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ABSTRACT Ultrafast carotenoid-to-chlorophyll (Car-to-Chl) singlet excitation energy transfer in the cytochrome bgf (Cyt bef)
complex from Bryopsis corticulans is investigated by the use of femtosecond time-resolved absorption spectroscopy. For all-
trans-a-carotene free in n-hexane, the lifetimes of the two low-lying singlet excited states, S;(2A4") and Sx(1 B,"), are
determined to be 14.3 + 0.4 ps and 230 * 10 fs, respectively. For the Cyt bsf complex, to which 9-cis-a-carotene is bound, the
lifetime of the S;(2A,") state remains unchanged, whereas that of the Sy(1B, ") state is significantly reduced. In addition, a
decay-to-rise correlation between the excited-state dynamics of a-carotene and Chl a is clearly observed. This spectroscopic
evidence proves that the S,(1B, ") state is able to transfer electronic excitations to the Q, state of Chl a, whereas the S1(2A47)
state remains inactive. The time constant and the partial efficiency of the energy transfer are determined to be 240 + 40 fs and
(49 = 4)%, respectively, which supports the overall efficiency of 24% determined with steady-state fluorescence spectroscopy.
A scheme of the a-carotene-to-Chl a singlet energy transfer is proposed based on the excited-state dynamics of the pigments.

INTRODUCTION

The cytochrome b¢f (Cyt bef) complex is an oxidoreductase in
the thylakoid membrane. It catalyzes the electron transfer
from plastoquinol to plastocyanin and generates a transmem-
brane proton gradient utilized for the ATP synthesis (1,2). In
addition, this complex is responsible for a balance of the
amount of light excitation between photosystem II (PS II) and
photosystem I (PS I) by regulating the kinase activation of the
PS 11 light-harvesting complex (LHC II) (3). Crystallographic
structures of Cyt bgf complexes from the thermophilic
cyanobacterium Mastigocladus laminosus (4) and the green
alga Chlamydomonas reinhardtti (5) show that a monomeric
Cyt bef consists of four large subunits (Cyt f, Cyt b, Rieske
iron-sulfur protein, and subunit IV), four small hydrophobic
subunits (Pet G, Pet L, Pet M, and Pet N), one chlorophyll a
(Chl @) molecule, and one carotenoid (Car) molecule.

Different kinds of Cars have been found in the Cyt b¢f
complexes from various species. It has been shown that the
Car in spinach Cyt bef'is a 9-cis-B-carotene (6). The presence
of B-carotene in the Cyt bgf complexes from M. laminosus
and C. reinhardtii, as reported by Zhang et al. (7), is cor-
roborated by the recent crystallographic structures (4,5). In
addition, eichinenone was found for the cyanobacterium
Synechocystis sp. PCC 6803 (8) and 9-cis-a-carotene for the
intertidal green alga Bryopsis corticulans (9).
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Cars ubiquitously present in natural photosynthetic orga-
nisms where they perform dual roles of light harvesting
and photoprotection (10,11). In the Cyt bg¢f complexes,
B-carotene was found to be able to protect the photobleach
of Chl a in the presence of oxygen, suggesting its role of
photoprotection (7). In relation to photoprotection, the
chlorophyll-to-carotenoid (Chl-to-Car) triplet excitation en-
ergy transfer (EET) was observed for the Cyt bgf complex
from spinach (12) but not for that from Synechocystis sp.
PCC 6803 (13). As for light harvesting, it was shown that 8-
carotene cannot transfer singlet excitation energy to Chl a in
the Cyt bef complex from C. reinhardtti (14); however, it
does so in that from M. laminosus although with an
extremely low efficiency (7). Since a light-assisted reaction
involving Car or Chl a seems unnecessary for Cyt bgf
complex to perform physiological functions, the role of the
photosynthetic pigments has been mysterious and has
attracted considerable research interest (15,16).

