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Haem O can replace haem A in the active site of cytochrome ¢ oxidase
from thermophilic bacterium PS3
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Thermophilic bacterium PS3 cultured under slightly air-limited conditions showed a mitochondrion-like cytochrome pattern similar to that in vigo-
rously aerated cells, but an o-type cytochrome replaced cytochrome g, as the CO-binding centre. Cytochrome cao-type oxidase was purified from
the cell membranes by almost the same procedure as used for cytochrome caa;. The turnover number of cytochrome cao was higher than that
of cytochrome caa,, but the Ky,'s of the two enzymes for cytochrome ¢ and O, were almost the same. Gel electrophoresis in the presence of sodium
dodecyl sulfate gave bands of four subunits at the identical positions both for cytochrome cae and cytochrome caa,. Cytochrome cao contained
a novel kind of haem in addition to haems C and A. This novel haem is likely to be haem O, very recently found as the chromophore of the
cytochrome bo complex in Escherichia coli. These data suggest that cytochrome cao is an alternative form of cytochrome ¢ oxidase (cytochrome
cady), in which the cytochrome a, centre of the enzyme is replaced with cytochrome o.

Cytochrome ¢ oxidase; Haem O; Oxygen-binding site; Effect of aeration; Thermophilic bacterium PS3

1. INTRODUCTION

A variety of terminal oxidases have been identified in
aerobic and facultative aerobic bacteria [1-3]. We
reported that the Gram-positive, spore-forming ther-
mophilic bacterium PS3 shows different cytochrome
patterns depending on the aeration conditions [4].
Cytochrome caas-type oxidase with 4 subunits has been
prepared from highly-aerated PS3 cells, and shows the
CO difference spectrum of cytochrome a3 [5,6]. A ter-
minal oxidase named ’cytochrome o' with 3 subunits
(60, 30 and 16 kI'a) has been obtained from cells
cultured under air-limited conditions [7]). The PS3 cells
grown under slightly air-limited conditions show the
characteristic CO-difference spectrum of cytochrome o,
although their reduced-form spectrum is very similar to
that of highly-aerated cells.

We found that the pigment giving the characteristic
CO-difference spectrum was co-fractionated with
cytochrome a on DEAE-Fractogel chromatography.
Here we report the purification and properties of
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cytochrome cao from thermophilic bacterium PS3
cultured under slightly air-limited conditions, in which
the cells contain a normal level of cytochrome «, but the
CO-difference spectrum showed the presence of
cytochrome o instead of cytochrome a3. We found that
cytochrome cgo has probably the same subunit proteins
as cytochrome cqas, and that a novel haem is the
chromophore in cytochrome o. Very recent work has
showed that the chromophores of Escherichia coli
cytochrome bo complex are not protohaems {8]. The
suggested structure of the novel haem (named haem Q)
is a haem A-like molecule with a hydroxyethylfarnesyl
side c¢hain, but with no formyl group [8). Several
characteristics of the novel haem in PS3 cytochrome
cao were in accordance with those of haem O. It has
also been shown that subunits in the E. coli cytochrome
bo are homologous with those of the cytochrome
aas-type oxidase of mitochondria and bacteria [9-11].

2. MATERIALS AND METHODS

The thermophilic bacterium PS3 was cultured in medium contain-
ing 0.8% polypeptone, 0.4% yeast extract and 0.3% NaCl at 66-69°C
under slightly air-limited conditions by decreasing the flow rate of air,
These conditions allow the cells to grow linearly with time at a rate of
0.1-0.15 absorbance units at 650 nm per hour, and the cclls were
harvested when they showed absorbance 0.7-0.9 at 650 nm. These
cells ¢contained almost the same levels of cytochrome a as highly-
aerated cells, but contained CO-reactive o-type eytochrome(s) instead
of eytochrame ;. Membranes were prepared from these cells, and
cytochrome cao was purified from the membranes by the same
method as used (o purily cytochrome coa: (cytochrome ¢ oxidasc)
from cells cultured with vigorous aeration [12). The last purification
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step (hydroxyapatite column chromatography) was, however, replac-
ed by chromatography on a small Q-Sepharose column (1 X 3 cm) with
a solution of 1.5% octyl glucoside, 25 mM NaP; buffer (pH 7.2) and
50 mM NaCl for elution,

Proteoliposomes containing PS3 cytochrome cao were prepared by
the freeze-thaw sonication, and H * -puniping activity was followed
with a pH meter [13].

