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Summary 

The presence of  phycobilins in heterocysts of Anabaena  variabilis is estab- 
lished on the basis of  absorption and fluorescence spectroscopy. At 77 K 
heterocysts  exhibit  fluorescence emission bands at 645 and 661 nm indicative 
of  phycocyanin and allophycocyanin,  respectively. Both allophycocyanin levels 
and fluorescence emission at 695 nm were low in heterocysts relative to whole 
filaments. In situ fluorescence microscopy confirmed the presence of  phyco- 
bilins in individual heterocysts,  but  the pigment levels varied considerably 
among cells. 

Heterocysts  exhibited Photosystem I activity, as evidenced by photooxida- 
tion of  P-700, but  no Photosystem II activity. The quantum efficiency of  
phycobilins in sensitizing P-700 photooxidat ion was 50--70% that of  chloro- 
phyll a. Phycobilins were also effective in promoting light-dependent reduction 
of  acetylene to ethylene. The results are discussed in terms of  the role of  the 
heterocyst  in nitrogen fixation and of  the significance of  energy transfer from 
phycobilins to Photosystem ' I in heterocysts.  
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Introduction 

Early investigations into the utilization of radiant energy in photosynthesis 
underscored the importance of accessory pigments, such as chlorophyll b in 
green algae and higher plants and phycobilins in red and blue-green algae, in 
promoting photosynthetic efficiency [1,2]. These accessory pigments perform 
this task b.y transferring energy of absorbed light quanta to chlorophyll a. The 
two-photosystem model for oxygenic photosynthesis [3] placed the phyco- 
bilins in close association with Photosystem II (PS II) and most of the chloro- 
phyll a with Photosystem I (PSI). Nevertheless, these authors and others 
[3--6] have clearly demonstrated the ability of the phycobilins to activate 
Photosystem I. 

Heterocysts of aerobically grown nitrogen-fixing cyanobacteria comprise 
about 7% of the filament cells. Since they lack PS II activity [7--9], their light- 
driven nitrogenase activity is presumably coupled to PSI [10--14]. The 
presence of recognized Photosystem I components, including P-700 [8,9,15], 
certain cytochromes, plastocyanin, iron-sulfur proteins and plastoquinone 
[9,16], have been documented in heterocysts of, e.g., Anabaena cylindrica. 
Classical PSI activities such as NADP-reduction [9,17] and photophosphoryla- 
tion [9] have also been demonstrated. However, little is presently known con- 
cerning pigment composition and functional organization of the light-harvest- 
ing apparatus in mature heterocysts or the changes that occur in this apparatus 
upon differentiation of a vegetative cell into a heterocyst. 

While occasionally being reported as absent or present at low concentrations 
in heterocysts [7,18,19], phycobilins do occur in easily detectable quantities 
[20,21], although their levels are lower on a chlorophyll basis compared to 
vegetative cells and appear to vary with growth conditions and age of culture 
[22,23]. Low phycobilin levels have generally been accepted as consistent with 
the lack of oxygen-evolving ability in heterocysts [7,22]. Fay [18] investigated 
the effect of light quality on nitrogenase activity in intact filaments of A. cylin- 
drica and reported a positive correlation with absorption by chlorophyll a. The 
previously mentioned evidence for sensitization of PSI by phycobilins, how- 
ever, invites renewed speculation as to the role of these pigments in photoreac- 
tions and nitrogen fixation in heterocysts. 

We report here that when heterocysts isolated from Anabaena variabilis by a 
gentle procedure are compared to vegetative cells on the same chlorophyll basis 
they possess only about 1/3 to 1/2 as much phycocyanin and an even smaller 
quantity of allophycocyanin. This comparison is derived from absorption and 
fluorescence measurements in-situ as well as pigment isolation and determina- 
tion. In addition, we find that both oxygen evolution and light-induced fluo- 
rescence-yield changes generally associated with PS II are negligible in these iso- 
lated heterocysts. Finally, the phycocyanin in intact heterocysts is shown to be 
almost as efficient as chlorophyll a in (1) both transferring energy of absorbed 
light quanta to fluorescent PSI chlorophyll as well as promoting photooxida- 
tion of P-700 and (2) supporting nitrogenase activity, as assayed by light- 
dependent reduction of acetylene to ethylene. 
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Materials and Methods 

Cell harvest and heterocyst isolation. Anabaena variabilis (ATCC 29413) was 
grown in 5-gallon carboys illuminated by a combination of  'Cool White' (Syl. 
vania) and 'Grow Lux'  lamps. Other conditions were the same as described by 
Peterson and Wolk [24].  The cell doubling time was about  30 h. For experi- 
ments not  directly dealing with nitrogenase activity the heterocysts  were iso- 
lated aerobically [24].  