The light-harvesting function of Car in photosynthetic
pigment-protein complexes has been extensively studied (for
reviews, see Frank and Cogdell (10), Ritz et al. (11), and
Polivka and Sundstrém (17)). In bacterial light-harvesting
complexes where Cars are mainly in all-zrans configuration,
the overall efficiency of Car-to-BChl EET varies from ~30%
to near unity depending on the bacterium (10). Recently, it
was shown that 15-cis spheroidene transfers singlet excita-
tion to BChl with an overall efficiency of ~75% in the
reaction center from wild-type Rhodobater sphaeroides (18).
In the light-harvesting complexes from higher plants and
algae, the overall carotenoid-to-chlorophyll (Car-to-Chl)
EET efficiency is ~30% for the CP43 and the CP47 com-
plexes from spinach (19,20), ~80% for the LHC II complex
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from C. reinhardtii (21), and close to unity for that from
spinach (22). Most recently, we reported an overall EET ef-
ficiency of 24% from 9-cis-a-carotene to Chl a in the Cyt b¢f
complex from B. corticulans (23), which is uniquely high
among the Cyt b¢f complexes so far studied. In this work, we
have attempted to further study the EET reactions by the use
of femtosecond time-resolved absorption spectroscopy.

The excited-state properties of Car are of primary impor-
tance for understanding the mechanism of Car-to-(B)Chl
singlet EET. Traditionally, the S{(2A,") and the S>(1B, )
states, respectively, are regarded as the first- and the second-
lowest lying singlet excited states of Car and the So(1A,7)
state as the ground. The symmetric notations in parentheses
are implanted from those established for conjugated linear
polyene (24,25), which is the structural analog of Car. The
S,(1B, ") state can be populated via one-photon absorption,
whereas the S;(2A, ) state cannot because of the symmetric
restriction. However, the S;(2A, ) state can be efficiently
populated via the S,-to-S; internal conversion. For photosyn-
thetic Cars, both the S;(2A, ™) and the S,(1B, ™) states may
conduct the Car-to-Chl EET (21,22,26) although both are
extremely short lived, i.e., a few to a few tens of picoseconds
for S;(2A; ) and ~200 fs for S,(1B,"). Recently, the
traditional views on electronic structure and light-harvesting
mechanism of Car have been challenged by the findings of
a number of new intermediate excited states, e.g., the 1B,
and 3A," state (27-30), the S* state (31,32), and the S* state
(33). These intermediates deriving from the S,(1B, ") state all
have unique excited-state properties and are suggested to play
important roles in light harvesting. Thus the traditional picture
of low-lying excited states of Car seems incomplete and is
currently attracting intensive research interests (34-37).

In this work, the excited-state dynamics of all-trans-
a-carotene free in n-hexane has been examined, and the
a-carotene-to-Chl a singlet EET in the Cyt b¢f complex from
B. corticulans has been shown definitively by the decay-
to-rise correlation between the excited-state dynamics of
a-carotene and Chl a. A scheme of a-carotene-to-Chl a sin-
glet EET was then proposed on the basis of these results, in
which S,(1B, ") is an efficient donor state whereas Si12A,7)
remains inactive. The efficient a-carotene-to-Chl @ EET in
the Cyt bgf complex from B. corticulans may originate from
the unique protein structure that is adapted to the harsh inter-
tidal condition of light exposure. B. corticulans is considered
a unique material for studying the possible light-assist roles
of Car and Chl a molecules in the Cyt bgf complex.

MATERIALS AND METHODS
Sample preparation

All-trans-a-carotene was isolated from a mixture of all-trans-a-carotene and
all-trans-pB-carotene (~1/2 w/w; Sigma, Steinheim, Germany) by high
performance liquid chromatography (Hitachi D-7000, Hitachinaka, Japan)
with an octadecyl silane C18 column (diameter 4.6 mm, length 250 mm;
Alltech Associates, Deerfield, IL) and with methanol/water (9:1 v/v) as an
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eluent (flow rate 1 ml/min) (38). Chl a (~95%) and n-octyl-B-D-
glucopyranoside (B8-OG) purchased from Sigma were used as received.
Rectified analytical grade n-hexane and acetone (Beijing Chemical Plant,
Beijing, China), respectively, were used for preparing all-trans-a-carotene
(1.6 X 107> M) and Chl a (5.3 X 10~ M) solutions.