TMPD and cytochrome ¢ oxidase activities were measured with a
pH meter (Beckman 4500) with ascorbate (10 mM) as the final elec-
tron donor in medium containing 25 mM KCl, 2.5 mM MgSOy and
1 mM K-MOPS (ph 6.5) at 32°C as described previously [14]. Oxidase
activity was monitored with an oxygen electrode (YSI no. 4001) ina
semi-closed cell. The Kn for oxygen was determined by recording
traces of oxygen uptake in the medium with a very low concentration
of oxygen using a high-sensitivity strip chart recorder (Yokokawa
model 3066).

The contents of protohaem and haem C were determined from the
pyridine haemochrome spectra (reduced minus oxidized). Values of
Esoi-630nm = 25 mM ™' rem~! and Esso-s15 om = 24 mM~-ecm ™! for
haem A and haem C, respectively [15] were used for the calculation.
To stimulate formation of pyridine haemochrome and minimize haem
degradation, we added sodium dodecylsulfate (1%), and used
relatively low concentrations of pyridine (10%) and NaOH (0.07 M),
A small amount of Na;$;0s was used for reduction. Copper was
determined colorimetrically with bathocuproin sulfate [16]. Haem
compounds were separated by reverse-phase high-pressure liquid
chromatography using a Rechrosorb RP-18 column (Cica-Merck).

E. coli cytochrome &o complex [17] was kindly donated by Prof.
Anraku and Dr Mogi of the University of Tokyo. Yeast cytochrome
¢ from Saccaromyces cerevisiae (type VIII) was purchased from
Sigma (St. Louis, MO), DEAE-Fractogel (Toyopearl) from Toso Co.
(Tokyo), and Q-Sepharose from Pharmacia {Uppsala), and low
molecular weight protein standards were from Bio-Rad (Richmond,
CA).

3. RESULTS

3.1. Purification of cytochrome cao oxidase

The reduced minus oxidized difference spectrum of
the membrane fraction from slightly air-limited cells
was almost the same as that of vigorously aerated cells
(see Fig. 2 of ref. [4]), which resembles that of
mitochondria. However, the CO-difference spectrum
of the same sample showed peaks at 417, 536 and 568
nm and a trough at 432 nm (seec below). This indicates
that the CO-binding centre is an o-type cytochrome in
slightly air-limited cells. The fact that there was scarcely
any peak in the 592 nm region indicated that the cells
contained little, if any, cytochrome a3 which is present
in vigorously-aerated cells [5].

We purified the CO-reactive pigment from the mem-
branes of cells cultured under slightly air-limited condi-
tions by the procedure used previously to purify
cytochrome caas [12). Most of the CO-reactive pigment
was co-purified with cytochrome ¢ and cytochrome a.
Almost all (over 90%) TMPD oxidase activity was also
recovered in the same fractions. A very stnall amount of
the activity was also found in the fraction of
cytochrome bssg (which we formerly called 'cytochrome
o-type oxidase' [7]). In a typical purification experi-
ment, the final yields of the CO-reactive pigment and
cytochrome a were 27% ana 33%, respectively. Thus
we obtained cytoshrome cao-type oxidase instead of the
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Fig. 1. Absorption spectra of ¢ytochreme cao. A, COddifference
spectrum. The cytochrome cao preparation (1,1 mg protein/ml) was
reduced with ascorbate and TMPD, and the sample cuvette was
bubbled with CO gas for 1 min. B. Absolute spectra of the reduced
farms of cytochrome cao ( ) and eytochrome caay (~~=). The
protein concentrations used were 1.3 mg protein/ml for cytochrome
cao, and 1.1 mg/ml for cytochrome caay. C. Redox difference spectra
of pyridine haemochrome of cytochrome cao (——) and cytochrome
caay (==-=). The amounts of sample used were 0.13 mg of
eytochrome caw and 0.16 mg of cytochrome cauy.
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caas-type from the cells cultured under slightly air-
limited conditions.

3.2. Spectral properties

Fig. 1A shows the CO-difference spectrum of the
purified cytochrome cao preparation. The spectrum
was similar to that of the E. coli cytochrome bo com-
plex [17,18]. Fig. 1B shows the spectrum of the reduced
form of cytochrome cao (—) in comparison with that
of cytochrome caas (---). In the cytochrome cao spec-
trum, the band at 604 nm was a little lower, and there
was a tiny shoulder around 563 nm. The major dif-
ference in the spectra seems to result from super-
imposition of a broad peak from 530 to 570 nm present
in the cytochrome cao spectrum. The superimposed
spectrum is reminiscent of the high spin-type deox-
yhemoglobin spectrum having a broad peak at 555 nm
(18].

