537 (lyc) 554 (anh) 567 (spx)
LH2 511 (neu)b 533 (sph) 553 (lyc+ rhd)d

548 (lyc+ rhd-g)e

LH1 504 (met-neu) 524 (sph) 545 (4H-spx) 562 (anh) 578 (spx)
RC 523 (neu)b 543 (sph) 589 (spx)
core

LH1
506 (neu)b 527 (sph) 544 (*)d

543 (*)e
576 (spx)
576 (spx)e

core
RC

524 (neu)b 546 (sph) 561 (*)d 590 (spx)
598 (spx)e

a See Table 1 for the abbreviations of Car names. An asterisk
indicates a Car withn ) 11. Abbreviations: met-neu, methoxyneuro-
sporene; and 4H-spx, tetrahydrospirilloxanthin.b Rba. sphaeroidesG1C.
c Rba. sphaeroides2.4.1.d Rsp. molischianum. e Rps. acidophila10050.
f Rsp. rubrumS1. g Ten percent benzene.h Fifty percent benzene each
was added to increase solubility.

Table 3: Conjugation-Length (n) Dependence of T1 Lifetimes (in
µs) of Cars in Solution and in Pigment-Protein Complexesa

Cars

n ) 9 n ) 10 n ) 11 n ) 12 n ) 13

benzene 18.5 (neu) 13.5 (sph) 10.0 (lyc) 7.4 (anh) 6.0 (spx)
LH2 9.6 (neu) 6.2 (sph) 4.5 (lyc+ rhd)

4.2 (lyc+ rhd-g)
LH1 7.6 (met-neu) 5.6 (sph) 4.0 (4H-spx) 3.3 (anh) 2.9 (spx)
RC 6.3 (neu) 4.7 (sph) 2.3 (spx)
core LH1 5.3 (neu) 4.6 (sph) 3.8 (*) 3.1 (spx)
core RC 4.1 (neu) 4.0 (sph) 4.0 (spx)

4.1 (spx)

a See Table 1 for the abbreviations of Car names and Table 2 for
the labeling of strains.

FIGURE 2: Submicrosecond time-resolved absorption spectra of the
LH2 complexes fromRba. sphaeroidesG1C, Rba. sphaeroides
2.4.1,Rsp. molischianum, andRps. acidophila10050 containing
major Cars, neurosporene (n ) 9), spheroidene (n ) 10), rhodopin
(n ) 11), and rhodopin glucoside (n ) 11), respectively (see Table
1a for the Car composition). The time-resolved spectra were
recorded, in the Ar atmosphere, after excitation at the Qy absorption
(850 nm). The ground-state absorption spectra are shown on the
top for comparison.
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absorption spectra of each RC before and after the addition
of a reducing agent, Na ascorbate (indicated as “oxidized”
and “reduced”, respectively, in the figure). In the oxidized
form (presumably oxidized by atmospheric oxygen), a 428

nm peak is seen even at negative delay time (-1.0 µs,
actually 500 ms after excitation, because the sample was
excited with 2 Hz repetition); therefore, the peak can be
assigned to the special-pair radical cation (P+•). In the

FIGURE 3: Submicrosecond time-resolved absorption spectra of the reconstituted LH1 complexes recorded, in the Ar atmosphere, after
excitation at the Qy absorption (881 nm). The ground-state absorption spectra, on the top for comparison, are reproduced from Figure S1
in the Supporting Information.

FIGURE 4: Submicrosecond time-resolved absorption spectra of the RCs fromRba. sphaeroidesG1C, Rba. sphaeroides2.4.1, andRsp.
rubrumS1 before and after the addition of 400 mM Na ascorbate (indicated as “oxidized” and “reduced”, respectively) recorded, in the Ar
atmosphere, after excitation at the Qy absorption of special-pair BChl (868 nm). The ground-state absorption spectra, on the top for comparison,
are reproduced from those in Figure S2 in the Supporting Information.
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reduced form of RC fromRsp. rubrum, a sharp peak
appeared at 430 nm immediately after excitation (0.2µs).
In this particular RC, the absorption peak due to P+• and the
beaching of the Qx absorption, both originating from BChl,
and the above-mentioned peak and the main Tn r T1

absorption, both originating from spirilloxanthin, are over-
lapped with each other. The precise determination of the T1

lifetime by the use of time profiles was hampered by this
spectral overlap. To determine the spectral patterns and the
decay time constants of the two species, we applied singular-
value decomposition (SVD) followed by global fitting. Figure
5 (right-hand side) shows the results, i.e., species-associated
difference spectra (SADS) and time-dependent changes in
population. Because of the extremely long lifetime of P+•

as compared to that of3Car, the two components are
practically independent; therefore, the initial population is
normalized in the figure. The sharp peak in the SADS can
now be definitely assigned to thecis-peak of the RC-bound
15-cis-spirilloxanthin in the T1 state; the 580 nm peak can
be assigned to the main Tn r T1 absorption of this particular
isomer. The former and latter peaks can be ascribed to a
pair of electronic absorptions, whose transition moments are
perpendicular and parallel to the long axis of the molecule,
respectively, just like 15-cis-â-carotene in the ground state
(see Figure 2 of ref56). The case ofRba. sphaeroides2.4.1
is also presented for comparison (left-hand side); thecis-
peak is out of the spectral region recorded. The results
indicate that the complete 15-cis f all-trans isomerization
in the T1 state is prevented by the Car binding pocket of the
peptides. The T1 lifetimes of the RC-bound 15-cis Cars are
systematically shorter than those of the LH-bound all-trans
Cars (see Table 3).