Wild-living marine green alga B. corticulans was collected from the
intertidal zone at Qingdao, China. The Cyt b¢f complex was isolated and
purified following the procedures described in detail in Li et al. (9). For time-
resolved spectroscopic measurements, the B. corticulans Cyt bgf complex
was suspended in a buffer containing 50 mM tricine-NaOH and 30 mM
B-OG (pH = 8.0), the optical density at the excitation wavelength of 480 nm
was 0.3/mm. It has been shown that the Car molecule in the Cyt bgf complex
from B. corticulans is 9-cis-a-carotene and that the Chl a/a-carotene
stoichiometric ratio in this complex is 1.2:0.9 (9,23).

Steady-state and femtosecond time-resolved
absorption spectroscopies

Spectrophotometers used in steady-state spectroscopic measurements were
U-3310 (Hitachi, Japan) for electronic absorption spectra and F-2500
(Hitachi) for fluorescence and fluorescence excitation spectra.

The femtosecond time-resolved absorption spectrometer has been de-
scribed in detail elsewhere (39). Briefly, the output pulses (800 nm, 120 fs,
800 wJ/pulse) from a regenerative amplifier (Spitfire, Spectra Physics,
Mountain View, CA) seeded with a mode-locked Ti:sapphire laser
(Tsunami, Spectra Physics) were split into two components by the use of
a 9:1 beam splitter. The major component was used to pump an optical
parametric amplifier (OPA-800 CF, Spectra Physics) producing the exci-
tation pulse at a desired wavelength, the pulse energy was ~200 nJ/pulse.
The pump beam was focused on the sample cell with a spot size of 200 um
in diameter. The minor component was reduced to 3 wJ/pulse and focused
into a 10-mm D,O flowing cell to generate the white-light-continuum probe
pulses. A band-pass filter (SPF-750, CVI) was inserted into the probe beam
to select visible probe (400 ~ 700 nm) and a cutoff filter (HWB850,
Nantong, China) for near-infrared probe (800 ~ 1100 nm). The magic-angle
scheme was adopted in the pump-probe measurements, and the temporal
resolution between the pump and the probe pulses was determined to be
~150 fs (full width at half-maximum) by the use of a nonresonant optical
Kerr-effect signal. Time-resolved spectra were corrected against group
velocity dispersion. The detection system was based on a liquid nitrogen
cooled charge-coupled device detector (Spectrum-1, JY) attached to an
imaging spectrometer (270M, SPEX). The time delay between pump and
probe pulses was regulated by the use of a motorized translational stage
(LTS-200, X-Koki) in the pump beam. To ensure that each laser shot shined
on fresh sample, the laser system was run at a low repetition rate of 5 Hz, and
the sample cell (optical path length, 1 mm) was kept shifting across the laser
beams. All spectroscopic measurements were done at room temperature.

Time-resolved spectra were analyzed by the use of singular value decom-
position (SVD) combined with model-based global fitting (SVD-Global),
details of which were described elsewhere (40). The evolution-associated
difference spectra (EADS) and the corresponding population dynamics, as
the results of SVD-Global analysis, were used to rebuild a data matrix that
was subtracted from the original data to yield a residual matrix. The quality
of the SVD-Global analysis was judged by examining the residual matrix,
which should be featureless and noise only, and by taking the standard
deviation of least-square fitting as a criterion (41).

RESULTS AND DISCUSSION
Steady-state absorption and fluorescence spectra

All-trans-a-carotene (Fig. 1, inset) belongs to the family of
C40-carotenes; its C4'=C5" double bond in a B-ionone ring
does not conjugate to the polyene backbone; and the number
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FIGURE 1 Room temperature steady-state absorption (thicker solid line),

fluorescence (thinner solid line), and fluorescence excitation (dotted line;
observing wavelength 700 nm) spectra of the Cyt b¢f complex form B.
corticulans. The absorption spectrum of all-frans-a-carotene in n-hexane
(dashed line) is also shown. Vertical arrow indicates the excitation wave-
length (480 nm) in the time-resolved measurements. Inset shows the chem-
ical structure of all-trans-a-carotene.

