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Characteristic fluorescence components in photosynthetic pigment
system of a marine dinoflagellate, Protogonyaulax tamarensis,
and excitation energy flow among them. Studies by means
of steady-state and time-resolved fluorescence spectroscopy
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Excitation energy flow in intact cells of the marine dinoflagellate Protogonyaulax tamarensis was studied by
steady-state and time-resolved fluorescence spectroscopy in the picosecond time range. At 15°C, one dominant
emission band was found at 684 nm (F684) with a minor band at 673 nm (F673), irrespective of the excitation
conditions of Chl a, Chl ¢ and peridinin. The 684 nm emission was DCMU-sensitive. At — 196 ° C, four major emission
bands originating from Chl a were resolved at F670, F683, F689 and F698, as well as a minor component at F724. The
F670 and F683 correspond, respectively, to the F673 and F684 at 15°C. F689 was the strongest and assigned to a
comparable component at F695, a characteristic band of CP-47. F698 and F724 were assigned to Photosystem (PS) I
Chl a. When peridinin was excited, the F670 increased selectively, indicating that it is the energy acceptor of peridinin.
Time-resolved fluorescence spectra at — 196 ° C revealed all the components above as well as a new component at F709.
Upon the excitation of peridinin, the rise and decay kinetics of the component bands clearly showed the energy flow in
the order of F670, F683 and F689, and also indicate that the energy is distributed to PS I antenna complexes via F683
(spill-over) but not through F689. Chl ¢ does not mediate the energy flow from peridinin to Chl a. The transfer time
from peridinin to the acceptor Chl a (F670) was estimated to be shorter than 20 ps at —196 ° C. Based on these results,
a model for the energy flow in P. tamarensis was proposed.

Introduction

Two kinds of compound function as antenna pig-
ments in photosynthesis; one is porphyrin (chlorophyll)
and the other, polyene (carotenoid). These two are
distinct in their physical and chemical properties, and in
their in vivo synthetic pathways. Both of them are
always found in photosynthetic organisms; however,
their in vivo constitution is different.
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Carotenoid is known to function in algae [1] and in
photosynthetic bacteria [2]. Especially in some phyla of
algae, carotenoid is the main light-harvesting antenna
pigment [1]. The quantum yield of carotenoid for photo-
synthesis is comparable to that of Chl a [3] and transfer
efficiency to chlorophyll is known to be high [4]. How-
ever, the energy transfer process from carotenoid to
chlorophyll is not well characterized, compared to that
of chlorophyll and phycobiliproteins. An electron-ex-
change mechanism is proposed for the carotenoids-to-
chlorophyll process [5], contrary to the Forster mecha-
nism for chlorophyll and phycobiliproteins [6]. The
electron exchange mechanism requires a close location
of donor-acceptor pair (approx. 0.5 nm); thus, topology
of the pigments in polypeptide(s) is a critical point.

Peridinin, an antenna pigment in dinoflagellates [1],
is an allene carotenoid with a unique 4-iridenebu-
tenoride structure [7]. Peridinin forms two kinds of
pigment protein complex: water-soluble [8] and mem-
brane-bound [9,10]. Both of them are functional in
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photosynthesis. The water-soluble peridinin-chlorophyll
protein (PCP) has been characterized in some detail,
and it was shown that four peridinin molecules and one
Chl a molecule are associated with a peptide of 35 kDa
[11-13]). The energy-transfer mechanism in this com-
plex, however, has not yet been elucidated. This is due
mainly to lack of information on the time-dependent
behavior of component(s) and fluorescence properties
of carotenoids, which are critical for the analysis, as
shown for the case of chlorophyll and phycobiliproteins
[14,15].

In this study, we adopted two kinds of fluorescence
spectroscopy for the analysis of energy flow in intact
cells of the marine dinoflagellate Protogonyaulax
tamarensis; steady-state and time-resolved spectroscopy
in the picosecond time range. Our results show unique
fluorescence components in this species, and a specific
energy flow among them. The transfer time from peridi-
nin to Chl @ was estimated to be shorter than 20 ps at
—-196°C.

