Cytochrome ¢ Oxidase of the Cyanobacterium Phormidium foveolarum
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Phormidium foveolarum was grown with nitrate or ammonia as nitrogen source. With ammonia
present respiration increased by a factor of 4 due to increase of cytochrome ¢ oxidase. The
inhibition of respiration by cyanide was measured during the growth period, indicating that only
one terminal oxidase is present in Phormidium foveolarum. Cytochrome ¢ oxidase from ammonia-
grown filaments was solubilized and purified on phenylsuperose and by anion exchange 100-fold
compared to the crude cell extract. The difference spectrum (oxidized minus reduced) shows
absorption peaks at 417 nm, 514—520 nm, 550 nm and 605 nm. These maxima. together with a
low inhibition constant for cyanide (K;=0.4 um) and a higher one for azide (K;=1.75 mm) are
interpreted in terms of an aas-type cytochrome ¢ oxidase present containing noncovalently-bound

cytochrome c.

Introduction

Prokaryotic cytochrome ¢ oxidase may be used as
a model since it is less complex than the mammalian
enzyme [1]. Its simpler structural feature in prokary-
otes is offset by metabolic complications. Most pro-
karyotes contain a branched electron transport sys-
tem with more than one terminal oxidase [2] which
may vary as a function of growth phase [3] or under
different physiological conditions [4].

In cyanobacteria little is known on physiological
influences and on molecular properties of cyto-
chrome c oxidase. Due to the high content of photo-
synthetic pigments (chlorophylls and carotenoids) a
spectral characterization of cytochrome ¢ oxidase(s)
is impossible without purifying the enzyme. The
purification is difficult because of the instability of
the enzyme, low cellular respiration rates and high
pigment levels of the filaments. Furthermore, the
cytochrome-oxidase content could not be stimulated
significantly by exogenous substrates [5] but by
elevating the Na*-concentration in the growth
medium [6]. Hitherto, only for one cyanobacterial
species (Anabaena variabilis) purification of cyto-
chrome ¢ oxidase has been proven being of the aas-
type [7]. Peschek and coworkers reported evidence
for an aas-type oxidase present in Anacystis nidulans
based on difference absorbance of chlorophyll-de-
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pleted membranes [8] and partially purified extracts
[9]; the occurrence of other oxidases different from
the aas-type was not excluded.

Respiration and cytochrome-oxidase content of
P. foveolarum are stimulated by ammonia, and these
filaments were used in this study to partially purify
cytochrome c oxidase and to characterize it by differ-
ence spectra and inhibitor studies.

Materials and Methods
Preparation of cytochrome c oxidase

Axenic Phormidium foveolarum (No. B 1462-1,
Algae Collection of Gottingen University) was auto-
trophically grown in batch cultures in nitrate-con-
taining medium according to [7]. In ammonia-grown
cultures nitrate was replaced by NH,CI
(0.107 gx17"), and the phosphate concentration in-
creased five-fold. Filaments from ammonia-grown
cultures were used for enzyme preparation. After
washing with buffer (A) containing 50 mm Tris-HCl,
2 mm EDTA, 0.1 mM phenylmethylsulfonylfluoride
(PMSF), pH 7.5, filaments (ca. 20 ml, 1.5 mg
chlorophyll (Chl) x ml™!) were resuspended in buffer
(A) and passed through a French-pressure cell
(Aminco, Mod. J4-3339) at 110 MPa. Washed mem-
branes (obtained by centrifugation for 45 min at
180,000 x g) were resuspended in buffer (B) (Tris-
HCIl 40 mm, EDTA 1 mm, pH 7.3). To solubilize
cytochrome ¢ oxidase 10 ml of the thylakoid suspen-
sion (equivalent to 1 mg Chl x ml™!) were mixed with
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detergent stock solutions (10% detergent, w/v) to
achieve a final concentration of 1% octyl-3-p-thio-
glucoside (Calbiochem, Frankfurt, F.R.G.) and
0.2% deoxycholate (Sigma, Deisenhofen, F.R.G.),
respectively. The suspension was incubated at 4 °C
for 2h without stirring and centrifuged at 450,000 X g
for 90 min.

0.35 ml of crude solubilized enzyme was used for
gel filtration on a FPLC Superose 6 column (Phar-
macia, Uppsala, Sweden), equilibrated with buffer
(B) containing 0.2% (w/v) deoxycholate. Fractions of
1 ml were collected and assayed for enzyme activity
(comp. Fig. 2).

