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SUMMARY 

M&xznesisolated franNostoc sp. strainMacoxidisedN?D(P)Haxdhorse 
heartferrocytochrane~in-dTaTrkreactiansinhibitedbyKCN,NaN~,CO, 
a& by anaerobiosis. Reduced minus oxidised difference spectra revealed 
peaks at 603 and 445 rxn which~ted to 590 and 430 m, respectively, 
i.nreducedplusCOminus reduced spectra. In presence of suitable electron 
mdiators the pigment could be reduced also with W(P)H or ascorbate; 
m4prfzvented this reduction.Photoaction spectraofcO-inhibitedmmbranes 
&owed peaks at 590 and 430 rm Pran the results it is concluded that 
c&ochrane a.a3 is a functional respiratoryoxidase inNostcc sp. strain 

. 

Despite several reports ondarkoxidationof cytochrane c in cyano- 

bacteria (1-5) thenature of the temdnaloxidase has notyetrevealed 

itself to any investigator. Nor could respiratory functions of other 

electron transport axnponents ever be convincingly demonstrated (6). 

Certain results, however, havebeen taken to indicate that photosynthetic 

and respiratory electron transport might share a anmwn pathway (7-9) 

and that both perhaps are exclusively situated on the thylakoids (10): 

Plastcquinone in Anabaena cylirdrica (11) and Anacystis niduhns (12), 

a& cytochrcma ~55~ and plastocyanin in Anabaena variabilis (5), besides 

their well-established roles in photosynthesis (13) my also serve in 

respiration tier certain circumstances; reductive (presmably 

respiratory) sites were detected ultracytcch&cally in the dark on the 

thylakoids, but not on the pla gMTnembrane of Nostoc sphericum (10); and 

0006-291X/81/010072-08$01.00/0 
Copyrighr 0 1981 by Academic Press, Inc. 
All rights of reproducrion in any form reserved. 72 



Vol. 98, No. 1,198l BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

on density gradients of cell-free extracts the cytochra~ oxidase activity 

was mostly associated with the chlorophyll-containing fraction (3-5,14). 

Hy contrast, sane respiratory function of the pl amammbrane of Anacystis 

nidulans was recently inferred fran studies on tetranitro blue 

tetrazolium and tellurite reduction (14), and respiratory electron flaw 

in Anacystis was characterized sore closely (12,14-16). This investi- 

gation presents evidence for the cccurrence of cytoch~~~ a.a3 as a 

functional respiratory oxidase in Nostoc sp. strain Mac. 

Nostoc sp. strain Mac originally isolated fran the coralloid roots of 
the cycad Macrozamia lucida (17) wa8 a generous gift fran Dr.C.van Haalen 
(18). It was grown axmly at 39 C under the conditions previously 
described for A.nidulans (19). Purity of the cultures was always checked 
carefully; only cultures found to be free of bacterial contaminants 
were processed further. Cells were harvested in the early stationary 
phase (30-40 w  Chl/ml), washed twice with 25 IIM Na,K-phosphate buffer, 
pH 7.8,resuspended in the sammedimsupplementedwith0.3Mmnnitol 
and 1 nM dithiothreitol', and finally ruptured inapre-cooled!French 
press at 2O.COD psi. The resulting suspension was inmxliately centri- 
fuged at 3.ooO g and 4OC for 20 min to rmove unbroken cells (about 20%) 
and cell debris. The supernatant was centrifuged at 144.OCO g and 4% 
for 1 h, the pellet was re-suspended in fresh breakage medim and 
centrifuged as before. The final pellet was suspended in DIT-free 
breakage medium, again centrifuged as before to remve any phycobilins 
still adhering to the membranes, suspended in fresh MT-free breakage 
medim brought to pH 7.4 with a few drops of 0.1 N Hcl, and imm?diately 
used, after appropriate dilution with the sme medim, for recording the 
spectra- 

Difference spectra were taken at 4OC in a fully aqmterized dual 
wavelength spectrophotanetermodel557 of PerkinElmx,using thenm- 
statted 1 an cuvettes. Baselineswere atfirstrecorded ahd stored in 
the caqxter. On displaying the difference spectrm the respective 
baselinewas thenautcmatically subtracted.Oxidationof themmbranes 
by aeration gave qualitatively similar effects like oxidation by H 