One of the reviewers suspects that the reducing power of
Na ascorbate may not be strong enough to generate the triplet
state of the RC-bound Car through charge recombination. It
is necessary for the second electron acceptor, QA, to be
reduced prior to photoexcitation; the midpoint potential of
ascorbic acid is approximately+58 mV (57), whereas that
of QA is -50 and-120 ( 20 mV in the RCs fromRba.
sphaeroidesand Rsp. rubrum, respectively (58). In our
experiment, we used an excess amount of Na ascorbate (400
mM), a fact that may have strongly shifted the equilibrium
toward the reduction of QA. We would like to further
investigate this issue by means of time-resolved absorption
spectroscopy with a higher time resolution, as has been
performed in ref41.

(e) Major- and Minor-Component Cars in the RC-LH1
Complexes.As described in the Introduction section, the RC-
LH1 complex, whose structure was determined by X-ray
crystallography (6), is in a monomeric form, and the RC
component is surrounded by the C-shaped LH1 component.
In our preparation, however, we tried to collect the higher
density dimer component, which can be partially decomposed
into the lower density monomer component during sample
handling. This component may have a S-shaped structure
(59). In the RC-LH1 complex, the LH1:RC pigment ratio is
supposed to be 15:1 in Car and 30:4) 15:2 in BChl.
Therefore, the Car and BChl molecules in the LH1 compo-
nent must predominate in the electronic absorption spectra
of the RC-LH1 complex.

(i) Ground-State Spectra.Figure S3 in the Supporting
Information shows the ground-state absorption spectra of the
RC-LH1 complexes fromRba. sphaeroidesG1C, Rba.
sphaeroides2.4.1,Rsp. molischianum, andRps. rubrumS1
containing the major-component Cars withn ) 9, n ) 10,
n ) 11, andn ) 13, respectively (Table 1c).Rps. acidophila
contains multiple Cars withn ) 11-13. The spectral patterns
of the LH1 components, having Cars withn ) 9-11, are
definitely different from those of the reconstituted LH1
complexes containing a single kind of Car (Figure S1). In
particular, the red-shift of the 1Bu+ r 1Ag

- absorption of
Cars and the blue-shift of the Qy absorption of BChls are
clearly seen. The results strongly suggest that large changes
in the pigment assembly should have taken place on going
from the reconstituted LH1 to the LH1 component of the
RC-LH1 complex.

(ii) T1-State Spectra under the Oxidizing Conditions.
Figure 6a shows the submicrosecond time-resolved absorp-
tion spectra of those RC-LH1 complexes. The spectra were
recorded, in the Ar atmosphere, after excitation at the Qy

absorption of BChl (881 nm). No reductant was added to
the sample suspensions; therefore, there was no chance for
Cars in the RC components to be excited to the T1 state as
in the case of isolated RCs (Figure 4). Therefore, the Tn r
T1 absorptions in the spectra must specifically originate from
Cars in the LH1 components. In the case of the reconstituted
LH1 complexes, specific bound Cars withn ) 9-13
exhibited the Tn(0) r T1(0) absorptions at 504, 524, 545,
562, and 578 nm, respectively (Figure 3). This correlation
between then and the wavelength of the Tn r T1 absorption
can be used as a guide to assign Car(s) exhibiting the Tn r
T1 absorption in each LH1 component (Figure 6a). The time-
resolved spectra in the figure show that different all-trans
Cars can be simultaneously excited in some strains. In

FIGURE 5: SADS and time-dependent changes in population (the
initial population is normalized) obtained by the SVD followed by
global fitting.
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reference to Table 1c, Cars can be assigned as follows: (1)
The RC-LH1 complex fromRba. sphaeroidesG1C exhibits
the Tn r T1 absorptions at 506 and 546 nm, which
correspond to3Cars withn ) 9 and 11 (in the reconstituted
LH1 complexes); the Car composition leads us to the
assignment of these Cars to neurosporene and lycopene,
respectively. (2) The RC-LH1 complex fromRba. sphaeroi-
des2.4.1 exhibits the Tn r T1 absorptions at 527 and 575
nm, corresponding to3Cars withn ) 10 and 13; the Car
composition leads to the assignment of the Cars to spheroi-
dene and spirilloxanthin, respectively. (3) The RC-LH1
complex from Rsp. molischianumshows the Tn r T1

absorption at 544 nm, corresponding to3Cars withn ) 11;

the Car composition leads to the assignment of these Cars
to lycopene and/or (hereafter abbreviated by “/”) rhodopin.
The 509 nm peak can be assigned to the Tn(1) r T1(0)
vibrational structure of Cars withn ) 11 (shown by a vertical
broken line). (4) The RC-LH1 complex fromRps. acidophila
10050 exhibits a pair of peaks at 543 and 576 nm,
corresponding to3Cars withn ) 11 andn ) 13; the Car
composition leads to the assignment of these Cars to
lycopene/rhodopin glucoside and spirilloxanthin, respectively.
(5) The RC-LH1 complex fromRsp. rubrumS1 exhibits a
peak at 576 nm corresponding to a3Car withn ) 13; it can
be definitely assigned to spirilloxanthin. The 537 nm peak
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can be assigned to the Tn(1) r T1(0) vibrational structure
originating from this Car.