Next we prepared pyridine ferrohaemochromes to
obtain more information about the haem species and
their amounts. Fig. 1C shows the reduced minus oxidiz-
ed pyridine ferrohaemochrome spectra of the cyto-
chrome cao (—) and cytochrome caas (---) prepara-
tions. Cytochrome cao showed peaks at 587 and 551
nm, while cytochrome caa; showed peaks at 587 and
549.5 nm. Moreover the peak of cytochrome caeo at 587
nm due to the pyridine ferrohaemochrome of haem A
was lower than that of cytochrome caai. Pyridine
haemochromes of haem C and protohaem are known to
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Fig. 2. Elution profiles of haem compounds in reverse-phase

chromatography. The solvent was acclonitrile containing

trifluoroacetic acid (0.05%), and a gradient elution (50-100%0) was

petformed. Flow rate was 0.8 ml/min, (——), absorbance at 395

nm; (== =), absorbance at 406 nm. A, Cylochrome cao preparation.
B. Cytochrome caas preparition,

156

FEBS LETTERS

August 1991

have a-bands at 549.5 and 557 nm [15]. So the peak
shift of the haem C spectrum to 551 nm is probably
caused by the presence of another haem (probably not
protohaem) absorbing in this region. In fact the
HCl-acetone extract of cytochrome cao showed peaks
at 552 and 587 nm upon addition of NaOH and pyridine
(see Fig. 3).

3.3. The presence of a novel haem

Haems extracted with HCl-acetone are analyzed by
reverse-phase chromatography after extraction with
ethylacetate and washing with water. The chromato-
graphic analysis of haems from cytochromes cao (Fig.
2A) and caa; (Fig. 2B) shows that most of the extrac-
table haem from cytochrome caas is haem A, while
those from cytochrome czo contained both haem A and
the novel haem O, since haem A from the beef heart
cytochrome ags and haem O from the E. coli cyto-
chrome bo gave peaks eluting at 30.5 and 35 min,
respectively (not shown).

Fig. 3 shows pyridine ferro-haemochrome spectra of
the first peak at 30.5 min (A) and the second peak at 35
min (B) obtained by the reversed-phase chromato-
graphy of the haem fraction extracted from the PS3
cytochrome cao. The former showed a peak at 587 nm,
indicating that this was haem A, while the latter showed
a peak at 552.5 nm. This position of the absorption
band is almost identical with that reported for haem O
of the E. coli cytochrome bo [19]. The dotted line in the
figure shows the pyridine haemochrome of
HCl-acetone fraction before the chromatography. The
Soret peak of haem O was at 394 nm, while those of
haem A and protohaem were at 406 and 398 nm, respec-
tively. Since the extinction coefficients of Soret peaks
of these compounds are almost the same, the
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Fig. 3. Absorption spectra of pyridine ferrohacmochrome of haem A

(A) and haem O (B). The haems were isolated by reverse-phase

chramatography as in Fig. 2, and pyridine hacmachromes were

prepared as described in section 2. The dotted line in the figure shows
the haem fraction before chromatography.
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HCl-acetone-extractable fraction of PS3 cytochrome
cao seemed to contain haem A and haem O almost at an
equimolar ratio.

3.4. Subunit composition

Fig. 4 shows results on the subunit composition of
cytochrome cao. The profiles of three different
preparations of cytochrome cao on gel electrophoresis
in the presence of dodecyl! sulfate (lanes 2-4) were the
same as that of cytochrome caa; (lane 1), whose
subunits have been reported to be 56, 38,22 and 12 kDa
[5,6]. The molecular masses of the subunits of
cytochrome caas deduced from their DNA sequences
support these values, except for that of the very
hydrophobic subunit I, which is deduced to be about 68
kDa [l1]. Thus the molecular masses of PS3
cytochromes caas and cao are probably both approx.
140 kDa. Using this value, the data in Fig. 1C suggest
that one cytochrome cao containes one haem C, one
haem A and one novel haem (haem O), while the

1 2 3 4 5

WrAepiiin i

R TEpT

Fig. 4, Subunit profiles of eytochrome ¢cao and ¢ytochrome ceay. Gel
clectrophoresis with sodium dodeey! sulfate was carried out In the
presence of 6 M urea [27). The gels were stained with Coomassic
brilliant blue R-250. Lane 1, cytochrome cann; lane 2-4, eytochrome

cuo (3=5 pg): lane 5, marker proteins (phosphorylase b, serum
albumin, ovalbumin, carboniv anhydrase, trypsin inhibitor and
lysozyme).
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Table |

Kinetic constants of cytochrome cqo and cytochroma caas. The

oxidase activity was measured with a pH meter in the presence

of 10 mM ascorbate, and the K, for Oz was measured with an
oxygen electrode.

