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SUMMARY 

Isolated heterocysts of the N2-fixing blue-green alga Anabaena cylindrica 
contain the Photosystem I components P-700, bound and soluble ferredoxins and 
ferredoxin-NADP reductase. They also show Photosystem I activity being able to 
photoreduce both methylviologen and NADP when ascorbate+dichlorophenol- 
indophenol acts as reductant. They photophosphorylate (64/zmol ATP produced/mg 
chlorophyll a/h) and carry out oxidative phosphorylation (8.7 pmol ATP produced/ 
mg chlorophyll a/h). Ninety per cent of the total cell-free extract nitrogenase activity 
is located in the heterocyst fraction of aerobic cultures. 

INTRODUCTION 

Most blue-green algae which fix N2 in air possess characteristic cells called 
heterocysts. Such heterocysts arise by differentiation from vegetative cells and the fully 
differeotiated heterocysts show many morphological, physiological and biochemical 
features not associated with the vegetative cells from which they are derived (see ref. 1). 
Among the most striking biochemical changes observed on heterocyst differentiation 
is the loss of certain photosynthetic pigments [2-4], their capacity to evolve 02 [5] 
and their capacity to fix CO2 [6-8]. There is also evidence, much of it indirect, that 
heterocysts of photosynthesising aerobically grown cultures fix N 2 whereas the 
vegetative cells do not [9-11]. In this paper, we present data obtained using isolated 
heterocysts, which show that these cells have an active Photosystem I electron trans- 
port system, that they carry out cyclic photophosphorylation, and that virtually all of 
the measurable cell-free extract nitrogenase activity is associated with the heterocysts 
of aerobically grown cultures of A. cylindrica. 

Abbreviations: DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethyl urea; Cl21nd, 2,6-dichlorophenol- 
indophenol; HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid. 



190 

MATERIALS AND METHODS 

Oroanism. Anabaena cylindrica (Cambridge Culture Collection No. 1403/2a) 
was grown in axenic continuous culture in the nitrogen-free medium of Allen and 
Arnon [12] at 26 °C and 3000 lux. 

Preparation of isolated heterocysts and ve#etatioe cell fractions. Material from 
the continuous culture was harvested by centrifugation and resuspended in mannitol- 
HEPES buffer (0.5 M+30 mM, respectively), pH 7.5. Lysozyme (1 mg/ml) was added 
and the suspension incubated at 37 °C for 30 min, followed by centrifugation at 
1000 x# for 10 min. The pellet was washed in HEPES buffer (30 mM, pH 7.5)and 
then passed twice through a Yeda press (Yeda Scientific Instruments, Rehovot, 
Israel) at 1500 pounds/inch 2 under argon. The resultant suspension was diluted 3-5 
fold with HEPES buffer (30 mM, pH 7.5) to which EDTA (1 mM) was added. 
After centrifugation at 500-1000 × # for 10 rain, as required, to retain the vegetative 
cell fragments in the supernatant and the heterocysts in the pellet, the latter was wash- 
ed 2-5 times with HEPES buffer+EDTA as above and finally resuspended in a 
minimal volume of HEPES buffer. Such preparations were > 95 ~ pure heterocysts 
when viewed under the light microscope. The isolated heterocysts used in tests for 
nitrogenase activity were twice frozen and thawed rapidly, prior to the addition of 
the reaction mixture. In phosphorylation and electron transport studies tmtreated 
heterocysts, or heterocysts ruptured at 16 000 pounds/inch 2 by French pressure cell 
treatment, were used. The material used in the photosynthetic studies was prepared at 
4 °C; that used in nitrogenase studies was prepared at room temperature, except for 
the freezing and thawing step to rupture the heterocyst membranes. 

Electron transport measurements. The Mehler reaction was measured as 02 
consumption by photoreduced methylviologen when ascorbate+ Cl2Ind was supplied 
[13]. A Rank type 02 electrode was used. NADP, cytochrome c and Cl2Ind reduc- 
tions were measured in a Unicam SP1800 spectrophotometer at 350 nm, 500 nm and 
600 nm, respectively. 

Phosphorylation measurements. ATP 3z formation was measured according to 
the method of Avron [14]. In these experiments an ATP trapping system containing 
glucose and hexokinase was used to convert the ATP formed to the more stable 
glucose 6-phosphate, prior to assay. 

