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In algae, light-harvesting complexes contain specific chlorophylls (Chls) and keto-carotenoids; Chl a, Chl ¢, and
fucoxanthin (Fx) in diatoms and brown algae; Chl a, Chl ¢, and peridinin in photosynthetic dinoflagellates; and
Chl a, Chl b, and siphonaxanthin in green algae. The Fx-Chl a/c-protein (FCP) complex from the diatom
Chaetoceros gracilis contains Chl ¢y, Chl ¢, and the keto-carotenoid, Fx, as antenna pigments, in addition to Chl
a. In the present study, we investigated energy transfer in the FCP complex associated with photosystem II
(FCPII) of C. gracilis. For these investigations, we analyzed time-resolved fluorescence spectra, fluorescence rise
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Fucoxanthin—chlorophyll a/c protein and decay curves, and time-resolved fluorescence anisotropy data. Chl a exhibited different energy forms with
Light harvesting fluorescence peaks ranging from 677 nm to 688 nm. Fx transferred excitation energy to lower-energy Chl a

with a time constant of 300 fs. Chl c transferred excitation energy to Chl a with time constants of 500-600 fs
(intra-complex transfer), 600-700 fs (intra-complex transfer), and 4-6 ps (inter-complex transfer). The latter
process made a greater contribution to total Chl c-to-Chl a transfer in intact cells of C. gracilis than in the isolated
FCPII complexes. The lower-energy Chl a received excitation energy from Fx and transferred the energy to
higher-energy Chl a. This article is part of a Special Issue entitled: Photosynthesis Research for Sustainability:
Keys to Produce Clean Energy.
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Energy transfer
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© 2014 Published by Elsevier B.V.

1. Introduction

Light-harvesting antenna complexes exist as integral membrane
antenna complexes or peripheral membrane antenna complexes. These
complexes absorb light energy and transfer it to reaction centers as
excitation energy. In contrast to the reaction center complexes, light-
harvesting complexes (LHCs) are remarkably diverse in their pigment
contents [1]; for example, LHCs of higher plants and green algae contain
chlorophyll (Chl) b and Chl a, whereas those of diatoms, brown algae and

Abbreviations: Car, carotenoid; Chl, chlorophyll; FDAS, fluorescence decay-associated
spectrum (spectra); Fx, fucoxanthin; LHC, light-harvesting chlorophyll a/b-binding com-
plex; PS, photosystem; Siph, siphonaxanthin; TRFS, time-resolved fluorescence spectrum
(spectra)
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photosynthetic dinoflagellates contain Chl c, in addition to Chl a. The
spectral properties of Chls depend on their conjugation structures; Chl
a and Chl b are chlorin-type pigments with the 17,18-dihydroporphyrin
system, whereas Chl c is a porphyrin-type pigment with a fully unsatu-
rated porphyrin system. Chl a exhibits two strong absorption bands in
the violet and red regions, known as the Soret band and the Qy band,
respectively. The latter corresponds to the S;-Sy transition of Chl. Chl b
and Chl c extend the wavelength regions of light that can be used for
photosynthesis. Compared with Chl a, Chl b absorbs light energy at
longer wavelengths in the Soret band and at shorter wavelengths in
the Qy band [2]. The Soret band of Chl c is located at almost the same
wavelength as the Chl b Soret band, whereas its S;—Sg transition is at a
shorter wavelength [2]. The combination of Chl a, Chl b, and Chl c allows
LHCs to utilize light energy in the violet-to-blue region, and the orange-
to-red region. The light energy captured by Chl b or Chl c is transferred to
Chl a for photosynthesis. In Chl b-containing LHCs, such as the Codium
fragile LHCII and the Arabidopsis thaliana LHCII, Chl b-to-Chl a energy
transfer occurs in 700-800 fs, with a high efficiency of almost unity
[3,4]. Because of the conjugation structure of Chl c, the strength of
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electronic transition for its S;-Sy transition is weaker than that of Chl b,
which might be a disadvantage for energy transfer to Chl a [5].

