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A Pseudanabaena strain isolated in our laboratory exhibited a large amount of a 710 nm chlorophyll form, 
associated with Photosystem I, the chromophore of which was found to be parallel to the membrane plane as 
shown by linear dichroism measurements. Whole cells, thylakoid vesicles and Photosystem ! particles 
obtained after digitonin treatment presented a particular 77 K fluorescent component at 750 nm (FTso):a 
high initial level of fluorescence (F0) was obtained when samples were frozen in the dark; illumination 
induced a decrease to a low level (FL). Kinetic analysis showed that this decrease was biphasic, with a first 
phase 3-times faster than the second one. F o / F  L ratio was about 3. Action spectra demonstrate the origin 
and properties of chlorophyll 710. By poising Photosystem I electron acceptors at different oxidoreduction 
states, and from experiments with ferricyanide, we conclude that the fluorescence at 750 nm originates from 
a chlorophyll form absorbing at 710 nm in a close relation to P-700 and that its kinetics can be used to 
evaluate Photosystem I primary electron acceptor pools. 

Introduction 

Fluorescence emission spectra recorded at 77 K 
from photosynthetic organisms exhibit several 
components. In green plants, the 705-740 nm 
emission range is generally attributed to PS I [1]. 
This photosystem is arranged into a peripheral 
antenna, emitting fluorescence at about 730-740 
nm, and a core with the photochemical centre 
(P700), which fluoresces at 720-725 nm [2]. Fluo- 
rescence originates mainly from the antenna in 

Abbreviations: Chl a n, chlorophyll form absorbing at n nm; 
DCIP, 2,2-dichlorophenol indophenol; F n, fluorescence re- 
corded at n nm; Ft., Fo, Fv,  fluorescence at 750 nm recorded 
in the light, in darkness and variable part of this fluorescence 
( F  0 - FL); Hepes, 4-(2-hydroxyethyl)-l-piperazineethane- 
sulphonic acid; LD, linear dichroism; P-700, Photosystem I 
reaction centre; PS I  (II), Photosystem I (II). 

plants and from the core in green algae [3]. In 
whole cells, fluorescence intensity is modulated by 
several parameters such as energy distribution [4], 
pH gradient [5], ATP level [6] and the redox state 
of the PS I reaction centre or electron acceptors 
[7,8]. 

On the reductant side of PS I, electron spin 
resonance and absorption studies have revealed 
several steps in electron transfer involving two 
primary acceptors (A 0 and A~) and three iron- 
sulphur proteins (X, A, B) as secondary acceptors 
(for a review, see Ref. 9). The redox state of these 
components can be modified by chemical agents 
(ferricyanide, ascorbate, dithionite) and by freez- 
ing in the dark or under illumination. Recent work 
[10,11] suggests that A 0 is probably a chlorophyll 
a and A1 a quinone, and that the secondary 
acceptors act in parallel ways. 
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Cyanobacteria are particularly suitable for P S I  
studies because of their relatively low chlorophyl l /  
P-700 ratio (about 200) which remains relatively 
constant under different growth conditions [12]. 
Mechanical  and detergent fract ionation of 
thylakoids have demonstrated that PS I and PS II 
are structurally independent  subunits [13]: 
phycobiliproteins are connected only with PS II 
complexes and PS I possesses its own antenna; 
715-725 nm fluorescence originates f rom P S I  
[14]. Electron acceptors are very similar to those of 
green plants [15] although the iron-sulphur pro- 
teins may be connected in a different way. Al- 
though devoid of Chl b, P S I  is organized as in 
green plants and immunological cross-reactivity 
has been found between protein complexes [16]. 

In a preliminary report [17], we have shown 
that a strain of Pseudanabaena, isolated in this 
laboratory, has a fluorescence kinetic decay at 750 
nm (F750) upon illumination at 77 K. In this 
paper, we specify the relationships between the 
F750 and the P S I  oxidoreduction state. We show 
that the F750 level is related to the redox state of 
P-700 and P S I  electron acceptors. We also pos- 
tulate that F750 originates from Chl 710 and is 
sensitive, through P-700, to the redox state of the 
pr imary electron acceptors of PS I. 

