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SUMMARY

Membranes isolated fram Nostoc sp. strain Mac oxidised NAD(P)H and horse
heart ferrocytochrame ¢ in dark reactions inhibited by KCN, NaN,, 0O,

ard by anaercbiosis. Reduced minus oxidised difference spectra “revealed
peaks at 603 and 445 nm which shifted to 590 and 430 mm, respectively,

in reduced plus CO minus reduced spectra. In presence of suitable electron
mediators the pigment could be reduced also with NAD(P)H or ascorbate;

KCN prevented this reduction. Photoaction spectra of CO-inhibited membranes
showed peaks at 590 and 430 nm. Fram the results it is concluded that
cytochrame a.a, is a functional respiratory oxidase in Nostoc sp. strain

Despite several reports on dark oxidation of cytochrame c in cyano-
bacteria (1-5) the nature of the terminal oxidase has not yet revealed
itself to any investigator. Nor could respiratory functions of other
electron transport camponents ever be convincingly demonstrated (6).
Certain results, however, have been taken to indicate that photosynthetic
and respiratory electron transport might share a common pathway (7-9)
and that both perhaps are exclusively situated on the thylakoids (10):

Plastoquinone in Anabaena cylindrica (11) and Anacystis nidulans (12),

and cytochrame Cgc and plastocyanin in Anabaena variabilis (5), besides

their well-established roles in photosynthesis (13) may also serve in
respiration under certain circumstances; reductive (presumably
respiratory) sites were detected ultracytochemically in the dark on the

thylakoids, but not on the plasmamembrane of Nostoc sphericum (10); and
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on density gradients of cell-free extracts the cytochrame oxidase activity
was mostly associated with the chlorophyll-containing fraction (3-5,14).
By contrast, same respiratory function of the plasmamembrane of Anacystis
nidulans was recently inferred fram studies on tetranitro blue
tetrazolium and tellurite reduction (14), and respiratory electron flow
in Anacystis was characterized more closely (12,14-16). This investi-
gation presents evidence for the occurrence of cytochrame a.a; as a

functional respiratory oxidase in Nostoc sp. strain Mac.

MATERTALS AND METHODS

Nostoc sp. strain Mac originally isolated fram the coralloid roots of
the cycad Macrozamia lucida (17) wag a generous gift fram Dr.C.van Baalen
(18) . It was grown axenically 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 pg Chl/ml), washed twice with 25 mM Na,K-phosphate buffer,
pH 7.8, resuspended in the same medium supplemented with 0.3 M mannitol
and 1 m4 dithiothreitol!, and finally ruptured in a pre-cooled French
press at 20.000 psi. The resulting suspension was immediately centri-
fuged at 3.000 g and 4°C for 20 min to remove unbroken cells (about 20%)
and cell debris. The supernatant was centrifuged at 144.000 g and 4°C
for 1 h, the pellet was re-suspended in fresh breakage medium and
centrifuged as before. The final pellet was suspended in DIT-free
breakage medium, again centrifuged as before to remove any phycobilins
still adhering to the membranes, suspended in fresh DIT-free breakage
medium brought to pH 7.4 with a few drops of 0.1 N KC1l, and immediately
used, after appropriate dilution with the same medium, for recording the
a.

Difference spectra were taken at 4°C in a fully computerized dual
wavelength spectrophotameter model 557 of Perkin Elmer, using thermo-
statted 1 am cuvettes. Baselines were at first recorded and stored in
the camputer. On displaying the difference spectrum the respective
baseline was then automatically subtracted. Oxidation of the membranes
by aeration gave qualitatively similar effects like oxidation by H%Oz
or ferricyanide. The latter reagents, however, were found to amplify
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) membranes in the Soret region of the spectra; thus, for
this purpose the membranes were briefly extracted ("de-chlorophyllized")
three times with —25°C cold 80% agueous acetone, each treatment followed
by centrifugation at 40.000 g and -20°C for 20 min. The white membranes
thus obtained did not catalyse electron transport from NAD(P)H to 0, any
more, and oxidase activity (with reduced horse heart cytochrame as
electron donor) as well as cytochrame a.aj content (as judged spectrophoto-
metrically from the relative heights of the peak at 603 rm) were reduced

! Abbreviations used: DCPIP, 2,6-dichlorophenol indophenol; DIT,
dithiothreitol; PMS, phenazine methosulfate; TMPD, N,N,N;N;-
tetramethyl-p-phenylene diamine
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by about 40%. Yet chemical reduction and oxidation of the cytochrame
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). Ixtraction at temperatures higher than -20°C,
however, led to dramatic loss of the cytochrame.

