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Abstract

The excited-state dynamics of delayed fluorescence in photosystem (PS) II at 77 K were studied by time-resolved fluorescence spectroscopy
and decay analysis on three samples with different antenna sizes: PS II particles and the PS II reaction center from spinach, and the PS II core
complexes from Synechocystis sp. PCC 6803. Delayed fluorescence in the nanosecond time region originated from the 683-nm component in all
three samples, even though a slight variation in lifetimes was detected from 15 to 25 ns. The relative amplitude of the delayed fluorescence was
higher when the antenna size was smaller. Energy transfer from the 683-nm pigment responsible for delayed fluorescence to antenna pigment(s) at
a lower energy level was not observed in any of the samples examined. This indicated that the excited state generated by charge recombination
was not shared with antenna pigments under the low-temperature condition, and that delayed fluorescence originates directly from the PS 11
reaction center, either from chlorophyll ap; or P680. Supplemental data on delayed fluorescence from spinach PS I complexes are included.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Delayed fluorescence, also called delayed light emission
[1,2], is a non-invasively observable character of photosystem
(PS) II in oxygenic photosynthetic organisms. Delayed
fluorescence is known to originate from the excited state
generated by charge recombination between the special pair
(P680) and the primary electron acceptor pheophytin (Phe) a
[2-5], although the actual reaction process has not yet been
resolved. Delayed fluorescence consists of multiple components

Abbreviations: Chl, chlorophyll; CP, chlorophyll protein; Phe, pheophytin;
PhQ, phylloquinone; PS, photosystem; RC, reaction center; TRFS, time-
resolved fluorescence spectrum
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with different lifetimes ranging from nanoseconds to milli-
seconds, and even to seconds [6—13], reflecting recombination
processes in intermediary reaction states of PS II. The shortest
lifetime component, estimated to be in the range of 15-60 ns
[8-10,14—18], is assigned to direct recombination between
P680" and Phe a , and this reaction occurs even at cryogenic
temperatures.

Delayed fluorescence has been analyzed mainly in terms of
lifetimes, and its spectral properties have not been well
resolved. Some earlier studies have shown that the delayed-
fluorescence spectrum at physiological temperature is essen-
tially identical to the prompt-fluorescence spectrum. In the case
of spinach chloroplasts, the maximum for delayed fluorescence
is located between 683 and 685 nm, reflecting the origin of
delayed fluorescence in PS II [11,12]. It is not necessarily clear
whether the observed delayed fluorescence comes from the PS
II reaction center (RC) or from the antennae. However, it is
known that at 77 K, PS II shows two prompt-fluorescence
bands, typically at 685 and 695 nm [19-22]. The former band
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comes from 43 kDa chlorophyll protein (CP43) and the latter
from CP47 [23]. In addition, prompt fluorescence from LHC II,
when present, is observed at 680 nm [24] (Fig. 1). The dynamics
of the excited state in delayed fluorescence, including antenna
components, have not yet been resolved clearly.

When we consider the excited-state dynamics in PS I,
including delayed fluorescence, we can expect the following
energy-migration processes at 77 K (Fig. 1). The time for the
recombination process is much longer than that for energy
transfer; hence it is possible that after the excited state is
generated by charge recombination, energy transfer occurs from
the pigment responsible for delayed fluorescence in the RC
(F683) to low-energy antenna components (F685 in CP43 and/
or F695 in CP47). In this case, two patterns are possible for the
delayed-fluorescence spectrum. The first possibility is that
delayed fluorescence comes from an equilibrated state with a
lower energy component(s), i.e., F685 and/or F695. In this case,
the delayed-fluorescence spectrum would exhibit two or three
bands, corresponding to the pigment responsible for delayed
fluorescence (F683) and its energy acceptor(s), and should not
change with time. The fluorescence band would be broad
because of contributions from multiple bands. If a component
with an appropriate energy level is present, further energy
transfer from either F685 or F695 to LHC I may also occur. The
second possibility is that delayed fluorescence occurs with
simultaneous energy transfer to a lower-energy component. In
this case, the relative intensity of the delayed fluorescence from
a lower-energy component would increase with time (F685/
F695). It is also possible that energy transfer would fail to occur
even if a low-energy component is present. In this case, delayed
fluorescence would arise only from the initial pigment
responsible for delayed fluorescence, F683.