Acetylene reduction. For measuring action spectra of  acetylene reduction, 
15-ml vials, 1.5 cm in diameter, were wrapped with aluminum foil except  for 
the flat bot toms and sealed with rubber serum stoppers. The vials were twice 
evacuated and flushed with H~ before being filled with a 7% acetylene-93% H2 
mixture. One-ml aliquots of  a heterocyst  suspension, maintained at about  15°C 
in the dark and containing 5 #g Chl/ml, were dispended into the vials and set on 
an array of  glass neutral-density filters. Monochromatic illumination was supplied 
from below via a slide projector and a narrow-band interference filter of  the 
appropriate wavelength. The samples were illuminated at room temperature for 
30 min. Light intensities employed were within the linear range of  activity vs. 
intensity. At the end of  30 min, the samples were inactivated by injection of  
1 ml of  2.5 M H2SO2. Controls were periodically run under saturating white 
light for estimating any loss of nitrogenase activity over the course of  the 
experiment.  Dark controls yielded zero activity. Ethylene analyses were per- 
formed on a Carle model 9500 gas chromatograph equipped with a flame- 
ionization detector  and a Poropak-N column. 

Isolation o f  phycobiliproteins. Phycobilins were separated from A. variabilis 
by ion-exchange chromatography.  Samples either of  intact filaments or hetero- 
cysts suspended in buffer A (0.03 M Hepes, 0.03 M Pipes, 1 mM MgC12, pH 7.2 
(KOH); see Ref. 24) were twice passed through a pre-chilled French pressure 
cell at 20 000 lb/inch 2, dialyzed against two or three changes of  2.5 mM sodium 
phosphate,  pH 7 (starting buffer), and centrifuged at 120 000 X g for 2 h to 
remove chlorophyll-containing fragments. The phycobilins were then precip- 
itated by slow addition of  (NH4)2SO4 to 60% saturation. The precipitate was 
collected by centrifugation at 20 000 X g for 30 min, resuspended in the start- 
ing buffer and finally dialyzed against this buffer plus 1 mM NaN3 and 1 mM 
2-mercaptoethanol.  After  a column of  Whatman DE52 (34 cm X 2 cm) was 
equilibrated with the starting buffer, the sample was applied and washed in 
with 100 m l  of  the same buffer. A linear salt gradient was then developed at a 
flow rate of  0.5--0.9 ml/min by appropriate mixing of the starting buffer with 
0.2 M sodium phosphate,  pH 7, each buffer 1 mM in NaN3 and 2-mercapto- 
ethanol. Individual fractions were collected until all blue bands were eluted. 

Optical. Absorpt ion spectra were taken on a Cary model-14 recording spec- 
t rophotomete r  equipped with a scattered transmission accessory for analyzing 
turbid samples. Fluorescence measurements were made with a double-beam 
f luorometer  chamber (Cary accesory No. 56--231) [25].  The fluorescence 
caused by one beam was analyzed by a JY model  H-10 monochromator  equip- 
ped with a Hamamatsu R928 photomultiplier,  while a reference signal was ob- 
tained from the other  beam using a silicon photodiode  (model PIN-10, United 
Detector  Technology).  For low-temperature experiments, the sample was 
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placed in a metal cuvette with a pathlength of  2 mm. Reported emission spec- 
tra are uncorrected for efficiencies of  the emission monochromato r  or the 
photomult ipl ier .  

The same fluorescence apparatus in modified form was also used for measur- 
ing fluorescence excitat ion spectra. To fur ther  eliminate extraneous light, nar- 
row-band interference filters (690 or 730 nm) were mounted  at the entrance 
slit of  the monochromator .  For  fluorescence-excitation spectra, light from a 
150-W xenon-arc lamp (Osram XBO-150W/S) was passed first through two 
inches of a 1% CuSO4 solution and then a motor-driven 'filter monochromato r '  
(Schot t  wedge filter Veril S-200, half-bandwidth about  10 nm) at the entrance 
port  of  the f luorometer  chamber.  

