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Fluorescence changes following sequential reduction of the electron acceptors in the 160 kDa Photosystem-I 
reaction-center complex (Ikegami, I. and Ke, B. (1984) Biochim. Biophys. Acta 764, 70-79, accompanying 
paper) were studied. Three major fluorescence bands, designated as F67s, F6s s and F705 according to their 
peak wavelength positions, were observed depending on the redox conditions. F675 is essentially constant 
under all redox conditions, suggesting that it originates from the remaining antenna chlorophyll molecules in 
the complex. In the oxidized sample containing 0.5 mM ferricyanide, little F705 appeared, but it became 
prominent after the addition of 10 mM dithionite to the complex at pH 10 under anaerobic condition. 
Maximum F70 s developed upon a brief intense illumination of the dithionite-treated sample, prior to freezing. 
On the other hand, F7o 5 almost disappeared after extended illumination (20 min) of the sample at a lower 
temperature (approx. - 4 0  ° C), in which A i, the primary electron acceptor of Photosystem I, is assumed to be 
reduced. F705 could be completely restored when the above sample was briefly thawed and refrozen. The 
excitation spectrum of FT0 s indicates that its emitter had an absorption peak near 455 nm, which changed 
little in its shape through the above-mentioned changes of F7o 5. We have interpreted these results by 
proposing the charge recombination between P700 + and A~ as the origin of F7o s. In the oxidized complex 
containing 0.5 mM ferricyanide, 470 nm excitation brought out an additional emission band at 655 nm (F655), 
which almost disappeared after intense illumination of the complex in the presence of 10 mM dithionite at 
pH 10 under anaerobic condition, either for a brief period near 0°C or for an extended period at approx. 
- 4 0 ° C .  F655 was partially restored after extended thawing in the dark of the complex in which A 2 was 
reduced. The excitation spectrum of F6s s has a major band at 468 nm, which is attributed to the chlorophyll b 
molecule remaining in the complex. Both emission and excitation spectra showed that the chlorophyll b 
molecule is still capable of transferring its excitation energy to the emitters of both F675 and F70 s. 
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Abbreviations: PS I, Photosystem I; PS II, Photosystem II; 
Chl, chlorophyll. 

Introduction 

In green plants, the photosynthetic chlorophyll 
pigments absorb the visible-light quanta, which 
bring the chlorophyll molecules into the electroni- 
cally excited singlet state. Under physiological 
conditions, the bulk of absorbed light energy is 
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used for photochemistry and photosynthesis. A 
small fraction, however, is either lost as heat or 
reemitted as fluorescence. At room temperature, 
fluorescence is emitted mostly near 685 nm by 
chlorophyll molecules of Photosystem II (PS II). 
At low temperatures, the fluorescence spectrum 
usually has bands at 685, 695 and 720-740 nm, 
presumably originated from both P S I  and II [1,2]. 

With the advent of detergent fractionation of 
thylakoid membranes of higher plants into frag- 
ments representing the two photosystems, much 
work on their fluorescence followed, mostly in an 
at tempt to identify the various fluorescent species 
with the two photosystems [3-8]. At room temper- 
ature, the emission spectra of both photosystems 
were similar, although that from PS I had a much 
lower yield. At 77 K, the F725 amplitude is rela- 
tively lower than that of F6s 5 in PS II fragments, 
while it is much higher in the P S I  fragments, 
compared with intact chloroplasts. However, the 
chemical origin of the various fluorescent species 
remained unknown. 

