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SUMMARY 

1. Cytochromef(2max=554 nm, Em = +0.35 V) and cytochrome bs58 (/~max = 

558 nm, Era= +0.35 V) were photooxidized by Photosystem I and photoreduced 
by Photosystem II in a cell-free preparation from the blue-green alga Nostoc mus- 
corum. The steady-state oxidation levels of both cytochromes were affected by non- 
cyclic electron acceptors and by inhibitors of noncyclic electron transport. These 
results are consistent with the hypothesis that the mechanism of  NADP reduction 
by water involves a Photosystem II and a Photosystem I light reaction operating 
in series and linked by a chain of electron carriers that includes cytochrome f and 
cytochrome b558. 

2. Phosphorylation cofactors shifted the steady-state of cytochrome f to a 
mgre reduced level under conditions of noncyclic electron transport but had no 
effect on cytochrome b558. These observations suggest that the noncyclic phosphory- 
lation site lies before cy tochromef(on  the Photosystem II side) and that cytochrome 
f i s  closer to this site than is cytochrome b558. 

3. A Photosystem II photoreduction of C550 at 77 °K was observed, suggesting 
that in blue-green algae, as in other plants, C550 is closely associated with the pri- 
mary electron acceptor for Photosystem II. A Photosystem I photooxidation of 
P700 at 77 °K was observed, consistent with P700 serving as the primary electron 
donor of Photosystem I. 

INTRODUCTION 

The photosynthetic electron transport pathways in blue-green algae are of 
particular interest because blue-green algae appear to be the oldest oxygen-evolving 
organisms on our planet. Microfossils consistent with the presence of the blue-green 

Abbreviations : DCMU, 3-(3',4'-dichlorophenol)-l,l-dimethylurea; DBMIB, 2,5-dibromo- 
3-methyl-6-isopropyl-p-benzoquinone; DPIP, 2,6-dichlorophenolindophenol; CCCP, carbonyl- 
cyanide m-chlorophenylhydrazone; FCCP, carbonylcyanide p-trifluoromethoxyphenylhydrazone. 



PHOTOREACTIONS IN A BLUE-GREEN ALGA 285 

algae have been found in rocks that are probably 3.2.109 years old ~. In spite of 
this fact, relatively few studies on electron transport in blue-green algae have been 
made. 

The cytochrome content of several blue-green algae z-s has been reported, and 
there have been reports of light-induced cytochrome photooxidations in these 
organisms. Amesz and Duysens 6 reported that a cytochrome analogous to the cyto- 
c h r o m e f o f  higher plants could be photooxidized by Photosystem I and photoreduced 
by Photosystem II in Anacystis nidulans. Olson and Smillie 7 confirmed that finding 
and further reported that under certain conditions a Photosystem I photooxidation 
of a b-type cytochrome could be observed. Ogawa and Vernon 5 reported the photo- 
oxidation of cytochrome b557 in a cell-free preparation from Anabaena variabilis 
but did not determine whether the photooxidation was a Photosystem I reaction 
or a Photosystem II reaction. 

This communication reports light-induced oxidation-reduction reactions of 
cytochrome f, cytochrome bs58, C550 ( a newly discovered component that has been 
proposed to be the primary electron acceptor of Photosystem II, refs 8-11), and P700 
(the reaction center chlorophyll of Photosystem I, ref. 12) in a cell-free preparation 
from the blue-green algae Nostoc muscorum capable of high rates of noncyclic elec- 
tron transport from water to NADP. The results of this investigation suggest that 
NADP photoreduction in this alga proceeds through Photosystem II and Photo- 
system I light reactions operating in series and that cy tochromesf  and b55~, C550, 
and P700 participate in this electron flow from water to NADP. 

METHODS 

The material used (Fraction A) was a subcellular preparation from the blue- 
green alga N. museorum grown as described by Arnon et al. ~3. The photochemical 
activity 13 of Fraction A included photoreduction of NADP with water as the electron 
donor at rates of the order of 200#moles of NADP/mg of chlorophyll a per h, 
coupled with a substantial noncyclic photophosphorylation. 