Besides Chls, LHCs contain specific carotenoids (Cars) [6]. Cars can be
classified into two groups based on their conjugation structure; conju-
gated polyenes [7,8], and keto-Cars, which have a keto-carbonyl group
in the conjugated double-bond system [9]. The LHCs of higher plants
have the polyene-type Car, lutein, as the major Car [10-12]. In algae,
the main Cars in LHCs are the keto-Cars, siphonaxanthin (Siph),
peridinin, and fucoxanthin (Fx), which work as efficient antenna
pigments harvesting blue-to-green light [9,13-15]. This is ecologically
advantageous under the green-light-rich conditions under water. The
keto-Cars have a conjugation structure with eight CC double bonds
and one CO double bond. The optical properties of keto-Cars strongly
depend on the surrounding molecules. The absorption spectrum of
Siph showed clear vibrational bands in n-hexane, as observed for lutein.
In methanol, however, the absorption spectrum of Siph lost its structure
and showed enhanced absorbance in the longer wavelength region,
which is not the case for lutein. It was expected that Car-protein
interactions strongly affect light absorption by keto-Cars in LHCs. Our
previous studies on Siph based on time-resolved fluorescence anisotro-
py analyses confirmed that a new electronic state (Sy.) exists between
the S, state and the S, state [14].

Diatoms, which are currently the most successful class of phyto-
plankton in the world's oceans and freshwater environments [16,17],
contain a unique LHC, the Fx-Chl a/c-protein (FCP) complex. This
complex possesses the keto-Car, Fx, and the porphyrin-type Chl, Chl c.
Several groups have reported the isolation and characterization of FCP
complexes from various diatom species [18-24]. We detected three
major FCP bands, which were named as FCP-A, FCP-B, and FCP-C, by
SDS-PAGE with thylakoid membranes from a marine centric diatom
Chaetoceros gracilis and isolated the FCP-A-enriched and FCP-B/C-
enriched complexes (FCP-A oligomer and FCP-B/C trimer, respectively)
by sucrose gradient centrifugation and clear-native PAGE after solubiliz-
ing the thylakoids [22]. The association of these isolated FCP complexes
with photosystem (PS) Il and/or PSI is still unknown. There are very few
experimental proofs for PS (especially PSII)-associated FCPs.

We previously reported the isolation of oxygen-evolving PSII parti-
cles containing a large amount of FCP, namely PSII-FCPII supercomplex,
from the diatom, C. gracilis [25]. Using the PSII-FCPII supercomplex, we
succeeded in isolating the FCPII complex and analyzed its spectral prop-
erties [26]. In the present study, we examined ultrafast energy transfer
in the FCPII complex by femtosecond time-resolved fluorescence
spectroscopy.

2. Experimental
2.1. Preparation of FCPIl

Isolation was performed at 277 K unless otherwise indicated.
The marine centric diatom, C. gracilis Schiitt (UTEX LB 2658), was
grown in artificial seawater under continuous low-light conditions
(30 umol photons m~2 s~ 1) according to Nagao et al. [25,27]. The
PSII-FCPII supercomplex was isolated by differential centrifugation
after solubilizing thylakoids with Triton X-100 according to Nagao
et al. [25]. The FCPII complex was prepared as described by Nagao
et al. [26]. Briefly, the PSII-FCPII supercomplex was treated with Triton
X-100. After centrifugation, the supernatant was subjected to anion-
exchange chromatography. The FCPIl-enriched fraction was eluted
after most of the PSIl-enriched fraction had eluted from column, and
was then subjected to sucrose centrifugation. The FCPII complex was
collected from the upper sucrose layer, immediately frozen in liquid
nitrogen, and then stored at 213 K until spectroscopic analysis. The
isolated FCPII complex was composed of FCP-A, FCP-B, and FCP-C. The
stoichiometry of the FCP bands on SDS-PAGE (FCP-A:FCP-B:FCP-C)
was approximately 1:1:1 [26]. Note that the terms FCP-A, FCP-B, or
FCP-C refer to a group of FCPs.