Material and Methods 

Biological material 
Pseudanabaena sp. M2, isolated in our labora- 

tory, was grown autotrophically in ' Z '  medium as 
previously described [18]. Cells were harvested by 
mild centrifugation and resuspended in 10 mM 
Hepes-NaOH buffer (pH 7.4)/2 mM MgCI 2/0.2% 
bovine serum albumin. They were disrupted in a 
French-pressure cell at 0.28 Pa; crude extract was 
then centrifuged at 1000 × g for 10 min and the 
pellet was discarded; the supernatant was centri- 
fuged at 20000 × g for 60 min; the pellet con- 
stitutes what is hereafter named ' thylakoid 
vesicles'. 

Active Photosystem I particles were obtained 
by digitonin treatment as in Ref. 19 except that 10 
mM Hepes-NaOH buffer (pH 7.4) was used in- 
stead of Tricine buffer. 

Thylakoid vesicles or P S I  particles were then 
resuspended in 50 mM glycine-NaOH buffer (pH 
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9) /10  mM sodium ascorbate with 20 mM glucose 
and 100 uni t s /ml  glucose oxidase to maintain 
anaerobic conditions [8] (as verified with a Clark- 
type YSI oxygen electrode). 

For fluorescence measurements, 50 /~1 of the 
suspension (3 ~g chlorophyll) was layered in the 
dark on an AP 20 Millipore prefilter. 

Spectroscopic measurements 
The P700 concentration was assayed by measur- 

ing photooxidations detected with a DW 2 Aminco 
Chance spectrophotometer in the dual-beam mode 
[19] at 697 nm (reference at 730 nm). For this 
purpose, preparations were suspended in 50 mM 
glycine-NaOH buffer (pH 9) /10 mM sodium 
ascorbate. 

77 K fluorescence emission spectra were re- 
corded with a home-made apparatus as previously 
described [20]. To calculate the initial F750 emis- 
sion level ( F  0 level, see text), a Tektronix 5103 N 
oscilloscope was added in parallel to the plotter to 
record fluorescence kinetics at a given emission 
wavelength. 

Absorption spectra in liquid nitrogen were ob- 
tained as in Ref. 20 with a 1000 Hz modulated 
beam. This apparatus was modified to measure 
F750 kinetics as follow: a set of filters (Wratten W 
50 + M.T.O.J .  662 a) which allowed only wave- 
lengths greater than 745 nm to pass, was put in 
front of the photomultiplier. A shutter (Compur, 
opening time 1 ms) was used to control the actinic 
beam. Results were recorded either with a 
Tektronic TEK 31 calculator or with a Tandy 
TRS-80 microcomputer. It was verified that a reso- 
lution time of 0.3 s was sufficient to obtain com- 
plete kinetics with an actinic beam of 2.5 pE .  m 2 • 
s i. When required, the F L level was induced by 
white light (9/~E. m 2. s ~). 

Action spectra were obtained with the same 
apparatus using a 2500 W xenon lamp and a Jobin 
Yvon HRS-1 monochromator.  Light intensity was 
adjusted to be isoquantic at each wavelength (1 
pE .  m 2. s i) and effectiveness was expressed as 
F v / F  L level ( F  v = F 0 - FL) for each point. Prein- 
cubation at 230 K was performed in a Dewar 
containing 66% glycerol (w/v)  cooled by a Flexy- 
dry (FTS-System) probe. When necessary, samples 
were illuminated by a 150 W quartz iodine lamp 
(400 ~E-  m -2 s - l ) .  
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Linear dichroism measurements were per- 
formed as in Ref. 3, on thylakoid vesicles. 