Chlorophyll a was determined by the method of Arnon t4. Cytochrome f 
and cytochrome b558 content was calculated from the reduced minus oxidized (hydro- 
quinone minus ferricyanide) difference spectra and represents the average of six 
determations. An extinction coefficient (550 nm minus 540 nm) of 12.4 mM -1 .cm -1, 
based on the spectrum of cyrochtome f from spinach chloroplasts (Wada, K., un- 
published) was used for cytochrome f and it was assumed that cytochrome b55 ~ did 
not contribute to the absorbance at 550 nm. An extinction coefficient (560 nm minus 
540 nm) of 13.5 raM-1,  cm- ~ based on the spectrum of cytochrome b558 from Euglena 
gracilis ~5 was used for cytochrome b558 and it was assumed that cytochrome f did 
not contribute to the absorbance at 560 nm. 

Cytochrome absorbance changes at physiological temperatures were measured 
with a dual wavelength spectrophotometer as described previously ~6 with 540 nm 
as the reference wavelength. C550 photoreduction at 77 °K was measured as des- 
cribed previously 8 with 538 nm as the reference wavelength. P700 photooxidation at 
77 ° K was measured using the spectrophotometer in the split beam mode. After 
the baseline was recorded, the reference cuvette was masked and the sample cuvette 
was illuminated for 15 s. The spectrum was recorded and the original baseline was 
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substracted to yield the light minus dark difference spectrum. The half-band width 
of  the measuring beam was 2.0 nm. The half-band widths of the actinic light beams 
were 10 nm. The intensity of the 715-nm beam used for Photosystem I illumination 
was 1.0.104 ergs/cm 2 per s. Similar results were obtained with 706- or 700-nm light. 
The intensities of the 664- and 670-nm beams used for Photosystem II illumination 
were 2.5-104 ergs/cm 2 per s and 3.0.104 ergs/cm 2 per s, respectively. 

Oxidation-reduction potentials were measured aerobically as described pre- 
viously 17 and the values reported are the average of four determinations. 

RESULTS 

Content and potentials of cytochromes f and b558 
As seen in Fig. 1, there are two peaks in the hydroquinone minus ferricyanide 

difference spectrum of Nostoc cell fragments in the cytochrome a-band region. The 
peak at 554 nm indicates the presence of cytochrome f (refs 2-5, 7), and the peak 
at 558 nm indicates the presence of  cytochrome b558, which presumably is similar 
to the cytochrome b557 observed in A. variabilis by Ogawa and Vernon s. The cy- 
tochromes are present in equimolar amounts: There is one cytochrome f per 350+ 
40 chlorophyll a molecules and one cytochrome b558 per 320+40 chlorophyll a 
molecules. 

Fig. 2 shows oxidation-reduction titrations of cy tochromesfand  b558. The 
average of four determinations gave Em = +0.35+0.01 V as the midpoint potential 
for both cy toch romefand  cytochrome b55s at pH 7.8. Similar values have been ob- 
tained for cytochrome f in a wide variety of plants ~5'17-2° and for cytochrome b558 
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Fig. l. The hydroquinone-reducible cytochromes of N.  rnuscorum.  The reaction mixture contained 
(per 1.0 ml) Fraction A (equivalent to 25 pg chlorophyll a) and the following (in pmoles): N-Tris 
(hydroxymethyl)methylglycine buffer (pH 7.8), 50; MgClz, 10; K2HPO4, 5; and KaFe(CN)6, 2. 
To the 5.0-ml reaction mixture (Eh= + 515 mV) was added 10/~moles of hydroquinone in a vol. 
of 20/~1, which lowered the potential to + 276 inV. A separate sample was used for each point. 



PHOTOREACTIONS IN A BLUE-GREEN ALGA 287 

I I I I i I I I 

0 +0.6 / 

~0.4 ~e 

; ,  ~ *0.2 

-0 Cyt. _f (550 nm) o 

~, 0 E o = * 545 mY, ~ 1 . 0 ~  

- o. 2 7/-c~' ~ e (  ~6o ~ )  