C2H 2 reduction assays. The method of Stewart et al. [15] was used. 
Protein determinations. These were determined according to Lowry et al. [16] 

using bovine serum albumin as standard. 
Chlorophyll a determinations. The spectrophotometric method of Mackinney 

[17] was used. 
Chemicals. Lysozyme, hexokinase, creatine phosphokinase, creatine phosphate, 

ADP, phenazine methosulphate and HEPES were purchased from Sigma Ltd., 
London. ATP, NADP, NADPH and horse heart cytochrome c were purchased from 
Boehringer GmbH, Mannheim, Germany. All other chemicals were used at the 
purest grade commercially available from British Drug Houses Ltd., Poole, U.K. 
s2p was obtained as orthophosphate from the Radiochemical Centre, Amersham, 
U.K. 
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R E S U L T S  

Light-driven electron transport in preparations of isolated heterocysts 
Initial studies showed, as other workers [5] had found, that preparations of 

intact or broken heterocysts do not evolve 02 in the light, even in the presence of 
CI 2Ind, a known acceptor of electrons from the photolysis of water via Photosystem II 
[13]. Electron paramagnetic resonance studies carried out in collaboration with 
R. Cammack and D. O. Hall of King's College, London, did show, however, photo- 
oxidation and reduction of P-700, a component previously shown to be present in 
isolated heterocysts by Donze et al. [18] and of membrane bound ferredoxin. These 
data will be presented in detail elsewhere. The presence of an active Photosystem I 
was demonstrated in several experiments. 

Table I shows that when reduced Cl2Ind, which donates electrons on the 
reducing side of P-700, is added to preparations of isolated heterocysts or vegetative 
cell fragments, photoreduction of methylviologen occurs. With the heterocyst prepa- 
rations, however, good activity is obtained only when these cells are ruptured to allow 
penetration of the reactants to the active sites within the heterocysts. There is a 
negligible increase in activity when vegetative cell fragments are ruptured by French 
press treatment, indicating that the increased activity on rupturing the heterocysts is 
not due to breakage of any contaminating vegetative cell material. The data support 
those of Wolk and Simon [3]. 

Data showing NADP photoreduction by preparations of isolated heterocysts are 
presented in Table II. Using ascorbate+Cl2Ind as electron-donating system, photo- 
reduction occurs in the absence of added ferredoxin and ferredoxin-NADP reductase 
(Table II, Reaction 1) which indicates that sufficient endogenous concentrations of 
these components are present in heterocysts to enable electron transport to NADP to 
occur. The presence of ferredoxin-NADP reductase and soluble ferredoxin in the 
isolated heterocyst preparations was confirmed by showing, first, that heterocyst 
extracts could reduce Cl2Ind on adding NADPH in the dark (a reaction dependent on 
ferredoxin-NADP reductase) (Table II, Reaction 2) and second, that they reduced 

T A B L E  I 

P H O T O R E D U C T I O N  O F  M E T H Y L V I O L O G E N  BY I S O L A T E D  H E T E R O C Y S T S  OF  ANA- 
BAENA CYLINDRICA S U P P L I E D  W I T H  A S C O R B A T E + C I 2 I n d  

The  react ion mixture  conta ined in 3 ml  o f  30 m M  HE PES  buffer, p H  7 .5 :6 .7  m M  a s c o r b a t e + 5  • 
10 -5 M CIzInd as electron donor  and  5 • l0 - s  M methylvio logen in the presence o f  2.5 m M  N a N a .  
15-40/~g chlorophyl l  a were present  per  sample.  The  light intensi ty  was 7 .  l05 e rg s .  cm - 2 "  s - t  
and  the tempera ture  25°C. Each  value is the  m e a n  o f  duplicate determinat ions .  

Material  ~mo l  02  c o n s u m e d ,  m g  Relative activity 
chlorophyl l  a -  ~ " h -  1 

Vegetative cell f ragments  588 
In tac t  isolated heterocysts  66 
R u p t u r e d  isolated heterocysts  

(French press)  252 
R u p t u r e d  vegetative cell 

f ragments  (French press)  711 

100 
11 

43 

121 
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TABLE II 

FERREDOXIN AND FERREDOXIN-NADP REDUCTASE MEDIATED REACTIONS IN" 
ISOLATED HETEROCYSTS OF ANABAENA CYLINDRICA 

The activities were measured in a reaction mixture containing in 3 ml, 30 mM HEPES buffer, pH 7.5 
and broken heterocysts containing 15-40 #g chlorophyll a. The temperature was 25 °C. The NADP 
photoreaction mixture also contained: 6.7 mM ascorbate; 0.05 mM C12lnd and 1 mM NADP, in 
the light (7 • 105 ergs • cm -2 • s-1). Cl2Ind and cytochrome c reaction mixtures contained: 33/~M 
NADPH and either 33/~M cytochrome c or 20 #M CI2Ind. Each value is the mean of duplicate deter- 
minations. 