2.2. Measurements and analyses

Steady-state absorption and fluorescence spectra were measured
with a JASCO V-650 spectrophotometer (JASCO, Tokyo, Japan) and a
spectrofluorometer (JASCO FP-6600), respectively, at 278 K. Time-
resolved fluorescence spectra (TRFS) and polarized fluorescence were
measured by the fluorescence up-conversion method as described
previously [28], at 285 K for the FCPII complex and at 293 K for Fx.
The excitation wavelength was 425 nm, at which all pigments were
simultaneously excited. To observe the time evolution of fluorescence
polarization, fluorescence kinetics (I(t)) were observed for two polari-
zation components that are orthogonal to each other. After polarization
components of the fluorescence signals, which were parallel (I,(t)) and
perpendicular (I,(t)) to the excitation laser pulse, were measured
alternately, the fluorescence rise and decay curves [Ig(t), isotropic
fluorescence kinetics] were calculated as follows:

Tg(t) = 1,(t) + 21, (b). (1)
The fluorescence anisotropy (r(t)) was calculated as follows:
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To obtain TRFS, the fluorescence rise and decay curves were obtain-
ed by measuring the polarization component of the fluorescence signals
at the magic angle to the excitation laser pulse. The fluorescence rise
and decay curves were analyzed by global analysis to obtain fluores-
cence decay-associated spectra (FDAS) [29]. In this analysis, fluores-
cence rise and decay curves at different wavelengths were fitted by
sums of exponentials with common time constants.

1
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The amplitudes (A;(\)) gave the FDAS of each time-constant.
3. Results
3.1. Steady-state absorption and fluorescence spectra

The steady-state absorption and fluorescence spectra of the FCPII
complex at 278 K are shown in Fig. 1. In the wavelength region related
to the lowest excitation states of Chls, Chl a showed a prominent ab-
sorption peak at 672 nm (Qy(0,0)) with its vibrational band around
645 nm (Qy(1,0)), whereas the red-most absorption peak of Chl c was
located around 634 nm [30]. In addition, Chl a and Chl ¢ showed Soret
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Fig. 1. Steady-state absorption (solid line) and fluorescence (dotted line) spectra of
the FCPII complex normalized at Chl a Qy band. Excitation wavelength was 425 nm for
fluorescence spectrum.



1516 S. Akimoto et al. / Biochimica et Biophysica Acta 1837 (2014) 1514-1521

bands at 442 nm and around 460 nm, respectively. The Fx absorption
bands were located in the wavelength region shorter than 560 nm, in
which two bands were recognized by the second derivative of the ab-
sorption spectra at 80 K [26]. The green absorption band is the charac-
teristic band for algal keto-Cars. In the fluorescence spectrum, there
was a main peak at 677 nm with a vibrational band around 735 nm,
and there was a faint peak at 643 nm. The peak at 677 nm was assigned
to Chl a fluorescence, whereas that at 643 nm was assigned to Chl ¢ fluo-
rescence. Although Chl a Qx fluorescence can be observed around
643 nm [31], its contribution to steady-state fluorescence is negligibly
small because of its short lifetime. In the fluorescence spectrum of the
FCPII complex, there was a clear peak for Chl ¢ (Fig. 1). However, this
peak was absent in the fluorescence spectrum of the C. gracilis cells
(Fig. S1). These results indicated that in addition to intra-complex ener-
gy transfer, inter-complex energy transfer is significant for Chl c in the
FCPII complex. There was no apparent peak for Chl b in the fluorescence
spectra of the C. fragile LHCII and the A. thaliana LHCII, even the spectra
of isolated LHCII [3,14], suggesting that excitation energy harvested by
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Fig. 2. Normalized time-resolved fluorescence spectra of Fx in solution excited at 425 nm
(lines with closed circles). Figure shows absorption spectrum (Abs) and fluorescence
spectrum (line with open circles) reconstructed from the first and second shortest-lived
components of fluorescence decay-associated spectra shown in Fig. 3.

Chl b can be efficiently transferred to Chl a within the LHCII complex.
Fluorescence from Fx was not detected by steady-state measurements.

