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The Cu,site of the caa,-type oxidase of Bacillus subtilis is a mixed-valence
binuclear copper centre
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Abstract

A copper-containing domain of the caa;-type oxidase from Bacillus subtilis has been expressed as a water-soluble protein in the cytoplasm of
Escherichia coli. Electron paramagnetic resonance (EPR) spectra of this purple domain show well-resolved lines in the g, resonance, both at X-band
and S-band frequencies. Interpretation of EPR spectra and analytical data indicate a binuclear copper site consisting of one Cu** and one Cu'*. This
copper site closely resembles Cu, in subunit IT of cytochrome ¢ oxidase and is shown here to be a mixed-valence [Cu®>*~Cu'"] binuclear centre.

Key words: Cytochrome ¢ oxidase; Cu,; Binuclear copper centre; Nitrous oxide reductase

1. Introduction

Cytochrome ¢ oxidase is a haem/copper-containing
enzyme that catalyzes the last step of the respiratory
pathway in mitochondria and many aerobic bacteria. It
has been proposed that electrons from ferrocytochrome
¢ first reduce the copper centre, called Cu, [1]. Subse-
quently an internal electron flow from Cu, and/or the
low-spin haem results in reduction of oxygen at the binu-
clear catalytic site of the high-spin haem and a copper
ion, Cug. The coupling of the oxygen reduction to a
translocation of protons accross the membrane results in
conservation of the free redox energy [2].

Despite extensive spectroscopic investigation of the
Cu, center, both its structure and function are still a
matter of dispute, as reviewed by [3]. A milestone has
been the spectroscopic evidence that the Cu, site of cyto-
chrome ¢ oxidase is closely related to the centre A of the
nitrous oxide (N,O) reductase [4-7]. Moreover, align-
ment of protein sequences of cytochrome oxidase sub-
units II and N,O reductases from several sources indi-
cates significant homology [4,7,8].

Based on a seven-line hyperfine splitting observed in
multifrequency electron paramagnetic resonance (EPR)
experiments, Kroneck et al. [5,9] proposed that the Cu,-
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like site of N,O reductase can be described as a binuclear
mixed-valence copper centre. It is tempting to assume
that the Cu, site in cytochrome oxidase has a similar
configuration, however, EPR analysis of the latter en-
zyme is complicated by the interference of haems as well
as by the poor resolution of hyperfine structure. Never-
theless, several EPR studies favour the binuclear Cu,
model [5,6,10]. Recently, a Cu, site has been constructed
into a domain of a quinol oxidase from Escherichia coli,
by introducing the copper ligands into subunit II of cyto-
chrome bo [7]. Quantitative analyses of this engineered
copper site support the binuclear nature of Cu, [7,11}.
By site-directed mutagenesis five copper ligands have
been identified: two cysteines, two histidines and a
methionine [11].

Subunit II of the Bacillus subtilis caa;-type cytochrome
¢ oxidase (CtaC) is most likely composed of an amino-
terminal integral membrane anchor domain, an extra-
membranous Cu,-domain and a carboxy-terminal cyto-
chrome ¢ domain (Fig. 1) [12]. Here we report the cloning
and expression of the Cu, domain of B. subtilis CtaC in
E. coli. By means of electrospray mass spectroscopy,
EPR at X-band and S-band frequencies, and chemical
analysis of oxidized and reduced copper, evidence is
presented that Cu, is a mixed-valence binuclear copper
centre.

2. Materials and methods

2.1. Bacterial strains and growth conditions
E. coli strain BL21(DE3), a A lysogen containing the T7 RNA poly-
merase gene under lacUVS promoter control {13], and derivatives were
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grown in rich medium (YT), with addition of ampicillin (100 gg/ml)
where appropriate.

2.2. Recombinant DNA techniques

General DNA techniques were carried out essentially as described by
[14]. Sequencing of DNA fragments cloned in derivatives of bacterio-
phage M13 [15] was performed using an Applied Biosystems 370A
DNA Sequencer.