Fluorescence microscopy. Filaments were first concentra ted by centrifuga- 
t ion and resuspended in a small volume of  used medium. A few drops of sus- 
pension were placed between a glass slide and a cover slip, the edges then sealed 
with wax. The slide was mounted  on a Leitz Ortholux-II  microscope equipped 
with an epifluorescence at tachment .  The 546-nm excitat ion light was separated 
from fluorescence emission by a red filter passing only wavelengths above 580 
nm. Fluorescence emission was passed through the 'filter monochroma to r '  
described above, and then directly to the photomult ipl ier  tube whose ou tpu t  
was amplified and recorded. The motor  drive for the filter monochromato r  was 
synchronized with the time base of the recorder.  A 400-/~m aperture was 
moun ted  on the microscope eyepiece and used in conjunct ion with the 100X 
objective to produce an effective field diameter of  4/~m. 

Fluorescence-yield changes. Fluorescence yield at 680--690 nm was pro- 
duced by a weak excitat ion beam at 610 nm (10 nm bandwidth,  intensity 
about  10 erg • cm -2 • s -1) modula ted  at 25 kHz by an acousto-optic modula tor  
[26].  Actinic excitation was provided by an intense beam at 620 nm (5 • 104 erg • 
cm -2 • s -1) modula ted  at 100 Hz by a phosphoroscopic device. Modulation of 
the excitat ion light eliminated unwanted transients completely.  

Action spectra for P-700 photooxidation. With minor modifications the 
same apparatus employed in fluorescence-yield measurements was used to mea- 
sure light-induced absorption changes. The 704-nm measuring beam modulated 
at 25 kHz was passed through the sample and on to the photomult ipl ier .  Mono- 
chromatic excitat ion at various intensities was provided by a 1000-W tungsten- 
iodine lamp and appropriate narrow-band interference filters. The excitation 
beam, modula ted  at 100 Hz, impinged upon the sample 90 ° from the measuring 
beam. The phosphoroscopic device insured that  the photomult ipl ier  was unper- 
turbed by the excitat ion beam during the measurement  period. The light- 
induced absorption-change signal was detected by a PAR model 220 lock-in 
amplifier and recorded on a Fabri-tek model  1062 signal averager. Depending 
on the noise con ten t  of the sign.al, 8 to 64 sweeps were averaged. In all cases, 
the extent  of  P-700 photooxida t ion  by monochromat ic  light was estimated 
relative to the signal obtained with saturating white light at (2--3} • 10 s erg.  
cm -2 • s -1. P-700-photooxidat ion signals in monochromat ic  light ranged from 6 
to 78% of  that  observed in white light. All light intensities were measured with 
a Kettering model-68 Radiometer.  
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Results 

Absorption and fluorescence spectra 
Fig. I shows absorption spectra of  intact filaments and heterocysts  measured 

at 295 and 77 K. The spectrum for intact filaments closely resembles those 
reported previously for cyanobacteria  [27].  Heterocysts  closely resembled fila- 
ments in absorption characteristics, most  notably in the 550--650 nm region of 
phycobilin absorption. The ratio of  absorption at 620 to that at 680 nm varied 
somewhat  among heterocyst  preparations. 

Intact filaments at 77 K, when excited by light absorbed predominantly by 
phycocyanin (570 nm), produced a fluorescence emission spectrum (not 
shown) similar to that described by Murata et al. [28].  A peak at 661 nm 
(F-661) and shoulder at 648 nm (F-648) correspond to allophycocyanin and 
phycocyanin,  respectively [29]. A peak at 692 nm probably arises from Photo- 
system II chlorophyll  and probably includes the shoulder at 684 nm reported 
previously [28].  A peak at 730 nm (F-730) is characteristic of  PS I chlorophyll.  