Thus, it can be concluded that the Tn r T1 absorptions of
the major-component3Car as well as the minor-component
3Car with a much longer (∆n ) 2 or 3) conjugated chain (as
a result, with a much lower T1 energy) can appear in the
time-resolved absorption spectra of the LH1 component from
Rba. sphaeroidesG1C and 2.4.1 and inRps. acidophila
10050. When a pair of such Cars is simultaneously populated
at the initial stage inRba. sphaeroidesG1C or 2.4.1, the
Car having a higher energy tends to decay faster than the
Car having a lower energy, suggesting triplet-energy transfer
from the former to the latter.

Those Cars that are present in the RC-LH1 complexes
(Table 1c) but whose Tn r T1 absorptions were not identified
(Figure 6a) include neurosporene inRba. sphaeroides2.4.1,
anhydrorhodovibrin inRps. acidophila, and anhydrorhodovi-
brin and rhodovibrin inRsp. rubrum. Each of those minor-
component Cars have a T1 energy higher than that of the
major component; therefore, it may not be effectively
populated in the T1 state.

(iii) T1-State Spectra under the Reducing Conditions.
Figure 6b shows the submicrosecond time-resolved absorp-
tion spectra of the same set of RC-LH1 complexes, when
50 mM Na ascorbate was added under the same experimental
conditions. Figure 6c shows the result of subtraction in each
time-resolved spectrum, i.e., “a spectrum recorded with Na
ascorbate” minus “a spectrum recorded without Na ascor-
bate”. The remaining peaks after the subtraction can be
assigned to the RC-bound 15-cisCars in the T1 state. Spectral
comparison between the Tn r T1 absorption of the LH1
component (Figure 6a) and that of the RC component (Figure

6c) leads to a conclusion that the wavelength of the Tn r
T1 absorption of the RC-bound 15-cisCar is longer than that
of the LH1-bound all-transCar, when each Car with the same
n is considered. In reference to the Car composition (Table
1) and the time-resolved spectra of the isolated RCs (Figure
4), those Tn r T1 absorption peaks can be assigned to 15-
cis neurosporene (n ) 9), spheroidene (n ) 10), and an
unknown Car (n ) 11) in the RCs fromRba. sphaeroides
G1C, Rba. sphaeroides2.4.1, and Rsp. molischianum,
respectively. The Cars in the RC components of the RC-
LH1 complexes fromRps. acidophilaandRsp. rubrumcan
be assigned to 15-cis-spirilloxanthin (n ) 13) having the
longest conjugated chain.

Conjugation-Length Dependence of the 1Bu
+ r 1Ag

- and
Tn r T1 Transition Energies and the T1 Lifetimes in Solution
and in Pigment-Protein Complexes.[Here, in this and the
next two subsections, in Tables 2 and 3, and in Figures 7
and 8, we will use the following simplified notations to make
comparisons among solutions and pigment-protein com-
plexes more efficient: The isolated LH2 complexf LH2;
the reconstituted LH1 complexf LH1; the isolated RCf
RC; the LH1 component of RC-LH1f LH1 in core; and
the RC component of RC-LH1f RC in core.]

(a) Transition Energies.Figure 7 summarizes the 1Bu
+-

(0) r 1Ag
-(0) and Tn(0) r T1(0) transition energies (in

cm-1), as functions of 1/(2n + 1), that have been determined
in the present investigation. All of the observed values of
wavelengths for the relevant Cars in solution and in pig-
ment-protein complexes, listed in Table 2, are used to draw
the energy diagrams. Here, we will focus our attention not
on the overall structure but on the conjugation-length (n) of
each Car molecule. Because all of the singlet- and triplet-

FIGURE 6: Submicrosecond time-resolved absorption spectra of the set of RC-LH1 complexes (a) before and (b) after the addition of 50
mM Na ascorbate and (c) the difference spectra of b- a. The time-resolved spectra, a and b, were recorded, in the Ar atmosphere, after
excitation at the Qy absorption of the LH1 component (881 nm). The ground-state absorption spectra, on the top for comparison, are
produced from Figure S3 in the Supporting Information.
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energy levels of Cars (polyenes) can be expressed as linear
functions of 1/(2n + 1) as described in the Introduction
section, the above singlet and triplet transition energies
should also exhibit such linear dependence. [Here, we will
call the dependence of the transition energies as functions
of 1/(2n + 1) simply “the linear dependence”.] The observed
linear dependence of those transition energies can be
summarized as follows.

(i) The 1Bu
+ r 1Ag

- Transition Energies (Figure 7a).(1)
A set of all-trans Cars withn ) 9-13 in solutions gives
rise to a pair of parallel linear dependence. It shifts to the
lower energies on going fromn-hexane to benzene, reflecting
the Car-to-solvent dispersive interaction (60, 61). (2) On
going from benzene solution to LH1, the linear dependence
slightly shifts to the lower energies. (3) On going from LH1
to LH2, the linear dependence shifts further to the lower
energies. (4) In LH1 in core, the slope of the linear relation
becomes slightly gentler than in LH1.

FIGURE 7: (a) 1Bu
+ r 1Ag

- transition energies of Cars (n ) 9-13)
in n-hexane and benzene solutions, Cars (n ) 9-13) reconstituted
into the LH1 complex (“LH1”), Cars (n ) 9-11) in the isolated
LH2 complex (“LH2”), and Cars (n ) 9-11 and 13) in the LH1
components of the RC-LH1 complexes (“LH1 in core”). (b,c) The
Tn r T1 transition energies of Cars in acetone and benzene
solutions, in LH1, LH2, RC, LH1 in core, and Cars (n ) 9-11
and 13) in the RC components of the RC-LH1 complexes (“RC in
core”). In each conjugation-length dependence, the transition energy
is shown as a function of 1/(2n + 1). [To the acetone solutions of
anhydrorhodovibrin and spirilloxanthin, 10 and 50% benzene was
added to increase the solubility.]

