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Abstract

A novel ceb-type cytochrome ¢ oxidase was purified from the magnetic bacterium, Magnetospiritum magnetotacticum MS-1. The enzyme was
composed of three subunits with M;,’s of 43,000, 34,000 and 28,000, respectively, and contained 0.91 mol of protoheme, 2.0 mol of heme ¢ and 0.70
g atom of copper per mol of minimal structural unit. One mol of enzyme oxidized 187 mol of horse heart ferrocytochrome ¢ and 34.4 mol of M.
magnetotacticum ferrocytochrome cssofs. The cytochrome ¢ oxidase activity of the enzyme was 50% inhibited by 12 uM KCN. The enzyme seems

to function as the terminal oxidase in microaerobic respiration.
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1. Introduction

Magnetospirillum (formerly Aquaspirillum) magneto-
tacticum is a non-fermentative bacterium, which was
isolated from freshwater sediments in 1979 [1]. The bac-
terium contains intracellular particles called magne-
tosomes, which are composed of magnetite (Fe,O,) [2]
and enclosed by lipid bilayers [3]. Although M. magneto-
tacticum obtains energy for life processes by denitrifica-
tion, the bacterium can not grow under strict anaerobic
conditions with NO3 [1,4,5]. Furthermore, magnetite bi-
osynthesis is depressed when the bacterium is cultured
under high O, concentrations [6]. These results suggest
that the bacterium appears to be a denitrifier with an
absolute requirement for O,, and the microaerobic deni-
trifying condition may be closely related to the physio-
logical functions of the magnetosomes in M. magnetotac-
ticum.

The terminal oxidase of the respiratory chain is a key
enzyme which plays significant roles in providing organ-
isms with energy for life processes. In the mitochondrial
respiratory chain, the aa;-type cytochrome ¢ oxidase acts
mainly as a terminal oxidase, while in the bacterial aero-
bic respiratory chain, many types of cytochrome ¢ oxi-
dases function as terminal oxidases. Cytochrome aas, [7],
cytochrome caa, [8], cytochrome haa, [9], cytochrome
ba, [10] cytochrome co [11] and cytochrome cao [12] have
been purified from various prokaryotes, and some enzy-
matic and molecular properties of the enzymes have been
studied.

O’Brien et al. have proposed, following spectro-
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photometric analyses, that M. magnetotacticum may
contain two types of terminal oxidases, an a,-type cyto-
chrome and an o-type cytochrome [13]. Both types of the
terminal oxidases are thought to be constantly expressed
when the bacterium is cultivated under microaerobic
conditions. Recently, we have purified the hemoprotein
from M. magnetotacticum which shows similar spectral
properties to those of ‘cytochrome a,’ [14]. However, the
hemoprotein did not contain heme a but two types of
novel hemes, and hardly showed cytochrome ¢ oxidase
activity. On the basis of these results, we concluded that
‘cytochrome a,” is not the terminal oxidase in the respira-
tory chain of M. magnetotacticum.

In the present study, we tried to purify the terminal
oxidase from M. magnetotacticum. We succeeded in puri-
fying a novel cch-type cytochrome ¢ oxidase from the
bacterium, and have characterized some of its enzymatic
and molecular properties.

2. Materials and methods

2.1. Microorganism

M. magnetotacticum (ATCC 31632) was cultivated microaerobically
in a chemically defined medium [1] with slight modifications as previ-
ously described [14].

2.2. Preparation of the membrane fraction from M. magnetotacticum

Frozen cells (about 20 g wet weight) were thawed, suspended in
10 mM Tris-HCI buffer (pH 8.0) and treated with a sonic oscillator (20
kHz, 250 W) for a total period of 20 min. Unbroken cells and magne-
tosomes were removed by centrifugation at 10,000 x g for 15 min. The
supernatant obtained was centrifuged at 104,000 x g for 1 h and the
pellet obtained was resuspended in 10 mM Tris-HC] buffer (pH 8.0)
containing 1 M NaCl. The suspension was gently stirred at 4°C for
1 h and centrifuged at 104,000 x g for 1 h 1o remove the sotuble proteins
weakly bound to the membrane. The pellet thus obtained was used as
the membrane fraction.
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2.3. Reagents