of conjugated C=C double bonds (Nc_c) counts 10. As seen
in Fig. 1, the wavelength of S>(1B, ", v = 0) « Sy(1A, ",
v = () vibronic transition in the ground state absorption of
all-trans-a-carotene in n-hexane is almost the same as that
of 9-cis-a-carotene bound to the Cyt bgf complex from B.
corticulans (~470 nm). This contrasts to the general trend
that Cars bound to pigment-protein complexes exhibit
significant bathochromic shift of ground state absorption
with respect to those free in n-hexane (31,42,43). The
physical origins of the bathochromic shift in bacterial
antenna complexes (20 ~ 30 nm) has been suggested to be
the dispersive and the electrostatic interactions with the
protein environment (42,44). Therefore, the lack of spectral
shift of a-carotene upon changing from n-hexane to the Cyt
bef complex observed in this study suggests relatively weak
interactions with its surrounding residues. As a piece of
supporting evidence to the uniqueness of the protein
environment in the Cyt bef complex from B. corticulans,
our recent work has shown that, when this complex was
denatured with sodium dodecyl sulfonate treatment, the ab-
sorption of a-carotene showed a 2-nm bathochromic shift
instead of a hypsochromic shift (23).

In the absorption spectrum shown in Fig. 1, the strong
absorption band at 420 nm originates from metalloporphyrin
chromophores, i.e., two b-type hemes (heme by, heme by ) in
Cyt b¢ together with a c-type heme in Cyt f (45). The
relatively weak shoulder at 436 nm corresponds to the Soret
band of Chl @, and the peak at 671 nm to the well-known Q,
absorption of Chl a. In the fluorescence excitation spectrum,
the 436-nm Soret band reflects efficient electronic internal
conversion in Chl a, whereas the Car band at 470 nm proves
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the existence of a-carotene-to-Chl ¢ EET whose overall
efficiency was estimated to be 24% (23). This efficient EET
is unique to the Cyt bgf complex from B. corticulans as it
is not found for C. reinhardtti (14) or very inefficient in the
Cyt bef complex from M. laminosus (7).

Singlet excited-state dynamics of
all-tran-a-carotene free in n-hexane

Knowledge of the excited-state dynamics of a-carotene in
the absence of an energy acceptor is crucial for studying the
a-carotene-to-Chl @ EET in the Cyt bgf complex from
B. corticulans. For this purpose, we used all-trans-a-
carotene in n-hexane to mimic 9-cis-a-carotene in the
protein environment because of the aforementioned similar-
ity in the ground state absorptions. This is reasonable in view
of the fact that a peripheral cis-Car has rather small reduction
in effective conjugation length with respect to its all-frans
counterpart as indicated by the small hypsochromic shift in
the absorption spectrum (46,47). In addition, similar singlet
excited-state kinetics may be expected for all-frans and
peripheral cis isomers of a Car (48).

The time-resolved spectra in Fig. 2 for all-trans-a-
carotene in n-hexane can be characterized as follows. In
the visible region and immediately after the pulsed excitation
(Fig. 2 a, 0.0 ~ 0.1 ps), a sharp negative feature appears at
slightly longer wavelengths (~478 nm) to the 0 < 0
transition in the ground state absorption (473 nm); this
negative feature is due to the S,(1B,") — So(1A,7)
stimulated emission (SE) as previously reported for lycopene
and B-carotene (49,39). The SE evolves from 0.2 ps through
0.5 ps and eventually transforms into the bleach of ground
state absorption (BLC). The positive feature at 0.1 ps has a
rather broad spectral coverage, 500 ~ 700 nm, and differs
from the well-known S, < S;(2A, ") absorption seen at the
picosecond delay times. This characteristic red-wing ab-
sorption was observed also for 3-carotene, zeaxanthin, and
lycopene (50,51), which has been attributed to the excited-
state absorption (ESA) from a twisted conformer in the
S1(2A, ) state (51) or to the ESA from higher vibrational
levels in this state (50,52). In our previous study on all-trans
neurosporene in n-hexane, a similar feature has been
ascribed to the 1B, state with a lifetime of ~300 fs (40).
The positive ESA in the near-infrared (NIR) region imme-
diately after the pulsed excitation (Fig. 2 b, 0.0 ~ 0.2 ps) is
the characteristic ESA from the S,(1B,") state (53), which
shifts to the red wavelengths after 0.2 ps.

To extract the EADS spectra and the population dynamics
of the excited-state intermediates giving rise to the time-
resolved spectra in Fig. 2, we applied SVD-Global analyses
based on a sequential kinetics model, i.e., I — II — III, in
which each component stands for an independent interme-
diate. Fig. 3 shows the results of a three-component analysis
in the visible region (a and ¢) and those of a two-component
analysis in the NIR region (b and d).