P 
2 

or ferricyanide.The latter reagents, however,were found toampliy 
and sharpen the peaks. Owing to the high chlorophyll content of the 
membranes (roughly 0.1 mg Chl/mg protein) it was not possible to use 
native (green) mmbranes in the Soret region of the spectra: thus, for 
this purpose the membranes wlere briefly extracted ("de-chlorophyllized") 
three times with -2S°C cold 80% aqueous acetone, each treatment followed 
by centrifugation at 4O.ooO g and -2& for 20 min. The white mmbranes 
thus obtaineddid notcatalyse electron transport fra'nNAD(P)H too2 any 
mre, and oxidase activity (with reduced horse heart cytochrm as 
electron donor) as well as cytochrane a.a3 content (as judged spectrophoto- 
metrically fran the relative heights of the peak at 603 nm) me reduced 
1 Abbreviationsused:DCPIP, 2,6-dichlorophenolindophenol; DTT, 

dithiothreitol; FMS, phenazine methosulfate; TWD, N,N,N:N:- 
tetramethyl-p-phenylene diamine 
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by about 40%. Yet chemical reduction and oxidation of the qto&ra~ 
still were possible in the white particles, and unpredictable absorption 
changes of chlorophyll did not interfere any longer; moreover, the 
de-chlorophyllized membranes could be used at much higher protein 
concentrations (see Fig.4). &traction at temperatures higher than -20°C, 
hover, led to dramatic loss of the cytcchrane. 

Photoaction spectra were recorded on de-chlorophyllized membranes 
suspended in 25 rrM Na,K-phosphate buffer, pH 7.4, supplemented with 0.3 M 
mannitoland2rrMMgcl. 

z 
After gassing the mfxbranes with a mixture of 

90% CO and 10% 02 for min in thedark the assay czanpemt (see kelow) 
was quickly sealed. A solution of 10 nEI Na-ascorbate, pH 7.4, 0.1 reel 'IMPS 
and 0.01 mhorse heartcytcchrane c (final concentrations) was injected 
after another 5 min (ensuring canpletion of the Co reaction) to start 
respiratoryoxygenuptakewhichwas then foll&withaClarktypeaxygen 
electrode as previously described (15,16). The diluted &ane suspension 
(2.5 ml; 1.6 KKJ protein/ml) was contained in a thernrostatti (35%) glass 
chamber which could be illuminated fran one side with an Oriel loo0 W 
Xenonlampeguippedwithanrxochranator.Incrementsofd~to5nmwere 
used for moncchrcmatic illumina tion. Final light intensity at each 
wavelength was adjusted to 25 W/m2 by use of Xodak Wratten neutral gray 
filters as measured with a YSI radicmeter, type 65. Alternatively, an 
appropriate set of interference filters purchased fran Schott AC., Mainz, 
FIG,withhalf bandwidths of approx. 1Omnwas alsoused. Anewbatchof 
menbraneswas employed ateachwavelength, and ineach case the 
uninhibited rates of oxygen uptake in suspensions gassed with air, and 
with 10% 02 in N2, respectively, were also measured. 

All chemicals used were of the purest grade available. Chlorophyll 
and protein were determined as previously described (19). 

RESULTS AND DISCUSSION 

Figs. l-3 show difference spectra obtained betwefx~ 500 and 660 rxn with 

native (green) membrane fragments essentially free of any adhering 

phycobilinmaterial.OiJing to thehighchlorophyll content of the 

mfmbranes and, more particularly, to irregular absorption changes of the 

chlorophyll upon addition of strong reductants and/or oxidants (see the 

Mae.rials andMethodS section) the spectra could not be extended into 

regions of high specific chlorophyll absorption even in very dilute 

suspensions. 