-0.4 e ~  E°= ~" 348 mY, n=l.I 

/ o /  -0.6 

1. I I I I I ) I 
310 320 .330 340 350 360 370 380 

g (rnVl 

Fig. 2. The oxidation-reduction potential of Nostoc cytochromes f and b558. Reaction mixture 
as in Fig. 1 except that 0.5/~mole of KaFe(CN)6-K4Fe(CN)6 mixtures chosen to give the indicated 
potentials replaced the 2/~moles of KaFe(CN)6. Hydroquinone was added as in F i g  1 to com- 
pletely reduce the cytochromes. O, cytochromefmeasured at 550 nm; ©, cytochrome b 5 ~8 measmed 
at 560 nm. 

f r o m  E. gracilis 15 and  the  h igh -po ten t i a l  f o r m  o f  c y t o c h r o m e  b~59 in h ighe r  
plantslO, 17,19,21 
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Fig. 3. Spectrum of cytochrome photooxidation by Photosystem I in a subcellular preparation 
of Nostoc in the presence of ascorbate. Reaction conditions as in Fig. 1 except that 2 #moles of 
sodium ascorbate leplaced the KaFe(CN)6. 
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Fig. 4. Photosystem I I  cytochrome photoreduction and Photosystem I cytochrome photooxidation 
in a subcellular preparation of Nostoc. Reaction mixture as in Fig. 1 except that K3Fe(CN)~ 
was omitted. Closed circles show the effect of Photosystem II light (664 nrn) and open circles, 
the effect of Photosystem I light (715 nm). 

Effect of  monochromatic light on cytochromes 
Fig. 3 shows that when Nostoe cell fragments (preincubated with ascorbate 

to reduce cytochromesfand bsss) were illuminated with Photosystem I light (715 nm) 
both cytochromes were photooxidized. In a typical experiment all of the cytochrome 

f was photooxidized, while approximately 50% of the cytochrome b558 was photo- 
oxidized. Photosystem II illumination (664 nm) was much less effective in photo- 
oxidizing the cytochromes. 

Fig. 4 shows that Photosystem II illumination of Nostoc cell fragments that 
were not preincubated with ascorbate resulted in the photoreduction of both cyto- 
chromes f and bsss. (The cytochromes are approximately 50% reduced in freshly 
prepared Fraction A.) Photosystem I illumination was completely ineffective in 
photoreducing the cytochromes; instead, it photooxidized the cytochrome f and 
cytochrome b55 s that were originally reduced in the cell fragments. The Photosystem II 
photoreduction of cytochromes f and b558 could also be observed by illuminating 
the sample with 664-nm light after preillumination with Photosystem I light (715 nm) 
had photooxidized both cytochromes. The Photosystem I1 photoreduction of the 
cytochromes required relatively high levels of MgCl 2 (5-10 raM), as did oxygen 
evolution 13'22, indicating that the source of electrons for the photoreduction of the 
cytochromes was water. 

Effect of  noneyclie acceptors 
To study the relationship of cytochromes f and b558 to noncyclic electron 

transport, the effect of noncyclic acceptors on the steady-state oxidation level 
of the cytochromes was examined. Fig. 5 shows that addition of methylviologen 
during Photosystem II illumination shifted the steady-state of both cytochrome f 
and cytochrome bs58 from predominantly reduced to predominantly oxidized. The 
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Fig. 5. Effect of a noncyclic acceptor on Nostoc cytochromes during Photosystem II illumination. 
Experimental conditions as in Fig. 3. Where indicated, 50 nmoles of methylviologen (MV) in a 
vol. of 0.01 ml were added to the 5.0-ml reaction mixture. 

Fig. 6. Spectrum of the effect of addition of methylviologen during Photosystem II illumination. 
Experimental conditions as in Fig. 5. 

spectrum of the absorbance change produced by the addition of methylviologen 
is shown in Fig. 6. The minima at 553 and 558 nm indicate that addition of methyl- 
viologen resulted in the oxidation of cytochromes f and bs5 ~. I t  is likely that the 
cytochromes remained in the reduced state during Photosystem II  illumination in 
the absence of acceptor because the oxidation of the cytochromes was rate limiting 
under these conditions. 

Similar results were obtained with the physiological acceptor for noncyclic 
electron transport, N A D P  (in the presence of ferredoxin and ferredoxin-NADP 
reductase). No effect of acceptor on the steady-state oxidation level of  either cyto- 
chrome was observed in Photosystem I light, whether in the presence or absence 
of the Photosystem I electron donor, reduced 2,6-dichlorophenolindophenol (DPIP). 