Biophysical Journal 90(11) 4145-4154
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FIGURE 2 Femtosecond time-resolved absorption
spectra at indicated delay times for all-frans-a-carotene
in n-hexane (1.6 X 107> M) recorded in (@) the visible
and (b) the near-infrared spectral regions.
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In the visible region (Fig. 3 a), component-I with clear
vibronic structure is ascribed to the S,(1B, ") — So(1A,7)
SE as supported by its mirror-image relationship with refer-
ence to the ground-state absorption (Fig. 2 a, top curve). In
the NIR region, component-I exhibits a negative feature at
the longer-wavelength side (>950 nm, Fig. 3 b). This com-
ponent in the visible and the NIR regions may have the same
origin because they have almost the same decay time con-
stant of 54 = 10 fs. Since component-I responds promptly to
the pulsed excitation, it is to be attributed to the Frank-
Condon active S,(1B, ™) state of a-carotene in the initial all-
trans configuration (vide infra).

Component-II in the visible spectral region has a decay
time constant of 470 = 40 fs which differs considerably from
that of 230 = 10 fs in the NIR region; therefore, this
component in the visible and the NIR regions must have
different origins. First, we consider the assignments of
component-I and -II in the NIR region. In view of the
lifetime of component-II (230 = 10 fs), which is close to the
reported value of S,(1B,") state as determined by the use of
fluorescence up-conversion techniques (~200 fs, 54,55), we
ascribe this component to the S,(1B,") state. The rapid
transformation from component-I into -II reflects the initial
configurational relaxation of the Frank-Condon active
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S,(1B,") state. This scheme of excited-state dynamics was
originally proposed by de Weerd et al. based on time-
resolved absorption spectroscopic results (51), which seems
to be supported by the time-resolved fluorescence spectro-
scopic results obtained at ambient and cryogenic tempera-
tures (56). Importantly, curves fitting to single-wavelength
NIR kinetics revealed systematic elongation of the decay
time constant at a longer wavelength, e.g., 200 £ 10 fs (850
nm), 210 = 10 fs (900 nm), and 230 = 10 fs (950 nm, 990
nm). Similar wavelength dependence of the decay time
constant as well as the Stokes shift of ESA has also been
observed for all-trans-B-carotene (35,53,57). These obser-
vations may be accounted for by the scheme depicted in
Fig. 4, which is taken from de Weerd et al. (51) with
some modifications: Along the configuration coordinate of a
Car molecule, a decrease in the separation between potential
energy surfaces (PES) of the S,(1B,") and the S,, states
explains the apparent Stokes shift of the S, < S,(1B,")
NIR absorption. In addition, the progressive elongation of
the decay time constant can be explained by the rapid
deviation from the initially populated Frank-Condon active
state to the configurationally relaxed state along the PES of
S,(1B, ™). Within the framework of the above scheme, the
negative feature in the EADS component-I (Fig. 3 b, >950
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nm) can be interpreted as a rise phase owing to the rapid
relaxation of the initially populated Frank-Condon active
S>(1B, ™) state.

In an alternative explanation to the aforementioned ultra-
fast spectral changes, the 1B,  state located between the
S,>(1B, ") and the S1(2A, ) states and derived directly from
the S,(1B, ™) state was taken into account and was suggested
to mediate the S,-to-S; internal conversion. According to
this scheme, the lifetimes of the 1B, and the 1B," states
were proposed to be on the timescales of ~10 fs and ~200 fs
(58,57), respectively. It is argued, however, that the ultrafast
spectral changes can also be simply explained in terms of
rapid moving out of the Frank-Condon active region owing
to the initial nuclear relaxation (possibly mediated by certain
vibrational modes). In addition, given the small energy
separation (state mixing is therefore significant) between the
1B, and the 1B, states, they can hardly be distinguished
by the use of femtosecond excitation pulse with rather broad-
band width (35). Obviously, further investigation in terms of
not only dynamics but also energetics is necessary to clarify
the nature of the intermediate states. Here, we note that either
the spectral dynamics mentioned above or those to be de-
scribed below can be well accounted for by invoking the
scheme depicted in Fig. 4.