The pronounced peaks around 560 rnr are due to cytcchrcmes b-559 and 

b-564, respectively, both of which are known to participate in the photo- 

synthetic electron transprt of cyanobacteria (20); analogous b-type 

cytochranes are found in chloroplasts (27). As expected cytcchraae b-564 

was reducible by dithionite only (Figs. 1A and 2A) while cytcchrane b-559 

was also reduced by ascorbate (Pigs. 1B and 2B). More interesting, 
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Fig. 1 6: DithionitewMuc& tius 
ferricyanide-oxidisededence 

Fig.2 & Dithionite-reduced minus ascorbatereduced, g: asazbate-raced m&us 
ferricyanide+xidisedZT&ence spectra 0fgreenNostccmnkmnes CTiEj pmtein/ml). 

Fig.3 &: Anaerobicminusaerobicdifference spectraofgremNostocnmnbranes (0.6nqprotein 
per ml). Each of the cuvettes originally contained 0.01 nt4 horse hart fe.rricytochrane c 
pre-edby ferricyanide-midationard subsequent dialysis of camu-cially available 
horse heart cytccbrm c.5: axlix01~; g: sa@e cuvette reduced with 10 i-@-l 
asaxbate plus 0.1 nEl ZMPI) or CCPIP; g: saqle cuvette reducxl with 3 IIM NADPH; 
g: 3 nMNADPHadded to sample cuvette after Sminpre-imubationwithO.05rrM~. 

hcmaver,was the conspicuous peakat603 mseen inasccrbate~& 

PMS-reduced minus oxidised (Fig. lP), in dithionite-reduced minus oxidised 

(Fig. lA), and in dithionite-reduced minus asccrbate-reduced (Fig. 2A) 

difference spectra. Ascorbate alone did not prcduce the reduced a(-band 

at 603 nm (Pig. 2B). On the other hand also physiological electron donors, 

viz. NADPH and NADH, as well as ascorbate in presence of !INPD or DCPIP 

reduced the cytcchrane (Fig. 3) provided a catalytic mmnt of horse 

heartcytcchrane cwas added.Apparently, cmx~enous cytcchranec 

substituted for endogenous cytochrcine c which must have been remmad 

fran the membranes during isolation &id., not-type cytochrane traceable 

in Figs. l-4) but which, in vivo, acts as a respiratory intermediate for 

electrons originating fran NAD(P)H or ascorbate. Pre-incubation of the 

membranes with KCN prevented formation of the peak at 603 nm either in 

presence of NAD(P)H or ascorbate plus !lMPD or LCPIP (Fig. 3D). These 
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Assay Suspension 

Co@etec 
+ 0.01 ml Km 
+ 3 I’M NaN3 
+ 0.76 M-i CO 

Oxygenuptakewith ultimate 

electron domrsa 

Ascorbate NADPH N?DH 

93 (44P 33 (0) 16 (0) 
90 0.1 9 7 
32 (14) 22 11 

9 (5) 11 7 
90 (46) - - 
16 (9) 7 5 

Cytochromec 
ddationb 

360 
3 

13 
5 

0 

a Values corrected for the small oxygenqtake in absence of donors. 

b Chidationof ascorbatz-reducedanddialysedhorseheartqm2hmne 
c (0.01 WI) was followed at 550 minus 540 m in a Perkin Elmer 557 

a differential absorption 

' mleteassay suspensicmsformygen measuranents contained, besides 
mEnbranes, 0.01 m cytochmne c (to.1 nM!UdPDorDBIP) togetherwith 
10 nM Na-ascorkate s 3 nM N.WPI; or 3 nM MUIH. - 

d Values in brackets refer to de-chlorophyllized nmnhrms. 

results strongly indicated that the pigment absorbing at 603 nm might 

be a respiratory cytochrcmka c oxidase in its reduced form. 

Rates and inhibitor sensitivities of cytcchrane c oxidation and of 

respiratory 02 uptake supported by NADPH, NADH and ascorbate as the 

ultimate electron donors (cf.Ref. 16) are given in Table I. Again the 

donorfunctionofNAD(P)Handascorbate~markedlyenhancedby 

exogenous cytcchrane c. Oxidation of cytochrane c was strictly aerobic 

and similarly sensitive to the inhibitors as was 02 uptake (Table I). 