Effect of inhibitors of noneyclie electron transport 
Fig. 7 shows that two inhibitors of  noncyclic electron transport, 3-(Y,4'- 

dichlorophenol)-l , l-dimethylurea (DCMU) and the plastoquinone antagonist 
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Fig. 7. Effect of inhibitors of noncyclic electron transport on the Photosystem II photoreduction 
of cytochromes land  b558. Reaction mixture as in Fig. 4. DCMU (0.5 yM) or DBMIB (I0 #M) 
were present as indicated. 

2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB) 23'24, inhibit the Photo- 
system II  photoreduction of cytochromes f and b558. D C M U  gave 96~ inhibition 
of noncyclic electron transport f rom water to N A D P  at the concentration used 
(0.5#M) for these measurements. Although a higher concentration of DBMIB (10#M) 
was required to obtain complete inhibition of  noncyclic electron transport from 
water to N A D P  in the Nostoc preparation than was required for spinach chloro- 
plasts 23'24, the inhibitor was specific for the Photosystem II reduction of NADP 
in the Nostoc preparation, as indicated by the lack of inhibition of the Photosystem I 
reduction of N A D P  with reduced DPIP as the donor at a DBMIB concentration 
of 10/tM. 

Fig. 8 shows that neither D C M U  nor DBMIB had any inhibitory effect 
on either the rate or extent of  the Photosystem I photooxidation of cytochromes 
f or b558. The spectrum of the absorbance change in the cytochrome a-band region 
produced by Photosystem I illumination was unaffected by either inhibitor (data 
not shown). 

Effect of phosphorylation eofactors 
Fig. 9 shows that the addition of ADP to Nostoc cell fragments undergoing 

noncyclic electron transport from water to N A D P  resulted in a reduction of cyto- 
chrome f (550 nm was chosen as the measuring wavelength to minimize absorbance 
changes caused by cytochrome b558) but had little or no effect on cytochrome b558 
(558 nm). No effect was observed if acceptor was absent or if Photosystem I light 
(either in the presence or absence of reduced DPIP) was substituted for Photosystem 
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Fig. 8. Effect of inhibitors of noncyclic electron transport  on the Photosystem I photooxidation 
of  cytochromes f and b558. Reaction mixture as in Fig. 3. D C M U  (0.5/~M) or DBMIB (10#M)  
were present as indicated. 

II light. The effect of ADP was diminished considerably by the presence of the inhi- 
bitors DCMU or DBMIB. Addition of ADP in the absence of phosphate resulted 
in only a small reduction of cytochromef, presumably because of the low endogenous 
phosphate level. 

The spectrum of cytochrome reduction caused by the addition of ADP is shown 
in Fig. 10. The single peak at 554 nm indicates that cytochrome f was the major 
cytochrome affected. Although some absorbance changes were observed at wave- 
lengths greater than 558 nm, they had no distinct spectrum and were probably due 
to scattering changes rather than to the reduction of cytochrome b558- 
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Fig. 9. Effect of addition of ADP on Nostoc cytochromes during noncyclic electron transport.  
Reaction mixture as in Fig. 3 except that  spinach ferredoxin, 0.01 /~mole per 1.0 ml, NADP,  
1 ktmole per 1.0 ml, and saturating spinach fe r redoxin-NADP reductase were added. Where indi- 
cated, 500 nmoles of ADP in a vol. of 0.01 ml were added to the 5.0-ml reaction mixture. 
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Fig. 10. Cytochrome freduction caused by addition of A D P  during noncyclic electron transport. 
Experimental conditions as in Fig. 9, 