We now consider component-II in the visible region with
a lifetime of 470 = 40 fs. This EADS component can be
attributed to the configurationally unrelaxed S;(2A, ) state
that directly converted from the configurationally distorted
S,(1B,") state (Fig. 4). Its lifetime is also close to the
reported timescale of the vibronical relaxation in S;(2A, ™)
state (50). Either the configurationally or the vibrationally
unrelaxed S;(2A, ) state may be referred to as the hot S,
in a sense that it carries excess excitation energy. Finally,
component-1II in Fig. 3 ¢ with a lifetime of 14.3 = 0.4 ps is
definitively assigned to the S;(2A, ) state; this EADS
component faithfully reflects the characteristic ESA of S;, <
S1(2A, ) as seen at later delay times in Fig. 2 a. Its lifetime
determined by the use of SVD-Global analysis agrees well
with that obtained from a single kinetics curve at 535 nm
(14.7 = 0.9 ps, see Fig. 6 a).

Singlet EET from «a-carotene to Chl a in the
B. corticulans Cyt bgf complex

To investigate the detailed paths and mechanisms of the EET
reactions, we selectively excited a-carotene in the Cyt byf
complex by using femtosecond pulse at 480 nm, i.e., the
longer wavelength side of the 0 < O vibronic band of

Biophysical Journal 90(11) 4145-4154
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FIGURE 4 Schematic illustration of the excited-state dynamics of all-
trans-a-carotene from de Weerd et al. (51) with some modifications. The
indicated decay time constants of the relevant transient species were derived
from the SVD-Global analyses (see text for details). Thicker solid arrow
stands for optical excitation and configurational relaxation, thinner solid
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for internal conversion, and open arrows for the NIR transitions S, <
S,»(1B, ™). In this scheme, the initially populated S,( 1B, ") state in all-trans
configuration (54 fs) relaxes rapidly into its twisted form (230 fs) and then
internally converts to the twisted S;(2A,7) (470 fs), which eventually
relaxes into the relaxed S;(2A, ") state (14.3 ps).

a-carotene absorption (Fig. 1, vertical arrow). The time-
resolved absorption spectra for the Cyt bgf complex at re-
presentative delay times are shown in Fig. 5.

Immediately after the pulsed excitation (—0.1 ~ 0.1 ps),
broad ESAs appear at both visible wavelengths (500 ~ 640
nm) and NIR wavelengths (800 ~ 1000 nm). The visible
ESA rising up until 0.4 ps and decaying out until 50 ps was
mainly contributed by the S, < S;(2A,") absorption,
whereas the extremely short-lived NIR signal disappearing
completely at 0.4 ps originated from the S,(1B, ") state. In
the visible region, the transient spectrum of the Cyt bgf
complex at 50 ps is similar to that of Chl a free in organic
solvent, indicating that the much stronger visible ESA at
earlier delay times mainly originate from the singlet excited
state of a-carotene. Most importantly, the negative BLC
signal of Chl a at 675 nm responds instantaneously to the
pulsed excitation (see the spectrum at 0.0 ps), a fact that
strongly suggests the presence of ultrafast a-carotene-to-Chl
a EET. To confirm that the amount of direct excitation of Chl
a is negligible, we used the same excitation energy to se-
lectively excite B-carotene in the Cyt bgf complex from
spinach where B-carotene-to-Chl a EET is known to be
absent; no BLC signal of Chl @ could be recognized.

To examine whether or not the S,(2A, ") state is involved
in the a-carotene-to-Chl a EET, we compared the kinetics
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FIGURE 5 Femtosecond time-resolved absorption spectra at representa-
tive delay times recorded for the Cyt bgf complex from B. corticulans
(ODy4gonm = 0.3/mm). For comparison, the transient spectrum for free Chl a
in acetone (5.3 X 10> M) recorded at 50 ps under the excitation wavelength
of 670 nm is shown at the bottom.

at 570 nm for the Cyt bef complex from B. corticulans with
that at 535 nm for free a-carotene (Fig. 6 @). Biexponential
fitting to the kinetics of the Cyt bgf complex found a short-
lived component (14.7 £ 0.9 ps) and a nanosecond one,
which can be definitively assigned to the S;(2A, ) state of
a-carotene and to the Q, state of Chl a, respectively. Since
the lifetime of S;(2A,") state shows no reduction upon
changing from n-hexane solution (14.3 = 0.4 ps) to the Cyt
bef complex (14.7 = 0.9 ps), it is concluded that this state is
inactive in transferring electronic excitation to Chl a. This is
understandable in view of the tiny oscillator strength of the
optically forbidden SI(ZA:gf) state (59) and the large Car-Chl
spatial separation of 14 A (4,5).