FIGURE 8: Lifetimes (τ) of the Tn r T1 absorption of (a) Cars (n
) 9-13) in benzene solutions and in the reconstituted LH1
complexes (“LH1”), Cars (n ) 9-11) in the LH2 complexes
(“LH2”), Cars (n ) 9, 10, and 13) in the RC (“RC”), and Cars (n
) 9-11 and 13) in the LH1 and RC components of the RC-LH1
complexes (“LH1 in core” and “RC in core”). In each conjugation-
length dependence, lnτ is shown as a function of 1/(2n + 1).
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(ii) The Tn r T1 Transition Energies (Figure 7b,c).(1)
The set of bacterial Cars in both acetone/benzene and
benzene solutions gives rise to linear relations, the difference
between them being ascribable to the effect of dispersive
interaction. (2) In LH1, the linear relation shifts to the lower
energies in comparison to that in benzene solution. (3) In
LH2, the linear relation shifts further to the lower energies
parallel to that of benzene solution. (4) In LH1 in core, the
linear dependence becomes slightly gentler than in LH1,
exhibiting a crossing point atn ) 11. (5) The linear
dependence is almost unchanged on going from RC to RC
in core.

(b) T1 Lifetimes.A linear dependence of lnτ (whereτ is
the lifetime) as a function of 1/(2n + 1) is anticipated for
the following reasons: The energy-gap law proposed by
Englman and Jortner (62) is given by

with

where k is the rate of internal conversion,C is the
nonadiabatic vibronic-coupling constant,∆E is the energy
gap between the initial and the final states,ω is the adiabatic
angular frequency of the accepting mode, andδ is the
displacement of the potential minimum along the normal
coordinate upon transition. Equation 1 leads to a linear
relation

Neglecting change in- ln(x∆E), a more simplified linear
relation can be obtained as

wherea andb are constants. Because∆E is a linear function
of 1/(2n + 1) as mentioned above, it can be rewritten as

Thus, the linear dependence is derived. Figure 8 sum-
marizes the T1 lifetimes that have been determined in the
present investigation. The anticipated linear dependence of
ln τ is clearly seen as functions of 1/(2n + 1) [here, we
simply call the linear dependence of lnτ as a function of
1/(2n + 1) “the linear dependence”]. The observed linear
dependence can be summarized as follows.

(i) Figure 8a. (1) The linear dependence holds in the set
of all-trans Cars in benzene solution. (2) In LH2, the T1

lifetimes are shortened substantially, and the slope of the
linear dependence becomes slightly steeper in comparison
to that in solution. (3) On going from LH2 to LH1, the slope
of the linear dependence becomes gentler, keeping the decay
time constant atn ) 11 almost unchanged.

(ii) Figure 8b. (1) The linear dependence of all-transCars
in LH1 shifts to shorter lifetimes in 15-cis Cars in RC,
keeping the slope of the linear dependence almost unchanged.
(2) On going from LH1 to LH1 in core, the slope of the

linear dependence becomes substantially gentler, the decay
time constants atn ) 11 andn ) 13 being almost unchanged.
(3) On going from RC to RC in core, the linear dependence
becomes canceled out, a surprising observation.

In all of the cases in solution and in the pigment-protein
complexes, a set of Cars withn in the region of 9-13
exhibits the linear dependence. The results indicate that the
set of Cars is in a very similar environment except for the
intrinsic T1 energy. A small change in the slope of the linear
dependence suggests that another conjugation length-de-
pendent factor may become involved. A drastic change in
the slope strongly suggests that a new scheme of triplet-
energy dissipation must be introduced.

Possible Mechanisms of Triplet-Energy Dissipation: Mod-
eling and Simulation of the ObserVed Changes in the Linear
Dependence of the T1 Lifetime: (a) In Solutionf LH2. On
going from benzene solution to LH2, the T1 lifetimes become
substantially shortened (Figure 8a). We tried to explain this
in terms of twisting of the conjugated chain in the LH2-
bound all-transCar (see the Supporting Information for the
details). Briefly, we first showed that the twisting around
the double and single bonds can generate spin-orbit coupling
(J in cm-1) due to the mixing of theσ andπ orbitals, and as
a result, it can enhance ISC. TheJ values were calculated
to be 0.15, 0.32, and 0.54 cm-1 for the rotational angles of
15, 30, and 45° around a double bond, whereas they were
calculated to be 0.12, 0.23, and 0.32 cm-1 for the rotational
angles of 15, 30, and 45° around a single bond. For multiple
double and single bonds, the values became additive
(subtractive) for rotations in the same (opposite) direction.
By the use of the Englman and Jortner equation (62), we
could estimate the rate of ISC (k in s-1) by the use of an
equation,k ) 6.58× 106 J2.

Then, we evaluated the rate of ISC due to the overall
twisting of the conjugated chain in rhodopin glucoside (n )
11) bound to the LH2 complex fromRps. acidophila10050
(4); the decay time constant was calculated to beτ ) 1/k )
29.6µs. TheJ value in solution was set zero by assuming a
flat conformation, in which the fluctuation of the rotational
angles was neglected. This value can shift the observed
lifetime of 10.0µs in solution to an expected value of 7.5
µs in LH2; the shift was still too small. It should be
emphasized, however, that the above calculation was based
on the rotational angles in the ground state that had been
determined by X-ray crystallography (4).