Results 

General organization of P S I  in Pseudanabaena 
We used three kinds of preparation: whole cells, 

thylakoid vesicles isolated by differential centrifu- 
gation after French pressure cell breaking and PS I 
particles obtained from a sucrose density gradient 
following digitonin treatment. Chl/P700 ratios 
were 250 for whole cells, 200 for thylakoid vesicles 
and 110 for PSI  particles. 

Pigment composition of whole cells is il- 
lustrated by 77 K absorption spectra (Fig. 1): 
peaks at 630 nm and 652 nm originated from 
phycocyanin and allophycocyanin respectively. 
Besides a main peak at 680 nm, chlorophyll ab- 
sorption in the red range exhibited a minor peak 
at 710 nm. 

Pseudanabaena thylakoid vesicles were a good 
material for linear dichroism (LD) experiments, 
probably because of their relatively large size and 
absence of chlorophyll other than Chl a. The 
absorption spectrum at 5 K (Fig. 2) showed that 
phycobiliproteins were lost during fractionation 
procedure. The LD spectrum revealed a difference 
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illumination at 77 K). Medium: 50 mM glycine-NaOH buffer 
(pH 9), 10 mM sodium ascorbate, 20 mM  glucose, 100 un i t s /ml  
glucose oxidase; 3 ~tg chlorophyll layered on prefilter. 

in absorption of light antiparallel and parallel, 
respectively, to the direction of compaction. The 
ratio of these two spectra emphasizes the similar 
orientation of the chromophores of the three chlo- 
rophyll forms (Fig. 2), Chl a-688, Chl a-697 and 
Chl a 710. These chromophores are subparallel to 
the membrane plane. As previously described [3], 
Chl a-688 is related to PSI  core antenna and Chl 
a-697 is homologous to P-700. It can be seen that 
the accuracy of the ratio reflects a great homo- 
geneity in the sample both for chromophore and 
membrane orientations. 

77 K absorption spectrum of PS I particles 
exhibited an enrichment in far-red chlorophyll 
forms, especially in the 695-720 nm range (Fig. 1). 

77 K fluorescence emission spectra of whole 
cells frozen in the light revealed, under 430 nm 
excitation beam, four peaks (Fig. 3): F660 and FBX 7 
from phycobiliproteins, F695 attributed to PS II 
and Fv25 from PS I; a shoulder near 750 nm was 
clearly distinguishable on the spectra. 
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Fig. 2. 5 K linear dichroism spectra of thylakoid vesicles. A, 
absorption spectra; LD, linear dichroism; LD/A,  ratio of 
these. 
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Fig. 3. 77 K emission fluorescence spectra. Sample frozen in 
the light (F  e state) ( ). Fluorescence emission in the F 0 
state recalculated from kinetic experiments on samples frozen 
in the dark (11 . . . . .  II); normalization at 725 nm with the first 
curve and adjusted by F L. (1 + ( F o - F L ) / F L ). Conditions same 
as for Fig. 1. 
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Fig. 4. 77 K kinetics of fluorescence at 750 nm (excitation 
beam at 685 nm). a, Sample frozen in the dark. b, sample 
frozen in the light. Inset: semilogarithmic plot of curve a. 
Conditions same as for Fig. 1. 

Therefore ,  P S I  in P s e u d a n a b a e n a  M2 presents,  
in add i t ion  to the general  features of  this photo-  
system, a pa r t i cu la r  ch lorophyl l  form, namely  Chl 
a-710, which is o r ien ted  like P-700. Moreover ,  a 
s ignif icant  level of  f luorescence near  750 nm (F750) 
appea r s  in emiss ion spectra.  We  focused on this 
point ,  as the amoun t  of F750 appea red  to vary 
f rom one exper iment  to another ,  depend ing  on the 
sample  p repara t ion .  