The Car(S;)-to-Chl single EET pathway has been previ-
ously reported for the LHC II (60) and the CP29 (61)
complexes, in which either vibrationally unrelaxed or
relaxed S{(2A, ") states are involved in the EET reactions.
However, these processes account only for a minor part of
the overall EET efficiency; the overwhelming part of energy
transfer proceeds from the S,(1B, ") state. In this study, the
involvement of the hot S; in the Car-to-Chl EET process
seems less possible for the aforementioned structural reason
as well as the following kinetics reason. In Fig. 6 a, a rise
time constant of 690 * 70 fs is found for free a-carotene,
which is understandable from the scheme in Fig. 4 showing
two tandem processes with the time constants of 230 fs and
470 fs, respectively. On the other hand, a rise time constant
of 360 * 50 fs is found for the Cyt bef complex. Although
the rise time is considerably shortened in the Cyt bgf
complex, we cannot say with certainty that this is due to the
energy transfer from the hot S; state, because the Car(S,)-to-
Chl EET process would also significantly shorten the rise
time in the Cyt bef complex.
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To determine the rate constant of singlet EET from the
S,>(1B, ™) state of a-carotene to Chl a, we probe the ESA of
a-carotene at 950 nm, where Chl a has little contribution,
and probe the BLC of Chl ¢ at 675 nm as shown in Fig. 6 b.
Both of the kinetics were plotted directly from the time-
resolved spectra in Fig. 5. Because 950 nm is around the
isosbestic point of component-I (Fig. 3 b), the kinetics at this
wavelength is least affected by the Stokes shift in the ESA
compared to those at other wavelengths. It is clear in Fig. 6 b
that the decay of the ESA of a-carotene correlates well to the
rise of the BLC of Chl a; however, the rise phase in the
675-nm kinetics is obviously slower than the decay of the
950-nm one, which may be due to the Q4-to-Qy internal
conversion process in the Chl @ molecule. As shown in Fig. 6
¢, the existence of singlet EET from the S,(1B,") state of
a-carotene to Chl a is also manifested by directly comparing
the 950-nm kinetics of a-carotene in n-hexane with that in the
Cyt bef complex. The significant reduction in the apparent
decay time constants, i.e., from 230 = 70 fs to 110 % 30 fs
(results from a single wavelength curve fitting), suggests the
presence of Car(S,)-to-Chl a EET.

The Car(S,)-to-Chl a(Qy) pathway proposed in Fig. 6 b is
consistent with the detailed kinetics schemes of the Car-to-
Chl energy transfer previously proposed for the Chl-a/b
light-harvesting complexes, e.g., the LHC II complex (60),
the CP29 complex (61), and the Lhca4 complex from PS I
(62). For all of these complexes, the S,(1B, ") state is re-
sponsible for a major part of the overall Car-to-Chl EET.
Croce et al. (60) proposed for the first time, to our knowl-
edge, that the Q is the acceptor state of Chl a, whereas both
B, and Qy are the acceptors of Chl b.