Since the mid-1970's, highly enriched PS I chlo- 
rophyll-protein complexes have been prepared. 
Ikegami and Katoh obtained by diethyl ether ex- 
traction a 'PT00-enriched' particle containing one 
P700 per 6 -9  Chl molecules [9]. This and other 
similarly enriched particles were soon utilized for 
examining the  effect of the redox state on fluores- 
cence yield [10-13]. The PT00-enriched particles 
obtained by ether extraction showed fluorescence 
yield depending on the redox state of both the 
primary donor and primary acceptors [10]. The 
variable portion of the fluorescence has a peak at 
694 nm at room temperature and 697 nm at 77 K. 
This emission is quenched by PT00 ÷ as well as the 
oxidized primary acceptor. Maximum fluorescence 
at 697 nm was observed in samples in which the 
primary acceptor (as well as the donor) was re- 
duced. Similar findings were subsequently re- 
ported by others, variably ascribed either to a 
photooxidized PT00 dimer (P700 ÷. P700) [12], or 
to a light-harvesting chlorophyll closely associated 
with P700 [13]. 

The low-temperature far-red fluorescence was 
observed in vivo more than two decades ago in 
Euglena gracilis and Ochromonas danica [14], and 
later in bean leaves [15] and greening bean leaves 
[16]. From measurements of fluorescence and fluo- 

rescence excitation as well as absorption spectra, 
Butler [15] suggested that F725 at 77 K in vivo was 
due to a component absorbing at 705-710 nm. 
Furthermore, energy transfer from Chl a to the 
F725 species (absorbing at 705 nm) was also dem- 
onstrated. From the greening bean leaf work, 
Goedheer [16] also concluded the F725 species to 
be an essential component in photosynthesis. 

While the digitonin-fractionated subchloroplast 
particles have a high fluorescence yield near 735 
nm, the ether-extracted, PT00-enriched particles 
prepared by Ikegami and Katoh has very little of 
it [9]. It was found recently that reincorporation of 
chlorophyll together with certain lipids into the 
PT00-enriched particles restored a long-wave- 
length-absorbing form near 700 nm and a promi- 
nent fluorescence emission band near 735 nm at 
77 K [17]. It was inferred from these results that 
the chlorophyll molecules reincorporated into the 
PT00-enriched particles can serve effectively as 
light-harvesting pigments of PS I. 

In the accompanying paper, we have reported 
the preparation of a 160 kDa PS I reaction-center 
complex with a Chl /PT00 of 10-15. Chemical and 
photochemical treatments followed by absorption 
and EPR-spectroscopic analysis showed the com- 
plex to be photochemically active and to retain an 
intact donor-acceptor complex. Because of its sim- 
ple pigment composition, we have further ex- 
amined its low-temperature fluorescence proper- 
ties, in the hope that some light might be shed on 
the nature of the various fluorescent species. 

Experimental 

The P S I  reaction-center particle was prepared 
as described in the accompanying paper [18]. The 
spectrofluorometer used in this work has also been 
described previously [6], except that two Jobin- 
Yvon model H10 monochromators were used in- 
stead, one for isolating the excitation light from a 
150-watt xenon lamp and one for detecting fluo- 
rescence emission. Appropriate cut-on and cut-off 
filters were used so that no excitation light leaks 
through the detection monochromator.  A quartz 
cuvette with 1 mm pathlength and cradled in a 
metal holder [19] was used for the low-temperature 
fluorescence measurements. The cuvette was placed 
in a dewar and oriented at 45 ° with respect to the 
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excitation and emission monochromator - both 
excitation and emission at the front surface of the 
sample. The total chlorophyll content in the 1 mm 
pathlength was 4-5 /~g  C h l / cm  2. 

Results 

Dependence of the fluorescence emission spectra of 
the PS-1 reaction-center particles on the extent of 
chemical and photochemical reduction 