Photoaction spectra were recorded on de—chlorophyllized membranes
suspended in 25 mM Na,K-phosphate buffer, pH 7.4, supplemented with 0.3 M
mannitol and 2 mM MgCl,. After gassing the membranes with a mixture of
90% QO and 10% O; for % min in the dark the assay campartment (see below)
was quickly sealed. A solution of 10 mM Na-ascorbate, pH 7.4, O.1 nM TMPD
and 0.01 mM horse heart cytochrome ¢ (final concentrations) was injected
after another 5 min (ensuring campletion of the CO reaction) to start
respiratory oxygen uptake which was then followed with a Clark type oxygen
electrode as previously described (15,16). The diluted membrane suspension
(2.5 ml; 1.6 mg protein/ml) was contained in a thermostatted (35%C) glass
chamber which could be illuminated fram one side with an Oriel 1000 W
Xenon lamp equipped with a monochramator. Increments of down to 5 nm were
used for monochromatic illuminatign. Final light intensity at each
wavelength was adjusted to 25 W/mé by use of Kodak Wratten neutral gray
filters as measured with a YSI radiameter, type 65. Alternatively, an
appropriate set of interference filters purchased fram Schott AG., Mainz,
FRG, with half band widths of approx. 10 nm was also used. A new batch of
membranes was employed at each wavelength, and in each case the
uninhibited rates of oxygen uptake in suspensions gassed with air, and
with 10% Oz in Np, 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. 1-3 show difference spectra obtained between 500 and 660 rm with
native (green) membrane fragments essentially free of any adhering
phycobilin material. Owing to the high chlorophyll content of the
membranes and, more particularly, to irregular absorption changes of the
chlorophyll upon addition of strong reductants and/or oxidants (see the
Materials and Methods section) the spectra could not be extended into
regions of high specific chlorophyll absorption even in very dilute
suspensions.

The pronounced peaks around 560 mr are due to cytochrames b—559 and
b-564, respectively, both of which are known to participate in the photo-
synthetic electron transport of cyanobacteria (20); analogous b-type
cytochrames are found in chloroplasts (21). As expected cytochrame b-564
was reducible by dithionite only (Figs. 1A and 2A) while cytochrame b-559

was also reduced by ascorbate (Figs. 1B and 2B) . More interesting,
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Fig.1 A: Dlthlonite—reduced minus (0. 1% )-oxidised, B: ascorbate plus PMS-reduced minus
ferricyanide-oxidised difference spec%:a of green Nostoc menbranes (0.5 mg protein/mi.

Fig.2 A: Dithionite-reduced minus ascorbate-reduced, B: ascorbate-reduced minus
ferricyanide-axidised difference spectra of green Nostoc membranes (0.6 mg protein/ml) .

Fig.3 A: Anaercbic minus aerobic difference spectra of green Nostoc membranes (0.6 mg protein
per ml). Each of the cuvettes originally contained 0.07 MM horse heart ferricytochrame c
prepared by ferricyanide-oxidation and subsequent dialysis of cammercially available
horse heart cytochrame c. A: control spectrum; B: sample cuvette reduced with 10 mM
ascorbate plus 01nM'IMPDorDCPIPC sample cuvette reduced with 3 mM NADPH;

D: 3 mM NADPH added to sample cuvette "after 5 min pre-incubation with 0.05 mM KCN.

however, was the conspicuous peak at 603 rm seen in ascorbate plus
PMS-reduced minus oxidised (Fig. 1B}, in dithionite-reduced minus oxidised
(Fig. 1A), and in dithionite-reduced minus ascorbate-reduced (Fig. 2A)
difference spectra. Ascorbate alone did not produce the reduced o -band
at 603 nm (Fig. 2B). On the other hand also physiological electron donors,
viz. NADPH and NADH, as well as ascorbate in presence of TMPD or DCPIP
reduced the cytochrame (Fig. 3) provided a catalytic amount of horse
heart cytochrame ¢ was added. Apparently, exogenous cytochrame c
substituted for endogenous cytochrame ¢ which must have been removed

fram the membranes during isolation (vid., no c-type cytochrome traceable
in Figs. 1-4) but which, in vivo, acts as a respiratory intermediate for
electrons originating fram NAD(P)H or ascorbate. Pre-incubation of the
membranes with KCN prevented formation of the peak at 603 mm either in

presence of NAD(P)H or ascorbate plus T™PD or DCPIP (Fig. 3D). These
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Table I.

Respiratory oxygen uptake and oxidation of horse heart
cytochrame ¢ by Nostoc membranes. Rates given as mmol/min.mg
protein) . 13-27 mg of membrane protein/ml.

Oxygen uptake with ultimate Cytochrare ¢
Assay pension electron donors® oxidationb

Ascorbate NADPH NADH

Camplete® 3 hHd 33 (@ 16 (0 360
+ 0.01 mM KN % 0.1 9 7 3
+ 3 mM NaNy 32 (14 22 1 13
+0.76 mM GO 9 (5) 1 7 5
- IMFD 9 (46) - - -
- Cytochrame c 16 (9) 7 5 -
Anaerobic - - - 0

Values corrected for the small oxygen uptake in absence of donors.