To investigate these possibilities, we measured the time-
resolved fluorescence spectrum (TRFS) in the ns time range at
77 K for three preparations with different antenna sizes: the PS
II core (CP43—CP47-D1-D2—cyt bss9) from Synechocystis sp.
PCC 6803 and PS II particles, called BBY particles after
Berthold, Babcock, and Yocum [25], and the PS IIRC, i.e., D1—

CP43 CP47

Fig. 1. Scheme for the origin of delayed fluorescence and possible energy-
transfer pathways in PS II. The thick lines represent the energy-transfer
pathways among prompt-fluorescence components and the broken lines
represent possible energy-transfer pathways originating from delayed fluores-
cence in the PS II RC. Energy transfer to the PS I component is also possible (not
shown).

D2—cyt bss9 complexes, from spinach. We found that the
excited state generated by the charge recombination at 77 K was
not shared with the antenna components, and that the delayed
fluorescence did not originate from an equilibrated state with
antenna pigments at lower energy levels. Supplemental data on
delayed fluorescence from spinach PS I complexes are also
shown.

2. Materials and methods
2.1. Sample preparation

Synechocystis sp. PCC 6803 was grown photosynthetically under previously
described conditions [10]. To purify the PS II core from Synechocystis sp. PCC
6803, a 6xHis-tag was introduced to the C-terminus of CP47 by site-directed
mutagenesis [26]. Thylakoid membranes were treated with dodecyl-R-D-
maltoside (0.8%) to solubilize the complexes, and the core was purified by a
combination of centrifugation and Ni(II)-chelate column chromatography. PS II
particles were isolated by mechanical disruption of chloroplasts, detergent
treatment with Triton X-100, and differential centrifugation [25]. D1-D2—cyt
bsso complexes were isolated from spinach by the method of Nanba and Satoh
[27] with a slight modification [28]. The purity of the PS II core and D1-D2—cyt
bsso complexes was analyzed by SDS-PAGE. Ether-treated PS I complexes were
obtained by a method described previously [29].

2.2. Steady-state fluorescence spectra

Fluorescence spectra were measured with a Hitachi 850 spectrofluorometer
as described previously [9]. The spectral sensitivity of the apparatus was
corrected using a sub-standard lamp (Hitachi, Japan) of known radiation profile.
The excitation wavelength was 435 nm for all samples.

2.3. Time-resolved fluorescence spectra

TRFS were measured by a time-correlated single-photon counting method at
77 K as described elsewhere [9,10]. The excitation wavelength was 435 nm and
the repetition rate of the pulse trains was 2.9 MHz, which did not interfere with
the measurements up to 50 ns (51.7 ps/channel x 1024 channels). The spectral
resolution of the TRFS was within 2 nm.

Under our conditions, the excitation light was provided as a flash of a very
short duration (approximately 80 fs). The time-averaged flash intensity was low
and, therefore, the probability of light absorption by individual RCs was low.
There was almost no possibility of double hits from one flash, and the actual
repetition rate for individual RCs was significantly reduced when compared with
the apparent rate (2.9 MHz). Furthermore, when detecting photons from
samples, the counting rate was suppressed to less than 1% of actinic photons.
These factors ensured that the fluorescence from samples was detected as a
probability-based phenomenon.

3. Results
3.1. PS II particles from spinach

The antenna size of PS II particles has been reported to be
between 200 and 250 chlorophylls (Chls) per 4 Mn atoms [25].
A small amount of PS T remained in the preparations. The
steady-state fluorescence spectrum at 298 K with excitation at
435 nm showed a maximum at 683 nm (Fig. 2A). At 77 K, a
prominent LHC II peak at 680 nm and a shoulder at 695 nm
were observed (Fig. 2B). Upon excitation at 435 nm, the TRFS
at 77 K showed that the main prompt-fluorescence peak was
initially located at 680 nm, but its intensity soon decreased (Fig.
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Fig. 2. Steady-state fluorescence spectra of the three PS II samples. Spectra
measured at (A) 298 K and (B) 77 K. The excitation wavelength was 435 nm
(bandwidth 5 nm) and fluorescence was detected (bandwidth 2.5 nm) for PS 11
particles (dotted black line), the PS II RC (solid black line), and the PS II core
from Synechocystis sp. PCC 6803 (solid gray line).