For spectral characterization the detergent was
exchanged by phenylsuperose followed by anion-
exchange chromatography as follows: 2 ml of the
solubilized cytochrome ¢ oxidase was applied to a
FPLC-phenylsuperose HR 5/5 column (Pharmacia),
and preequilibrated with buffer (C) (Bis-Tris 40 mm,
EDTA 1 mMm, genapol X-080 0.1%, pH 6.3). The
enzyme did not bind to this column and was eluted in
buffer (C). Fractions with high cytochrome ¢ oxidase
activity were pooled and applied to a FPLC-Mono Q
HR 5/5 column, preequilibrated with buffer (C). Elu-
tion was performed by a LiClO, gradient (0—0.16 M,
1 ml fractions) and fractions with cytochrome ¢ oxid-
ase activity were pooled and desalted by Pd 10
columns (Pharmacia). Absorption spectra were
recorded (Shimadzu UV-300) after purification of
10 ml of solubilized enzyme. FPLC-column chro-
matography was performed at room temperature.

Analytical methods

Protein was determined according to [10] using the
Biorad assay, chlorophyll according to [11]. Cyto-
chrome c oxidase activity was measured by oxidation
of reduced horse-heart cytochrome ¢-550 described
in [7]. For in vivo measurements of oxygen uptake
(Fig. 1), a Clark-type oxygen electrode was used
[12], and a buffer system containing 10 mm MgCl,,
6 mm Na,HPO,/KH,PO,, 10 mm HEPES, pH 7.8
[13].

Results

Ammonia induction and cyanide inhibition
of respiration

After a 26 h cultivation period the cytochrome ¢
oxidases activity of nitrate- and ammonia-grown
P. foveolarum was compared (Table I). In ammonia-
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Table I. Content of cytochrome ¢ oxidase in membrane
material of Phormidium foveolarum grown in nitrate and
ammonia, respectively.

Nitrogen source Enzyme activity
nmol O, ] [nmol O,

mg Chl X min mg protein X min

in growth medium [

253+133
1066 =200

166+ 82
733 +130

Nitrate
Ammonia

After a 26-h of growth period (the inoculation was equiva-
lent to 1 ug chlorophyll (Chl) xml™') filaments of Phor-
midium were harvested and passed through a French-
pressure cell. Enzyme activity of membrane material (with-
out soluble proteins) was determined photometrically by
cytochrome c¢ oxidation and this oxidation converted
stoichiometrically to oxygen uptake. Data are given as
average values *+ O from 10 different batch cultures.

grown cultures the enzyme activity increased 4-fold
with respect to protein and chlorophyll. The growth
rate was found identical either using ammonia or
nitrate as nitrogen source.

Oxygen uptake of intact cells was completely in-
hibited with 1 mm cyanide. Fig. 1 shows the inhibi-
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Fig. 1. Cyanide inhibition of respiration using intact fila-
ments. (A) Phormidium was grown in nitrate-containing
medium and harvested after 1 (A), 2 (W) and 3 (@) days
equivalent to a chlorophyll content of 5, 22, and 40 ug
chlorophyll x ml™', respectively. Cyanide inhibition of
oxygen uptake was determined in the oxygen electrode
with intact filaments. The oxygen uptake of the control was
20—30 nmol O, X ml"' X min"!. (B) Dixon plot of re-
spiratory cyanide inhibition of the three batch samples.
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tion by cyanide of cultures grown for 1, 2 and 3 days.
The inhibition was independent of the density of the
culture, exhibiting an Isp-value of 3.9 pm.

Preparation of cytochrome c oxidase

Cytochrome ¢ oxidase was solubilized by the com-
bined application of deoxycholate (0.2% v/v) and
octyl-B-p-thioglucoside (1% v/v) with a 100%-yield.
The solubilized enzyme was stable for several hours
at 4 °C and for several months in liquid N,.

A typical elution pattern from gel filtration in the
presence of deoxycholate is shown in Fig. 2. Enzy-
matic activity was found in fraction no. 6 and 7 con-
taining only 26% of enzymatic activity loaded to the
column. The recovery could be increased to 90% by
adding fraction no. 10 to fractions no. 6 or 7. Frac-
tion no. 10 itself showed no enzymatic activity. This
stimulation was not possible by the addition of
bovine serum albumin, phosphatidylcholine or by
adding any other fraction of this gel filtration.