When 0.5 mM ferricyanide was added to the 
PS-I reaction-center particle and then illuminated 
at room temperature for 1 min, all its P700 was 
converted to the oxidized state. When excited by 
430 nm light, the oxidized particle shows a rela- 
tively simple fluorescence spectrum, with a single 
peak at 678 nm (Fig. 1, spectrum A (dashed)). 
When the sample containing 10 mM dithionite 
was kept in the dark, a new emission band devel- 
oped at 702-705 nm (Fig. 1, spectrum B). Under 
increasingly reducing condition C (see the accom- 
panying paper [18] for explanation of various re- 
ducing conditions), spectrum C, with a maximum 
development of the 702 nm emission band, 
resulted. When the sample was subject to still 
more reducing conditions, i.e., condition D with 
variable periods of illumination, the 702 nm emis- 
sion gradually disappeared again. For instance, 
when the sample represented by spectrum C was 
illuminated for 30 min at - 4 0 ° C ,  the 702 nm 
emission band eventually almost all disappeared 
(see Fig. 1, spectrum D). Interestingly, when this 
last sample (spectrum D) was thawed briefly in the 
cuvette and then refrozen, the 702 nm emission 
was completely restored (Fig.l, spectrum D'). 

Dependence of fluorescence emission spectra of the 
PS-I reaction-center particles on excitation wave- 
length 

The fluorescence emission spectra for the P S I  
reaction-center particle at different stages of 
reduction became dramatically different if the 
excitation wavelength was changed. Fluorescence 
spectra of the PS-I reaction-center particle excited 
at 470 nm for each of the five conditions A to D'  
are also shown in Fig. 1. In the sample containing 
oxidized P700, 470 nm excitation brought out a 
major new emission band at 655 nm and some 
noticeable emission at 705 nm (spectrum A* (solid 
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Fig. 1. Fluorescence emission spectra at 77 K of the PS-I 
reaction-center particles under various redox conditions. Sam- 
ple was excited with either 430 nm light (dashed line) or 470 
nm light (solid line). Sample conditions were: (A) sample 
containing 0.5 mM ferricyanide and illuminated for 10 s at 
0°C, then frozen in liquid nitrogen; (B) sample containing 10 
mM dithionite and frozen in liquid nitrogen in the dark; (C) 
sample containing 15 mM dithionite and illuminated at 0°C for 
2 min, then frozen in liquid nitrogen in the dark; (D) the frozen 
sample in C illuminated further near - 4 0 ° C  for 20 min, then 
frozen in liquid nitrogen in the dark; (D') the frozen sample in 
D briefly thawed in the cuvette¢ and refrozen in liquid nitrogen. 
The half bandwidths for excite'ion and emission were 16 and 8 
nm, respectively. The emission spectra excited with 470 nm 
light were recorded at a 3 × gain. The emission spectra were not 
corrected for the spectral response of the instrument. 

Fig. 2. Fluorescence excitation spectra for the emissions at 650 
nm (dotted line), 670 nm (dashed line) and 705 nm (solid line) 
in PSI  reaction-center particles under various redox conditions 
(alphabetical designations same as in Fig. 1). In A, the excita- 
tion spectrum for the 705 nm emission was also recorded at a 
3 x gain (thinner solid line). The amplitudes of each excitation 
spectrum at any given wavelength represent the relative fluores- 
cence yield produced by light of the respective excitation 
wavelength. The half bandwidths for excitation and emission 
were 8 and 16 nm, respectively. The excitation spectra were 
automatically normalized with respect to the excitation-light 
intensities. 



curve)). Under condition B, only the 705 nm emis- 
sion increased further (spectrum B*). Under con- 
dition C, the 655 nm emission almost disappeared, 
whereas some emission remained at 705 nm (spec- 
trum C*). Under condition D, even the 702 nm 
emission became very weak (spectrum D*). Upon 
brief thawing followed by refreezing, the 470 nm 
excited emission spectrum (spectrum D'*) returned 
to those for state C. Longer thawing (15 min) 
recovered some 655 nm emission as well (not 
shown). It is clear that the 702-705 nm emission is 
at its maximum under condition C, and disappears 
gradually under condition D with increasing il- 
lumination time. 

Excitation spectra 
Emission bands excited by both 430 and 470 

nm light fall in three spectral regions (Fig. 1), 
hereafter designated as F655, F675 and F705. In order 
to identify the sources of emission, excitation spec- 
tra for the three major emission bands were mea- 
sured (Fig. 2). Since the three major bands vary in 
amplitude depending on the extent of reduction, 
the excitation spectra were also measured for the 
reaction-center particles under different redox 
conditions. 