Horse heart cytochrome ¢ (Type VI) was purchased from Sigma
Chemical (USA). M. magnetotacticum cytochrome c.s, was purified by
the method of Fukumori et al. [15}. Sucrose monocaprate was pur-
chased from Mitsubishi-Kasei Food Corp. (Tokyo). DEAE-Toyopearl
was a product of Tosoh Corp. (Tokyo). Tween 20 was a product of
Wako Pure Chemical Industries (Osaka). All other chemicals were of
the highest grade commercially available.

2.4. Physical and chemical measurements

Spectrophotometric measurements were carried out with a Shimadzn
MPS-2000 spectrophotometer, using 1 cm light path cuvettes at room
temperature. Polyacrylamide gel electrophoresis in the presence of
Tween 20 was performed by the method of Davis [16]. The presence of
hemes and the oxidase activity in the gel were detected by using heme
staining reagents [17] and ‘Nadi’ reagents [18], respectively. Poly-
acrylamide gel electrophoresis in the presence of 8DS was performed
by the method of Laemmli [19]. The sample was treated with 5% SDS
in the presence of 5% f-mercaptcethanol at room temperature for 18
h. Protein concentration was determined by the method of Lowry et al.
[20] with slight medifications [21]. The metal content was determined
by inductively coupled plasma atomic emission spectrometry measure-
ments using a Plasma Spectrometer SPS 1500 VR (Seiko Instruments
Inc.). Hemes in the enzyme were extracted with a mixture of 0.25 N HC|
and 80% acetone from the enzyme, extracted with ethylacetate and
washed with 5% KCl The contents of protoheme and heme ¢ were
determined on the basis of millimolar extinction coefficients at the
o peaks of their pyridine ferrohemochromes and were 34.4 [22] and 29.1
[23] for the hemochromes of protoheme and heme ¢, respectively.

2.5. Enzymatic assay

Cytochrome ¢ oxidase activity was determined spectrophotometri-
cally by following the decrease in absorbance at 550 nm. The standard
reaction mixture contained 20 M horse heart ferrocytochrome ¢ and
2 oM enzyme in 10 mM Tris-HCI buffer (pH 8.0) containing 0.2%
Tween 20 in a total volume of 1 ml. In the determination of M, magne-
totacticum ferrocytochrome ¢55, oxidase activity, the reaction mixture
contained 8.0 uM M. magnetotacticum ferrocyiochrome c.s and 2 oM
enzyme in 10 mM sodium phosphate buffer (pH 6.0) containing 0.2%
Tween 20 in a total volume of 1.0 ml. The reactions were initiated by
adding 10 zl of 0.2 uM enzyme.

3. Results

3.1. Purification of the oxidase

The membrane fraction prepared from magnetic celis
of M. magnetotacticum, as described in section 2, was
suspended in 10 mM Tris-HC] buffer (pH 8.0) and
dialyzed against the same buffer for 18 h at 4°C. In order
to solubilize the enzyme, sucrose monocaprate was
added to the suspension to give a final concentration of