Our previous Raman spectroscopy and normal-coordinate
analysis of S0 and T1 spheroidene in solution and in RC (17)
identified large changes, upon triplet excitation, in stretching
force constants (or in other words, in bond orders), especially
in the central part of the conjugated chain (we call it “the
triplet-excited region”); in the triplet-excited region, the
double bonds become more single bondlike and the single
bonds become more double bondlike (see Figure 7a in ref
17). Therefore, triplet excitation can cause much stronger
twisting of the conjugated chain due to the elongation of
central double bonds reducing the barrier to rotation. A 1.9
times increase in theJ value due to a stronger twisting of
the conjugated chain may suffice to shorten the lifetime from
the value in solution (10.0µs) to the observed value in LH2
(4.2 µs) shown in Figure 8a.

(b) LH2 f LH1. On going from LH2 to LH1, the T1
lifetime in Car withn ) 9 is substantially shortened, keeping

k ) 2π
p

C2 1

x2π∆Epω
exp(-1

2
δ2) exp(-γ∆E

pω ) (1)

γ ≡ ln
2∆E

δ2pω
- 1 (>0)

ln(τ/x∆E) ) γ
pω

∆E + const (2)

lnτ ) a ‚ ∆E + b (3)

lnτ ) a′/(2n + 1) + b (4)
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almost the same lifetime in Car withn ) 11 (Figure 8a).
Each LH2 contains one kind of Car having a particularn as
the major component (see Table 1a), and each LH1 was
specifically reconstituted with one kind of Car. Therefore,
the above change needs to be explained in terms of a single
kind of Car withn ) 9, for example, in either LH1 or LH2.

There are a couple of factors to be considered to explain
this observation. (i) The 1Bu+ r 1Ag

- absorption is blue-
shifted in LH1 rather than in LH2 (Figure 8a), suggesting
that the dispersive interaction is weakened in LH1. (ii) As
mentioned in the preceding subsection, changes in bond
orders take place upon triplet excitation. Actually, the
changes in bond orders are much larger in Car withn ) 9
than in Car withn ) 11, especially in the triplet-excited
region (see Figure 6 of ref63). (iii) The quantum yields of
triplet generation for Cars withn ) 9, n ) 10, andn ) 11,
which were 10, 12, and 17% in LH2 increased up to 19, 20,
and 27% in LH1 (see Table 1 of ref51). Therefore, on going
from LH2 to LH1, the T1 f S0 ISC should be accelerated,
and more importantly, the shortest chain Car withn ) 9
generates the least amount of triplet.

Thus, more efficient ISC in LH1 than in LH2 can be
explained in terms of the weakening of the dispersive
interaction and the lengthening of double bonds upon triplet
excitation, both facilitating the twisting of the conjugated
chain. The observed decrease in the T1 lifetime of Car with
n ) 9, which is larger than that of Car withn ) 11, can be
explained in terms of further lengthening of the central
double bonds upon triplet excitation as well as a smaller
amount of triplet energy to be dissipated.

(c) LH1 f RC. The linear dependence in all-trans Cars
in LH1 shifts to the shorter lifetimes in 15-cis Cars in RC,
keeping the slope almost unchanged (Figure 8b). As men-
tioned in the Introduction section, the detailed mechanism
of triplet-energy dissipation in the RC-bound 15-cis-sphe-
roidene (n ) 10), which includes the rotational motions
around the central double bonds, has been proposed (18).
The parallel shift of the linear relation from all-trans Cars
in LH1 to 15-cis Cars in RC, observed in the present
investigation, strongly suggests that the same mechanism is
in operation in both 15-cis-neurosporene (n ) 9) and 15-
cis-spirilloxanthin (n ) 13), which were identified in the
RCs fromRba. sphaeroidesG1C (64) andRsp. rubrumS1
(65), respectively.

(d) LH1 f LH1 in Core.On going from LH1 to LH1 in
core, the slope in the linear dependence in LH1 becomes
much gentler, keeping the values atn ) 11 andn ) 13
almost unchanged (Figure 8b). LH1 can incorporate a single
Car, neurosporene (n ) 9), for example, whereas LH1 in
core from Rba. sphaeroidesG1C actually contains both
neurosporene (n ) 9) and lycopene (n ) 11) as the major-
and minor-component Cars. We have succeeded in simulat-
ing the substantial shortening of the apparent lifetime in the
former Car, assuming a triplet-energy transfer from the
former Car to the latter Car (see Scheme 1A).

Briefly, on the basis of the T1 lifetimes of the set of Cars
in LH1, we assumed the intrinsic lifetimes of Cars withn )
9 andn ) 11 to be 7.6 and 4.0µs, respectively. Then, we
could determine, by simulation, the time constant of triplet-
energy transfer to be 8.5µs; here, we applied a constraint
that the T1 state of Car withn ) 11 needs to be depopulated
before the triplet-energy transfer takes place. Then, our

simulation showed that the apparent lifetimes of the major-
component and minor-component Cars turned out to be 5.30
and 5.35µs, respectively, in excellent agreement with the
observed lifetime in LH1 in core, i.e., 5.3µs (Figure 8b).
The slightly faster decay of the major-component Car than
the minor-component Car, observed in Figure 6a (Rba.
sphaeroidesG1C), is also nicely simulated. (See the Sup-
porting Information for the details of simulation.)