3.2. Time-resolved fluorescence spectra of fucoxanthin in solution

Fig. 2 shows the TRFS of Fx in ethanol, together with the fluorescence
spectrum reconstructed as the sum of the FDAS with the first and
second shortest lifetimes shown below (Fig. 3). At the early stage, the
spectra represented the mirror image of the absorption spectrum. As
the delay time increased, the relative intensities in the longer wave-
length region increased. This time-dependent change in spectral shape
was analyzed by a global analysis with three lifetime components;
80 fs, 200 fs, and longer than 1 ps (Fig. 3). The behavior of Fx was essen-
tially the same as that observed for Siph in solution [32], although the
shortest lifetime was longer for Fx than for Siph. Therefore, we assigned
these three FDAS to fluorescences from the S, state, the intermediate
state between the S; and S; states (the Sy state), and vibrationally excit-
ed states in the Sy state. This relaxation process might be a common pro-
cess in keto-Cars with conjugations of eight CC double bonds and one
CO double bond [32]. Two lifetimes shorter than 1 ps were also resolved
for Fx by a transient absorption measurement [33]. The reconstructed
fluorescence spectrum was the mirror image of the absorption spec-
trum. This is because the contributions of the second (200 fs) and
third (>1 ps) FDAS to total fluorescence were smaller than that of the
first FDAS (80 fs). The sizes of the contributions are closely related
to the strengths of the S;-Sq, Skc—So, and S;-Sp transitions, and the
lifetimes of their respective excited states.

3.3. Time-resolved fluorescence spectra of the FCPIl complex

TRES of the FCPII complex are shown in Fig. 4, together with a fluo-
rescence spectrum reconstructed as the sum of the first and second
FDAS (Fig. 5). At the early stage, the spectra showed three peaks: two
sharp bands around 500 nm and 680 nm, and a remarkably broad
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Fig. 3. Fluorescence decay-associated spectra of Fx in solution excited at 425 nm.
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Fig. 4. Normalized time-resolved fluorescence spectra of FCPII complex excited at 425 nm
(lines with closed circles). Figure shows absorption spectrum (Abs) and fluorescence
spectrum (line with open circles) reconstructed from the first and second shortest-lived
components of fluorescence decay-associated spectra shown in Fig. 5.

band around 560 nm. As the delay time increased, the relative intensity
of the 500-nm band decreased. This was followed by a decrease in the
relative intensity of the 560-nm band, and a corresponding increase in
the relative intensity of the 680-nm band. These changes were analyzed
by a global analysis with three decay components in the shorter wave-
length region; 80 fs, 130 fs, and longer than 1 ps, and with three lifetime
components in the longer wavelength region; 220 fs, 920 fs, and longer
than 10 ps (Fig. 5). In the shorter wavelength region, the 80-fs FDAS
showed a sharp band at 500 nm and a broad band around 580 nm.
Since the Fx fluorescence band was not sharp (Figs. 2 and 3), it was
not reasonable to assign the 500-nm band to Fx fluorescence. Hence,
the main contributor to the 500-nm band was likely fluorescence(s)
from the Soret band(s) of Chl a and/or Chl c. In solution, the lifetime of
the Chl a Soret band was too short to be evaluated, whereas those of
Chls ¢; and ¢, were ~50 fs (Fig. 6), suggesting that Chl c, rather than
Chl g, contributed to the 500-nm band. The energy difference between
the 500-nm and 580-nm bands was ~2800 cm™ ', which is too large
to assign the 580-nm band to a vibrational band of Chl ¢ Soret fluores-
cence (the 500-nm band). Therefore, it was more reasonable to assign
the 580-nm band to Fx fluorescence. The 80-fs FDAS could be
interpreted as a combination of Chl ¢ Soret fluorescence and Fx fluores-
cence. The 130-fs FDAS exhibited a broad band around 550 nm. Chls do
not show a fluorescence peak around 550 nm; therefore, the 130-fs
FDAS was assigned to Fx fluorescence, although the assignment of the

130 fs 220 fs
3‘ [
G 00 2t
2
E
B o >1 ]
N ps
T
g 0.0 ﬁ
2

01} .
920 fs
-0.2 -
05
>10ps
L | 1 1 L L 1 1 1
500 600 700

Wavelength (nm)

Fig. 5. Fluorescence decay-associated spectra of FCPIl complex excited at 425 nm. Time con-
stants required for analysis in the shorter wavelength region (Fx fluorescence and the Chl
Soret-band fluorescence regions) (closed circle) differed from those used for analyses in
the longer wavelength region (the Chl Q-band fluorescence region) (open circle).