Materials and Methods

Algal culture

A marine dinoflagellate, P. tamarensis, was cultured
in an enriched seawater medium (modified T1 medium)
[16] at 15° C under a 12 h light (75 pE/m? per s) and 12
h dark regime. Cells in the stationary growth phase were
harvested and used for measurements.

Steady-state spectroscopy

Absorption and fluorescence spectra were measured
with a Hitachi 557 spectrophotometer and a Hitachi 850
spectrofluorometer, respectively. The spectral sensitivity
of the fluorometer was numerically corrected with refer-
ence to the radiation profile of a substandard lamp with
an known color temperature [14]. For measurements at
—196°C, 15% poly(ethylene glycol) 4000 was added to
the medium to obtain homogeneous ice and samples
were immersed in liquid nitrogen during the measure-
ments.

All spectral data were transferred to a microcom-
puter (Hewlett-Packard model 216) and analyzed. The
second derivative spectra were obtained by the method
of Savitzky and Golay [17].

Time-resolved fluorescence spectroscopy

The time-resolved fluorescence spectra were mea-
sured with the apparatus reported previously [14,18-20].
Intensity of the excitation pulse (540 nm, 6 ps (fwhm))
was in a range of 10® to 10° photons/cm’ per pulse,
which was low enough to avoid singlet—singlet annihila-
tion. The time-resolution of our optical set-up was 6 ps.
The spectral sensitivity of the detection system (mono-
chrometer and micro-channel plate photomultiplier
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(R2809U-01, Hamamatsu Photonics, Japan) [21]) was
numerically corrected.

Deconvolution of the time-resolved spectra and
estimation of lifetimes by convolution calculation with
reference to the excitation pulse were carried out as
reported previously [14,19,20].

Results

Steady-state fluorescence spectra at physiological tempera-
ture

The main photosynthetic pigments in P. tamarensis
are Chl a, Chl ¢ and peridinin. Peridinin accounts for
more than 70% of total carotenoids [22,23]. The molar
ratio of Chl ¢ to Chl a is repoted to be 0.6 to 1.0 [22]
and that of peridinin to Chl a, 1.2 to 2.0 [23], respec-
tively.

Fig. 1A shows the fluorescence spectra of intact cells
of P. tamarensis at 15° C. The main emission is located
at 684 nm (F684), with a small bump at 673 nm (F673)
as evidenced by the second derivative spectrum (Fig.
1B). This emission pattern was almost the same, irre-
spective of the excitation conditions; 435 nm for Chl a,
465 nm for Chl ¢ and 550 nm for peridinin. With
excitation at 435 nm or 465 nm, a weak emission from
Chl ¢ was observed around 640 nm, whereas excitation
at 550 nm did not result in any substantial fluorescence
from Chl ¢. A relatively high intensity around 735 nm
can be assigned to a mixed form of the vibrational
structure of the two fluorescence components (F673 and
F684).

On addition of DCMU (5-10~¢% M), the 684 nm
emission increased (Fig. 1C). The difference spectrum
was essentially the same as the spectrum without
DCMU, indicating that changes in the fluorescence
yield are responsible for this increase. This phenomenon
is known in higher plants as well as in algae which
contain phycobiliproteins [24]. Since the 684 nm emis-
sion has been ascribed to CP-43 [25,26], the fluores-
cence properties of CP-43 in P. tamarensis might be
very close to that of higher plants [26] or cyanobacteria
[25]. A significantly high intensity of F673 suggests that
part of the F673 is disconnected from the transfer
sequence.

The excitation spectrum monitored at 735 nm dif-
fered from the absorption spectrum (Fig. 2); compared
with the absorption spectrum, a contribution of the
pigment(s) located in the wavelength region between
400 and S00 nm was clearly low. This suggests the
presence of an uncoupled carotenoid in' this wavelength
region. The purified PCP is known to show absorption
maxima at 470 and 510 nm [11-13}. A clear maximum
around 535 nm suggests the presence of another type of
pigment-protein complex combined with a red-shifted
carotenoid. In the wavelength region for the Q, band of
Chl a, the excitation spectrum was similar to the
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Fig. 1. Fluorescence spectra of P. tamarensis at 15°C. In (A), the spectra were obtained by the excitation at 435 nm ( ), 465 nm (- - - - - - )
and 550 nm (----- ). The second-derivative spectrum was obtained on the spectrum excited at 550 nm and shown after inversion (B). In (C),

details, see the text.

absorption spectrum with a small difference in the
narrower bandwidth, suggesting heterogeneity of the
chlorophyll form in this species; the 670 nm absorbing
form can be assigned as a major component in PS II
antenna pigments.