3). The peak shifted to the red (683 nm) after approximately
100 ps, and to 684 nm after 500 ps. At approximately 100 ps, a
third component was detected at 695 nm and a fourth at 732 nm.
This last component showed a red shift to 735 nm over time.
These four prompt-fluorescence bands were assigned to LHC I,
PS 11, PS 1I, and PS 1, respectively. This result is typical time-
dependent behavior for the Chl a/b system.

Over the longer time range, PS I prompt fluorescence was no
longer detected at 20 ns due to its short lifetime (3.5 ns),
whereas the two PS II components located at 684 and 695 nm
were discernible for up to 48 ns. The relative intensity of the
684-nm component increased with time. This indicates that the
origin of delayed fluorescence is the 684-nm component and
that equilibrium is not established between the two components.
The absence of a long-lived PS I fluorescence further indicates
that energy transfer from the 684-nm delayed-fluorescence
component to the PS I antenna did not occur. The lifetime of
delayed fluorescence was estimated to be 21.8 ns (amplitude
0.1%) based on fluorescence decay curves at 683 nm. This was
consistent with our estimates for spinach chloroplasts (20.7 ns).
The lifetimes and amplitudes of the other components at 683 nm
were 118 ps (63.4%), 423 ps (27.0%), 1.41 ns (8.3%), and
4.51 ns (1.2%). All of these were assigned to prompt
fluorescence. The amplitude of delayed fluorescence was very
small, such that even long after excitation, the TRFS did not

necessarily show the bands assigned to delayed fluorescence
and a portion of it was assigned to prompt fluorescence.

3.2. PS II core of Synechocystis sp. PCC 6803

This preparation had an antenna size of approximately 40
Chls [30,31], close to that found in the crystal structure of
Thermosynechococcus elongatus PS 1I [32]. The steady-state
fluorescence spectrum showed a maximum at 683 nm at 298 K.
At 77 K, two prominent peaks were observed at 686 and 695 nm
(Fig. 2B). The TRFS at 77 K showed that in the initial time
period the main prompt fluorescence was observed at 682 nm
with a shoulder at 677 nm (Fig. 4, solid lines). The main peak
gradually shifted to 685 nm after approximately 500 ps. The
694-nm component appeared at approximately 300 ps after
excitation, but did not disappear up to 48 ns. The relative
intensity of the 685-nm component was lower from 1.8 to 22 ns,
but became higher after 43 ns. This was the same behavior as
observed in the PS 1II particles (Fig. 3). The lifetime of delayed
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Fig. 3. TRES at 77 K for PS II particles isolated from spinach chloroplasts. The
excitation wavelength was 435 nm. Numbers shown on individual spectra
indicate magnification factors relative to that of the most intense spectrum.
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Fig. 4. TRFS at 77 K for the PS II core of Synechocystis sp. PCC 6803.
Measurement conditions were as for Fig. 3. The dotted line shows the spectrum
for intact cells of Synechocystis sp. PCC 6803 [10].

fluorescence in this preparation was 21.5 ns (amplitude 0.1%),
which was significantly longer than the 15.4 ns observed in
intact cells [10]. The lifetimes and amplitudes of other prompt-
fluorescence components at 683 nm were 120 ps (57.5%),
527 ps (26.8%), 1.55 ns (13.2%), and 4.50 ns (2.4%).

Intact cells of Synechocystis sp. PCC 6803 showed a
different TRFS than that observed in the PS II core (Fig. 4,
dotted lines). The PS T fluorescence observed at 727 nm
disappeared almost completely within 12 ns, reflecting the short
lifetime and the absence of energy transfer from the 683-nm
component responsible for delayed fluorescence. The PS II
fluorescence observed at 695 nm also disappeared within
approximately 22 ns after excitation. A single component was
observed at 683 nm at 43 ns after excitation, indicating that this
band was responsible for delayed fluorescence. The peak was

observed at a slightly shorter wavelength than the fluorescence
peak of the PS II core, although the difference was small.