Table 1
Purification of cytochrome ¢ oxidase from M. magnetotacticum
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1%. The suspension was gently stirred for 20 h at 4°C,
and then centrifuged at 104,000 x g for 1 h, Cytochrome
¢ oxidase was almost completely solubilized with this
treatment. The supernatant thus obtained was subjected
to chromatography on a DEAE-Toyopearl column
(2 x 10 cm) equilibrated with 10 mM Tris-HC] buffer
(pH 8.0) containing 0.3% sucrose monocaprate. Cyto-
chrome ¢ oxidase passed through the column while all
other membrane-bound c¢ytochromes were adsorbed on
the column. To the eluates containing cytochrome ¢ oxi-
dase, 20% Tween 20 was added to give a final concentra-
tion of 0.5%. The enzyme solution was dialyzed against
10 mM Tris-HCl buffer (pH 8.0} containing 0.2% Tween
20 for 3 h, and subjected to chromatography on a
DEAE- Toyopearl column (2 X 4 cm) equilibrated with
10 mM Tris-HCl buffer (pH 8.0) containing 0.2% Tween
20. Cytochrome ¢ oxidase adsorbed on the column was
eluted with a linear gradient of NaCl produced from 250
ml each of 10 mM Tris-HCI buffer (pH 8.0) containing
0.2% Tween 20 and buffer containing 0.2% Tween 20
and 0.15 M NaCl. The enzyme was eluted at about 20
mM NaCl. The fraction containing cytochrome ¢ oxi-
dase was dialyzed against 10 mM Tris-HCI buffer (pH
8.0) containing 0.2% Tween 20, and used as the purified
enzyme preparation. The purification procedure of cyto-
chrome ¢ oxidase from M. magnetotacticum is summa-
rized in Table 1. The purified enzyme contained 19 nmol
of heme ¢ per mg protein, and the total recovery of
activity was approximately 35%.

When the preparation was subjected to poly-
acrylamide gel electrophoresis in the absence of SDS,
one major band was stained with Coomassie brilliant
blue (Fig. 1). Furthermore, this band was also stained
with heme-staining reagents and Nadi reagents,

3.2. Spectral properties of the oxidase

Fig. 2 shows the absorption spectra of the oxidized
and reduced forms of M. magnetotacticum cytochrome
¢ oxidase, The enzyme showed absorption peaks at 410
nm in the oxidized form, and at 417, 520 and 550 nm,
and a shoulder at 560 nm in the reduced form. In the
oxidized form, a broad peak at around 830 nm was not

Bxperimental steps Total volume  Protein conen. Total protein ~ Total activity  Purification® Recovery®  Cyt. ¢ oxidase
(ml) (mg/ml) (mg) ur % (amol)*

Membrane fraction 50.0 299 150 236 1 100 nds

Sucrose monocaprate extract  58.0 1.70 938.6 2.50 1.61 106 nd.*

1st DEAE passed fraction 66.0 0.282 18.6 241 8.24 102 36.7

Purified enzyme 24.0 0.0533 1.28 83.1 41.3 353 13.6

*A unit of the enzyme was defined as | umol of horse heart ferrocytochrome ¢ oxidized per min.

®Calculated from the specific activity (units per mg protein).
®Calculated from the total activity (units).

4Determined on the basis of millimolar extinction coefficient at 550 nm of reduced enzyme, 19.0 per Fe (see text).

°n.d., not determined.
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Fig. 1. Polyacrylamide gel electrophoresis of M. magnetotacticum cyto-

chrome ¢ oxidase in the presence of 0.2% Tween 20. After the electro-

phoresis, the gel was cut into three parts and these were separately

stained with (A) Coomassie brilliant blue, (B) heme-staining reagents
and (C) Nadi reagents, respectively.

observed (data not shown). To determine the prosthetic
groups of the enzyme, the hemes were extracted from the
enzyme by the method described in section 2. The pyri-
dine ferrohemochrome of the HCl/acetone-extracted
heme showed a single & peak at 556 nm, and that of the
precipitate obtained when the enzyme was treated with
HCVacetone showed an & peak at 550 nm. Heme o and
heme a were not detected in the HC)/acetone extract by
reverse-phase HPLC analysis {data not shown). These
results suggest that M. magnetotacticum cytochrome c¢
oxidase contains two types of hemes, protocheme and
heme ¢. Fig. 3 shows reduced + CO minus reduced dif-
ference spectrum of the enzyme. It showed absorption
peaks at 415, 535 and 569 nm, and troughs at 429, 517
and 550 nm, and a shoulder at 560 nm. These spectral
features are quite similar to those of the ch-type cyto-
chrome ¢ oxidase with a high spin protoheme [24].