peak at 480 nm was not necessarily clear. In the longer wavelength re-
gion, the first (220 fs) and the second (920 fs) FDAS exhibited positive
peaks around 640-650 nm and negative peaks around 680-690 nm.
As observed in the steady-state fluorescence spectrum, Chl c and Chl a
emitted fluorescence with peaks at 643 nm and 677 nm, respectively.
Accordingly, the combinations of the positive and negative peaks with
time constants of 220 fs and 920 fs were indicative of Chl c-to-Chl a en-
ergy transfers. However, it should be noted that fluorescence from the
Chl a Qx band can be detected around 640-650 nm as a short-lived
component [31], and that fluorescence kinetics of the Chl a Qy band
contain a rise component of 120 fs [3]. Therefore, the Qx-Qy internal
conversion might have contributed to the 220-fs FDAS. The longest-
lived spectral component was the sum of Chl ¢ and Chl a fluorescences.
In the Chl a fluorescence region, a peak was located at 690 nm in the
220-fs FDAS, whereas it was slightly shifted to the shorter wavelength
in the 920-fs and the longest-lived FDAS. These results suggest that
excitation energy was distributed around lower energy Chl a at the
very beginning and then equilibrated with time. This interpretation is
supported by the existence of positive amplitude at 700 nm in the
920-fs FDAS. The relaxation processes analyzed by the global analysis
are summarized in Table 1.

3.4. Fluorescence rise and decay curves of the FCPII complex

Global analysis is a very convenient and useful method to examine
relaxation dynamics based on spectral properties. However, time con-
stants are mainly determined by components with large amplitudes,
and so smaller time-dependent changes can be missed. Therefore, it
follows that our descriptions in the previous section represent an
“averaged” picture of relaxation dynamics in the FCPIl complex. To
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Fig. 6. Fluorescence decay curves of Chl ¢ in solution excited at 425 nm: (a) Chl ¢; and
(b) Chl c,. Dotted lines and solid lines show observed fluorescence rise and decay curves
and best-fit functions, respectively.

examine fluorescence kinetics more precisely, we observed fluores-
cence rise and decay curves with high fluorescence intensities at select-
ed wavelengths (Fig. 7). Fluorescence rise and decay curves were
analyzed by multi-exponential functions with three lifetime compo-
nents in the Car fluorescence region (560 nm), and four components
in the Chl fluorescence region (640 nm, 655 nm, 677 nm, and
690 nm). In these procedures, lifetime values were not globally ana-
lyzed (Eq. (3)), but freely analyzed. Table 2 summarizes the analyzed
lifetime values and their amplitudes. At 560 nm, the analyzed lifetimes
were the same as those obtained in the global analysis (Fig. 3). However,
at 640 nm, 655 nm, 677 nm, and 690 nm, the lifetimes of the shortest-
lived components were around 100 fs. These lifetime components
showed positive amplitudes at 640 nm and 655 nm, and negative ampli-
tudes at 677 nm and 690 nm. In another study, a rise time of 120 fs was
resolved for Chl a Qy fluorescence in the A. thaliana LHCII [3]. Therefore,
the shortest-lived components were assigned to relaxation within
pigments; that is, the Qx to Qy internal conversion in Chl a. The decay
components of 100-fs to 110-fs were a result of the short-lived Chl a
Qx fluorescence, and possibly represented the tail of the Fx fluorescence

Table 1
Possible assignments for FDAS analyzed for the FCPII complex.
Time constant Assignment
80 fs Relaxation within Chl ¢
Relaxation within Fx
130 fs Relaxation within Fx
220 fs Relaxation within Chl a
Chl c-to-Chl a energy transfer
Energy flow to lower energy form of Chl a
920 fs Chl c-to-Chl a energy transfer

Equilibration of excitation energy among Chl a
>1ps Relaxation within Fx
>10 ps Fluorescence from the lowest excited states of Chl c and Chl a

Normalized fluorescence Intensity

Time (ps)

Fig. 7. Fluorescence rise and decay curves of FCPII complex: (a) 560 nm, (b) 640 nm,
(c) 655 nm, (d) 677 nm, and (e) 690 nm. Dotted lines and solid lines show observed
fluorescence rise and decay curves and best-fit functions, respectively. Excitation
wavelength was 425 nm.