K (gM) Ve 671 V(571

for for for

cyt. ¢ O cvt. ¢ 0.1 mM TMPD
cytochrome cao 5.5 0.5 164 122
cytochrome caa; 5.7 0.6 85 56

cytochrome caa; molecule contains one haem C and
two haem A’s, in accordance with the previous report
[5]. The copper/haem C ratio in cytochrome cqo was
2.1-2.5 as in cytochrome caas.

3.5. Catalytic activities

PS3 cytochrome cao oxidized yeast cytochrome ¢ and
TMPD actively. As summarized in Table I, the Kn’s of
cytochrome cao for yeast cytochrome ¢ and O; are
almost the same as those of cytochrome caa;. On the
other hand, the V.« value of cytochrome cao for
cytochrome ¢ and the oxidation rate of 0.1 mM TMPD
are both about twofold higher than those of cyto-
chrome caas. Results with two other preparations of
cytochrome cao were similar, Cytochrome cao reduced
molecular oxygen to water with ferrocytochrome c,
because 4 mol of ferrocytochrome ¢ was oxidized for
reduction of 1 mol of O2. Cytochrome ¢ oxidation by
cytochrome cqo was also coupled to H* pumping
similar to that by cytochrome caa; (N. Sone, to be
published).

4. DISCUSSION

The present data showed that cytochrome cao from
the cells cultured under air-limited conditions contained
a novel haem in addition to haems A and C. The novel
haem seems to be a haem O due to its chromatographic
and spectral properties (Figs. 2 and 3). Haem O found
in the E. coli cytochrome bo complex is tentatively
assigned to be a haem A-like molecule having a
17-carbon hydroxy-cthylfarnesyl side chain, but with a
methyl group replacing the formyl! group [8). It is also
noteworthy that the substrate specificity (Table I) and
the subunit pattern (Fig. 4) of cytochrome cao were
almost the same as those of cytochrome caas and that
both enzymes could be purified by the same method.
Thus, PS3 cytochrome oxidase apoprotein seemed to
bind the novel haem (haem O) instead of haem A at the
0;-binding active site, when the cells were cultured
under slightly air-limited conditions. Purification and
propertics of the cytochrome cao (aco)-type oxidase
from alkalophilic Bacillus YN-2000 were reported
recently [20). Although this enzyme was reported to
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contain protohaem, the pyridine haemochrome spec-
trum suggests that this haem is really haem O as in the
PS3 enzyme.

The contents of cytochromes acting as the terminal
oxidase in PS3 depend on the aeration conditions: P33
produces cytochrome caas under sufficiently aerated
conditions [S5], cytochrome cao under slightly air-
limited conditions (the present work), and cytochrome
bssg under air-limited conditions [7]. Cytochrome o
(with cytochrome a;) has been found spec-
trophotometrically with CO in several Gram-positive
bacteria such as B. subtilis [21,22], Staphylococcus
aureus [23] and Mpycobacterium phlei [24). The
demostration of cytochrome o in two additional
Bacillus species, namely in PS3 (present work) and the
alkalophile [20] as a component of cytochrome cao,
suggests that in all these bacteria cytochrome o is haem
O at the O;-binding site. It has also been reported that
amino-acid sequences of respective subunits of E. coli
cytochrome bo are quite similar to those of mitochon-
drial and bacterial cytochrome aa; [9-11]. Like
cytochrome caas, PS3 cytochrome cao pumped H™
coupled to the electron transfer. Thus different haem
species at the O; binding site do not affect the catalytic
activity much, although importance of formyl group of
haem A has been suggested [25].

Cytochrome bssg which we called ‘cytochrome o-type
oxidase’ is a different protein. The enzyme has three
subunits (60, 30 and 16 kDa), and shows appreciable
oxidase activity but poorly reacts with CO [7].
Moreover, the haem component of this enzyme was
analyzed to be protohaem (Sone, unpublished observa-
tion). Therefore, we now refer to this third oxidase as
cytochrome bssg instead of 'cytochrome o-type oxi-
dase’. A similar cytochrome b-type oxidase has been
found in Rhodobacter capsulata |26]. Cytochrome bssg
from air-limited PS3 cells did not pump H*, but
mediated electrogenic electron transfer from
cytochrome c¢ss; and molecular oxygen [7].
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