3.3. PS Il RC (DI-D2—cyt bssg) from spinach

This preparation contained 6 Chl ¢ molecules per 2 Phe «
molecules, and more than 90% was in dimeric form [28]. It was
more stable than the preparation obtained by Nanba and Satoh
[27], as indicated by a red-shifted absorption maximum at
676 nm (data not shown). The steady-state fluorescence
spectrum showed a single maximum at 683 nm at both 298 K
and 77 K (Fig. 2B). The time-dependent behavior of
fluorescence in the PS II RC at 77 K (Fig. 5) was different
from that of the PS II particles (Fig. 3) or the PS II core from
Synechocystis sp. PCC 6803 (Fig. 4). In the initial time period,
the main fluorescence band was rather broad, consistent with
contributions from the 678- and 682-nm bands. After several
hundred ps, the first band decreased, leaving the main band at
682 nm. The second band at 692 nm appeared at approximately
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Fig. 5. TRFS at 77 K for D1-D2—cyt bsso isolated from spinach chloroplasts.
Measurement conditions were as for Fig. 3.
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1 ns after excitation, but had almost disappeared by 10 ns, due to
its short lifetime. The latter component was not observed in a
previous study [8], and may indicate a new state resulting from
the presence of a dimer. After 10 ns, only the 682-nm
component was observed. This indicates that the time-
dependent behavior of the 692-nm component was distinct
from that of the 682-nm component and that no equilibrium was
achieved between the two components. The delayed-fluores-
cence lifetime in this preparation was 25.3 ns (amplitude 0.2%).
This lifetime was a little longer than that observed for the BBY
particles (21.8 ns), but significantly shorter than in our previous
study on the monomer of D1-D2—cyt bs59 (39.8 ns) at 77 K [8].
The lifetimes and amplitudes of the other components at 682 nm
were 45 ps (57.1%), 312 ps (32.3%), 927 ps (9.5%), and 4.36 ns
(0.9%). When we compared the fluorescence bands observed at
long times after excitation, we noticed that the PS II RC showed
a band at a shorter wavelength (682 nm) than that observed for
spinach PS 1II particles (Fig. 3) and the PS II core of Synecho-
cystis sp. PCC 6803 (Fig. 4).
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Fig. 6. TRFS at 77 K for ether-treated PS I complexes isolated from spinach.
Measurement conditions were as for Fig. 3. The interval of data collection was
approximately 1 nm.

Delayed-fluorescence yields were estimated by multiplying
lifetimes and amplitudes and the yields are closely related to the
steady-state fluorescence intensities. The yield was 7.3% for
spinach PS II particles and increased to 14.8% for the spinach
PS II RC. Higher yields in samples with smaller antenna sizes
were clearly observed in our measurements. The yield in Sy-
nechocystis sp. PCC 6803 was lower than in spinach, but the
reason for this is not clear at present.

3.4. Ether-treated PS I complexes of spinach

In general, delayed fluorescence is not detected in PS I
because charge recombination does not occur, due to fast
electron transfer from the primary electron acceptor (Ay) to the
secondary electron acceptor phylloquinone (PhQ). Delayed
fluorescence is observed only in the absence of PhQ. It has been
reported that treatment with ether can extract PhQ from PS I
complexes [33] and induce delayed fluorescence [33,34]. We
measured the TRFS at 77 K on ether-treated PS I complexes of
spinach containing 13 Chl molecules. The prompt-fluorescence
band with a maximum at 678 nm completely disappeared 43 ns
after excitation, and delayed fluorescence was observed at
701 nm (Fig. 6), originating from direct recombination between
P700" and A,. The most probable origin of the delayed
fluorescence was the excited state of P700 itself. The lifetime of
this delayed fluorescence was estimated to be 57.4 ns, much
longer than that observed for PS II samples in this study. The
band shape of delayed fluorescence in the longer wavelength
region was monotonous and invariant with time, indicating that
energy transfer to the long wavelength component probably did
not occur.

4. Discussion

Three prompt-fluorescence components are known in PS
I at 77 K: the 680-nm component from LHC II [24], the
685-nm component from CP43 [23], and the 695-nm
component from CP47 [23]. In addition to these, the 683-
nm band is observed in isolated PS II RCs [8]. It is often not
easy to distinguish the 683-nm RC band and the 685-nm
CP43 band. Steady-state spectra of samples used in this study
revealed differences between these two bands (Fig. 2), and
the TRFS studies also showed a difference in the maxima.
Therefore, we have been able to discriminate the fluorescence
bands of antennae and RCs by their peak locations in the
TRFS at long times after excitation: 682—683 nm for the PS
IT RC and intact cells of Synechocystis sp. PCC 6803, and
684—-685 nm for spinach PS II particles and the PS II of
Synechocystis sp. PCC 6803. Although the difference is
small, it is significant.