Steady-state fluorescence spectra at ~196°C

The fluorescence spectrum at —196 °C is drastically
different from that at 15° C (Fig. 3). The main emission
was located at 689 nm (F689) with a small but clear
band at 670 nm (F670) (Fig. 3A), irrespective of the
excitation conditions. The second-derivative spectrum
(Fig. 3B) indicates the presence of two minor bands at
683 (F683) and 698 nm (F698). A small bump observed
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Fig. 2. Absorption ( ) and excitation (- - — -~ -) spectra of P.

tamarensis at 15° C. Fluorescence was monitored at 735 nm. Two

spectra were shown after normalization to the maximum of the Q,
band of Chl a.

around 725 nm was not clearly resolved by the second-
derivative spectrum. A distinct difference was observed
in the emission intensity at F670 (Fig. 3C), because with
excitation of peridinin (540 nm) the F670 was signifi-
cantly higher than with excitation of Chl a (430 nm) or
Chl ¢ (460 nm). This clearly suggests that the F670 is an
energy acceptor of peridinin. Emission from Chl ¢ was
dependent on the excitation conditions, showing varia-
tion in the emission maxima of 636, 638 and 643 nm by
the excitations at 430, 460 and 540 nm, respectively.
These results suggest the presence of multiple emission
components and variable absorption fractions. The
presence of two emission components of Chl ¢ is also
established in the pigment system of brown algae [27,28].

In green plants and some algae, three typical fluores-
cence bands are commonly observed in the spectra at
—196° C [24]; F685, F695 and F735. Another band at
F705 has been resolved by fluorescence polarization [29]
and in spectra measured at 4 K [30]. It is known that
F685 and F695 are attributed to PS II and the F735 to
PS I [24). A comparison of these assignment with the
composition of P. ramarensis suggests some significant
differences. Although the F685, F695 and F735 are
appear to be absent in this species, we nevertheless
assigned the F683 and F689 to the F685 and F695,
respectively. We make this assumption for the following
reasons. (a) F670 was observed under both temperature
conditions (Figs. 1 and 3); (b) the F684 was DCMU-
sensitive at 15°C and was also observed at —196°C
(F683); and (c) the F689 was the most intense compo-
nent and on that basis is similar to the F695 which is a
major emission component. The temperature-dependent
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Fig. 3. Fluorescence spectra of P. tamarensis at —196 ° C (A) under the excitation at 540 nm and its second-derivative spectrum (B). In (B), the

spectrum is shown after inversion. (C) is the magnified spectra under the excitation of 430 nm (

), 460 nm (- ----- ) and 540 nm (-—--- ).

Arrows indicate the locations of component bands at 724 nm (A), and 683 and 698 nm (B).

behaviour of these components is essentially identical to
that observed in spinach chloroplasts [24]. This assign-
ment was confirmed by the time-resolved fluorescence
spectra (see later).

At —196°C, two absorption bands were observed in
the Q, band region of Chl a; around 670 and 683 nm
(Fig. 4). There is probably the third at 695 nm which
most probably corresponds to the F698, detected by the
second-derivative spectrum (Fig. 3B, and confirmed by
the time-resolved spectra (Fig. 5)). However, the compo-
nent(s) located at wavelengths longer than 700 nm was
substantially absent, contrary to organisms which have
a strong fluorescence beyond 700 nm [31].
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Fig. 4. Absorption ( ) and excitation (- -~--—--) spectra of P.

tamarensis at —196°C. Fluorescence was monitored at 740 nm.

Arrows indicate the locations of the component bands. Two spectra

were shown after normalization to the maximum of the Q, band of
Chl a, For details, see the text.

