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Alternative cyanide-sensitive oxidase
interacting with photosynthesis in Synechocystis PCC6803.
Ancestor of the terminal oxidase of chlororespiration?
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Abstract

Influence of respiration on photosynthesis in Synechocystis PCC6803 was studied by
measuring the redox transients of cytochrome f (cyt f} upon excitation of the cells
with repetitive single turnover flashes. Upon the addition of KCN the flash-induced
oxidation of ¢yt f was increased and the rereduction of cyt f* was accelerated.
Dependence of these effects on the concentration of KCN clearly demonstrated the
existence of two cyanide-sensitive oxidases interacting with photosynthesis: cyt aas,
which was sensitive tn low concentrations of cyanide, and an alternative oxidase.
which could be suppressed by using >1 mM KCN. The interaction between the
photosynthetic and the respiratory electron transport chains was regulated mainly by
the activity of the alternative cyanide-sensitive oxidase. The oxidative pathway
involving the alternative cyanide-sensitive oxidase was insensitive to salicyl
hydroxamic acid and azide. The close resemblance of the inhibition pattern reported
here and that described for chlororespiration in algae and higher plants strongly
suggest that an oxidase of the same type as the alternative cyanide-sensitive oxidase
of cyanobacteria functions as a terminal oxidase in chloroplasts.

Additional key words: absorbance; azide; cyanobacteria; cytochromes; flash irradiation; KCN;
NaNa; phylogeny; respiration; salicyl hydroxamic acid.

Introduction

In cyanobacteria, the cytochrome {(cyt) aa;-type terminal oxidase of the respiratory
electron transport and photosystem 1 (PS1) competes for electrons from the
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plastoquinone pool (cf. Scherer 1990, Schmetterer 1994). This oxidase is similar to
the mitochondrial terminal oxidase and should therefore be sensitive to low
concentrations of KCN (Peschek ef al. 1989). Using 1 pM KCN, the influence of this
oxidase on PSI activity could indeed be demonstrated for different species of
cyancbacteria (Geerts et al. 1994, Schubert ef al. 1995). However, using a cyt aay
deficient mutant of Synechocystis PCC6803, Schmetterer et al (1994) found
evidence for the existence of an alternative cyanide-sensitive oxidase, which was
present after the deletion of the cox-genes; this oxidase was sensitive to high
concentration (2 mM) of KCN.

High concentrations (~1 mM) of KCN affect the activities of PS1 and cyt £ in
chloroplasts of some algae (Bennoun 1982, Biichel and Garab 1995a) and higher
plants (Garah et al 1989). This effect has been attributed to the inhibition of the
terminal oxidase of the respiratory electron transport of chloroplasts, ie., of
chlororespiration (Bennoun 1982; for recent review see Biichel and Garab 1997).
Electrons can be donated to the plastoquinone pool from the NAD(P)H-
plastoquinone oxidoreductase (Godde and Trebst 1980, Friedrich ef al. 1995, Seidel-
Guyenot er al. 1997). However, attempts to identify and isolate the terminal oxidase
of chlororcspiration have failed, thus the mechanism of oxidation of (he
plastoquinone pool in the dark is still unclear,

The interaction between the chlororespiratory and the photosynthetic electron
trausport systems in higher plants and some algae resembles the interaction between
respiration and photosynthesis in cyanobacteria (Lajké et al. 1997). However,
systematic investigations in cyanobacteria under the conditions comparable to those
done earlier in green algae, higher plant protoplasts, and chloroplasts have not been
carried out. In this work, we studied the effects of respiratory inhibitors on the
photosynthetic activity in a cyanobacterium, Synechocystis PCC6803, and
investigated the possibility of involvement of an alternative cyanide-sensitive
oxidase.

Materials and methods

Growth conditions: Synechocystis PCC6803 was grown photoautotrophically under
"white light" of 70 pmol m-? s-! (PAR) at 35 °C in BG 7] medium supplemented
with 20 mM Hepes-NaOH (pH 7.5). Air-lift cultures were supplied with 1 % CO, in
sterile air. Cells were harvested in the logarithmic growth phase by centrifugation at
1000xg for 5 min. Pelleted cells were diluted with the culture medium to Agsgny, =
0.8 (measured in a Shimadzu [7V3N00 spectrophotometer), and stored at 35 °C under
"white light" of 70 pmol m2 s-1 until the measurements.