The delayed-fluorescence spectrum could not be resolved by
the analysis of decay-associated spectra, because the relative
amplitude of delayed fluorescence was very small. Decay-
associated spectra always give component spectra with
relatively large amplitudes. Therefore, delayed fluorescence is
resolved only by decay-curve analysis, as adopted in this study.
However, the small amplitude of delayed fluorescence
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sometimes leads to confusion in the interpretation of fluores-
cence bands, due to an overlap with prompt fluorescence.

Changes in the relative delayed-fluorescence intensity
between the 684-nm and the 695-nm components over a
long time period seemed to depend on the antenna size. PS 11
particles and the PS II core of Synechocystis sp. PCC 6803
showed a similar pattern, i.e. the relative intensity of the two
was nearly equal at a late time period. However, this was not
the case for the PS II RC. Therefore, one might be tempted to
conclude that when the antenna size is large, delayed
fluorescence arises from an equilibrium state between the
pigment responsible for delayed fluorescence and the 695-nm
antenna component, following energy transfer to the latter.
However, the TRFS of intact cells of Synechocystis sp. PCC
6803 clearly shows a predominant peak at 683 nm at 43 ns
after excitation (Fig. 4, dotted line), indicating that delayed
fluorescence did not originate from an equilibrated state, even
though a long-lasting intensity at 695 nm was observed due to
an overlap with the 683-nm component. The PS II RC dimer
showed a fluorescence peak at 692 nm in the TRFS, as a
reflection of its short lifetime. Therefore, we conclude that the
origin of delayed fluorescence is the 683-nm component from
the PS II RC, and that it does not equilibrate with the 685- and
695-nm components under low-temperature conditions. Energy
transfer from the 683-nm component did not occur in any of
the four preparations. The 685-nm component from CP43 and
the 695-nm component from CP47 overlapped the 683-nm
delayed fluorescence, which made the TRFS complicated due
to the large amplitudes of the former peaks. The 695-nm
component was not present at later times in intact cells of
Synechocystis sp. PCC 6803. This is explained by the fast
decay of the 695-nm prompt fluorescence component. The
absence of delayed fluorescence in the PS I Chl a region (Fig.
3, dotted lines in Fig. 4) clearly indicates that the excited state
is not shared with the pigment pool that supplies excitation
energy to PS I and IL

There remain a few unanswered questions regarding delayed
fluorescence: (1) the site of charge recombination; (2) the
assignment of the pigment responsible for delayed fluorescence;
(3) the causes of differences in lifetimes; and (4) the reason for
the absence of energy transfer from the pigment responsible for
delayed fluorescence to the surrounding antenna component(s).
These questions are closely related to the constitution and
reaction processes of PS II.

The site of charge recombination has not yet been identified.
Although charge separation takes place either from the special
pair or from accessory Chl ap; [35,36], a positive charge is
localized on the special pair whenever charge recombination
takes place. There are two possible sites for the charge
recombination. One is on Chl ap; by electron transfer from
Phe a and hole transfer from the special pair. The other is on the
special pair after two-step electron transfer from Phe @ through
Chl ap; or direct transfer from Phe a. It has been reported that
Chl ap; accumulates the triplet state that is formed by
recombination [37], leading to the idea that charge recombina-
tion on Chl ap; is more likely. However, this does not
necessarily define the recombination site, since the triplet state

is distributed among pigments depending on their energy levels.
The excited state formed by charge recombination does not
necessarily remain on the pigment responsible for delayed
fluorescence. Thus, the site of the recombination remains
controversial.