When intact, isolated heterocysts  at 77 K were excited at 570 nm, either of 
two types of fluorescence emission spectra resulted. This variability encoun- 
tered between different preparations is illustrated in Fig. 2. The first (Fig. 2, 
top) exhibited a strong phycocyanin emission band at 645 nm and a weak allo- 
phycocyanin shoulder around 658 nm, plus a small peak at approx. 689 rim. 
The second {Fig. 2, middle) showed the allophycocyanin peak at 658 nm, with 
phycocyanin emission present only as a shoulder; in addition, an emission band 
at 684 nm appeared. Both showed low emission in the 695-nm region. F-730 
was prominent  in all preparations. Variability among different preparations 
may reflect differences in inherent efficiencies of  quantum transfer to chloro- 
phyll and ultimately to PSI .  

Room-temperature  spectra of  filaments and heterocysts  excited at 570 nm 
revealed single, broad phycobilin emissions centered at 660 nm and 645 nm, 
respectively (Fig. 2, bot tom).  When heterocysts  were excited at 77 K by 430- 
nm light, absorbed primarily by chlorophyll  a, the ratio of  emission intensity 
in the 670--700 nm region to that of  the 730-nm band was greatly reduced 
compared to filaments (Fig. 3). 
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F i g .  1.  A b s o r p t i o n  spec tra  o f  i n t a c t  f i l a m e n t s  a n d  i s o l a t e d  h e t e r o c y s t s  f r o m  A n a b a e n a  varibilis at r o o m  
t e m p e r a t u r e  a n d  at  77  K.  S a m p l e  p a t h l e n g t h  w a s  2 ram.  F i l a m e n t s  w e r e  s u s p e n d e d  in t h e  g r o w t h  m e d i u m  
at  2 5  # g  C h l / m l  a n d  h e t e r o c y s t s  w e r e  s u s p e n d e d  in b u f f e r  A at 2 0  ~ g  C h l / m l ,  
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Fig. 3. F luorescence -emiss ion  spec t ra  (77 K)  of  i n t ac t  f i l amen t s  an d  i so la ted  h e t e r o c y s t s  exc i t ed  at 4 3 0  
n m .  Sample  p a t h l e n g t h  2 r a m ;  Chl c o n c e n t r a t i o n ,  2 #g /ml .  Spec t ra  d isp laced ver t ica l ly  for  c lar i ty .  

The evidence presented thus far, without additional supporting data, could 
be explained by contamination of heterocyst preparations by vegetative cells or 
by soluble materials released from these cells during the isolation of heterocysts. 
Thomas [22] has previously shown that heterocysts in older cultures (15-dayl- 
old) contain, on the average, more phycocyanin than those in young cultures 
(2-day-old). Therefore, heterocyst cells were examined individually in situ for 
fluorescence emission at 294 K (Fig. 4). When filaments from a 4-day-old cul- 
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Fig. 4. Typ ica l  in si tu f luorescence-emiss ion  spec t ra  of  ind iv idua l  cells of  A.  variabilis at 294  K. Exc i t a t ion  
w a v e l e n g t h  was  546 n m .  Spec t r a  d i sp laced  ver t ica l ly  b y  five uni t s  for  c lar i ty .  Detai ls  of  the  measu r in g  sys-  
t e m  d i s c u s s e d  in Mater ia ls  a n d  M e t h o d s .  S e e  R e s u l t s  for  o t h e r  deta i l s .  
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ture were excited with green light, vegetative cells exhibited an intense red fluo- 
rescence. Heterocyst  cells, on the other  hand, exhibited a wide range of  fluo- 
rescence emission intensities, some appearing even brighter than vegetative 
cells. Emission spectra of  three representative mature heterocysts  are presented 
in Fig. 4. About  20 spectra of mature heterocysts  were recorded and all are 
dominated by phycobilin emission bands at 648 and 658 nm. Vegetative cells 
appeared to emit more fluorescence in the 685 nm region than heterocysts.  

Separation o f  pigments 
Aqueous extracts of  filaments were subjected to gradient elution on DE52 

cellulose using a method similar to that described by Bryant et al. [29].  Fila- 
ment  extracts showed three peaks, the second being phycocyanin and the third, 
al lophycocyanin.  Heterocyst  extracts revealed the presence of  phycocyanin 
which was spectrally indistinguishable from the filament phycocyanin,  but  allo- 
phycocyanin was hardly detectable.  Phycobilin moieties eluting in the region of 
the first band in these experiments remain unidentified and no counterparts for 
these have been reported in the literature. Spectral properties of  these compo- 
nents are summarized in Table I. 