Oxygen measurements: Uncoupled respiration of intact cells was measured in a
Clark-type oxygen electrode {Hansatech) at 25 °C after S min of dark adaptation
using 2 mM NH,CI. Inhibitors were added immediately before measurements.

Flash-induced absorbance changes induced by single turnover flashes at a repetition
rate of 1 Hz were measured using an equipment described in Biichel and Garab
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(1995b). If not stated otherwise, the cells were dark adapted for 2 min prior to the
measurements, and 30 kinetic traces were averaged. Inhibitors were added
immediately before the measurements. The amplitude of the flash-induced oxidation
of cyt f was calculated from the absorbance change AAcy r= AA(556 nm - 545 nmy at 1
ms after the flash. The extent of the fast rereduction of cyt f* in the dark after the
exciting flashes was characterised with the ratio AA(20 ms)/AA{] ms) of the same
absorbance changes.

Results

In order to study the influence of regpiration on the photosynthetic electron transport
in Synechocystis PCC6803 we measured the effect of an oxidase inhibitor, KCN, on
the flash-induced redox transients of the cyt bg/f complex. The kinetics of absorbance
changes of ¢yt f(Fig. 14} show that the rereduction of cyt f* was strongly accelerated
upon the addition of 2 mM KCN. This, similarly to the effect of 1-2 mM KCN in
higher plant chloroplasts (Garab ef al. 1989), can be accounted for by the inhibition
ol an oxidase competing with P81 for electrons from the plastoquinone pool. This
observation can hardly be accounted for by an inhibition of the Mehler reaction.
Partial inhibition of the Mehler reaction by 1-2 mM KCN may lead to an
accumulation of H,O5, possibly even under our conditions of flash e¢xcitation. This
strong oxidant, if present at any sizeable concentration, is expected to decelerate the
rereduction of cyt . However, as shown by Fig. 14, cyanide has an opposite effect:
it significantly enhances the rereduction of cyt /7.

4 3
A control B n enntrod
3 P |

| u 2mM KCN
. ' W

4 2

— I B 1
e 1] +2 mM KCN BN /:/D .
x o
<o \ 5
B - 41 5
< -1
=]

2 /IJ B G

]

al - 13

4 | ! | I I | | ! 1 L4

-10 8] 10 20 30 40 30 540 550 560 570

TIME [ms] WAVELENGTH [nm]

Fig. 1. A4: Flash-induced absorbance transients of ¢yt fin Synechocystis PCC6803. Each kinetic trace
represents the average of 120 transients. Upper curve, control, shifted by 0.0003; Jower curve: upon
addition of 2 mM KCN. B: Transient spectrum of absorbance changes recorded 1 ms after a single
turnover flash in Symechocystis PCC6803. Points represent mean values of 10 independent

measurements of untreated cells (L)) and upon the addition of 2 mM KCN (W),

2 mM KCN also enhanced the extent of the tlash-induced oxidation of cyt f in
comparison to the control (Fig. 14). This has also been reported for higher plants and
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is most likely the consequence of the incomplete rereduction of cyt f+ in the dark
intervals between the flashes. These results also closely resemble those obtained
using another strain of Synechocystis sp., PCC6714 (Matsuura ef al. 1988), or a
different cyanobacterium, Synechococcus PCC6301 (Lajko et al. 1997).

The transient spectra recorded at 1 ms after the flashes (Fig. 1B) confirm our
conclusion that cyanide indeed enhances the amplitude of the flash-induced oxidation
of cyt f. The transient spectra also show that the cells contained mostly plastocyanin
instead of cyt e555 and that KCN influenced only cyt f, whose a-absorption maximmum
is at 556 nm in cyanobacteria (cf. Kallags 1994). The shape of the spectra depended on
the age of the culture (data not shown), reflecting an increasing amount of cyt cs555
with the age, most probably due to a gradual copper-depletion of the culture medium.
In contrast to Syrechocaccus (Lajké et al. 1997), the cyanide-induced enhancement
of the activity of ¢yt £ did not depend on the age of the culture (data not shown).