In the oxidized PS-I reaction-center particle 
(condition A (light)), the predominant emission 
band at 678 nm has excitation bands near 440 and 
420 nm (dashed spectrum), and a much weaker 
excitation band at 470 nm. The 705 nm emission 
was very weak in the oxidized reaction-center par- 
ticle; its excitation band (solid spectrum) was 
mainly at 440 nm, with a 450-470 nm shoulder 
more clearly seen in the same spectrum recorded 
at a 3 × gain (thin solid spectrum in Fig. 2A). The 
excitation spectrum of F655 has a band near 470 
nm (dotted spectrum). 

Under condition B, the excitation spectra for 
F675 and F655 were essentially the same as those for 
condition A, the excitation spectrum for FT05 in- 
creased in amplitude without changing the spectral 
profile. 

Under condition C, the excitation spectra for 
F675 and F705 remained unchanged from those for 
condition B, except that the excitation band at 420 
nm became more prominent for F675. The most 
dramatic change occurred in the excitation spec- 
trum of the 655 nm emission: the 470 nm excita- 
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tion band disappeared completely, and the 420 nm 
excitation band became prominent. At the same 
time, a weak excitation band near 530 nm became 
noticeable for all three emission bands. 

Under condition D, the general shape of the 
excitation spectra for the three emissions remained 
largely unchanged, only the amplitude of the exci- 
tation spectra for FT05 and F655 became less. For 
condition D', the excitation spectrum of Fv05 was 
restored to that for condition C, but that of F655 
changed little. Only after longer period of thawing 
(15 min) did the 470 nm excitation band began to 
reappear (data not shown). 

Discussion 

As discussed in Ref. 18, the 160 kDa aggregate 
complex of the P S I  reaction center, because of its 
high purity, simple composition and photochemi- 
cal activity, has provided an experimental material 
for measuring the difference spectrum of not only 
PT00, but all the early electron acceptors of PS I. 
As seen below, the highly purified aggregate com- 
plex appears to have possibly also provided some 
new insights about the fluorescing species of PS I. 

Under different redox conditions and by using 
excitation light at two different wavelengths, flu- 
orescence emissions can be grouped into three 
spectral regions and designated as F655, F675 and 
F705 according to their peak wavelength positions. 
Among the three emissions, F675 is essentially con- 
stant under all redox conditions examined (Fig. 1). 
The excitation spectra are also invariable, with 
major bands near 420 and 440 nm (Fig. 2). This 
emission most likely originates from the antenna 
chlorophyll a molecules remaining in the 160 kDa 
reaction-center complex. 

F655, with its major excitation bands at 468 nm, 
is attributed to chlorophyll b present in the P S I  
reaction-center complex. The appearance of F655 
when excited by 470 nm light under conditions A 
and B (Figs. 1 and 2) are consistent with the 
notion of chlorophyll b involvement. The disap- 
pearance of F655 emission and the 468 nm excita- 
tion bands starting from condition C lend further 
support to our previous interpretation that the 
absorbance decreases at 650 and 468 nm and an 
increase at 527 nm at the redox level of A 2 or X 
reduction involved chlorophyll b reduction [18]. In 
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agreement with the appearance of the 527 nm 
absorption band under condition C [18], a weak 
530 nm band also appeared in the excitation spec- 
trum under the same conditions. 