2.3. SDS-PAGE and amino-terminal sequence analysis

SDS-PAGE was carried out according to Laemmli [16]. For sequence
analysis proteins were blotted to polyvinylidine difluoride membranes,
Coomassie-stained protein bands were cut out and the amino-terminal
sequence was directly analyzed on an Applied Biosystems 473A Peptide
Sequencer.

2.4. Construction and expression

A water soluble Cu, domain was generated using the polymerase
chain reaction (PCR), with as a template the genomic B. subtilis clone
A10, carrying the cta gene cluster [12]. In this construct the ATG start
codon has been introduced as a Ncol site (underlined) in the amino-
terminal primer (no. 114, 5-GCGCGCCATGGAGCTAGCGGACA-
CATCACC; encoding MELADTSP}); no signal sequence was included.
The HindIII site (underlined) in the carboxy-terminal primer (no. 117,
¥-TATAAGTCTACAGCAGAGAGCCATTAAAAGCTTGCGCG;
encoding YKSTAESH*) is adjacent to a stop codon that was intro-
duced in the putative linker region between the Cu,-domain and the
cytochrome c-domain (Fig. 1). The PCR fragment was cloned into a
pET3d-derived expression vector [13], called pET.B2, and transformed
to E. coli BL21{DE3), as described before {7].

2.5. Expression and purification

Cultivation of E. coli BL21(DE3)/pET.B2, in YT medium supple-
mented with 1 mM CuCl,, and subsequent preparation of cell free
extract was performed essentially as described before {7]. From 3 liter
culture, the cell free extract (70 ml) was applied to a Q-Sepharose fast
flow column (Pharmacia, 2.6 x 4 cm) that was equilibrated with 20 mM
Tris-HCl pH 8.0, 0.1 mM CuCl,, 2% (v/v) DMSO, 0.2 mM PMSF.
Proteins were eluted when the NaCl concentration was elevated in a
step-wise manner. A purple form of protein B2 eluted at 50 mM NaCl,
a colourless form at 100 mM. The purple peak fractions were collected
(9 ml) and concentrated using Filtron Microsep microconcentrators to
2 ml. Of the concentrated fraction 1.0 ml was loaded on a PD-10 column
(Pharmacia) equilibrated with 20 mM Tris-HCI (pH 8.0) and 2% (v/v)
DMSO. The purple fractions were pooled, and concentrated to 0.4 mi,
resulting in a protein concentration of approx. 250 uM, as determined
with the BCA reagent (Pierce) using BSA as a standard. This sample
was stored in liquid nitrogen.

2.6. Spectroscopy

Optical spectra were recorded on an Aminco DW2 UV/Vis spectro-
photometer at room temperature, in the dual wavelength mode, with
the reference set at 578 nm. A filter was used in the near-infrared
wavelength region. EPR spectroscopy was performed with a Varian E-9
spectrometer operating at X-band with a home-made He-flow cryostat.
S-band measurements were made with a Bruker microwave unit and a
rectangular cavity. Settings were as described in the legend of Fig. 3.
The molecular weight of the purified B2-domain has been determined
by electrospray mass spectrometry (ES-MS). The purified B2-domain
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was 10 times diluted in HPLC-grade distilled water, and loaded on a
small Sephadex G-25 column, equilibrated with distilled water. The
coloured fractions were pooled, the concentration was approx. 10 uM.
A Sciex API III electrospray mass spectrometer was calibrated with
myoglobin; the settings of the spectrometer were as described before
[11]. Spectra were deconvoluted as described by [17].