By detergent exchange on a phenylsuperose HR 5/5
column, 50% of contaminating carotenoids were
bound to the column. During this purification step
10—20% of enzymatic activity was lost. The eluate
was placed on a Mono Q HR 5/5 anion-exchange
column (Fig. 3). A substantial purification was
achieved by this chromatographic step due to the
LiClO, gradient applied (an NaCl-gradient yielded a
very poor resolution and recovery).

The specific activity increased from 33.3 nmol
cytochrome ¢ oxidized X mg protein™' X min~! of
the crude cell extract to 3,580 nmol cytochrome ¢
oxidized X mg protein™! X min~'. 80—90% of the
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Fig. 2. Increase of activity of Phormidium cytochrome c
oxidase after elution from a FPLC-Superose 6 column. The
flow rate was 10 ml x h™'. ( ) protein content, absorb-
ance at 280 nm, (@---@) activity of cytochrome ¢ oxidase,
(O———0) enzyme activity after addition of 20 ul of frac-
tion no. 10 to the test tube (assay volume 1 ml).

applied enzymatic activity was recovered after
chromatography on Mono Q HR 5/5. The enzyme
was in the oxidized state after preparation.

Characterization of cytochrome c oxidase

Figure 4 A and B shows determination of K;-value
for cyanide and azide. The K; for cyanide is 0.4 um,
for azide K;=1.75 mm. These data agree with our
studies on Anabaena cytochrome ¢ oxidase giving a
Ki-value for cyanide of 0.5 uMm and Kj,,g oOf
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Fig. 4. Inhibition of cytochrome ¢ oxidase by cyanide and
azide. The activity of washed membrane material was de-
termined photometrically. (A) inhibition with cyanide, (B)
inhibition with azide.

1.25 mm. The oxygen consumption during the oxida-
tion of ferrocytochrome c catalyzed by the enzyme
was determined with a Clark-type oxygen electrode
using limiting amounts of ferrocytochrome c. The
molar ratio of ferrocytochrome ¢ oxidized to oxygen
consumed was 4.0 (data not shown). Addition of
catalase to the reaction mixture had no effect. These
findings clearly show that water is the reaction
product of the enzymatic oxygen reduction.

The absorption spectrum (Fig. SB) of the partial
purified cytochrome c¢ oxidase shows absorption
peaks at 671 nm, 624 nm, 485 nm, 434 nm and
416 nm. In Fig. 5A the difference spectrum (ascor-
bate reduced minus oxidized as prepared) exhibits
absorption peaks at 605 nm, 550 nm, 514—520 nm
and 417 nm, a shoulder at 440 nm, and a trough with
a sharp minimum at 536 nm.

Moreover, different purification steps — like am-
monium sulfate precipitation and chromatofocusing
— were performed and absorbance and difference
spectra of fractions recorded containing cytochrome
¢ oxidase activity. The absorption characteristics of
the difference spectra of these preparations were
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Fig. 5. (A) Difference absorption spectrum (ascor-
bate reduced minus oxidized) of Phormidium cytochrome ¢
oxidase, recorded from a partially purified enzyme, with an
activity of 194 nmol ferrocytochrome c¢ oxidized x ml™' x
min~'. The spectrum was corrected for the baseline. (B)
Absorption spectrum from the same sample against buffer
(C), see Methods.

identical to those mentioned above apart from some
difference in enzyme activity (data not shown).