The excitation spectrum at —196°C (Fig. 4) was
essentially similar to the spectrum measured at 15°C
(Fig. 2) in that the lower contribution of the shorter
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Fig. 5. Time-resolved fluorescence spectra of P. taramensis at —196°C

under the preferential excitation of peridinin (540 nm). Each spectrum

was shown after normalization to the maximum intensity. Vertical line

indicates the location of the fluorescence maximum 400 ps after the
pulse. For details, see the text.
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wavelength region and the high contribution of peridi-
nin, Chl ¢ and a, compared with the absorption spec-
trum. A narrower bandwidth of Chl @ than that in the
absorption spectrum indicates heterogeneity of the Chl
a population. A characteristic band was observed at 647
nm, which presumably corresponds to the longer emis-
sion component from Chl ¢ (Fig. 3C, and confirmed by
the time-resolved spectra (Fig. 5)). Together with the
635-nm-absorbing form of Chl ¢, the 647 nm compo-
nent can be assigned as a native constituent of the Chl ¢
in this species.

Time-resolved fluorescence spectra

Time-resolved fluorescence spectra were measured at
—196°C to obtain better spectral resolution, and for
the simultaneous detection of the PS I emission. Fig. 5
shows the normalized time-resolved fluorescence spectra
under the preferential excitation of peridinin at 540 nm;
however, Chl g and Chl ¢ partly absorb the 540 nm
light. Just after the excitation, a clear band was detected
around 649 nm, originating, from Chl ¢. This band
corresponds to the 647 nm absorption band observed in
the steady-state spectrum (Fig. 4). Other components
located at 670 and 683 nm became evident with time.
The decrease in the intensities of the 649 nm component
was very fast (within 50 ps). The 683 nm maximum was
observed 10 ps after the excitation pulse. However,
location of the maximum gradually shifted from 683 nm
and finally reached 689 nm at 300 ps after the pulse, as
shown by a vertical line in the figure. Even in this time
range, a significant intensity was observed around 670
nm, indicating the presence of a long-lived component.
The spectra after 400 ps were invariant up to 1 ns (data
not shown). In the wavelength region longer than 700
nm, there was no clear emission maximum, which is
expected to arise from PS I component(s). However,
one should notice a clear bump around 700 nm, espe-
cially in the spectra at 198.4 and 297.6 ps (Fig. 5). This
suggests the presence of more than one band in this
wavelength region.

Identification of component bands by deconvolution of the
time-resolved fluorescence spectra

Since several fluorescence components were detected
in the time-resolved spectra (Fig. 5), the spectra were
resolved into components by deconvolution with the
assumption of Gaussian band shape as a function of
wavenumber. We assumed a minimum four components
(F649, F670, F683 and F689) which were clearly ob-
served in the time-resolved spectra. Additionally, F698
and F724 were also assumed, based on the second
derivative spectrum (F698, Fig. 3B) or a clear bump in
the fluorescence spectrum (F724, Fig. 3A). Deconvolu-
tion with these six components, however, did not give a
better fit (data not shown); thus, an additional compo-
nent located at 709 nm was introduced. Using three
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Fig. 6. Deconvolution patterns of the time-resolved fluorescence spec-
tra. Deconvolution was carried out on the spectra shown in Fig. 5.
Gaussian band shape was assumed as a function of wavenumber.
( ), observed spectra; (--—--—--), component band and
(------ ), sum of component bands. For details, see the text.

parameters with variable intensities we obtained a be-
tter fit, and the typical changes in intensity of compo-
nents with time are depicted in Fig. 6. Two additional
bands were also necessary for the best fit (F737 and
F755) which were assigned to the vibrational bands. In
the initial time range, the intensities of F649 and F670
were high. Concomitant with the disappearance of these
two, the maximum at 683 nm became evident, and
finally the F689 was dominant.

Decay kinetics and energy transfer sequence
Rise and decay curves of individual components
(Fig. 7) were estimated by the relative intensities of



components in the spectra at particular times and the
actual number of photons observed for the respective
spectra. As for F649, a reliable decay curve was ob-
tainable only in the initial time range (up to 100 ps, see
Fig. 5), because of a poor signal-to-noise ratio in the
later time range. The decay curve of F670 was not
exponential, indicating the presence of two decay com-
ponents; a fast decaying and a very long-lived compo-
nent. The latter component is probably responsible for
a higher fluorescence intensity at 670 nm in the steady-
state spectrum. The F683 and F689 show exponential
decay. The kinetics of three PS I components (F698,
F709 and F724) were similar to each other and their
decay was faster than that of F689.