The traces in Fig. 6 b were simultaneously fit to a kinetics
model shown as an inset. In the case where the three rate
constants were left as free-fitting parameters, we obtained
Kic = (220 = 50 fs) ", Kger = (250 = 90 fs) ', and K, =
(120 = 10 fs)~'. Here, the time constant of S,-to-S; internal
conversion, 220 * 50 fs, is very close to that found for
a-carotene in n-hexane (230 £ 10 fs). Alternatively, if we fix
Kic at (230 = 10 fs)~"', the values of Kgpy and K, were
found to be (240 * 40 fs)"! and (130 = 20 fs) ',
respectively. The above two sets of rate constants are rather
similar. We use the later set to evaluate the partial efficiency
(n) of singlet EET from the S>(1B, ") state of a-carotene to
the Q, state of Chl a, and a value of (49 * 4)% was obtained
by using the relation 7 = Kgg1/(Kggr + Kic). The rather
high partial efficiency strongly supports the overall
a-carotene-to-Chl a EET efficiency of 24% in the Cyt bgf
complex from B. corticulans. As shown in Fig. 4, the S,-to-
S, internal conversion may occur before the relaxation of the
S>(1B,") state, a deactivation process which effectively
competes with the EET from the relaxed S,(1B, ") state to
the Qy state. This explains the apparent discrepancy between
the partial and the overall efficiency, i.e., 49% vs. 24%. By
using the values of EET efficiency, it is estimated that ~50%
of the Frank-Condon active S,(1B,") state goes to the
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FIGURE 6 (@) Comparison of the kinetics trace at 570 nm for the Cyt bgf
complex from B. corticulans with that at 535 nm for a-carotene in n-hexane.
(b) Kinetics traces at 675 nm (inverted and normalized by multiplying by a
factor of —0.4) and at 950 nm plotted from the original time-resolved spectra
(Fig. 5). They were simultaneously fit to a kinetic model depicted in the inset
(Kic and K, stand for the rate of internal conversion of a-carotene and Chl a,
respectively, Kggr for the rate of energy transfer). In this scheme, the S>(1B, ")
state is configurationally relaxed. The solid line presents fitting curve; the
dashed line shows a Gaussian-type instrumental response function. (c)
Comparison of the kinetics traces at 950 nm for a-carotene in n-hexane (open
circle) and for the Cyt b¢f complex from B. corticulans (solid circle).

Biophysical Journal 90(11) 4145-4154



4152

configurationally relaxed form, which subsequently transfers
singlet excitation energy to the Qy state of Chl a.

SUMMARY

We have examined the singlet excited-state dynamics of
a-carotene both free in solution and bound in the Cyt byf
complex from B. corticulans by using femtosecond time-
resolved absorption spectroscopy. For free all-trans-a-
carotene, the lifetimes of the S;(2A, ") and the S>(1B, )
states are determined to be 14.3 = 0.4 ps and 230 = 10 fs,
respectively. These two excited states both experienced rapid
configurational relaxation (Fig. 4), and their configurational
precursors live on 470 = 40 fs and 54 = 10 fs, respectively.
For the Cyt be¢f complex from B. corticulans, definitive
spectroscopic evidence shows that the S,(1B, ") state of
9-cis-a-carotene transfers singlet excitations to the Qy state
of Chl a, whereas the S;(2A, ") state remains inactive. The
timescale and the efficiency of EET from the S,(1B,") are
estimated to be ~240 fs and ~49%, respectively. The inset
in Fig. 6 b illustrates the proposed scheme of a-carotene-
to-Chl a singlet EET.

The physiological functions of Car and Chl a molecules
in the Cyt bef complex have been attracting considerable
research interests. A number of recent findings point to the
photoprotective role of Car although detailed mechanisms
remain unsolved. For instance, B-carotene was found to be
able to protect Chl a against photobleach in the spinach Cyt
bef complex (7) and to quench the triplet Chl a sensitized
singlet oxygen in the Cyt bef complex from M. laminosus,
which is likely facilitated by an oxygen diffusion channel
(63). In addition, it is reported that Chl a singlet excitation
was quenched by its neighboring amino acids in the Cyt bgf
complex from Synechosystis sp. PCC 6803, a process
leading to a pronounced decrease in the yield of triplet Chl
a (13). Most recently, the structural roles have been sug-
gested for either of the pigments (64).

This work confirms the light-harvesting function of
a-carotene in the Cyt bgf complex from B. corticulans. As
mentioned in the introduction, the Car-to-Chl singlet EET in
the Cyt b¢f complex seems to be species dependent, which is
likely due to the structural difference in the pigment-protein
assemblies of Cyt bef complexes from different species. For
the marine green alga B. corticulans living in the intertidal
zone, a unique mechanism of Car-to-Chl singlet EET may be
developed in its Cyt bgf complex in response to the harsh
light-exposure condition. In general, the light-harvesting
function of Car is of particular importance for aquatic photo-
synthetic organisms, because Cars intensely absorb light
at blue-green wavelengths coinciding with the spectral win-
dow of water. It is interesting to study the fate of the light
excitation harvested by the Cyt bgf complex of B. corticulans.
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