C550 photoreduction and P700 photooxidation at 77 °K 
Fig. l l  shows the effect of Photosystem I1 (664 nm) and Photosystem I (715 

nm) illumination at 77 °K on Nostoc cell fragments preincubated with ferricyanide 
to chemically oxidize the cytochromes. Photosystem II illumination results in an 
increase in absorbance at 541 nm and a decrease in absorbance at 547 nm, similar 
to the absorbance changes produced by the photoreduction at 77 °K of C550 in 
higher plants 8-11'25. As was found previously in higher plants, no C550 photore- 
duction occurred at 77 °K with Photosystem I illumination 8'~°'11. P700 photooxi- 
dation at 77 °K (refs 26-29), in contrast to C550 photoreduction, occurred equally 
in Photosystem I and Photosystem II light. Fig. 12 shows the spectrum of the ab- 
sorbance change produced by Photosystem I illumination of Nostoc cell fragments 
at 77 °K. 
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Fig. 11. C550 photoreduction in a subcellular preparation of Nostoc  at 77 °K. The reaction mix- 
ture contained (per 1.0 ml Fraction A (equivalent to 67/ ig  of chlorophyll a), 0.5 ml of glycerol, 
and the following (in #moles): N-Tris(hydroxymethyl)methylglycine buffer (pH 7.8), 50; MgCh, 
10; and K3Fe(CN)G, 5. 
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Fig. 12. Photosystem I photooxidation of P700 in a subcellular preparation of Nostoc at 77 °K. 
Reaction mixture as in Fig. 11 except that sodium ascorbate replaced K3Fe(CN)6. The sample 
cuvette was illuminated for 15 s with 715-nm light. 

DISCUSSION 

There is widespread agreement that photosynthetic electron transport from 
water to NADP involves Photosystem II and Photosystem I light reactions operating 
in series and connected by a chain of electron carriers that includes cytochrome f 
(see review, ref. 30, for a more detailed discussion of this scheme). Much of the eviden- 
ce for this formulation comes from the "antagonistic" effect of Photosystem I and 
Photosystem II illumination on cytochrome f,  the cytochrome becoming oxidized 
during Photosystem I illumination and reduced during Photosystem II illumina- 
tion6,31 -36 

There is less agreement on the behavior of b-type cytochromes in plant material. 
Photooxidation by Photosystem I of cytochrome b559 has been observed by Levine 
and Gorman 34 in fragments from the green alga Chlamydomonas reinhardti and of 
cytochrome b558 by Ben-Hayyim and Avron 36 in lettuce chloroplasts. Although 
Cramer and Butler 35 reported a slow Photosystem I photooxidation of cytochrome 
b559 in spinach chloroplasts, other workers report that no cytochrome b559 photo- 
oxidation is not observed at physiological temperatures in untreated spinach chloro- 
plasts 16'37, intact pea leaves 37, or intact cells of the red alga Porphyridium aerugi- 
n e u m  38. In these cases, cytochrome b559 photooxidation could be observed only after 
one of a number of treatments: At 77 °K (refs 9-11, 16, 21,28, 29), or after inhibition 
of oxygen evolution by treatment with concentrated Tris buffer 16'39'4°, or after 
treatment with the uncouplers carbonylcyanide m-chlorophenylhydrazone (CCCP) 
or carbonylcyanide p-trifluoromethyloxyphenylhydrazone (FCCP)  35'37'38'41'42 
(a treatment that changes the midpoint potential of cytochrome b559, ref. 42). 
A further complication was the observation that the photooxidation of cytocbrome 
b559 could be either a Photosystem II reaction 1°'11'16'37-4° or a Photosystem I reac- 
tion37,4~ ,42, depending on the treatment of the chloroplasts. 

All of the reactions of cytechrome b55~ in Nostoc described above were mea- 
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sured at physiological temperatures with a preparation capable of high rates of 
NADP reduction and capable of coupled phosphorylation. Inhibitory treatments, 
such as treatment with Tris buffer or addition of CCCP, that might introduce cyto- 
chrome reaction pathways not present under physiological conditions were avoided. 

The fact that cytochrome b558 in Nostoc showed the same response to mono- 
chromatic light, Mg 2+ concentration, noncyclic acceptors, and noncyclic inhibitors 
as did cytochromefimpl ies  that the two cytochromes are members of the same elec- 
tron transport pathway from water to NADP. Furthermore, the fact that Photo- 
system 1I reduced the cytochromes while Photosystem 1 oxidized the cytochromes 
suggests that both cytochromes function between a Photosystem II and a Photo- 
system I light reaction. 