M a i n  charac ter i s t i cs  o f  ['75 o in w h o l e  cells 

W e  analyzed kinet ics  of 77 K fluorescence 
emiss ion for whole  cells. When  samples  are frozen 
in l iquid ni t rogen in the dark,  a large f luorescence 
decrease  occurred  at 750 nm upon  i l lumina t ion  of  
cells with b lue  l ight (Fig.  4). We  def ined  the ini t ial  
level as F 0 and  the i l lumina ted  s teady state as FL; 
var iable  f luorescence,  Fv ,  was evalua ted  as F 0 - F  L. 
W e  then recorded f luorescence kinet ics  for var ious  
emiss ion wavelengths  in the 700-800  nm range 
with  a 5 nm step. Assuming  that  F L levels corre- 
spond  to emiss ion spec t ra  recorded after  a long 
exci ta t ion  time, we were able  to calcula te  the emis-  
sion spec t rum cor respond ing  to F o state; for this 
purpose ,  we mul t ip l ied  the relat ive spec t rum val- 
ues by  1 + ( F  0 - F L ) / F  L (Fig.  3). N o  f luorescence 
decrease  was observed for emission be low 725 nm, 

and the greatest  ra t io  F v / F  e = 2 was found at 750 
nm. So we named  this p h e n o m e n o n  F750. For  
fur ther  exper iments ,  we have chosen a filter com- 
b ina t ion  which selected the 750 nm emission. 

In o rder  to establ ish the act ion spec t rum of  F75 o 
(Fig.  1), we p lo t ted  F v / F  e rat ios recorded with 
i soquant ic  exci ta t ion beam (1 p E .  m 2. s ]); the 

comple te  F e level was induced by i l luminat ing  the 
sample  with s t rong white light (9 ~ E .  m 2. s 1). 
C o m p a r e d  with absorp t ion  spectra,  it appea red  
that  phycobi l ip ro te ins  are ineffective, whereas far- 
r ed -absorb ing  chlorophyl l  forms, like Chl a 688, 
Chl a-697 and Chl a-710, are very efficient in 
inducing  an F750 decrease  (Fig. 1). N i t rogen  de-  
p le ted  cells, which have lost phycobi l ip ro te ins  [18], 
thy lakoid  vesicles and P S I  part icles  exhibi ted 
s imilar  act ion spectra  in the 700-800  nm range 
(da ta  not  shown). 

The  F e level is s table for several hours  at 77 K 
in the dark.  When  samples  were thawed in the 
light or  in the dark  and then frozen again in the 
dark ,  F 0 was restored;  this cycle could be run 
several  t imes wi thout  s ignif icant  loss of F v or 
shape modi f ica t ion  of the decay;  if p re i l lumina ted  
samples  were frozen in the dark,  a full F750 de- 
crease was recorded;  on the o ther  hand,  with 
samples  p re incuba ted  in the dark  and frozen in the 
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light, an F L level was immediately obtained. 
The semi-logarithmic plot of the decay revealed 

that FT.s0 kinetics were composed of two succes- 
sive exponential phases: the first with a rate of  
- 1 4 . 4 . 1 0  -3 uni ts /s ,  and the second with a rate 
of - 3.7 • 10 3 un i t s / s  (Fig. 4, inset). These values 
vary from one experiment to another, but the ratio 
between phase I and phase II is always greater 
than 3. These results imply that F750 is related to 
two different pools. 

F~ o properties o f  thylakoid vesicles and P S I  par- 
ticles 

Chemical agents do not enter whole cells be- 
cause of cyanobacterial  envelopes; thus, the fol- 
lowing experiments were done with thylakoid 
vesicles or P S I  particles. Measured under  the 
same conditions as for whole cells, F v / F  L de- 
creased slightly in these preparat ions and reached 
0.8. This ratio was increased by a long incubat ion 
time in the dark at room temperature or by adding 
10 mM sodium ascorbate in the medium before 
freezing. Under  these conditions, F v / F  L rose to 
1.8 for thylakoid vesicles and 1.2 for P S I  particles. 
So, the redox state of samples is an impor tant  
factor in F75 o amplitude. To specify this point, 
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P-700 photooxidat ion and FT~ kinetics were mea- 
sured on identical aliquots which were incubated 
in the dark with various potassium ferricyanide 
concentrations.  1 mM ferricyanide fully oxidized 
P-700 and induced an F~. level. In the 10-100 p.M 
range, a progressive decrease in the F 0 level was 
parallel to a decline in the P-700 photooxidisable 
pool. A constant  ratio of about 1 connects this 
pool to F750 variable fluorescence (Fig. 5, inset). 