Oxidation of ascorbate-reduced and dialysed horse heart

c (0.01 M) was followed at 550 minus 540 rm in a Perkin Elmer 557
dual wavelength spectro]i)}x)taneter using a differential absorption
coefficient of 19.7 m1 lam™?

Camplete assay suspensions for axygen measurements contained, besides
membranes, 0.01 mM cytochrame ¢ (+0.1 mM TMPD or DCPIP) together with
10 mM Na-ascorbate or 3 mM NADPL or 3 mM NADH.

Values in brackets refer to de-chlorophyllized membranes.

results strongly indicated that the pigment absorbing at 603 nm might

be a respiratory cytochrome ¢ oxidase in its reduced form.

Rates and inhibitor sensitivities of cytochrame c oxidation and of
respiratory O2 uptake supported by NADPH, NADH and ascorbate as the

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

donor function of NAD(P)H and ascorbate was markedly enhanced by
exogenous cytochrame c. Oxidation of cytochrame ¢ was strictly aerobic
and similarly sensitive to the inhibitors as was O2 uptake (Table I).
Note the virtually camplete inhibition of the cytochrame c oxidase
reaction by 0.01 mM KCN as opposed to considerable residual O2 uptake
with NAD (P)H as substrates (Table I); also dependence on exogenous

cytochrame ¢ was not absolute in case of NAD(P)H. Thus electrons fram
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Fig.4 A: Dithionite-reduced minus (0.1% H20 )—oxidised difference
spectrum of de~chlorophyllized (white Nostoc merbranes,
12 mg protein/mi.
B: Both sample and reference cuvettes containing white Nostoc
membranes were reduced with dithionite; then CO was slowly
bubbled through the sample cuvette for 5 min and the spectrum
recorded; 17 mg protein/ml.

Fig.5 Photoaction spectrum of' CO-inhibited cxygen uptake by the
de—chlorophyllized Nostoc menbranes in presence of horse heart
cytochrome c. For details see the Methods section.

flavoprotein-linked substrates may be "drained off" the respiratory chain
at sites before the terminal oxidase or even before cytochrame c. A
similar conclusion has recently been drawn fram respiratory studies on

isolated membranes of hydrogenase-induced Anacystis nidulans (16).

Corrobhorating evidence for the 603 mm redox pigment to be a terminal
oxidase in Nostoc sp. was obtained fram CO difference spectra (Fig. 4)
and fram photoaction spectra (Fig. 5). These spectra were recorded on
de—chlorophyllized membranes prepared by extraction with aqueocus acetone
at low temperature as described in the Methods section. A prominent
¥ -peak around 425 nm (corresponding o ~peaks at 559-564 nm) in the
dithionite-reduced minus oxidised difference spectrum (Fig. 4A) was
apparently due to one or both of the photosynthetic b-type cytochrames
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 at 445 and 602 mm in the reduced minus

717



Vol. 98, No. 1, 1981 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

oxidised spectrum clearly shifted to 430 and 590 mm, respectively, in
the CO difference spectrum (cf.Figs. 4A and B).

It is suggested that the autoxidable membrane-bound pigment of Nostoc
showing reduced X -bands at 602-604 and 590 mm and g—bands at 445 and

430 nm in absence and in presence of (O, respectively, might be best
described as cytochrame a.a,. Spectral features, reactivity with horse

heart cytochrame c, ard inhibitor sensitivity (cf.Ref.14) are strikingly
reminiscent of mammalian cytochrame c oxidase. The similarity is further
stressed by the photoaction spectrum of respiratory 0, uptake by
CO~inhibitea Nostoc membranes showing distinct peaks at 590 and 430 nm
(Fig. 5) which obviously coincide with the corresponding o — and X—peaks,

respectively, of the CO-camplexed oxidase (Fig. 4B).

CONCLUDING REMARKS

Cytochrame a.a; has not been described so far in cyanobacteria, nor
could any other cyanobacterial cytochrame ever be convincingly shown to
be involved in respiratory electron flow (6). By identifying and
characterizing the terminal oxidase of Nosto¢ sp. strain Mac as a
cytochrame a.aq the present report moreover appears to be the first to
clearly demonstrate, at the same time, the respiratory function of a
cyancbacterial cytochrame. Minor features of the spectra described here
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 and photoaction spectra (Figs. 4 and 5) might be
traced to cytochrame o (22); similarly, the shoulder at 622 rm together
with the trough at 645 nm in same of the spectra (Figs. 1, 2B, 4A) might
be ascribed to cytochrame d (23). However, the experimental facts known
at present do not permit to draw substantial conclusions. Work is in
progress to further characterize chemical nature, kinetic properties and

localization of the mamnbrane-bound terminal oxidase(s) of this and other
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cyanobacterial species. Preliminary results have been presented at the

5th International Congress on Photosynthesis, September 7-13, 1980,

Kallithea (Kassandra), Greece.
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