Heterocysts and absence o f  fluorescence-yield changes related to Photosys- 
tern H 

Light-induced changes in fluorescence yield are assumed to arise solely from 
PS II [30],  and can thus be used as a probe for PS II function. Fig. 5 illustrates 
the comparison between filaments and isolated heterocysts  in this regard. In 
filaments, the PS II inhibitor DCMU (10 pM), either alone or in conjunction 
with the electron donor  NH2OH (0.1 mM), increases the fluorescence yield in 
the presence of  strong 620-nm light. No such light-induced fluorescence-yield 
changes occur in heterocysts.  In addition, when heterocysts  of A~ variabilis 
were exposed to intense white light, no oxygen evolution could be detected by 
an oxygen electrode (experiments performed in the absence of  added Hill oxi- 
dant). 

T A B L E I  

P H Y C O B I L I N  C O M P O S I T I O N  OF F I L A M E N T S  A N D  H E T E R O C Y S T S  F R O M  A N A B A E N A  V A R I A -  
B I L I S  

A q u e o u s  ex trac t s  w e r e  prepared and su b je c t e d  to  gradient  e lu t ion  o n  D E 5 2  as desc r ibed  in M e t h o d s .  The 
three  major  p i g m e n t  bands  e l u t e d  f r o m  f i l amen t  ex trac t s  w e r e  assigned n u m e r a l s  accord ing  to  Bryant  et  
al., Fig. 1 [ 2 9 ] .  Peak  f rac t ions  in Bands II  a nd  I I I  were  poo led  and absorPt ion  spectra  reco rded .  Identi f i -  
ca t ion  o f  the  p h y c o b i l i n  c o m p o n e n t ( s )  in each  b a n d  was  based  on  the  r e p o r t e d  k m a x  an d  in c o m p a r i s o n  
w i t h  publ i shed  spec t ra .  Minor  c o m p o n e n t  (a) was  f o u n d  at the  leading edge  of  Band  I whi le  c o m p o n e n t  
(b) was  c o m p r i s e d  of  the  rest  o f  the  b a n d .  

Band  I Band II  Band I n  
( m i n o r  c o m p o n e n t )  ( p h y c o c y a n i n )  ( a l l o p h y c o c y a n i n )  

k m a x  ( n m )  k m a x  = 617 n m  k m a x  = 651 n m  

Fi lam ent s  (a) 620  (650 )  present  pre sen t  
(b)  635  

H e t e r o c y s t s  6 1 0  present  absent  
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Fluorescence excitation spectra, action spectra, and evidence for energy trans- 
fer from phycobilins to Photosystem I 

Fluorescence emission spectra described earlier suggested that  light absorbed 
by phycobilins could be transferred to PSI  chlorophyll a. Fluorescence excita- 
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#g C h l / m l  ~.n b u f f e r  A (final  v o l u m e  was 2 .75  ml ) ,  1.8 m M  s o d i u m  asco rba te ,  27 #M DCIP,  9/.:.~- DCMU,  
9 #M m e t h y l  v io logen,  and  10% L u d o x  ( D u P o n t )  to r e t a rd  sample  set t ing.  (Right )  Ac t ion  spec t ra  for  

P -700  p h o t o o x i d a t i o n .  P-700  p h o t o o x i d a t i o n  Jn h e t e r o c y s t s  w r s  c o r r e c t e d  Ln each case to  30% de-,e!op- 
i n e r t  as descr ibed  Ln the  t e x t ,  i .e. ,  re la t ive  valt'.es s h o w n  axe p r o p o r t i o n a l  to  t l 'e  i~.verse of  the  a b s o r b e d  
q u a n t ~ m  flux necessa ry  to  p r o d u c e  30% p h o t o o x i d a t i o n  of  P-700 .  P - 7 0 0 - p b o t o o x i d a t i o n  da t a  f rom repli- 
cate  e x p e r i m e n t s  were  n o r m a l i z e d  re la t ive  to  the  average  que~a~um effcct~.vene~ of  a~l wzve teng ths  te,~ted. 
Resul ts  s h o w n  are c o m b i n e d  values  of  four  e x p e r i m e n t s  for  het, e rocys t s  an d  th ree  e x p e r i m e n t s  for  lira- 
meri ts .  Bars ind ica te  s t a n d a r d  dev ia t ion .  