Several authors have described experimental 
condit ions in which PS I and its electron acceptors 
are set in a given redox state [9-11,19]. We at- 
tempted to evaluate a possible link between Fv50 
and the redox state of a particular electron accep- 
tor. We used anaerobic conditions in order to 
avoid oxidation by dithionite when this was used. 
All experiments were conducted in the presence of 
10 mM sodium ascorbate and 10 /.tM DCIP.  We 
assayed in the following situations: 
(I) Reference sample, incubated in the dark: all 
electron acceptors were in the oxidized state. The 
freezing of samples in the dark induced a F 0 level 
but  when they were frozen in the light, a F~. level 
was recorded. 
(II) 40 mM dithionite was added to the medium: if 
samples were preincubated in the dark, same re- 
sults as above were obtained. Then samples in the 
F e state were thawed for 20 min in the dark at 
room temperature and frozen again, in the dark. 
In this case electron acceptors A and B were 
reduced and X was in the oxidized state [11]; an 
initial F o was observed. 
( I I I )  40 mM dithionite was added and samples 
were illuminated 10 min with strong white light at 
0°C. In this situation, X, A and B were in the 
reduced state [19]. The same results as in (II) were 
obtained. 
(IV) 40 m M  dithionite was added and samples 
were cooled to 230 K in 66% glycerol in the dark: 
the same results as in (II) were recorded. When 
they were illuminated at 230 K and then cooled in 
the dark or in the light, an F e level was reached. 

Finally, it appeared that when samples were 
frozen in the dark under conditions I, II and III ,  
an F 0 level was always recorded; experiment IV 
induced only an F e level, even when samples were 
kept for several minutes at 230 K in the dark 
before cooling in liquid nitrogen. As discussed 
later, this implies that there is a close relation 



between the redox state of the primary acceptors 
A 0 and A t, and the F750 level [19]. 

Hence, Pseudanabaena ML appears to be a 
particular cyanobacterium which possesses a high 
amount  of long-wavelength chlorophyll-absorbing 
forms, especially Chl a-710. This pigment, to- 
gether with Chl a-697 and Chl a-688, is particu- 
larly active in reducing fluorescence in the 750 nm 
region, at 77 K. We shall discuss now the relation- 
ships between F750 and the redox state of the 
components of P S I  centre. 

Discussion 

A fluorescence peak near 750 nm was previ- 
ously reported in the cyanobacterium Anacystis 
nidulans [21] but was shown to be related to 
cellular envelopes and not to thylakoid fragments. 

Chl a-710 and Fz5 o 
Chlorophyll forms absorbing near 710 nm are 

common among cyanobacteria [22], as revealed by 
fourth-derivative absorption spectra. In P S I  pig- 
ment-protein complexes isolated from Synechococ- 
cus lividus after polyacrylamide gel electrophoresis, 
Chl a-710 was found to absorb 10% of the red 
range incident light, as measured by deconvolution 
of absorption spectra [23]. 77 K absorption spectra 
of P S I  complexes from Oscillatoria limosa also 
revealed a low but distinctive peak at 710 nm [14]. 
Pseudanabaena M2 is thus primarily characterized 
by a large amount of Chl a-710. 