(e) RCf RC in Core.On going from RC to RC in core,
a drastic change in the slope of the linear dependence to
zero takes place (Figure 8b). To explain this change, a speed-
up of the T1 decay in the shortest chain Car (n ) 9) and a
slow-down of the T1 decay in the longest chain Car (n )
13), for example, need to be demonstrated. Here, we assumed
a triplet-energy reservoir, consisting of BChl molecules in
the RC, whose T1 energy is similar to that of3Car withn )
11. Then, we could explain the shortening of the T1 lifetime
in Car withn ) 9 (having a higher T1 energy) in terms of a
triplet-energy transfer to the reservoir, while the lengthening
of the T1 lifetime in Car with n ) 13 (having a lower T1
energy) assuming a triplet-energy transfer from the reservoir
(see Scheme 1B). In Car withn ) 9, the intrinsic lifetime
of 6.3 µs could be shortened to an apparent lifetime of 4.1
µs by assuming triplet-energy transfer to the reservoir with
a time constant of 11.8µs. On the other hand, in Car with
n ) 13, the intrinsic lifetime of 2.3µs could be lengthened
to an apparent lifetime of 4.0µs, assuming triplet-energy
transfer from the reservoir with a time constant of 7.0µs.
(A spatial, energetic, and timely justification of assuming
such a triplet-energy reservoir will be described in the
Discussion section. The details of simulation are described
in the Supporting Information.)

DISCUSSION

DeVelopment of the PhotoprotectiVe Function of Cars in
the Bacterial Photosynthetic System.Here, we try to discuss
the development of the photosynthetic system consisting of
the LH2, LH1, and RC complexes in purple bacteria. (In
this section, we abolish the abbreviation used in the previous

Scheme 1
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subsections.) Concerning the roles of Cars in photosynthesis,
we tended, in the past, to emphasize the light-harvesting
function of all-trans Cars in the LH complexes and the
photoprotective function of 15-cis Car in the RC (see the
Introduction section). Now, we will focus our attention rather
on the photoprotective function of all-trans Cars in the LH
complexes.

(a) LH2 Complex.The LH2 complex, which must have
been introduced to the photosynthetic system to collect
additional light energy, seems to have developed a way to
dissipate the excess triplet energy as well. The singlet
internal-conversion processes of all-trans Cars in this
complex take place in the 10-14-10-11 s time range;
therefore, the Car-to-BChl singlet-energy transfer in the
complex needs to be completed within this period of time
(14, 15). The rapid internal-conversion processes in the order,
either 1Bu

+ f 1Bu
- f 2Ag

- f ground 1Ag
- (in Cars with

n ) 9 and 10) or 1Bu+ f 3Ag
- f 1Bu

- f 2Ag
- f 1Ag

-

(in Cars with n ) 11-13), facilitate a photoprotective
function, by themselves, in the sense that Cars do not store
the excess singlet energy any longer. In addition, Cars have
a channel of singlet-to-triplet conversion (singlet fission or
ISC) from the 1Bu- state (33, 35, 66), and on the other hand,
BChl has a high quantum yield of ISC. Both of the resultant
3Car and 3BChl can quench efficiently the Qy singlet
excitation of BChl that is remaining even after singlet-energy
transfer, through the singlet-triplet annihilation reaction,
another mechanism of photoprotection. Because the T1

energies of Cars are lower than that of BChl (19), the excess
triplet energy is eventually collected by Car and dissipated
as heat to the surroundings. Figure 8b summarizes the result
of our first systematic determination of the T1 lifetimes of
all-trans Cars in the LH2 complexes, evidencing triplet-
energy dissipation in the 4-10 µs time scale (see Figure 2
for the raw time-resolved spectra).

(b) LH1 Complex.It has been shown that singlet-energy
transfer was more efficient in the LH2 complex, whereas
the generation of3Car was more efficient in the LH1 complex
(see Table 1 of ref51). The former result supports the idea
that the LH2 complex is more specialized in the light-
harvesting function that is facilitated by holding tightly the
all-transCar molecule through stronger dispersive interaction
(Figure 7a,b). The latter result is consistent to the present
observation that a more efficient method of triplet-energy
dissipation is developed in the LH1 complex, the detailed
mechanism of which has been described in the previous
section. Most probably, the LH1 complex is more specialized
in the photoprotective function rather than the light-harvest-
ing function.

(c) RC.Because3P, sensitizing the generation of1O2, can
be readily formed by reverse electron transfer followed by
charge recombination, the quenching of it and dissipating
the transferred triplet energy by Car must be most crucial in
the RC. Here, the usage of a Car having a 15-cis, longer
conjugated chain must be absolutely necessary for the most
efficient triplet-energy dissipation as described in the Intro-
duction section. A detailed analysis of the triplet-state
dynamics of 15-cis-spheroidene bound to the RC fromRba.
sphaeroides2.4.1 leads us to the finding of a leak channel
for triplet-energy dissipation with a time constant as short
as 1µs (18).

(d) RC-LH1 Complex.This most basic photosynthetic unit,
consisting of the LH1 and RC components, has realized a
unique linear dependence of the T1 lifetime. In the Cars
bound to the LH1 component, the linear dependence is
suppressed to a minimum, whereas in the Cars bound to the
RC component, the linear dependence is completely canceled
(Figure 8b). We do not know, at the present stage, how the
pressure of natural selection has built such a unique pair of
mechanisms that are described in the previous subsection.
We would like to propose the following speculative inter-
pretation from the viewpoint of diversity and uniformity.