3.3. Molecular and enzymatic properties of the oxidase

The subunit structure of M. magnetotacticum cyto-
chrome ¢ oxidase was studied by polyacrylamide gel elec-
trophoresis in the presence of SDS (Fig. 4). When the
enzyme treated with 5% SDS in the presence of 5%
f-mercaptoethanol was subjected to SDS-PAGE, three
bands corresponding to M.’s of 43,000, 34,000 and
28,000, respectively, were observed on staining with
Coomassie briiliant blue.

The metal content of the enzyme was estimated from
the metal and protein contents. The purified enzyme con-
tained 29 nmol of Fe per mg protein and 6.7 nmol Cu
per mg protein. These results suggest that the enzyme
contains 3.0 iron atoms and 0.70 copper atoms in the
minimal structural unit, which is assumed to be com-
posed of one molecule each of the three subunits with
M_’s of 43,000, 34,000 and 28,000, respectively. The mil-
limolar extinction coefficient at 550 nm of the reduced
enzyme was calculated to be 19.0 per Fe on the basis of
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the iron content and the absorbance at 550 nm in the
reduced form.

The heme content of the enzyme was determined by
pyridine ferrohemochrome spectra of the HCl/acetone-
extracted heme and that of the precipitate obtained when
the enzyme was treated with HCl/acetone. 0.42 nmol of
the enzyme, which was calculated on the basis of the
millimolar extinction coefficient of the enzyme as de-
scribed above, contained 0.38 nmol of protoheme and
0.83 nmol of heme ¢. The ratio of heme ¢ to protoheme
was calculated to be 2:1. These results suggests that the
enzyme contained one molecule of protoheme and two
molecules of heme ¢ in the minimal structural unit.

M. magnetotacticum cytochrome ¢ oxidase rapidly ox-
idized horse ferrocytochrome ¢ and M. magnetotacticum
ferrocytochrome c¢s5. The optimal pH for the cyto-
chrome ¢ oxidizing activity of the enzyme was found at
pH 8.0 and 6.0 when horse heart ferrocytochrome ¢ and
M. magnetotacticum ferrocytochrome css, were used as
the electron donor, respectively. The ¥, values (mol of
ferrocytochromes ¢ oxidized per s per mol of enzyme)
were 187 with horse heart cytochrome ¢ and 37.4 with
M. magnetotacticum cytochrome cs5. The K, value for
horse heart cytochrome ¢ was 12.2 M, while that for M.
magnefotacticum cytochrome css, was 3.02 uM. The oxi-
dation of horse heart ferrocytochrome ¢ was about 50%
inhibited by 12 uM KCN.

4. Discussion
A novel type of cytochrome ¢ oxidase was purified

from the microaerobic denitrifying magnetic bacterium,
M. magnetotacticum, to an electrophoretically homoge-
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Fig. 2. Absorption spectra of M. magnetotacticum cytochrome ¢ oxi-
dase. The oxidase at a concentration of 0.185 uM was dissolved in 10
mM Tris-HC buffer, pH 8.0, containing 0.2% Tween 20, (-—-) Oxi-
dized form; (——) reduced form prepared by the addition of a small
amount of Na,8,0,
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Fig. 3. Reduced+CO minus reduced difference spectrum of M. magne-
totacticum cytochrome ¢ oxidase. The enzyme was dissolved in 100 mM
Tris-HCI buffer, pH 8.0, containing 0.2% Tween 20. The reduced form
of the enzyme was prepared by the addition of a small amount of
Na,$,0,. CO was bubbled through the reduced form of the enzyme.

neous state. The enzyme has two molecules of heme c,
one molecule of protoheme and approximately one atom
of copper in the minimal structural unit which is com-
posed of one molecule each of three kinds of subunits
with A’s of 43,000, 34,000 and 28,000, respectively. Fur-
ther, the absorption spectrum in the near infrared region
suggests that the enzyme seems to contain no Cu, in the
molecule.

