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Summary 

Oscillations of the oxygen uptake rate of the blue-green alga (cyanobacteri- 
um) Anacystis nidulans were induced by light pulses. The pool size of NAD- 
(P)H and the redox state of a cytochrome b showed oscillations of similar 
shape and frequency. Phase diagrams revealed that these three oscillations were 
presumably linked. The cytochrome b should be a part of the respiratory chain 
of this blue-green alga. The oscillations were inducible only in a limited physio- 
logical state of the alga. 

Introduction 

The rate of respiration of phototrophic blue-green alga is rather low [1] 
and it is an open question whether the respiratory chain is situated on the 
photosynthetic membranes as postulated [2]. The electron donor for the 
respiratory chain appears to be NADPH in vivo [ 1 ] though NADH can be oxi- 
dized also at least in vitro [3]. Flexibacteria, considered as colourless cyano- 
phyta, contain b-type cytochromes in their respiratory chain [4,5]. The b-type 
cytochromes found in phototrophic blue-green algae appear to belong to the 
photosynthetic electron transport chain [6--9]. 

The light-triggered oscillation of the oxygen uptake rate of Anacystis 
nidulans [10] offered the possibility to search for other oscillations in the 
respiratory system of this blue-green alga. Oscillations and their phase relation- 

Abbreviations: CCCP, caxbonyl cyanide m-chlorophenylhydrazone.  
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ship have been frequently used to study the components and the regulation of 
glycolysis in yeast (e.g. Refs. 11 and 12). Similarily the oscillation of the 
oxygen uptake rate should be used to identify components of the respiratory 
system in A. nidulans. Some of the results have been reported earlier [13]. 

Material and Methods 

Anacystis nidulans (Kratz and Allen strain, University of Texas culture 
collection No. 625) was received from Dr. Setllk, Laboratory of Algology, 
Tfebo~, C.S.S.R. The alga was grown autotrophically (40°C, 16 h 7000 lumen/ 
m 2 white light, 8 h dark, 1.5% CO: in air). 10 ml of the culture were transferred 
every day before the light period in 310 ml fresh medium (composition [14]) 
to get roughly synchronized algae. Samples for experiments were harvested 
after a complete culture cycle and a short preillumination period (up to 1 h, 
culture conditions) by centrifugation (10 min, 3000 × g, about 35°C). The 
pellet was resuspended and the  cell content was adjusted to about 0.5 mg 
organic nitrogen per ml (measured by the Kjeldahl method) for the absorption 
and fluorescence measurements. 

In vivo changes of the pool size of NAD(P)H were recorded either by fluo- 
rescence [ 15] or absorption measurements. For fluorescence measurements the 
Eppendorf fluorometer was equipped with a Hg 366 nm filter and with a filter 
of 2 mm plexiglas No. 701 (RShm and Haas, Darmstadt, F.R.G.) in front of 
the photomultiplier. The fluorescence measured was mainly emitted by NAD- 
(P)H as judged by comparison of the emission spectra of algae and NADH. A 
0.5-cm path length cuvette with the algal suspension was exposed in the fluoro- 
meter to the red actinic light for phosphosynthesis. As some stray light super- 
imposed the fluorescence signal during the light pulse, the pool size changes of 
NAD(P)H were measured only in the dark. The exciting light for fluorescence 
(366 nm) did not alter the rate of oxygen exchange. 

Absorption changes were measured in an Aminco DW-2 spectrophotometer 
operated in the dual wavelength mode (bandwidth 10 nm). The photomulti- 
plier was protected against stray actinic light by glass filters (340--400 nm: UG 
1 + BG 12; 400--450 nm; BG 7 + BG 12 + BG 28; 500--580 nm: BG 7 + BG 
18 + BG 28) from Schott and Gen, Mainz, F.R.G. 

The oxygen exchange rate was measured polarographically with a teflon- 
covered stationary platinum electrode [16,17]. The algae spread on the elec- 
trode were covered by a dialysis membrane which separated the algae from the 
fluid (growth medium or phosphate buffer) streaming over the electrode with 
constant velocity, temperature and oxygen content. In such a system the po- 
larographic current is a direct measure of the rate of oxygen exchange or in the 
dark of oxygen uptake. 

All measurements were performed at 40°C in the growth medium or in a 
2.9 mM potassium phosphate buffer (pH 7.8). The phosphate concentration 
and the pH of the buffer were identical to those of the growth medium. Mea- 
surements which were used for  analysis of the phase relationship etc. were 
made at about the same time with samples of the same suspension of algae un- 
der identical conditions. 
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Results 

In Anacystis nidulans, an oscillation of the oxygen uptake rate induced by 
light pulses [10] was always accompanied by an oscillation of the NAD(P)H 
pool size (Fig. la). Both oscillations could only be induced simultaneously, 
suggesting that they are linked. When the oxygen uptake rate showed only a 
single minimum after the light pulse, appearing as the second maximum in the 
oxygen exchange rate trace (Fig. lb ;  cf. Ref. 17), the pool size of NAD(P)H 
reached a minimum and returened to the dark steady state without further 
transients (Fig. lb) .  All light-triggered transients of the NAD(P)H pool size in 
the dark were abolished by 10 paM CCCP as was already reported for the tran- 
sients of the oxygen uptake rate [10]. These results point  to a common 
mechanism of both oscillations and of their induction. 