During the process of evolution, purple photosynthetic
bacteria must have started to use Cars having different
conjugation lengths (n) to harvest additional light energy in
different wavelength regions from a white continuum of
sunlight. In other words, habitat segregation may have started
to share the light energy, because collecting light energy is
a crucial issue for “photosynthetic bacteria”. The purple
bacteria might have started to use those Cars for the
photoprotective function as well, i.e., quenching3BChl
sensitizing the generation of harmful1O2. Unfortunately,
those Cars that are advantageous (disadvantageous) for the
light-harvesting function are disadvantageous (advantageous)
for the photoprotective function. This is a matter of diversity
in the excited-state properties of Cars, which had to be tuned
by intermolecular interactions with BChls and peptides.

On the other hand, those photosynthetic bacteria probably
had to use basically the same set of machinery, i.e., the RC-
LH1 complex, whose basic assembly of the Car, BChl, and
peptide molecules must have been very similar immediately
after differentiation. As a result, the efficiency of singlet-
energy transfer from the LH1 to the RC complex by the use
of BChls as well as the efficiency of electron-transfer reaction
along the redox components in the RC might have been
almost the same. This is a matter of uniformity in the rest
of chemical components in the photosynthetic unit.

To achieve a balance, as mush as possible, between the
dissipation of the excess triplet energy and the difference in
the incoming light energy minus the singlet energy to be
used for electron transfer, the best solution might have turned
out to make the rate of triplet-energy dissipation in the LH1
and RC component as similar as possible among the set of
Cars withn ) 9-13 being used. This choice should originate
from the diversity of Cars as well as the uniformity of the
rest of the chemical components.

Comparison to the Results of PreVious InVestigations. (a)
T1 Lifetimes of the RC-Bound 15-cis-Spheroidene and the
LH-Bound All-trans-Spheroidene.Cogdell et al. (21) deter-
mined the T1 lifetime of 15-cis-spheroidene in the RC to be
4-5 µs, whereas Monger et al. (31) determined the T1
lifetime of all-trans-spheroidene in chromatophores to be 7
µs. The former value is in excellent agreement with 4.7µs
determined in the present investigation, and the latter value
is in good agreement with 6.2µs presently determined
(Figure 8a,b). Those T1 lifetimes correspond to the decay
time constant through “a slow process of ISC in a fixed
conformation” that we defined previously (17). Concerning
this mechanism, it is worth mentioning that our calculation
of the ISC rate due to the twisting of the conjugated chain
in the RC-bound 15-cis-spheroidene predicted a value of 4.5
µs, in excellent agreement with the observed value. On the
other hand, we also defined “a fast process of ISC through
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rotational motion” in the 15-cis isomer. The difference
between the two pathways is most pronounced in solution:
The T1 lifetime of 15-cis-spheroidene isomerizing toward
all-trans is 0.83 µs, whereas that of stable all-trans-
spheroidene is 4.76µs (55). Actually, we identified the fast
process as a leak channel of triplet energy with a time
constant of 1µs in a RC (see ref18). Most probably, this
process through rotational motion is suppressed in the Car
binding pocket, but it still plays a most important role in the
dissipation of triplet energy.

(b) Triplet-Energy Transfer among Cars in the LH
Complex.Zhang and co-workers (40) found, for the first time,
triplet-energy transfer from Car (n ) 11) to Car (n ) 12) in
the LH2 complex fromRps. palustris. They used a sequential
model, i.e.,3Car (n ) 11) f 3Car (n ) 12) f 1Car (n )
12), and determined, by global analysis, the decay time
constants of the first and second components to be 0.52 and
1.73µs under the aerobic conditions, whereas they were 0.76
and 2.10µs under anaerobic conditions. We also observed
triplet-energy transfer from Car (n ) 9) to Car (n ) 11) in
the LH1 component of the RC-LH1 complex fromRba.
sphaeroidesG1C, for example. In the simulation described
in the Results section, we assumed, in addition to the parallel
decay from Car (n ) 9) and Car (n ) 11) with the intrinsic
lifetimes of 7.6 and 4.0µs, respectively, triplet-energy
transfer from the former to the latter (8.5µs).

They observed a rapid (0.5-0.8µs) triplet-energy transfer
between Cars withn ) 11 andn ) 12, whereas we observed
a slow (8.5µs) triplet-energy transfer between Cars withn
) 9 andn ) 11. The difference in the triplet energy-transfer
time constants and the above modelings originates from the
gap in triplet energy between the donor and the accepter due
to the difference in the conjugation length,∆n ) 1 in the
former and∆n ) 2 in the latter. Because the Car-to-Car
edge-to-edge distance is as long as 10.5 Å, the Car-to-Car
triplet-energy transfer should be explained only in terms of
a superexchange mechanism that is mediated by the inter-
vening BChls.

(c) Triplet-Energy ReserVoir Canceling the Conjugation-
Length Dependence in the RC Component of the RC-LH1
Complex: Justification.We have explained the speed-up of
the triplet-energy dissipation in Car withn ) 9 and the slow-
down of the triplet-energy dissipation in Car withn ) 13
both in the RC component, assuming a triplet-energy
reservoir consisting of BChls. Here, we try to justify this
assumption. (i) We focused our attention on the assembly
of the special-pair and accessory BChl molecules in close
proximity to the 15-cis-spheroidene; one of the accessory
BChl molecules is actually in contact with the central part
of the RC-bound 15-cisCar to facilitate triplet-energy transfer
(3). Therefore, this model of the triplet-energy reservoir is
justified spatially. (ii) The T1 energies of all-trans neuro-
sporene (n ) 9), spheroidene (n ) 10), and lycopene+
rhodopin (bothn ) 11) in the LH2 complexes fromRba.
sphaeroidesG1C, Rba. sphaeroides2.4.1, andRsp. molis-
chianumhave been determined to be 7030, 6920, and 6870
cm-1, respectively (19). Unfortunately, the T1 energies of
the RC-bound 15-cis Cars are still unknown. However,
because the 1Bu+ energy of the 15-cis isomer is slightly
higher than that of the all-trans isomer, i.e., by 138 cm-1 in
neurosporene, by 88 cm-1 in â-carotene, and by 73 cm-1 in
spirilloxanthin (see Table 1 in ref65), the difference in the