Note thevirtually canplete inhibitionof the cytochrcms c oxidase 

reaction by 0.01 x@l KCX as opposed to considerable residual 02 uptake 

with NAD(P)H as substrates (Table I); also dependence on exogenous 

cytochrane c was not absolute in case of NAD(P)H. Thus electrons fran 
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Fig.4 9: Dithionite-reduced (0.1% HP 
* z 

)-oxidised difference 
~~~hlom@lyllized M-be Nostoc mEmb.ranes, 

. 
~:BothsampleandreferencecwettescontainingwhiteNostoc 
membraneswere reducedwithdithionite; thencOwas slowly 
bubbled thmugh the vlecuvette for 5minand the !qxxtmm 
recordd;17mgprotein/ml. 

Fig.5 Photcaction qectrm of,CO-inhibited oxygen uptake by the 
dechloraphyllized No&cc membranes in presence of horse heart 
cykchmm c. For details see the Methcds section. 

flavoprotein-linked substrates may be "drained off" the respiratory chain 

at sites before the terminal oxidase or even before qto&ra~ c. A 

similar conclusion has recently been drawn fran respiratory studies on 

isolatedmmbranesof hydrogenase- ix-&c& Anacystis nidulans (16). 

Corroborating evidence for the 603 x-m redox pigment to be a tenninal 

oxidase in No&cc sp. was obtained fran CC difference spedra (Fig. 4) 

and fran photoaction spectra (Fig. 5). These spectra mare recorded on 

de-chlorophyllized membranes prepared by extraction with aqueous acetone 

at low temperature as described in the Methods section. A praninent 

g-peak around 425 ran (corresponding a-peaks at 559-564 rxn) in the 

dithionite-reduced minus oxidised difference spectrum (Fig. 4A) was 

apparently due to one or both of the photosynthetic b-type cytochra-aes 

mentioned above (cf.Figs. 1 and 2). These peaks were no longer observed 

in dithionite-reduced plus CO minus dithionite-reduced spectra (Fig. 4B). 

On the other hand, the peaks at445 and 602 ran in thereducedmfnus 
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oxidised spectrum clearly shifted to 430 and 590 m, respectively, in 

the CO difference spectrum (cf.Figs. 4A and B). 

It is suggested that the autoxidable nmibrane-bound pi-t of Nostoc 

shwing reduced o<-bands at602-604 and 590 nmand ~-bands at445 and 

430 nm in absence and in presence of CO, respectively, might be best 

described as cytochrane a.a3. Spectral features, reactivity with horse 

heart cytochrme c, and inhibitor sensitivity (cf.Ref.14) are strikingly 

reminiscentof mmmaliancytcchrate coxidase.The similarity is further 

stressed by the photoaction qzectrum of respiratory O2 uptake by 

CO-inh.ibiteciNostocmenbranes showingdistinctpeaks at59Oand 43Orm 

(Fig. 5) which obviously coincide with the corresponding d - and g-m, 

respectively, of the CD-canple.xed oxidase (Fig. 4B). 

Cytcchrane a.a3 has not been described so far in cyanobacteria, nor 

could any other cyanobacterialcytochrare ever be convincingly shown to 

be involved in respiratory electron flow (6). by identifying and 

characterizing the terminaloxidase of Nostoc sp. strainMac as a 

cytochmne a.a3 thepresentreportrmreoverappearstobe the first to 

clearly demonstrate, at the same ttie, the respiratory function of a 

cyanobacterialcytcchrane.Minor features of the spectradescribedhere 

without further discussion might hint at the possible occurrence of 

still other types of oxidases in the Nostoc membranes: Small shoulders 

seen in CO-reduced ard photoaction spectra (Figs. 4 and 5) might be 

traced to cytochra~ o (22); similarly, the shoulder at 622 m together 

with the trough at 645 nm in sane of the spectra (Pigs. 1, 2B, 4A) might 

be ascribed to cytochrcme d (23). timever, the experimental facts known 

at present do not permit to draw substantial conclusions. !&rk is in 

progress to further characterize chemical nature, kinetic properties and 

localization of the nlernbrane-bound termina 1 oxidase(s) of this and other 

78 



Vol. 98, No. 1,198l BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

cyanobacterial species. Preliminary results have been presented at the 

5th International Congress on Photosynthesis, Seps 7-13, 19b0, 

Kallithea (Kassandra), Greece. 
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