The sequence of energy transfer among the compo-
nents was estimated by shift of the time when the
maximum intensity was observed. A sequential shift was
observed in the order of F670, F683 and F689; how-
ever, this was not the case between F689 and the
components corresponding to PS I (F698, F709 and
F724). This clearly indicates that the energy transfer to
PS I components does not occur through F689; F683 is
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500 1000
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Fig. 7. Rise and decay curves of individual fluorescence components.
Vertical line shows the time zero and broken lines, pulse profile. Small
bars over the rise and decay curves indicate the time when the
maximum intensity was observed.
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TABLE I

Lifetimes of individual fluorescence components in P. tamarensis at
- 196°C

Lifetimes were estimated by convolution calculation with the assump-
tion of exponential decay. 7, lifetimes and A4, amplitude.

Rise term Decay term

T n A, Ty A,

(ps) (ps) (ps)
F649 40 0.85 235 0.15
F670 18 55 0.79 1250 0.21
F683 55 75 0.85 350 0.15
F689 250 350 0.90 1250 0.10
F698 91 115 0.83 1110 0.17

most probably an energy distributor to the PS I compo-
nents, which is known as ‘spill over’ process.

Lifetimes of individual components were estimated
by convolution calculation with the assumption of ex-
ponential decay kinetics (Table I). A rise term was not
resolved in the kinetics of F649 and its decay was
biphasic. There were two decay components with the
lifetimes of 40 and 235 ps. On the other hand, a clear
rise term was found in the F670 (18 ps), and its decay
times were 55 and 1250 ps. Judging from the mismatch
of decay constants between the decay of F649 and the
rise of F670, Chl ¢ (F649) is not the energy donor to
F670. A fast decay of the F670 corresponds to the rise
of the F683, indicating direct energy transfer from F670
to F683. The rise of F689 was slow (250 ps); it does not
correspond to the decay of F683. Contrary to this, the
rise of F698 was 91 ps, close to the decay of F683 (75
ps). When we assume that energy transfer occurs from
F683 to both of F689 and F698 with an equal prob-
ability, the lifetime of F683 could be estimated to be 67
ps (1/91+1,/250=1/67). This value is very close to
our estimation (75 ps). This agreement supports the idea
that F683 is the energy distributor to PS I component(s).
The rise and decay constants of F709 and F724 were
almost the same as those of F698 (data not shown), as
suggested by essentially the same decay kinetics (Fig. 7).
The lifetime of the main PS I component was about 110
ps with an amplitude of more than 80%. This is very
short, compared with the lifetime of F735 in spinach
chloroplasts at —196° C (2.22 ns, Mimuro et al., unpub-
lished data). This short lifetime is responsible for a
weak fluorescence in the steady-state spectrum.

Discussion

Fluorescence components

Steady-state and time-resolved fluorescence spectra
clearly revealed the presence of several fluorescence
components of Chl a in P. tamarensis at —196°C;
F670, F683, F689, F698, F709 and F724. The former
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three are assigned as PS II components, and the remain-
ing three, PS 1. The F689 is assigned as a comparable
component to F695, a characteristic band of CP-47
[25,26]. This suggest that CP-47 in dinoflagellates could
be different from that of higher plants, contrary to
CP-43 whose fluorescence properties were suggested to
be similar. Since CP-43 is ascribed to the energy donor
to RC 11, a structurally and energetically definite inter-
action might be necessary between the P-680 and the
energy donor to it.

A remarkable feature was observed in the fluo-
rescence components of PS 1. The amount of absorption
component at the wavelength longer than 700 nm were
very small (Figs. 2 and 4). This is one of the reasons for
a weak fluorescence of PS I. The other reason was a fast
decay of fluorescence (110 ps for the main component).
This is a unique feature of the pigment system of
dinoflagellates; in higher plants or green algae, the
lifetimes of the main PS I emission (F735 or F720) were
estimated to be 3.1 ns [32] or 2.3 ns [33]. In P. tamaren-
sis, a rise time of the PS I components is close to the
decay of F683 (Table I). This is contradictory to the
case of spinach chloroplasts, where the rise and decay
between F685 and F735 is reported to be different
[34-36]. However, comparison of the difference is not
straightforward, because F698 is the direct energy
acceptor of F683, on the contrary, F735 might be a final
energy acceptor with an intermediate component(s) in
the transfer sequence from F685.