2.7. Chemical determination of copper

Copper was determined with 2,2’-biquinoline-4,4’-dicarboxylic acid
(BCA) in alkaline solution as supplied by Pierce. An extinction coeffi-
cient at 540 nm for reduced copper complex with BCA was determined
(€540 = 6.7 mM™ - cm™). Determination of the oxidation/reduction
state of copper (Cu®*/Cu'*) was based on the fact that BCA only
complexes Cu'* [18]. Artefactual reduction of copper by cysteine resi-
dues and via the ‘Biuret’ reaction were effectively blocked by addition
of 20 mM EDTA, which preferentially complexes Cu?*. First after full
colour development due to originally reduced copper, the amount of
oxidized copper was determined by measuring the increase in absorb-
ance at 540 nm after reducing Cu®* (bound to EDTA) to Cu'* with
Na-dithionite.

3. Results and discussion

3.1. Expression and purification of CuA domain

In order to investigate the nature of the Cu,-centre of
cytochrome ¢ oxidase, we used a combined molecular
genetic and spectroscopic approach. In spectroscopic in-
vestigations of cytochrome ¢ oxidase the detection of
Cu, has always been difficult due to interference of
haems. In the present study the Cu, domain from the
caas-type oxidase of B. subtilis has been overexpressed
in the cytoplasm of E. coli in a water soluble form: pro-
tein B2. Densitometric scanning of SDS-PAGE gels indi-
cates that protein B2 comprises approx. 30% of the total
cell protein; it migrates with an apparent mass of about
17 kDa (not shown). From the elution profile on a Super-
dex 75 gel filtration column the molecular mass of pro-
tein B2 was estimated to be between 15-20 kDa (not
shown). Both observations fits well with the calculated
molecular mass of the B2 monomer: 16.9 kDa.

A purple form of the B2 protein was purified to near
homogeneity by anion-exchange chromatography. These
coloured fractions of protein B2 were collected and fur-
ther characterized spectroscopically (see below). Typi-
cally, however, about half of the B2 protein eluted as a
colourless form at a higher salt concentration. The latter
fraction could not be reconstituted with copper. A simi-
lar phenomenon has been reported previously for two

B membrane domain C Cu, domain __ cytochrome c domain N
caC [ 172/ R/ ]
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Fig. 1. Subunit II of the caa;-type oxidase of B. subtilis (CtaC) may be composed of three domains as indicated. In the designed water-soluble Cu,
domain (protein B2) a methionine has been introduced at the amino-terminal site and a stop-codon at the carboxy-terminal site of the putative Cu,

domain. The proposed copper ligands [11] are indicated.
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other copper proteins expressed in E. coli: the engineered
Cu, domain (purple CyoA) [7,11] and azurin [19].

3.2. Optical properties

In intact cytochrome ¢ oxidase the broad absorbance
peak in the near-infrared (800-830 nm) is the only part
of the Cu,, spectrum that is not covered by haem absorb-
ance. The optical spectrum of the Bacillus Cu, domain,
however, shows absorbance maxima at 365 nm, 480 nm,
530 nm in addition to the broad band between 775-800
nm, with a possible shoulder around 830 nm (Fig. 2). The
apparent blue-shift of the latter band is also reported for
the caa,-type oxidase of Bacillus PS3, where the corre-
sponding band is located at 780 nm [20]. It is obvious
that the optical spectrum of protein B2 is very similar to
that of the purple CyoA domain [7], and to the absorb-
ance peaks ascribed to centre A of N,O reductase from
P stutzeri (cf. [4,20]). Addition of reductants Na-di-
thionite and Na-ascorbate led to bleaching of the visible
absorbance.

3.3. EPR spectroscopy

In the EPR spectrum of the N,O reductase a seven-line
hyperfine splitting is observed, which has been inter-
preted to originate from a binuclear Cu,-like centre (cen-
tre A) [5,9]. On basis of the aforementioned similarities,
it is not unlikely that Cu, in cytochrome ¢ oxidase is a
binuclear center as well [4-8]. This model would be in
agreement with accurate metal analysis of cytochrome
oxidase that shows a stoichiometry of three coppers per
two heme irons [22,23]. However, the EPR spectrum of
Cu, in cytochrome ¢ oxidase recorded at Q-band, X-
band, C-band and S-band frequencies does not show a
clear (seven-line) hyperfine splitting in any of the three
resonances. This is in part due to spectral overlap of the
g, resonance of haem a with the g, resonance of Cu,.