Absorption measurements showed that beside the NAD(P)H pool size (Figs. 
la ,  2a) the redox state of at least one cytochrome was oscillating with a similar 
frequency (Fig. 2b). The spectra of the absorption changes forming these oscil- 
lations are compared with the mirror image of an absorption spectrum o f  
NADH (X) and with the spectrum of the absorption change during the light (o) 
(Fig. 3a). The similarity between the absorption spectrum of NADH and the 

a) b) 

60 s 

0 30 60 90 s 

Fig. 1. C o m p a r i s o n  o f  t he  t rans ien t s  of  the  o x y g e n  e x c h a n g e  ra te  a n d  of  the  N A D ( P ) H  specif ic  f luores-  
cence  a f t e r  l ight  pulses ( t  on ,  ~ of f ;  674  n m ,  0 .77  nanoeinsteLn • c m  -2 • s - I  fo r  the  oxy_gen m e a s u r e m e n t s ,  
u p p e r  t races ;  671 n m ,  0 . 8 5  m m o e / n s t e i n  • c m  "~ • s - I  fo r  t he  f luorescence  m e a s u r e m e n t s ,  l o w e r  t races) .  (a) 
Samples  o f  a suspens ion  o f  algae inducib le  to  osci l la t ions o f  the  o x y g e n  exchange  ra te ,  ha rves t ed  a f t e r  a 
c o m p l e t e  cu l tu re  cycle  + 0 .5  h p re i l lumina t ion .  L igh t  pulse:  6 s. (b)  Samples  of  a suspens /on  of  algae 
induc ib le  only  to  a single m i n i m u m  of  the  o x y g e n  u p t a k e  ra te  ( s econd  m a x / m u m  of  the  o x y g e n  exchange  
t r ace )  a f t e r  t he  Hght  pulse (12  s) h a r v e s t e d  a f t e r  a c o m p l e t e  eultuxe cycle  + 1 h p re i l lumina t ion .  



315 

o) 

on. off [ 2  x'~O'3 

380 

6 I,'o ' I;o,, 

~ ,  -,,,r . -q,/,v --~,,,q,,~ v,,,~,,~ Z, lO 

" ~'o ~o,  

Fig. 2. (a and b) Absorpt ion changes during and after  l ight  pulses ( t  on, ~ off, 5 s, 671 nm, 1.0 nanoein- 
stein " cm -2 "s - I  ) measured in a dual wavelength spect rophotometer .  Reference wavelength 455 nm, mea- 
$urlng wavelength as indicated in the figure. 

spectrum of the absorption changes between 340 and 390 nm is obvious and 
confirms the data obtained by fluorescence measurements. The spectra of the 
absorption changes between 400 and 450 nm during the light and during the 
oscillation show distinct minima and maxima supporting that different cyto- 
chromes evoked it. During the light a strong oxidation of cytochrome f caused 
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Fig. 3. Spectra (¢ -'2) of the observed absorpt ion changes oscillating in the dark after  a l ight  pulse. 
The differences be tween  the first minin lum (resp. max imum)  and the first max i mum (resp. ~intnltml) of 
the oscillations were p lo t ted  as negative (resp. positive) values against the  wavelength of the measuring 
beam (dual wavelength spectzophotometry) .  For comparison the absorpt ion spectrum of NADH (X) 
(inversely plot ted ,  equali=ed at  340 nm)  and the spect rum of the observed absorpt ion changes duzing the 
l ight  (o . . . . .  -o, reduced scale.: X0.5) are shown. (a) Reference wavelength 455 nm (change att ldbutable 
to  NAD(P)H absorpt /on and to  the Sorer-bands of cytoehromes.  (b) Reference wavelength 500 nm. 
Spectrum of the a- and ~-bands of eytochromes.  Note the enlarged scale (X 10). 
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the minimum at 425 nm (cf. Refs. 18 and 19). The small shoulder of the 
spectrum at about 435 nm may be due to oxidation of P-700 (cf. Ref. 19) but 
it cannot be excluded that the absorption change observed at about the same 
wavelength after the light pulse occurred already during the light. However, it 
was assured that P-700 did not show transient absorption changes after the 
light pulse (measuring wavelength 700 nm, reference wavelength 730 nm). Mea- 
surements of tile very weak absorption changes in the region of the a- and 
/~-bands of the cytochromes showed that apparently the c-type cytochromes 
described in A. nidulans [20] could not be induced to oscillatory changes by 
light pulses. The spectral characteristics of the absorption changes during the 
oscillation support a light-induced oscillation of the redox state of a b-type 
cytochrome which had in the reduced state an a-band at about 565 nm, a 
~-band at about 535 nm and a Sorer-band at about 430 nm. The oscillations of 
the NAD(P)H pool size and of the reduced state of the cytochrome were ob- 
viously in phase, the oxidized state (Soret-band at about 410 nm) being 180 ° 
out of phase. 