Fig. 8. A c t i o n  s p e c t r u m  for  ace ty !ene  r e d u c t i o n  by  isola ted heterocy.~ts.  E x p e r i m e n t a l  p roceduxes  as 
desc r ibed  i~ Materials  a nd  Methods .  The  n i t rogenase  ac t iv i ty  of  these  h e t e r o c y s t s  u r d e r  sa*.ureting w h i t e  
l ight  was  _1.0 n m o J / ~ g  Chl. in 20 rain.  

tion spectra at 77 K for F-690 and F-730 (Fig. 6) are quite similar for filaments 
and heterocysts. Light absorbed by either chlorophyll a, carotenoJds, or phyco- 
bilins is effective in exciting F-730, while F-690 appears to be sensitized only 
by phycobilins. Excitation spectra for F-690 and F-730 were the same for both 
types of heterocyst emission spectra shown in Fig. 2. Careful determinations 
were made at 77 K of  the relative effectiveness of 600 nm (¢600) and of  440 nm 
(¢4~0) light in exciting F-730. After correction for differences in total absorp- 
tion at the two wa-elengths, the average ¢600/¢4~0 for filaments is 1.20 (stan- 
dard deviation for five experiments is 0.18) and 1.35 (standard de,iation for 
four experiments is 0.17) for heterocysts. 

A direct means of  assessing whether light quanta absorbed by the phyco- 
bilins can be transferred to PS I is to compare the relative effectiveness of  non- 
saturating intensities of  monochromatic light at various wavelengths in bringing 
about pbotooxidation of  P-700. Absorption-change transients shown in Fig. 7 
indicate that steady-state levels of  P-700 ÷ were established rapidly. The steady- 
state signal of  P-700 photooxidation was taken as a relative measure of  effec- 
tiveness at the particu!ar wmrelength used. P-700 ÷ development was linear with 
monochromatic light intensity in filament preparations, but with heterocysts 
the P-700* level vs. light intensity relationship was hyperbolic. To facilitate 
comparisons, all points were corrected to 30% of the full P-700 ÷ sigpal in satu- 
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rating white light using P-700 ÷ level vs. light intensity curves developed at 623 
and 683 nm. The results indicate that  for both  filaments and heterocysts,  in the 
presence of  DCMU, light quanta absorbed by the phycobilins are about  60% as 
effective as light quanta absorbed directly by chlorophyll a. Also shown in 
Fig. 8 is an effectiveness spectrum for reduction of  acetylene to ethylene by 
isolated heterocysts.  Again, the phycobilins are found to be nearly as effective 
as chlorophyll  a. 

Discussion 

Our results agree with those of  Fay [18,21] in that we find lower phyco- 
cyanin levels in heterocysts  compared to vegetative cells, but  we come to dif- 
ferent conclusions as to the role of  phycobiliproteins in heterocyst  photosyn- 
thesis (see below). Low-temperature  fluorescence-emission spectra (see also 
Ref. 31) and absorption spectra provide support  for the presence of  phyco- 
bilins in heterocysts.  Yet an active PS II appears to be absent [8,9] (see above). 
Thomas [22,23] ,  using microspect rophotometry  to examine heterocysts  of  a 
species of Anabaena, observed that phycocyanin levels were low in heterocysts  
of 2-day,old cultures, but  that  this pigment returned to heterocysts  of cultures 
in the later linear phase of  growth. 

Our results, obtained by fluorescence microscopy,  reveal typical phyco- 
cyanin and al lophycocyanin emission bands in heterocysts.  Variable fluo- 
rescence intensities may reflect heterocysts  at different stages of differentia- 
tion, ranging from very young to very old. 

Extraction and separation by ion-exchange chromatography of  phycobilins 
revealed some interesting differences between heterocysts  and vegetative cells. 
T h e v e r y  low al lophycocyanin content  in heterocysts  suggests a possible modi- 
fication of the phycobilisomes during heterocyst  differentiation. Allophyco- 
cyanin B, a minor component  of  the phycobil isome which may directly trans- 
fer excitation energy to chlorophyll  [29,32,33],  was not  evident in any of our 
fractions, presumably owing to the limited quanti ty of  cell extract used in our 
studies. We note that  the 77 K ~ fluorescence emission at about  685 nm may 
arise from allophycocyanin B as well as PS II chlorophyll (cf. Refs. 32, 33). 
The minor phycobilins may be precursors or breakdown products of the pre- 
viously described phycobilins. These minor components  each exhibit  preferen- 
tial association with either heterocysts  or vegetative cells. 