There is no convincing evidence that the 685-nm prompt-
fluorescence band is identical to the 683-nm delayed-fluores-
cence band. We have measured both prompt fluorescence and
delayed fluorescence at 77 K on the monomer-type PS II RC,
and have found that, of the three fluorescence components (670,
676, and 683 nm), the 683-nm fluorescence band most clearly
reflects the charge-separation and charge-recombination pro-
cesses [8]. This demonstrates that the 683-nm delayed-
fluorescence band observed at 77 K corresponds to the
prompt-fluorescence band. Since the 683-nm band is associated
with the PS II RC (Figs. 2, 5) [8] and the 685-nm fluorescence
band is attributed to CP43 [20,22,23], the delayed-fluorescence
component is assigned to the pigment in the RC, i.e., the
accessory Chl a (Chl ap,) or the special pair (P680).

At physiological temperatures, however, another 683-nm
delayed-fluorescence component might be present in the
antenna. It is known that at physiological temperatures, delayed
fluorescence with a long lifetime is affected by inhibitors of
electron transfer and uncouplers of the energized state of
thylakoid membranes [3—-5,11,12]. The lifetime has been
estimated to be in the microsecond to millisecond range, or
even in the second range [11-13]. In this case, it is reasonable to
assume that delayed fluorescence originates from a thermally
equilibrated state with antenna components or from an excited
state generated by other mechanisms [3—5,11]. Thus, at
physiological temperature, delayed fluorescence involves
processes in addition to the charge-recombination process
between P680 and Phe a.

Theoretical investigations have demonstrated that the
charge-recombination process depends on the difference in
the standard free energy [12,16,17], as in the case of
thermoluminescence [38-40]. The observed lifetimes for
delayed fluorescence were 21.8 ns for PS II particles,
21.4 ns for the PS II core of Synechocystis sp. PCC 6803,
15.3 ns for intact Synechocystis sp. PCC 6803 cells, and
25.3 ns for the PS II RC from spinach. The lifetime was much
longer (57.4 ns) with the ether-treated PS I complexes from
spinach than observed for the four types of PS II preparations.
The charge-recombination process is, in general, governed by
the difference in the standard free energy of the intermediary
states participating in the recombination [12]. The difference in
free energy between the excited state of the special pair and the
primary electron acceptor is smaller in PS I than in PS II [41].
The observed lifetime did not reflect this property, and the
difference in the observed lifetime was significant, although
the ether treatment may have induced an artifact in the system.
The lifetime of delayed fluorescence is affected by the gap in
free energy, but this does not appear to be the only factor. The
intactness of the samples may also affect the observed lifetime,
although this would be limited to the delayed fluorescence at
77 K. When we discuss the standard free energy of the inter-
mediary components based on the delayed fluorescence
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lifetimes, we need to pay attention to the intactness of samples,
which is not always easy to determine.

Since the triplet state accumulates on Chl ap; [37], it is likely
that charge recombination also takes place on Chl ap;, although
this has not yet been confirmed. The energy level of Chl ap; is
the lowest among the eight pigments in the PS II RC. Energy
transfer from Chl ap, therefore, might be suppressed when the
energy gap between Chl ap; and the antenna is large or when
the distance between the two is long. If the energy gap between
Chl ap; and nearby antenna Chl is larger than the thermal
energy at 77 K (approximately 50 cm '), energy transfer could
be partially halted. However, the energy gap is not this large
[22]. Therefore, the distance might be the more likely reason for
suppression of energy equilibrium between Chl ap; and nearby
antenna Chl.

We have shown that in intact cells of the Chl d-dominated
cyanobacterium Acaryochloris marina MBIC 11017, delayed
fluorescence at 77 K is observed in the Chl a region with a
lifetime of approximately 15 ns, but is not observed in the Chl d
region [9,10]. It would be easy to speculate that energy transfer
from Chl a to Chl d can occur, inducing delayed fluorescence in
the Chl d region if both pigments are present. However, our
observations are contrary to this, and consistent with observa-
tions on intact cells of Synechocystis sp. PCC 6803 [9] that
delayed fluorescence originated from pigment(s) at a higher
energy level. Molecular interactions among core components
might be modified by heterogeneous Chl a and Chl d
constituents. As shown in this study, energy transfer did not
occur from the pigment responsible for delayed fluorescence to
any surrounding pigments at low temperature in spinach
chloroplasts or Synechocystis sp. PCC 6803. If this also applies
to A. marina, it is not surprising that delayed fluorescence arises
from Chl a, even though a convincing functional assignment for
Chl a in the PS II RC of A. marina has not been established.
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