with a 130-fs lifetime. The second lifetime components in the Chl fluo-
rescence region were the 500-fs to 700-fs lifetime components. These
components were resolved as decay components in the Chl c fluores-
cence region, and rise components in the Chl a fluorescence region.
Therefore, we assigned this component to Chl c-to-Chl a energy transfer.
In this energy transfer process, longer wavelength-form Chls (655 nm
for Chl ¢ and 690 nm for Chl a) contributed to slower energy transfer.
The third lifetime components in the Chl fluorescence region were
resolved as decay components in the Chl c fluorescence region and a
rise component at 677 nm. This indicated slow-phase energy transfer
between Chl ¢ and Chl a; this transfer from Chl c to higher-energy Chl
a occurred on a picosecond scale. An energy transfer pathway with
time constants of a few picoseconds was resolved also in Chl b-to-Chl
a energy transfer [34]. A picosecond decay component was also ob-
served at 690 nm. This may have reflected up-hill energy transfer
from lower-energy Chl a to higher-energy Chl a, which would achieve
energy equilibrium among the Chls. In the Chl fluorescence region, an
even longer lifetime component (>20 ps) represented energy equilibri-
um among Chls. The picosecond TRFS observed at 77 K are shown in
Fig. S2. Just after laser excitation, Chl a exhibited a peak at 677 nm, but
this peak shifted to 688 nm over time. The TRFS were resolved into
five energy forms of Chls: one for Chl ¢ and four for Chl a [26]. Together,
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Table 2

1519

Analyzed fluorescence lifetimes (7;) and amplitudes (4;) of fluorescence rise and decay curves of FCPIl complexes isolated from Chaetoceros gracilis. Excitation wavelength was 425 nm.

Positive and negative amplitudes indicate decay and rise components, respectively.

Wavelength (nm) 71 (A1) 72 (A2) 73 (A3) T4 (Ag)

560 80 fs (0.219) 130 fs (0.769) 1 ps (0012) -

640 100 fs (0.569) 510 fs (0.118) 6.1 ps (0.033) >20 ps (0.280)
655 110 fs (0.374) 620 fs (0.155) 4.7 ps (0.059) 20 ps (0.412)
677 100 fs (—0.458) 500 fs (—0.324) 44 ps (—0.121) >20 ps (1.000)
690 90 fs (—0310) 710 fs (—0.198) 3.2 ps (0.047) >20 ps (0.953)

these results confirmed that Chl a exhibits different energy forms in the
FCPII complex.

3.5. Fluorescence anisotropy decay curves of the FCPII complex

Fluorescence anisotropy decays at 677 nm and 690 nm observed
using the femtosecond fluorescence up-conversion method are shown
in Fig. 8. The time evolution of anisotropy depended on the wavelength;
at 677 nm, the anisotropy value was less than 0.12 and independent of
time, whereas at 690 nm, the initial anisotropy value was greater than
0.12 and the anisotropy decayed over time. It was reported that the an-
isotropy of Chl a Qy fluorescence after excitation at the Soret band is 0.12
(Fig. S3a) [35]. Therefore, the anisotropy value greater than 0.12 could
not be explained by relaxation within Chl a. In Cars, the anisotropy
value of the lowest excited state is greater after excitation to the highly
excited state (Fig. S3b) [28]. Therefore, the anisotropy value greater
than 0.12 for the Chl a Qy fluorescence should reflect the energy transfer
from Fx to the Chl a Qy band (Fig. S3c). Because higher anisotropy was
observed only in the longer wavelength region, it can be concluded
that lower-energy Chl a, such as Chl a exhibiting a fluorescence peak
at 688 nm, received energy from Fx. This energy transfer might contrib-
ute to the red-shifted Chl a peak in the 220-fs FDAS (Fig. 5). The anisot-
ropy showed decays of 300 fs (44%) and 5.2 ps (56%), which could be
assigned to time constants of Fx-to-Chl a energy transfer and energy
migration among Chl a, respectively [4].

4. Discussion

The picosecond TRFS of the FCPII complex suggested that the FCPII
complex forms only a light-harvesting state [26]. The TRFS were globally
analyzed with four time constants, 150 ps, 800 ps, 2.9 ns, and 5.6 ns; Chl
c contributed to the former two constants, whereas Chl g, to all. It was
found that contribution of free Chl c is negligibly small in the FCPII
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Fig. 8. Fluorescence anisotropies of FCPIl complex as a function of time: (a) 677 nm and
(b) 690 nm. Dotted lines and solid lines show observed fluorescence anisotropies and
best-fit functions, respectively. Excitation wavelength was 425 nm. Dotted and dashed
lines indicate anisotropy value of 0.12.