To evaluate whether only one or more terminal oxidases compete for electrons
with the photosynthetic clectron transport chain, we titrated the oyt f signals against
the enhancement of cyt f oxidation and the acceleration of rereduction of cyt f*,
respectively (Fig. 2). Low concentrations of KCN, which are sufficient to inhibit ¢yt
aas, obviously did not have much influence on the redox state of cyi f; for which a
concentration for half-maximal effect (Csp) of 200 pM could be calculated.
Therefore, an additional oxidase with lower sensitivity to KCN must be present.

120 A B <120

+ &
; 100 100 '6 E
o 53
cE O E
o5 80 so Wz
e E xg
aa G'%s
= E a0 80 7 2
8o &=

=z £ =
= 40 wfE
w N
s —
i} W

20 O control 200

W 10 mM SHAM ] 2

o] 1 1 1 ] | | 1 | v
0 0.5 1 15 2 0 0.5 1 15 2
KCN [mM]

Fig. 2. Dependence of the enhancement of cyt f oxidation (4) and the acceleration of the rereduction
of eyt f* (B) on the concentration of KCN in Synechocystis PCC6803 (for calculations see Materials
and methods). Values were normalised to the effects abserved at 2 mM KCN. Each point represents
mean value and standard deviation of at least five independent experiments on different samples.
For the experiments carried out in the presence of 10 mM SHAM (closed symbols) only the mean
values are given. ’

The measurements were also carried out in the presence of 10 mM salicyl
hydroxamic acid (SHAM), an inhibitor of plant mitochondrial alternative oxidase.
SHAM did not affect noticeably the effect of cyanide on the flash-induced changes of
cyt f(Fig. 2).
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Fig. 3 shows dependence of the oxygen uptake and the flash-induced redox
transients of ¢yt f on the concentration of KCN between 0 and 50 pM. As expected,
the respiration of cells in the dark was inhibited efficiently with low concentrations
of cyanide. In contrast, 50 pM KCN hardly affected the redox transients of cyt f.
Taking into account that in cyanobacteria cyt aas is on the thylakoid membranes
(Nicholls et /. 1992) and 50 pM KCN is sufficient to suppress fully the activity of
cyt aay, the effect of cyanide on cyt f is surprisingly low (less than 20 % of the
maximal effect).
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We also tested the influence of azide on the flash-induced redox transients of ¢yt f
and on the oxygen consumption in the dark. No significant effect of 100 uM azide
could be detected on the redox transients of cyt £ (Fig. 44), which was insensitive
even to 10 mM azide (values not shown) Nevertheless, respiration of whole cells,

measured in the presence of 10 mM SHAM, could be inhibited with 50-100 pM
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Fig. 4. 4: Kinetic transients of AAgy, ; induced by single tumnover flashes. Upper trace: upon the

addition of 100 uM azide, trace shifted by 0.0002; lower frace: control. B: Dependence of the
inhibition of dark respiration of the cells on the concentration of NaN;. The measurements were
performed in the presence of 10 mM SHAM.
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NaN, (Fig. 4B). This latter inhibition pattern agrees well with those reported for the
azide sensitivity of ¢yt ag; (Tkuma and Bonner 1967, Peschek er al. 1989).

The absorbance transients shown above were measured after a preirradiation with
"white light” and 2 min relaxation in the dark. This might have induced an adaptation
state favouring photosynthesis, and thus a decrease in the activity of cyt aas. To rule
out this possibility, we measured both the flash spectroscopy and oxvgen
consumption on the same samples after 5 min dark adaptation. To avoid any
influence of a SHAM-sensitive alternative oxidase, all measurements were done in
the presence of SHAM. Under these conditions, 50 pM KON should suffice to inhibit
all oxygen consumption. Again, we found that 30 % of the respiratory activity was
retained which could be suppressed with 2 mM KCN (Fig. 5). These results are in
perfect agreement with those of Schmetterer ef al. (1994) using a cyt aa;j-deficient
mutant of Synechocystis. Further, we found that similarly to the results shown above
(Fig. 2) low concentrations of cyanide did not affect the flash-induced transients of
¢yt £, which were very sensitive to 2 mM cyanide (Fig. 5). This shows that the effects
of the oxidases on cyt f do not depend on the length of the dark interval before the
measurements. They also allow to conclude that the alternative cyanide-sensitive
oxidase, at least under our experimental vonditions, is the main oxidase interacting
with the photosynthetic electron transport in Syrechocystis PCC6803.
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In summary, we show that (/) an alternative cyanide-sensitive oxidase interacts
with photosynthesis in Synechocystis PCC6803; (2) this oxidase, under our
experimental conditiong, is the main oxidase competing with PS1 for electrons from
the plastoquinone pool; (3) in contrast fo the pathway involving the cyt aa;, the
respiratory activity associated with the cyanide-sensitive alternative oxidase is
ingensitive to both SHAM and azide.