Linear dichroism experiments showed that 
chromophores of Chl a-688 Chl a-697 and Chl 
a-710 have the same orientation, parallel to the 
membrane plane. Electrophoresis of thylakoids 
from O. limosa [14] have shown that Chl a-710 is 
essentially associated with the heaviest complexes 
of P S I  (about 260 kDa); the main peak of 77 K 
emission in fluorescence spectra is near 735 nm for 
the complexes, as in green plants. Preliminary 
electrophoresis of PS I complexes from Pseu- 
danabaena gave similar results (not shown). Analy- 
sis of another species, Oscillatoria splendida, which 
is devoid of Chl a-710, have shown that in this 
case, PS I complexes exhibited a peak near 725 
nm, as in green algae. It was supposed that in 
green plants, F735 originates in a chlorophyll form 
specific to these plants [3]. This molecule is located 
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in the peripheral antenna of PS I, absorbs in the 
705-720 nm range and has the same orientation as 
Chl a-685 and P-700. The situation of Chl a-710 
appears to be similar. However, if F750 is related 
to Chl a-710, ferricyanide experiments demon- 
strate a close relationship between P-700 oxidore- 
duction state and this molecule. We may assume 
that F750 originates from Chl a-710 and that this 
molecule is located near P-700, in the P S I  core. 

Origin of the quenching 
Fluorescence yield of P S I  particles from green 

plants is modulated by the redox state of the 
centre [7,8]. By the combined use of chemical 
agents, temperature and light, it it possible to 
poise the redox state of PS I electron acceptors 
[8,11]. Under conditions II F750 properties were 
not modified. It has been verified by several 
authors, through EPR measurements, that in these 
conditions, PS I centres are in the state P-700, A 0, 
A 1, X, A- ,  B-  [9-11,24]. In experiments III, X is 
presumed to be reduced [25]. The results are the 
same as in II: hence we may conclude that there is 
no correlation between Fv50 kinetics and the redox 
state of the iron-sulphur proteins X, A and B. 
Under conditions IV, P S I  centres are thought to 
be in the state P-700, A 0, A~-, X- ,  A , B-  [25]; 
however, the reduction of A 0 and A~ may be 
partial [11,24]. In this case, we always obtained an 
F e level. 

Hence, we have three kinds of conditions which 
define the F L level: freezing of samples in the 
light, reducing intermediary acceptor A1, and 
chemical oxidation of P700 by ferricyanide. When 
PS I is illuminated at a cryogenic temperature, the 
charge separation between P-700 ÷ and A -  is sta- 
ble [9]; when secondary acceptors A and B are 
prereduced (conditions I1), several back-reactions 
take place between P-700 + and A o, A~ and X -  
[9,11,24]. From ferricyanide experiments, we con- 
clude that P-700 ÷ alone (all the electron acceptors 
being in the oxidized state) is sufficient to de- 
termine the F e level; conditions IV alone (inter- 
mediary acceptor A l and perhaps A 0 prereduced) 
brought about the F e level. All these facts mean 
that in the dark, at temperatures higher than (and 
equal to) 0°C, a back-reaction takes place between 
P-700 ÷ and A 1, before freezing: P-700 + is re- 
duced and an F 0 level is seen upon illumination at 
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77 K. At 230 K, this back-reaction; is suppressed 
and P-700 + remains in the oxidized state, even 
when samples are frozen in the dark. In all cases, 
thawing in the dark induces a reduction of P-700 ÷ 

F750 kinetics is then an illustration of back-re- 
actions reducing P-700 + at various temperatures. 
We have shown that there are two phases in the 
kinetics, with different half-time decay: this prob- 
ably indicates that there are two kinds of back-re- 
action or two reductant pools (Fig. 4). The time of 
decay is out of line with the half-times measured 
by laser flash spectroscopy [11], which are in the 
920-1000 #s range, but we use a beam which is 
very weak when compared with laser intensity. At 
this time, we have reasons to identify the two 
phases of F750 decay with the two primary electron 
acceptors and it appears that this characteristic 
could lead to new work in the study of the primary 
electron transport processes in PS I. EPR experi- 
ments are needed to complement this approach, 
and improvements in electrophoresis of  PS I par- 
ticles allow more precise models for the organiza- 
tion of chlorophyll-protein complexes to be con- 
sidered [26]. Using mild detergents which would 
preserve F750 kinetics and by fine analysis of 
pigment protein complexes of PS 1 containing Chl 
a-710 we hope to pinpoint the origin of the F750. 
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