complex [26]. In the present study, we analyzed time constants of relax-
ation dynamics in the FCPII complex. Fx exhibited two decay lifetimes of
80 fs and 130 fs with a faint decay component (>1 ps). In terms of ener-
gy dissipation within Chls, the lifetime of the Chl ¢ Soret band was 80 fs,
and the time constant of the Chl a Qx-Qy internal conversion was
determined to be ~100 fs. Energy transfer from Chl c to lower-energy
Chl a occurred in 600-700 fs, whereas the energy transfer from Chl ¢
to higher-energy Chl a had two phases; fast transfer, which occurred
in 500 fs, and slow transfer, which occurred on a picosecond scale.
Energy equilibrium among Chl a was achieved in 4 ps. The fluorescence
anisotropy decayed with time constants of 300 fs and 5.2 ps, which were
assigned due to Fx-to-Chl a energy transfer and energy migration
among Chl a, respectively.

Previous studies on Siph in the pigment-protein complex reported
that even after excitation to the S, state, S, fluorescence was not detect-
able because of ultrafast internal conversion, and that fluorescence from
the intermediate state (Sy.) between the S, and S; states was observed
around 580 nm [14]. In the present study, two time constants were re-
solved for the Fx FDAS in the FCPII complex (Fig. 5), as resolved for those
in solution (Fig. 3). However, the relative amplitudes of the two FDAS
differed. In solution, the amplitude of the first FDAS was five times larg-
er than that of the second FDAS (Fig. 3), whereas, in the FCPII comple,
the amplitudes of the first and second FDAS were comparable (Fig. 5). In
the FCPII complex, there were two energy forms of Fxs; higher-energy
Fx and lower-energy Fx, which showed prominent absorption peaks
at 498 nm and 533 nm, respectively [26]. In the excitation spectrum
monitored by Chl a fluorescence, the lower-energy Fx appeared, where-
as the higher-energy Fx was absent (Fig. S4), indicating that the lower-
energy Fx largely contributed to the energy transfer to Chl a, while
the higher-energy Fx hardly contributed. This behavior was also ob-
served in the Fx-Chl c,-protein complex from the diatom Cyclotella
meneghiniana [36-38]. These results indicated that the two FDAS
(80 fs and 130 fs) in the FCPII complex originated from the two different
energy forms of Fx. By considering the peak wavelengths, the 80-fs
FDAS (peak around 580 nm) and the 130-fs FDAS (peak at 550 nm)
could be assigned to the 533-nm absorption band (the lower-energy
Fx) and the 498-nm absorption band (the higher-energy Fx), respec-
tively. The observed fluorescences (the 550-nm and 580-nm bands)
might originate from the Sy state after the ultrafast internal conversion
from the S, state to the Sy state, as observed for Siph in the pigment-
protein complex [14]. The fluorescence peak wavelength of the lower-
energy Fx was the same as that of Siph in the pigment-protein complex.
In this sense, the lower-energy Fx is the main keto-Car for harvesting
green light, whereas the higher-energy Fx is a Car unique to the FCPII
complex.

The Sy lifetimes for the two energy forms of Fx were 80 fs (lower-
energy Fx) and 130 fs (higher-energy). However, it is difficult to evalu-
ate the efficiency of energy transfer from Fx(Sy.) to Chl accurately. Since
the strength of the S-Sy transition in the FCPIIl complex was dramati-
cally different from that in solution, we could not apply the standard
method to estimate the internal conversion rate within Car in the
FCPII complex [39]. The lower-energy Fx transferred energy to Chl,
whereas the higher-energy Fx did not [26]. If we assume that the Sy life-
time of the higher-energy Fx (130 fs) is determined only by the Sy.-S;
internal conversion, then the efficiency of the Fx(Sy.)-to-Chl energy
transfer for the lower-energy Fx (80 fs) might be 38%. Since the Sy,
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Fig. 9. Energy-transfer pathways and their time constants revealed by the present study; 5-ps component represents energy migration among Chl.

state of the lower-energy Fx is located at 1300 cm™ ! lower energy than
that of the higher-energy Fx, it is expected that rate constant of the
Skc—S1 internal conversion is larger than (130 fs)~! based on the energy
gap law [39,40]. Therefore, the efficiency of the Fx(Sy.)-to-Chl energy
transfer was estimated to be less than 38%. This value is not enough to
explain efficient energy transfer from Fx to Chl a [30], indicating that
the energy transfer pathway from the S; state should be dominant.
Through the fluorescence anisotropy decay at 690 nm, the time
constant for Fx-to-Chl a energy transfer was estimated to be 300 fs.
Based on the S; lifetime value of Fx in solution (41 ps) [41], the efficiency
of the Fx(S;)-to-Chl a energy transfer was evaluated as almost unity, as
was obtained for other keto-Cars, Siph [4] and peridinin [42].