Discussion

A low cellular respiration rate equivalent to small
amounts of cytochrome ¢ oxidase together with ex-
tremely high concentrations of pigments is the main
obstacle when purifying cytochrome ¢ oxidase of cy-
anobacteria. Thus, the ammonia-induced increase of
cytochrome c oxidase activity is a first step towards a
successfull preparation. Further experiments must
show whether this ammonia effect is coupled to the
ammonia transport system and the protonpumping
activity of the cytochrome c¢ oxidase, perhaps
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localized on the cytoplasmic membrane [6]. The am-
moniainduced increase of respiration is due to de
novo synthesis of the terminal oxidase, as shown by
increase of the specific activity of the enzyme (Ta-
ble I). Furthermore, the K;-value towards cyanide of
the terminal oxidase present in ammonia cultures is
identical with the K; of nitrate-grown cultures, both
having a value of 0.4 um. The inhibition of oxygen
uptake by cyanide is characterized by one I, value
(Fig. 1) indicative of one terminal oxidase present
[14]. Together with the lack of cyanide-insensitive
respiration [15], we suggest an unbranched respira-
tory electron transport system with only one terminal
oxidase present in P. foveolarum. An unbranched
electron transport system is uncommon for bacteria
[2]. Further experiments have to demonstrate
whether this is true for other species or whether
Phormidium is an exception among cyanobacteria.
Anabaena variabilis, for instance, seems not to have
a branched respiratory chain although some cyanide-
insensitive oxygen uptake is observed [15].

To further characterize the enzyme it was sol-
ubilized and applied to a phenylsuperose and an an-
ion-exchange column. The findings with the Mono Q
column demonstrate the extreme hydrophobicity of
the enzyme: The elution of proteins with an NaCl
gradient did not produce any separation and recov-
ery of enzymatic activity was poor (80% loss, data
not shown). Due to the chaotropic effect of LiClO,
[16], both good separation and recovery of the en-
zyme were achieved.

The partially purified cytochrome ¢ oxidase is
characterized by a high cyanide sensitivity (K;=
0.4 um) and a lower azide sensitivity (K;=1.75 mm),
both inhibitor characteristics being indicative of cyto-
chrome aa; oxidase [17].

The spectrum of the partially purified oxidase still
shows contamination with chlorophyll (maxima at
671 nm and 434 nm), phycobiliproteins (maximum
at 624 nm) and carotenoids (peaking at 485 nm).
Apparently, the absorption at 416 nm is due to the y-
band of cytochrome aa;. Cytochrome aas is also de-
fined by the absorption maximum at 605 nm and the
shoulder at 440 nm in the difference spectrum [2].
Sharp maxima at 550 nm and at 417 nm and a broad
peak at 514—520 nm are characteristic for reduced
cytochrome c. Cytochrome ¢-550 is sometimes mixed
up with a degradation product of cytochrome f which
may be formed during preparation [18]. The marked
absorbance increase in the Soret region by reduction
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— as can be seen in the difference spectrum of
Fig. 5A — is typical of native “c” type cytochromes,
while the Soret-band absorbance of converted cyto-
chrome f does not increase by reduction [19]. A
molar ratio of the cytochromes present in the prepara-
tion cannot be evaluated yet because cytochrome aa;
is only partially reduced by ascorbate [20]. A com-
plete reduction by dithionite failed due to precipita-
tions. Presumably cytochrome c is firmly bound to
the terminal oxidase prepared, which therefore may
be called cytochrome caa; more appropriately.

We do not assume an artificial copurification of
cytochrome aa; and cytochrome ¢-550 for the follow-
ing reasons: (i) Although cytochrome c¢ oxidase of
Anabaena variabilis [ 7] was prepared quite similar to
that of Phormidium described here, no cytochrome
¢-550 was present in any fraction collected in the
study of the Anabaena oxidase. (ii) Similar spectra
for cytochrome oxidase were obtained with samples
after quite different purification steps like am-
monium-sulfate precipitation and chromatofocusing.
(iii) The results of the gel filtration experiment
(Fig. 2) can be interpreted in terms of an caa; oxid-
ase: gel filtration was performed in a buffer contain-
ing 0.2% deoxycholate. With ionic detergents pres-
ent like deoxycholate cytochrome ¢ oxidase is pre-
dominant in its monomeric form, while in nonionic
detergents like octyl-p-D-thioglucoside most of the
enzyme exists in the dimeric state [21]. The severe
loss and subsequent recovery of enzymatic activity
after gel filtration may be explained by the instability
of the monomeric form which may disintegrate into a
larger cytochrome aa; part (fractions 6 and 7) and a
smaller cytochrome ¢-550 (fraction 10). Unfortunate-
ly, a spectroscopic characterization of the fractions is
not yet possible due to the low enzyme content ob-
tained and the contamination by pigments.

Although a terminal oxidase of the caa; type has
been reported for several bacteria [22—24], this first
evidence for the occurrence of such an oxidase type
being present in cyanobacteria certainly deserves
further substantiation by a complete purification of
the intact complex.
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