The phase relationship between the rate of the oxygen uptake and .of the 
NAD(P)H pool size was analysed in a phase plane plot [11,12] (Fig. 4a). From 
the spiral formed the phase angle could not be determined since a rate (oxygen 
uptake) was compared with a concentration (NAD(P)H pool). However, the 
spiral indicates that both oscillations were not firmly linked. The rate of 
NAD(P)H oxidation (which is equal to the first time derivative of the NAD(P)H 
concentration) was plotted versus the rate of oxygen uptake (Fig. 4b). This 
plot shows a spiral which has a longer axis which forms an angle of about 45 ° 
with the x-axis (Fig. 4b). This angle indicates that these two oscillations were 
roughly in phase too [12]. An exact determination of the phase angle was im- 
possible as only relative values for both rates could be determined. The varia- 
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Fig .  4 .  PhMe  p l a n e  p l o t s  o f  t h e  o sc i l l a t i ons  o f  t h e  o x y g e n  ex r~Ange  r a t e  a g a i n s t  t h e  N A D ( P ) H  specif ic  
f luorescence .  The  plots  were  s t a r t e d  3 .6  s a f t e r  the end o f  the l i g h t  pu l se  to  avoid  an inf luence  o f  the 
p h o t o s y n t h e t i c  o x y g e n  evo lu t ion .  (a)  R a t e  o f  o x y g e n  u p t a k e  (y-ax is )  a~_alns~ t h e  i n t e n s i t y  o f  N A D ( P ) H  
f luorescence  ( x 4 x t s )  b o t h  in arbitrary un i t s .  D i s t a n c e  b e t w e e n  the points:  1 .2  s. Z e r o  o f  the o x y g e n  u p -  
t a k e  r a t e  w a s  d e f i n e d  as  the rate in the dark before  the l ight pulse .  (b )  R a t e  o f  o x y g e n  u p t a k e  (y-ax is )  
a g i a n s t  t h e  r a t e  o f  N A D ( P ) H  o x i d a t i o n  (x-ax is )  b o t h  in  a r b i t r a r y  un i t s .  T h e  r a t e  o f  N A D ( P ) H  o x i d a t i o n  
w a s  g r a p h i c a l l y  d e t e r m i n e d  f r o m  t h e  o s c i l l a t i o n  o f  t h e  f l u o r e s c e n c e  i n t e n s i t y .  D i s t a n c e  b e t w e e n  the 
points:  2 .4  s. 
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tions of  the phase angle during the oscillations of the NAD(P)H oxidation and 
of the oxygen uptake (Figs. la,  4a, 4b) suggest that  the oscillation of the 
NAD(P)H pool size may not  only reflect an oscillatory oxidation by the 
respiration but  also an oscillating reduction of  NAD(P) ÷. However, it is difficult 
at present to decide whether the pool size oscillations of NAD(P)H evoked or 
followed the oscillation of  the.oxygen uptake. 

Discussion 

The phase relationship between the oscillations and the observed similarities 
of the frequencies support  the notion that  all oscillations are linked. The effect 
of CCCP, however, may be restricted on the induction and does not  support a 
control of the oscillation by the oxidative phosphorylation. 

The NAD(P)H oscillation could be expected as Biggins [1] demonstrated the 
oxidation of NADPH in vivo by the respiration of Anacystis nidulans. As fluo- 
rescence and absorption measurements do not  distinguish between NADH and 
NADPH the observed variations of the phase angle of the oscillations (Fig. 4) 
may have been caused by NADH pool size changes. As the respiration rate of 
A. nidulans does not  appear to be limited by the oxygen concentration within 
wide margins [1]  it is suggested that  an oscillation of the NAD(P)H pool size 
evoked the oscillation of the oxygen uptake and not  vice versa. 

The role of the cytochrome b with the oscillating redox state could not  be 
clarified definitively. The obvious direct connection to the redox state of the 
NAD(P)H pool suggests a position in the respiratory chain. While the cyto- 
chrome b-562 found in flexibacteria presumably belongs to their respiratory 
chain [5], in phototrophic blue-green algae previous data did not  indicate a 
participation of a cytochrome b in the respiratory chain [21]. The photosyn- 
thetic electron transport chain of blue-green algae contains at least two b-type 
cytochromes [6--9]. The oscillating cytochrome differed in its spectral charac- 
teristics from cytochrome b-559(557, 558) [6--9]. The similarity to cyto- 
chrome b-562 [6] suggests an identity and it is tempting to assume a connec- 
tion between the photosynthetic and the respiratory electron transport chains 
by this cytochrome as was found in photosynthetic bacteria. Such a direct 
interaction between photosynthesis and respiration has been proposed on the 
basis of electron microscopic and photosynthesis studies [2,22]. However, the 
induction of the oscillation depended on the inhibition of respiration [10,23] 
presumably mediated by the adenylate system [23]. The inhibition of respira- 
tion (Fig. lb)  was a prerequisite but  not  the only condition for the oscillations 
[10]. 
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