Discussion

In cyanobacteria, the interaction between photosynthesis and respiration has mostly
been studied using inhibitors of ¢yt aay type oxidases. There is ample evidence in the
literature for this type of interaction {cf. Scherer 1990, Schmetterer 1994, Schubert et
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al. 1995). However, most studies were carried out only either in the micromolar or in
the millimolar range of KCN.

Schmetterer ef al. (1994) showed the existence of an alternative cyanide-sensitive
oxidase in Synechocystis PCC6803, the activity of which could be blocked with 2
mM KCN. In order to discriminate between the effects of the activity of cyt aas and
of the alternative cyanide-sensitive oxidase on the photosynthetic electron transport,
we measured the dependence of the flash-induced redox transients of cyt f on the
concentration of KCN and compared these data with the cyanide-sensitivity of the
oxygen uptake. Our results show the existence of two different oxidases with
different sensitivities to KCN. This was demonstrated by the incomplete inhibition of
oxygen consumption in the dark with low concentrations of KCN, which however
block the activity of eyt aay (Fig. 3). Further, we showed that the Csy of the flash-
induced redox transients of ¢yt f'was high (Figs. 2 and 5).

We also show that under our experimental conditions the interaction between the
photosynthetic and the respiratory clectron transport systems is regulated mainly by
the activity of the alternative cyanide-sensitive oxidase, and cyt aa; exerts a much
smaller influence (less than 20 % of the maximal effect). Peschek er al. {1989)
suggest that in the logarithmic growih phase of the cells the ¢yt aay content of the
thylakoid membranes is high. Thus, one would expect that low concentrations of
KCN very significantly affect the flash-induced redox transients of cyt f, but
immunedectection revealed only low amounts of cyt aay on the (hylakoids (Sherinan
et al. 1994}, Growing cells in high salt medium, which increases the total amount of
eyt aay, Nicholls ef al. (1992) calculated 0.02-0.05 cyt aaz per ¢yt fin Anacystis
nidulans. Assuming a similar situation for Syrechocystis, it explains that influence of
the activity of ¢yt aa; on photosynthesis is small. In addition, our growth conditions
favoured the synthesis of plastocyanin instead of cyt css; (Briggs ef al. 1992).
Plastocyanin is a better donor to PS1 than to cyt aa; (Geerts er al. 1994).

The alternative cyanide-sensitive oxidase may be related to cyt by of E. coli
(Schmetterer et al. 1994). This cyt has high sequence homotogies to cyt aa; (Chepuri
et al. 1990), but it acts as a quinol-oxidase. Our results are consistent with the
hypothesis that the alternative cyanide-sensitive oxidase is a quinol oxidase.

The Cy, for KCN of the alternative oxidase reported here is very close to the
values reported for the putative terminal oxidase of chlororespiration in higher plants
(Garab et al. 1989) and in the xanthophyte alga Pleurochioris meiringensis (Biichel
and Garab 1995a). Our results strongly suggest that the alternative cyanide-sensitive
oxidase of Synechocystis is very similar to the chlororespiratory oxidase and,
therefore, might be its ancestor. This testable hypothesis may be useful in identifying
the terminal oxidase of chlororespiration in algae and higher plants.

Note added in proof Very recently, Pils er al. (FEMS Microbiol. Lett. 152: 83-88,
1997) studied dilferent types of terminal oxidascs in Synechocystis using a variety of
deletion mutants. They proposed a scheme of the linked photosynthetic and

respiratory electrqn transport chains which consists of three terminal oxidases: cyt
aal3, a eyt bd quinol type oxidase, and a so-called alternative respiratory oxidase,
respectively. All oxidases could be inhibited with 1.5 mM KCN, but only the cyt bd
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type oxidase turned out to be insensitive against azide. Although the data presented in
the above contribution do not allow to distinguish between the cyt bd type and the
alternative oxidase, the insensivity of the signals to azide points to a more severe
influence of the cyt &d quinol oxidase on the photosynthetic electron transport chain
in Synechocystis.
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