For the Chl c-to-Chl a energy transfer, the time constants were
determined to be 500 fs, 600-700 fs, and 4.7-6.1 ps (Table 2). The
time constants of 500-700 fs are comparable to those determined for
Chl b-to-Chl a energy transfer [3]. Although the time constants of
4.7-6.1 ps are somewhat longer, the efficiency of the Chl c-to-Chl a
energy transfer was calculated to be almost unity because of the long
S, lifetime of Chl ¢ (~4 ns, unpublished data). Energy was transferred
very efficiently from Chl c to Chl a; however, a peak for Chl c was clearly
observed in the steady-state fluorescence spectrum (Fig. 1). This was
also observed in the spectrum of the FCP complex isolated from the
brown alga Dictyota dichotoma [13,30]. These results indicated that
some Chl c retained excitation energy in the isolated FCPIl complex in
the time region examined here. In the later time region, Chl c exhibited
decays of 150 ps and 800 ps in the isolated FCPIl complex [26]. There-
fore, the contribution of Chl c to the steady-state fluorescence spectrum
around 640 nm could be ascribed to the 150-ps and 800-ps compo-
nents. To precisely examine the slow-phase Chl c-to-Chl a energy trans-
fer, we measured fluorescence rise and decay curves of the C. gracilis
cells (Fig. S5). There were large differences in the third and longest-
lived decay components of Chl c fluorescences between the isolated
FCPII complexes and the intact cells. The contributions of the third com-
ponents were larger and those of the longest-lived components were
smaller in the intact cells than in the isolated complexes (Table S1).
The amplitudes of the third components in the cells were 4.6 to 7.2
times larger than those in the complexes, which could not be explained
by relaxation within Chl c. Therefore, we assigned the third components
in the cells to the slow-phase Chl c-to-Chl a energy transfer as is the case
for the FCPII complexes. The contribution of the corresponding rise
component (the third component at 677 nm) did not become larger
in the cells. This is probably because relative amount of Chl a is larger
in the cells due to the existence of PSI and PSII core complexes. The
contribution of the slow-phase Chl c-to-Chl a energy was much larger
in the cells, indicating that the slow-phase Chl c-to-Chl a energy transfer
could be assigned to inter-complex energy transfer. This assignment
was confirmed by the steady-state fluorescence measurements, since

the Chl ¢ fluorescence peak was absent from the spectra of C. gracilis
cells (Fig. S1). It is likely that some Chl ¢ does not transfer energy to
Chl a within the FCPIl complex in the time region examined here, and
that for this type of Chl ¢, inter-complex energy transfer pathways are
established instead of intra-complex pathways.

5. Summary

The excitation-relaxation and energy-transfer processes in the FCPII
complex from C. gracilis revealed by the present study are summarized
in Fig. 9. Lower-energy Fx transferred excitation energy to lower-energy
Chl a with a time constant of 300 fs. Chl ¢ transferred excitation energy
to (1) higher-energy Chl a with a time constant of 500-600 fs (intra-
complex), (2) lower-energy Chl a with a time constant of 600-700 fs
(intra-complex), and (3) higher-energy Chl a with a time constant of
4-6 ps (inter-complex). The first and second processes were compara-
ble to the Chl b to Chl a energy transfer in the LHCII from the green
alga C. fragile and the higher plant A. thaliana. In C. gracilis cells, the
third process made a greater contribution to the total Chl c-to-Chl a
transfer than did the first and second processes. Chl a exhibited different
energy forms with fluorescence peaks ranging from 677 nm to 688 nm.
The lower-energy Chl a worked as a relay pigment in energy transfer; it
received excitation energy from Fx and transferred the energy to
higher-energy Chl a.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbabio.2014.02.002.
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