Reaction Activity (/~mol reductant formed • mg 
chlorophyll a-  x. h-  1) 

1. Reduced Cl2Ind --~ NADP 13 
photoreduction 

2. NADPH ~ Cl2Ind 95 
3. NADPFI ~ cytochrome c 59 

horse-hear t  cy tochrome c in the dark  when N A D P H  was added  (a react ion requir ing  

bo th  fe r redox in -NADP-reduc tase  and ferredoxin)  (Table II, Reac t ion  3). 

Thus,  photosynthe t ic  e lectron t ranspor t  f rom the reducing side o f  P-700 to 

ferredoxin and N A D P  occurs in isolated heterocysts.  Such results obta ined  with 

prepara t ions  of  isolated heterocysts extend the findings o f  Bothe [19], who used 

higher plant  chloroplas t  material ,  and Smith  et al. [20], who used lamellar  f ragments  

o f  A. cylindrica, to show that  ferredoxin,  f e r r e d o x i n - N A D P  reductase and N A D P  can 

donate  electrons to A. cylindrica nitrogenase in the light. 

Phosphorylatin9 activities o f  isolated heterocysts 
Indirect  evidence o f  pho tophosphory la t ion  by isolated heterocysts of  A. 

eylindriea has been obta ined  by W o l k  and Wojc iuch  [21 ], while Scott  and Fay  [22], 

TABLE III 

PHOSPHORYLATING ACTIVITIES (AATP 32 FORMATION) OF ISOLATED HETERO- 
CYSTS OF ANABAENA CYLINDRICA 

The reaction mixture contained in 3 ml, (mM): KCI, 100; ascorbate, 6.7; HEPES, pH 7.5, 30; 
ADP, 3.3; phosphate, 6.7 containing 1-3 • 1 0  6 cpm a2p; MgCI2, 2; phenazine methosulphate, 
0.05; 15-40 #g chl a. The ATP-trapping system contained hexokinase (Sigma type IV, 4 units) and 
6 mM glucose. The light intensity was 7 • 105 ergs • cm -2 • s -1 and the temperature was 25 °C. 
Each value is the mean of duplicate determinations. 

Material Conditions /~mol ATP formed -mg 
chlorophyll a-  1. h-  1 

Isolated heterocysts Light/air 0 
Light/argon 9.1 
Dark/air - argon 0 

Ruptured isolated Light/air 63.8 
heterocysts (French press) Light/argon 61.0 

Dark/air - argon 8.7 
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in a preliminary report, quote rates of  photophosphorylat ion of 19-27/~mol ATP 
formed/mg chlorophyll a/h by isolated heterocysts of  Anabaena variabilis. There is 
also evidence f rom whole cell studies [23, 24] that cyclic photophosphorylat ion may be 
the main source of ATP for nitrogenase. In this study we measured phosphorylation 
by isolated heterocysts directly using 32p as tracer and, as stated in the Materials and 
Methods section, ATP 32 synthesis was confirmed using an ATP trapping system in 
which glucose and hexokinase were used to convert the ATP formed to glucose 6- 
phosphate prior to assay. 

Data obtained using vegetative cell fragments and heterocyst preparations of  
aerobically grown cultures (Table I I I )  show that there was little, or no, phenazine 
methosulphate mediated photophosphorylat ion by the heterocysts until they were 
ruptured. Photophosphorylation by vegetative cell fragments occurred, but did not 
increase significantly on French press treatment (data not shown). No evidence of  
photophosphorylat ion coupled to methylviologen photoreduction was obtained. 
Oxidative phosphorylation by extracts of  isolated heterocysts was also demonstrated, 
this activity representing 13-14 ~ of  the light rate. Thus, ATP and reductant, both of  
which are essential for nitrogenase activity in A. cylindrica [19, 25, 26] can be provided 
via the Photosystem I machinery present in the heterocysts of  this alga. 