The presence of F735 at low temperature is obscure
in dinoflagellates [4] and also in diatom [37). If this
component arises from the peripheral antenna of PS I
(LHCIDb) [38], this polypeptide might be missing in this
phylum. Or F735 might be replaced with F725 as simi-
lar to the case of green algae (F720) [24].

Chl ¢ heterogeneity was also found. There were
multiple emission components; 638 nm by the excita-
tion at 460 nm (Fig. 3) and a significantly red-shifted
emission (649 nm) by the 540 nm excitation (Figs. 3 and
5). The red-shifted component might originate from the
647 nm absorption band (Fig. 4). The presence of two
types of Chl ¢ was also shown in the antenna complex
isolated from a brown alga Dictyota dichotoma [27,28].
This phenomenon might be general feature of the pig-
ment system consisting of Chl a, Chl ¢ and carotenoids.

Decay kinetics and energy transfer

As shown in Fig. 7, the decay kinetics of the fluores-
cence components were essentially exponential, except
for F670. This is different from the case of phyco-
biliproteins, in which the decay kinetics proportional to
the square root of time is applicable [39]. This dif-
ference might originate from difference in the structure
of pigment system.

Energy flow among the components was clearly sug-
gested by the rise and decay kinetics (Fig. 8). When

Thylakoid
membrane

Fig. 8. Schematic model of energy flow in the pigment system of P.

tamarensis. Except for PCP, individual components represent spectral

forms, not the associating polypeptides. The broken line indicates the

possible energy flow, but it is as yet undefined. P, peridinin and RC,

reaction center. The direct energy donor to RC I is unclear. For
details, see the Discussion.

peridinin was excited, the energy was transferred to
F670, then to F683 and finally to F689. Chl ¢ is not
involved in the transfer sequence from peridinin to Chl
a. The direct energy transfer from carotenoid to Chl a
was also observed in fucoxanthin-Chl a¢/c protein as-
semblies isolated from brown algae, and Chl ¢ does not
mediate the energy transfer from fucoxanthin to Chl a
[27,28]. The decay of F683 can be explained by the
energy transfer to F689 and F698 (Table I) with the
assumption of an equal probability, and thus it is a
basis for that the F683 is the energy distributor in the
pigment system of P. tamarensis. The kinetics of three
PS I components were almost the same, suggesting a
fast transfer among these three components.

The above mentioned transfer scheme is obtained
basically by the analysis at —196°C, where all the
reaction center (RC) are closed. In principle, this scheme
is applicable to the case at physiological temperature
with open RCs. Changes in the absolute values for the
transfer times are to be expected, because a larger
fraction of energy sensitized by peridinin is tansferred
to open RC II. The transfer to PS I component (spill-
over), therefore, might be largely affected under the
physiological condition.

The transfer time from peridinin to Chl @ could not
be measured by the decay of peridinin fluorescence,
thus it was estimated by the rise of the acceptor Chl a
(F670). So far fluorescence was not detected in the
wavelength region from 550 to 620 nm, even with the
time-resolution of 6 ps (data not shown). This observa-
tion confirms that the estimated fluorescence yield of
carotenoid is lower than 10~° [40]. The transfer time,
estimated from the rise term of the F670 was 18 ps at
—196°C. At this experimental stage, the temperature
dependency of transfer time from carotenoid to chloro-
phyll is not clearly elucidated. Due to a smaller reso-
nance condition between donor and acceptor at low
temperature, a slower transfer can be expected, regard-
less of the transfer mechanism {5,6]. In the case of
photosynthetic bacteria, the transfer time at —196°C is
reported to be more than twice of that at room tempera-



ture [41). If this is applicable to the case for energy
transfer from carotenoid to chlorophyll, the transfer
time from peridinin to Chl a is estimated to be shorter
than 9 ps at physiological temperature. This value is in
the range of 3 ps for bacterial antenna [42,43] and the
synthetic compounds (10 ps [44]), and agrees with the
observed singlet lifetime of carotenoid [40].
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