T1 energies between the 15-cis and all-trans isomers may
be very small. On the other hand, the T1 energies of BChls
in the RC have been determined to be 7590 cm-1 in Rba.
sphaeroidesR26 and 6680 cm-1 in Rps.Viridis (67). Then,
it is suggested that the T1 energy of a Car withn ) 11, i.e.,
6870 cm-1, should be within the tuning range of the T1

energies of BChls, i.e., 6680-7590 cm-1. The T1 energy of
these BChls may be tuned by the peptide-peptide interaction
between the RC component and the LH1 component (“the
intercomplex interaction” mentioned in the Introduction
section). Thus, the model of triplet-energy reservoir is
justified energetically, as well. (iii) The T1 lifetime of BChl
in the RC fromRba. sphaeroidesis in the region of 148-
152 µs, whereas that in the RC fromRps.Viridis is in the
91-95 µs region (68). These lifetimes are long enough for
the BChl triplet-energy reservoir to timely function as a
buffer.

Finally, it is interesting to note that the Tn r T1 absorption
is extremely weak in the RC component fromRsp. molis-
chianumcontaining lycopene and rhodopin (bothn ) 11)
as shown in Figure 6c. The result supports the idea that the
T1 energy of those Cars is similar to that of the BChl
reservoir and that the triplet population of Cars is delocalized
over the BChl molecules.

(d) Triplet Generation in the RC-LH1 Complex Controlled
by the Redox EnVironment of the RC.Alric (41) succeeded
in separately probing the T1 state of the RC-bound spiril-
loxanthin and that of the LH2-bound spheroidene (and OH-
spheroidene, which is abbreviated in the discussion here for
simplicity) by the use ofRVi. gelatinosus. In dithionite-
reduced membranes, this author could time-resolve, by
electronic-absorption spectroscopy, the processes of charge
separation (P+• bacteriopheophytin-•) followed by charge
recombination at P, as well as the triplet generation of the
RC-bound spirilloxanthin followed by the LH2-bound sphe-
roidene. At lower (higher) light intensity, T1 spirilloxanthin
(T1 spheroidene) was preferentially generated. In ferricya-
nide-oxidized membrane, on the other hand, he observed only
the triplet generation in the LH2-bound spheroidene.

His observation parallels to ours in the RC-LH1 com-
plexes: The T1 state of the LH1-bound all-trans Cars was
observed under the oxidizing condition, whereas the T1 state
of the RC-bound 15-cis Cars was observed under the
reducing condition. These observations are in complete
agreement with the very initial observation on3Cars bound
to the RC by Cogdell et al. (21) as well as that on3Cars
bound to the chromatophore membranes by Monger et al.
(31). The above results have shown that the LH and RC
complexes should generate3Car based on completely dif-
ferent mechanisms. It is very likely that the generation of
3Car is regulated by the redox potential in the environment
of the RC, which can control the incoming singlet energy
and the outgoing triplet energy by switching the open and
closed forms of the RC.

CONCLUSION

The following answers to the questions addressed in the
Introduction section have been obtained.

Question 1: How can the intermolecular interaction in the
LH complexes affect the triplet-energy dissipation? The
twisting of the conjugated chain that is enhanced by the
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elongation of the central double bonds upon triplet excitation,
under the influence of the dispersive intermolecular interac-
tion, has been shown to enhance the T1 f S0 ISC and the
dissipation of triplet energy. It is suggested that the inter-
molecular interaction is stronger (weaker) and the twisting
is smaller (larger) in the LH2 (LH1) complex, which is more
specialized in the light-harvesting (photoprotective) function.

Question 2: What is the function of the minor-component
Cars in the LH1 component of the RC-LH1 complex? In
the case ofRba. sphaeroidesG1C having the major-
component Car withn ) 9 and a minor-component Car with
n ) 11, for example, the minor-component Car accelerates
the decay of the major-component Car, forming a leak
channel.

Question 3: How can the intercomplex interaction, i.e.,
between the RC and the LH1 components in the RC-LH1
complex, affect the dissipation of the triplet energy by the
RC? In the RC component, a reservoir consisting of BChls,
whose T1 energy is tuned to around the T1 energy of Car (n
) 11), accelerates the triplet-energy dissipation by the
shortest chain Car and suppresses the triplet-energy dissipa-
tion by the longest chain Car. As a result, the dependence
on n of triplet-energy dissipation is canceled.

In order to establish the proposed mechanisms, concerning
“the role of the minor-component Car in the LH1 compo-
nent” and “the role of the BChl triplet reservoir in the RC
component”, both in the RC-LH1 complex, a more sophis-
ticated technique of Car reconstitution into this particular
complex needs to be developed, in addition to those of the
Car reconstitution into the RC and LH1 complexes now
available. Then, we can systematically change the pair of
conjugation lengths and the composition of Cars in the LH1
component and the conjugation lengths of Cars in the RC
component. The results will provide us with deeper insight
into the mechanisms.
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