The spectral properties of M. magnetotacticum cyto-
chrome ¢ oxidase closely resemble those of co-type cyto-
chrome ¢ oxidases purified from Rhodopsudomonas
palustris [11], Pseudomonas aeruginosa [25)], Methylophi-
lus methylotrophus [26] and Pseudomonas stutzeri [27].
Further, the CO+reduced minus reduced difference spec-
trum of the enzyme is also similar to those of co-type
cytochrome ¢ oxidases [25-27]. However, the molecular
properties of M. magnetotacticum cytochrome ¢ oxidase
purified in the present study are quite different from
those of co-type cytochrome ¢ oxidases. First, M. magne-
totacticum cytochrome ¢ oxidase is composed of three
kinds of subunits of M_’s of 43,000, 34,000 and 28,000,
respectively, while co-type cytochrome ¢ oxidases of
R palustris and P. aeruginosa are composed of four
kinds of subunits with A4,’s of 30,500, 25,500, 12,200 and
9,500, and 29,000, 21,000, 15,000 and 9,500, respectively
[11,25]. Further, cytochrome ¢ oxidase of M. methylotro-
phus is composed of two kinds of subunits with M,’s of
31,500 and 23,800, respectively [26]. Secondly, M. mag-
netotacticum cytochrome ¢ oxidase contains two mole-
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cules of heme ¢, one molecule of high spin protoheme
and probably one atom of copper in the minimal struc-
tural unit. Although the heme composition of most of the
co-type cytochrome ¢ oxidases has not been studied sto-
ichiometrically, cytochrome ¢ oxidase of M. methylotro-
phus contains equal amounts of protoheme and heme ¢
[26]. These results show that the cytochrome ¢ oxidase
of M. magnefotacticum purified in the present study is
different from the co-type cytochrome ¢ oxidase, and is
classified as a cch-type cytochrome ¢ oxidase.

Recently, cytochrome ¢ oxidases which contain heme
¢ and protoheme in the molecule have been identified in
Bradyrhizobium japonicum [28], Rhodobacter sphaeroides
[29] and Rhodobacter capsularus[24]. The spectral fea-
tures and the subunit composition of these enzymes
closely resemble those of M. magnetotacticum cyto-
chrome ¢ oxidase. Further, the enzymes are induced
when the organisms are grown under microacrobic
condition. M. magnetotacticum is a microa¢rophilic bac-
terium, and is associated with the a group of Pro-
teobacteria [30]. Therefore, it seems likely that the cyto-
chrome ¢ oxidase purified in the present study is the same
type as those enzymes, and heme ¢- and high spin pro-
toheme-containing cytochrome ¢ oxidase is the general
type of the terminal oxidase participating under mi-
croaerobic conditions.

Recently we purified a cytochrome cd,-type nitrite re-
ductase from the soluble fraction of M. magnetotacticum
[15]). Although the cytochrome cd, showed high TMPD-
nitrite oxidoreductase activity and TMPD-oxidase ac-
tivity, M. magnetotacticum ferrocytochrome c¢s5, and
P. aeruginosa ferrocytochrome c¢s;; were not oxidized
with cytochrome cd, in the presence of nitrite and/or
oxygen. On the other hand, the cytochrome ¢ oxidase
purified in the present study shows high ferrocytochrome

—— 94,000
% 58,000

~&— 40,000

~&— 29,000

~&— 12,500

Lane A M
Fig. 4. Polyacrylamide gel electrophoresis of M. magnetotacticum cyto-
chrome ¢ oxidase in the presence of SDS. Electrophoresis was carried
out as described in section 2. Lane A, the enzyme was treated as
described in section 2. Lane M, marker proteins: phosphorylase a (M,
94,000), bovine serum albumin (M, 68,000), aldclase (M, 40,000), car-
bonic anhydrase (M, 29,000) and horse heart cytochrome ¢ (M, 12,500).
Each lane was stained with Coomassie brilliant blue.
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¢ oxidizing activity; 1 mol of the enzyme oxidizes 34.4
mol of M. magnetotacticum cytochrome cssfs. Further-
more, M. magnefoiacticum can not grow under strict
anaerobic conditions with NO;3 [1,4,5]; the bacterium re-
quires oxygen for the growth. These resuits suggest that
the bacterium may obtain energy for life process by aer-
obic respiration in which the cytochrome ¢ oxidase puri-
fied in the present study functions as the terminal oxi-
dase.
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