We sought evidence for an association of  the phycobilins with PSI .  PS I fluo- 
rescence-yield studies with cyanobacteria and red algae point  out  that on a 
quantum basis light absorbed by the phycobilins is about  equally as effective as 
light absorbed by chlorophyll a [28,30,34,37] .  Action spectra for the rate- 
limiting P S I  reaction measured as net  oxygen evolution against a background 
of  strong PS II illumination clearly showed a strong involvement of  the phyco- 
bilins and chlorophyll  a [3,5]. Pullin et al. [35] have recently reported the 
presence of  bound al lophycocyanin in P S I  particles isolated from Chloro- 
gloea fritschii. Fluorescence excitation spectra for both filaments and hetero- 
cysts of A. variabilis presented herein point  out  the constant  high yield of 
quantum transfer from the phycobilins to P S I  (F-730). Likewise, the excita- 
tion spectra for F-690 are also similar for the two preparations. 
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On the basis of  fluorescence studies at 77 K with spinach chloroplasts, Butler 
has presented models for energy distribution of PS II and P S I  [36].  When the 
models were extended to the red alga Porphyridium cruentum, it was con- 
cluded that the phycobil isomes transfer essentially all of  the energy of their 
absorbed light quanta to very small PS II units while almost all of  the chloro- 
phyll a is associated with PS I. High photosynthet ic  efficiency in green light is 
at t r ibuted to energy transfer from PS II to PS I possibly at the level of  allo- 
phycocyanin B by 'spillover' [30].  Fluorescence yield [37] and P-700 photo- 
oxidation [38] experiments suggest that  the state of  the PS II traps determines 
energy partitioning. The yield of  energy transfer from PS II to P S I  increases by 
80% when the PS II traps are closed (maximum PS II fluorescence). Although 
lacking phycoerythrin,  the photosynthet ic  apparatus of A. variabilis can be 
assumed to be functionally similar to that in P. cruenturn. 

Considerable loss of  PS II related properties occurs upon differentiation of a 
vegetative cell into a heterocyst .  Nevertheless, convincing evidence for energy 
transfer from the phycobilins to an active P S I  can be found in the action spec- 
tra of  P-700 photooxidat ion.  The phycobilins are about  50--70% as effective as 
chlorophyll  a in sensitizing this P S I  reaction in. both vegetative cells and iso- 
lated heterocysts.  Consideration of the effects of DCMU on variable fluores- 
cence yield and the similarity of  shapes of  the P-700-photooxidat ion action 
spectra suggests that  the model  for quantum utilization in heterocysts function- 
ally resembles that  found in vegetative cells when all of the PS II traps are 
closed (i.e., in the presence of  DCMU and under illumination). Probably a mini- 
mum of reorganization occurs within P S I  upon heterocyst  differentiation, 
although some enrichment of  P S I  reaction centers results. 

The action spectrum of HE-supported light-dependent reduction of  acetylene 
by heterocysts  clearly demonstrates a high relative quantum yield in the phyco- 
bilin region of  the spectrum consistent with the P-700-photooxidat ion action 
spectrum. Fay [18],  working with whole filaments of  A. cylindrica, also con- 
cluded that PS I was responsible for photost imulat ion of nitrogen fixation. 
Monochromatic  light in the 550--650 nm region absorbed by phycocyanin was 
nearly equal in effectiveness when compared to light absorbed by chlorophyll,  
especially if the data are replot ted as activity per absorbed quantum. PS I in 
heterocysts  may drive nitrogenase activity via cyclic photophosphoryla t ion 
[7,8,11,39] or by a non-cyclic electron transfer possibly coupled to ATP syn- 
thesis culminating in photoreduct ion of  nitrogenase [ 14,40].  

We feel that  these results further our knowledge of  the utilization of  radiant 
energy by heterocysts,  cells specialized for nitrogen fixation. Furthermore,  as 
heterocysts  show considerably diminished PS II related properties, they may 
afford a unique oppor tuni ty  to study directly the relationship between cyano- 
bacterial P S I  and the light-harvesting phycobiliproteins. 
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