The effects of the noncyclic inhibitor DCMU reported above are similar to 
those observed in a wide variety of plant material 31-36. The effect of the plasto- 
quinone antagonist DBMIB on the photoreactions of cytochrome f in Nostoc cell 
fragments reported above is also similar to those reported previously 41"43. How- 
ever, the DBMIB inhibition of the Photosystem | I  photoreduction of cytochrome 
bss 8 and the lack of inhibition of the cytochrome bs58 photooxidation observed with 
Nostoc (see Figs 7 and 8) differs from the pattern observed in spinach chloroplasts 
by B6hme and Cramer 41. These workers reported that DBMIB inhibited the Photo- 
system I photooxidation but not the Photosystem [I photoreduction of cytochrome 
b559. These authors 41 interpreted the effect of DBMIB on cytochromes f and b559 
and the reversal of DBMIB inhibition by plastoquinone as indicating that plasto- 
quinone functions between cy tochromesfand  b559. The results obtained with Nostoc 
cell fragments suggest that, if DBMIB functions as a plastoquinone antagonist in 
blue-green algae as it does in spinach chloroplasts 23'24, plastoquinone is on the 
reducing (Photosystem |I) side of both cy tochromesfand  b55 s in Nostoc. 

The effect of ADP on cy toch romef  in Nostoc cell fragments under conditions 
of noncyclic electron flow from water and the lack of an effect of ADP on cytochrome 
b55 s suggests that cytochrome f lies closer to the site of noncyclic phosphorylation 
than does cytochrome b559. These results are similar to those reported for spinach 
chloroplasts 32'33'44 but differ from those of Ben-Hayyim and Avron 36 who reported 
similar effects of ADP on both cytochrome f and cytochrome b558 in experiments 
with lettuce chloroplasts. The fact that tile addition of ADP resulted in a reduction of 
cytochromefsuggests  that the phosphorylation site is before (on the Photosystem 1I 
side) cytochrome f In terms of the "crossover" theory of Chance and Williams 45, 
in the absence of ADP the site of electron flow at which energy is conserved is rate 
limiting. Addition of ADP increases the rate of this step 45 (addition of ADP increased 
the rate of electron transport from water to NADP in Nostoc Fraction A by 30°/,,.) 
In the case of Nostoc, this resulted in a reduction o f c y t o c h r o m e f a s  electron flow 
into the cytochrome speeded up on addition of ADP. 

Although Bendall and Sofrova H could not detect C550 in a cell-free prepara- 
tion from the blue-green alga Plectonema boryanum, Fig. 11 shows that C550 is 
present in the Nostoc cell fragments. The fact that C550 is photoreduced at 77 °K 
in a Photosystem II reaction is consistent with the close association of C550 with 
the primary electron acceptor for Photosystem II in Nostoc. The observation 
that the Photosystem I photooxidation of PT00 occurs at 77 °K in Nostoc is 
consistent with P700 acting as the primary electron donor of Photosystem 1 (refs 
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12, 26-29, 46) in Nostoc. C550 photoreduction and P700 photooxidation were mea- 
sured at 77 °K so that only those reactions related to the primary charge separation 
reactions could occur and secondary electron transfer reactions would be impeded. 
However, these reactions also occur at physiological temperatures 8' 12,16,33,39,4-0,46 
and therefore the low-temperature reactions appear not to be artifacts created 
by the unique environment present at cryogenic temperatures. 

In conclusion, it appears that noncyclic electron transfer from water to N A D P  
in Nostoc involves two light reactions operating in series. Photosystem II, which 
operates efficiently only in short-wavelength light (2 < 680 nm) produces an oxidant 
sufficiently electropositive to oxidize water to oxygen and also reduces C550. Re- 
duced C550 feeds electrons into an electron carrier chain that includes cytochromes 
f and b55 s for transfer to the second light reaction, Photosystem I, which operates 
most efficiently in long-wavelength light (2 > 680 nm). Excitation of Photosystem I 
results in the oxidation of a specialized chlorophyll, P700, and the reduction of an 
electron carrier sufficiently electronegative to reduce NADP. Electron flow through 
the chain connecting the two light reactions is coupled to the formation of ATP 
at a site before cytochrome f. Cytochrome f and cytochrome b558 would appear to 
function close to each other in the chain, on the basis of their identical oxidation- 
reduction potentials, but further investigations are needed to determine the sequence 
of the two cytochromes. 
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