Chlorophyll b in vivo usually does not fluoresce 
because of its highly efficient transfer of excitation 
energy to chlorophyll a. A weak shoulder near 
660-665 nm was reported previously in the emis- 
sion spectrum of some green algae and attributed 
to chlorophyll b under conditions of decreased 
efficiency in energy transfer from chlorophyll b to 
a when the PS II traps are closed [20]. In our 160 
kDa PS-I reaction-center complex, chlorophyll b 
molecules which are usually associated with the 
light-harvesting complex undoubtedly are de- 
tached from the membrane matrix. But it is rather 
astonishing that one chlorophyll b molecule has 
survived such extended solvent and detergent 
treatment by which more than 95% of the bulk 
chlorophyll was removed. Furthermore, this chlo- 
rophyll b molecule apparently is still capable of 
transferring its excitation energy to the emitters of 
both F675 and Fro 5 (Figs. 1 and 2). All spectral 
evidence indicates that chlorophyll b, though un- 
likely to be part of the reaction center, may be 
located in very close proximity to it. 

Of further interest is the FT05 emission and 
particularly its dependence on the redox state of 
the P S I  reaction center. There is little F705 when 
P700 is oxidized (Fig. 1A). FTo 5 begins to develop 
when P700 is reduced and all the accepters are 
oxidized (in the presence of ascorbate, for ins- 
tance; data not shown) or when Fe-S centers A 
and B are reduced (Fig. 1B). F7o 5 reaches the 
maximum level when most or all A 2 (or X) is 
reduced. Under condition D, in which A~ is as- 
sumed to be reduced, F705 largely disappeared. In 
briefly thawed and refrozen reaction-center com- 
plex (sample D'), £'7o 5 was completely restored. 
The excitation spectrum for F705 appears rather 
similar to that for F675, except for a more promi- 
nent shoulder around 460 nm (Fig. 2A). The dif- 
ference between the excitation spectra for F675 and 
FT05 results in a 455 nm peak with a slight shoulder 
around 470 nm. These results indicate that the 
excitation energy can be transferred from antenna 
chlorophyll a (and b) to the emitter of FT05, and 
that the latter has an absorption peak at 455 nm, 
suggesting that it may be a special form of chloro- 
phyll a. 

Considering all the experimental data on Fro 5, 
we propose that the FTo 5 emission originates from 
A~' formed during charge recombination between 
P700 + and A~-. The experimental observations 
reported thus far appear to be consistent with the 
proposed mechanism. Thus, little /77o 5 should be 
formed when the reaction partner P700 is already 
oxidized. When Fe-S centers A and B are oxidized, 
they would be expected to receive the electron 
coming down from A~. Under this condition, 
possibly a small probability of charge recombina- 
tion still exists, and thus a small FTo 5 emission. 
When centers A and B are reduced, the probability 
of forward electron transfer is attenuated, thus 
increasing the probability of charge recombination 
between P700 + and A 1 and thus a greater Fv0 s 
emission. When A e or X is reduced, maximum 
charge recombination would lead to maximum 
/77o 5 intensity. Upon phototrapping of A{ and 
restoration of P700 + to P700, FT05 should decrease 
in proportion to A1 phototrapped. In fact, a good 
parallel correlation has been obtained between the 
extent of the 14 G EPR signal formed (see Fig. 4, 
bottom, in Ref. 18) and the extent of photochemi- 
cal bleaching of the 670 nm absorption band, both 
of which represent a direct measurement of the 
extent of reduction of A~, with the attenuation of 
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Fig. 3. Decrease in FTo 5 intensity when the PS 1 reaction-center 
particle containing 10 mM dithionite was illuminated at ap- 
prox. -40°C for various time periods (in min). Inset shows 
£'705 intensity plotted vs. illumination time. The jump (arrow) 
represents complete restoration of £'705 after the last sample 
was briefly thawed and refrozen (D to D'). 



FT05, all under condition D and as a function of 
the illumination time (Fig. 3). 

It is worth noting that the present proposal is 
almost the counterpart of one recently proposed 
by Breton [21] for the F695 emission originated 
from PS II. In PS II, the reaction partners involved 
in charge recombination are P680 + and Pheo-  
Thus, F695 in PS II would, according to Breton, 
originate from Pheo* formed during charge recom- 
bination. 
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