EPR analysis of the Bacillus domain, however, shows
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Fig. 2. Optical spectrum of the purified protein B2.
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Fig. 3. X-band and S-band EPR spectra of protein B2. Spectra recorded
at both X-band and S-band frequencies are plotted on the same mag-
netic-field scale, aligned at g, = 2.178. The S-band spectrum is an aver-
age of 40 spectra. Vertical lines mark the position and relative intensi-
ties of the first four lines of a seven-line hyperfine pattern in the g,
resonance. Experimental: X-band, S-band: modulation amplitude 1.0,
1.25 mT; microwave power 20, 8 mW; temperature 30, 12 K; frequency:
9.232, 3.959 GHz.

a (partly) uncovered Cu, spectrum (Fig. 3). The line-
shape of the X-band EPR spectrum of protein B2 (Fig.
3A) is typical for Cu,, with g, = 2.178, 4, = 3.82 mT and
8y = 1.99-2.03 (cf. [6,10]). In addition, the Cu,-like sig-
nal of this soluble domain rapidly relaxes because even
at temperatures between 2040 K it is difficult to satu-
rate, and it has broadened beyond detection at 135 K
(not shown). All these features are very similar to those
of Cu, in intact cytochrome ¢ oxidase (cf. [10]) and cen-
tre A in N,O reductase [6].

Apart from the Cu, signal, a type 2 copper signal is
observed, see e.g. the hyperfineline at 285 mT in the
X-band spectrum. Under these experimental conditions
this signal, which is ascribed to adventitious copper, is
saturated and therefore hardly visible in the spectra
shown in Fig. 3, even though it is present in an amount
equivalent to that of Cu, (see Table 1). Attempts have
been made to remove this type 2 copper. Gel filtration
at different pH values in the presence of either EDTA,
CDTA, or cyanide were ineffective; addition of specific
copper-complexing compounds such as BCA or dieth-
yldithiocarbamate destroyed the Cu, site. Only dilution
followed by exchange of the Tris buffer with distilled
water did remove some of the type 2 copper (see below).

The type 2 copper signal disturbs the fine details of the
spectrum, in particular in the g-perpendicular region,
and thus prevents an accurate analysis of the EPR signal
by simulation. An alternative approach to discriminate
between a mononuclear and a binuclear copper site is
comparison of EPR spectra recorded at X-band and S-
band frequency (Fig. 3). The g,-resonance of Cu, of
protein B2 shows 4 (X-band) and 3-4 (S-band) equidis-
tant lines with 4, = 3.82 mT. This clear hyperfine split-
ting could not be observed in intact cytochrome ¢ oxi-
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dase because of spectral interference by the g, resonance
of heme a (see e.g. [6]). The relative intensity (i.e. amph-
tude X linewidth) of the hyperfine lines observed is close
tothe 1:2:3:4(:3:2:1) ratio expected for a binuclear
copper center consisting of two equivalent copper ions.
A mononuclear copper center would show four equidis-
tant hyperfine lines with equal intensities.

By plotting the spectra obtained at the two microwave
frequencies on the same magnetic field scale, the magni-
tude and position of the hyperfine splittings in the g, line
can be directly compared, provided that the two spectra
are properly aligned. The spectra in Fig. 3 have been
aligned at g, = 2.178. It is evident that the position of the
g,-hyperfine lines coincide (the position of hyperfine lines
is frequency independent, provided the correct value of
g, 1s used as the reference point). This coincidence implies
that the g,-hyperfine lines observed in the S-band and
X-band spectra are part of a seven-line pattern originat-
ing from two interacting copper nuclei. Analysis in terms
of a mononuclear copper site would imply an alignment
of the S- and X-band spectra with g = 2.220 as the refer-
ence point (i.e. between the second and third hyperfine
line) in which case the two hyperfine patterns do not
match at all (not shown).