Nitrogenase activity of  isolated heterocysts 
There are conflicting views on the role which the heterocysts of  aerobically 

grown blue-green algae play in N2-fixation [9-11, 27, 28]. We have reinvestigated the 
distribution of nitrogenase activity between heterocysts and vegetative cells of  aerobi- 

TABLE IV 

DISTRIBUTION OF NITROGENASE ACTIVITY BETWEEN VEGETATIVE CELLS AND 
HETEROCYSTS OF AEROBICALLY GROWN ANABAENA CYLINDRICA 
The reaction mixture contained (raM): ATP, 5; MgCI2, 5; creatine phosphate, 8; Na2S204, 5; phos- 
phocreatine kinase, 200/lg. Protein, 1-2 mg. The reaction was carried out under A/CzH2 (90/10, 
v/v) for 15 rain at a light intensity of 2.2 • 1 0  3 ergs • cm -2 • s -~ at 25 °C. Specific activity is cal- 
culated as nmol C2H4-mg protein -1 • min-~; total activity is calculated as nmol C~H4" min -~. 
Each value is the mean of duplicate determinations. 

Specific activity of intact 
filaments prior to breakage 0.194 

Total activity of intact 
filaments prior to breakage 36.00 

Specific activity of 
ruptured isolated heterocysts 0.680 

Total activity of 
ruptured isolated heterocysts 16.60 

Specific activity of 
vegetative cell material 0.008 

Total activity of 
vegetative cell material 1.76 

Heterocyst activity as ~o 
of intact filament activity 45 

Heterocyst activity as 
of total cell-free activity 90 
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DCPIPH2---=, . ~  1=-700 ---~ X ----> rncrnbran¢ bound ~ sotubl¢ ~ fcrredoxin-.._,~ NADP 
fcrrcdoxin fcrredoxin NADP--reductas¢ 

\ 
• ,, / 

/ 

ADP* PMS ,e-- I 

ATP 

Fig. 1. A tentative scheme involving some electron transport components of isolated heterocysts ot 
A. cylindrica. 

cally grown A. eylindrica, after separating heterocyst and vegetative cell fractions as 
described in the Materials and Methods section. The technique for separating the 
fractions, which involves the use of lysozyme coupled with Yeda pressure cell treat- 
ment, is much more gentle than any hitherto used. 

Table IV presents data on C2H2 reduction by various algal fractions. The 
specific activity of the algal suspension prior to breakage was 0.194 nmol C2H4/mg 
protein/min giving a total activity in the intact filaments of 36 nmol/min. After 
lysozyme and Yeda press treatment there was a 49 ~ loss in activity and of the activity 
remaining (18.36 nmol/min) 98 ~ was pelleted on subsequent centrifugation. On 
separation of this pellet into heterocyst and vegetative cell fractions it was found that 
the specific activity of the ruptured isolated heterocysts was 0.680 nmol C2H4/mg 
protein/rain. This value is 3.5 times higher than the specific activity of the intact 
filaments and is 85 times higher than the specific activity of the vegetative cell fraction. 
The total activity in the heterocyst fraction (16.6 nmol C2H4/min) accounts for 90 70 
of the total cell-free activity. 

An obvious interpretation of such findings, together with those of Fleming and 
Haselkorn [10, 11 ], who obtained evidence using gel electrophoretic techniques that 
nitrogenase proteins were present in the heterocysts but not in vegetative cells of 
aerobically grown Nostoc muscorum, and the various other lines of indirect evidence 
[29], is that the heterocysts are the main or sole sites of nitrogenase activity in 
aerobic cultures of A. cylindrica. However, even in studies of this type the possibility 
cannot be ruled out of a selective loss of vegetative cell nitrogenase [28], although no 
evidence that this was occurring was obtained. 

The above results obtained with isolated heterocysts thus provide evidence in 
support of the view that the heterocyst is a highly specialised cell whose prime function 
is to fix N2, and that while its photosynthetic machinery is modified so that photo- 
synthetically evolved O2 (which would inhibit nitrogenase) is not produced, ATP 
from cyclic photophosphorylation and a route of electron transport from fixed carbon 
compounds to ferredoxin and NADP via Photosystem I is available [30]. Indeed, the 
rates of cyclic photophosphorylation, and of photoreduction of ferredoxin and NADP 
observed in vitro (Tables II-III) are sufficient to support not only the in vitro rates 
(Tables IV) but also the reported in vivo rates of nitrogenase activity in A. cylindrica 
[31 ]. The overall interactions based on our data are summarised in Fig. 1. 
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