3.4. Electrospray mass spectrometry

Additional evidence in favour of a binuclear Cu,
model is provided by electrospray mass analysis of pro-
tein B2. The calculated molecular mass of apo-protein
B2 as deduced from the DNA sequence is 16,785 Da; this
includes the amino-terminal methionine residue which
was detected in the amino-terminal amino acid sequence
(MELADT). The molecular mass of the apo- and holo-
form of protein B2 has been determined by electrospray-
mass spectrometry in three experiments in which the
amount of formic acid was varied (Fig. 4). The rational
of this titration is that the copper ligands are protonated
at lower pH values, thereby removing the copper from
the Cu, site. At the highest concentration of formic acid
(Fig. 4C) only apo-protein is present: the molecular mass
is determined at 16,784 Da, which is in excellent agree-
ment with that calculated from the DNA sequence. The
molecular mass of holo-B2 (Fig. 4A,B) is about 126128
Da larger than that of the apoprotein, consistent with the
presence of two copper atoms in the holoprotein.

Table 1.
Determination of the copper concentration of protein B2 by EPR and
chemically with BCA in the presence of 20 mM EDTA.

Cu, Extraneous Cu Cu'* Total Cu

EPR 271 uM (34%) 255 uM (32%) - 797 uM*
BCA - - 273 uM (34%) 804 uM

The concentration of B2 protein was determined to be 250 yM. The
total copper content deduced from EPR measurements (*) was calcu-
lated by assuming that Cu, represents two Cu/spin = 1/2 system.
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Fig. 4. Electrospray mass spectra of protein B2. (A) protein B2 in water
tholo-form); (B) protein B2 in 0.05% formic acid; (C) protein B2 in
0.3% formic acid (apo-form). The calculated mass of the B2 domain is
16,785 Da.

3.5. Quantitation of Cu"" and Ci*

The X-band EPR spectra of Cu, and of adventitious
copper have been quantitated. Both signals represent
approx. the same amount of S = 1/2 system (Table 1).
Furthermore, the EPR detectable copper comprises
about two-third of total amount of copper, as deter-
mined by chemical analysis with BCA in alcaline solu-
tion. Analysis of the redox state of copper in the B2
protein preparation with BCA, indicates that about one
third of the total amount of copper is Cu'* (Table 1). The
electrospray mass data indicate that the preparation is
homogeneous, i.e. it does not contain apo-protein B2
(see Fig. 4A); this observation is important for the
proper interpretation of the quantitative copper analysis.
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3.6. Cuis a binuclear, mixed-valence copper centre

The chemical copper analysis and the determined
redox state are consistent with the quantitation of the
EPR signals: about one-third of copper is present as Cu'*
(Table 1), a state which is, in general, EPR silent. The
presence of three copper atoms per monomeric B2, as
determined by chemical analysis (Table 1), is not neces-
sarily inconsistent with the ES-MS data. To prepare the
sample for ES-MS analysis, protein B2 is first diluted
and subsequently transferred from 20 mM Tris to dis-
tilled water. This procedure results in a 40-70% loss of
type 2 copper, as analyzed chemically (not shown). A
similar removal of adventitious copper during prepara-
tion for ES-MS has been demonstrated for the purple E.
coli CyoA domain [7,11]. Unfortunately, the B2 protein
in distilled water could not be concentrated to the level
required for EPR studies.

Interpretation of the analytical data and the EPR spec-
tra at X-band and S-band frequencies indicate that the
B2 protein contains one adventitious Cu®* site and one
binuclear copper site consisting of one Cu** and one
Cu'*. The latter site closely resembles Cu, in subunit II
of cytochrome ¢ oxidase and is shown here to be a mixed-
valence [Cu?*-Cu'"] binuclear center.
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