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ABSTRACT 

Lappalainen, Pekka 
The dinuclear Cu A centre of cytochrome oxidase 
Jyvli.skylli.: University of Jyvli.skylli., 1995, 52 p. 
(Biological Research Reports from the University of Jyvli.skylli., 
ISSN 0356-1062; 44) 
ISBN 951-34-0514-1 
Yhteenveto: Sytokromioksidaasin kaksiytiminen CuA -keskus 
Diss. 

Cytochrome c oxidase is the last enzyme in mitochondrial and many bacterial respiratory 
chains. It catalyzes electron transfer from cytochrome c to molecular oxygen and transfers 
free energy of this reaction into a transmembrane proton electrochemical gradient. In 
bacteria, there are two main classes of terminal oxidases, cytochrome c - and quinol 
oxidases. The main difference between these oxidases lies in subunit II that is also believed 
to be the electron entry site. Cytochrome c oxidases contain a redox-active copper centre 
(CuA) in subunit II, whereas this copper centre has been lost from quinol oxidases during 
evolution. 

In the present work, the C-terminal domain of subunit II from various bacterial 
terminal oxidases was expressed in Escherichia coli as a soluble protein. Using site
directed mutagenesis, it was possible to engineer copper centres similar to CuA and blue 
copper into the originally copperless quinol oxidase domain. This shows that subunit II in 
quinol- and cytochrome c oxidases must have a similar three-dimensional structure. 
Spectroscopic studies on the isolated Paracoccus denitrificans Cu A -binding domain showed 
that it is similar to the centre A of nitrous oxide reductase. The spectrum of the isolated CuA 
centre is sensitive to pH, which is not the case for the CuA in the intact oxidase. The 
biochemical copper quantification and electrospray mass spectrometry showed that the 
engineered CuA -like centre as well as the isolated Paracoccus CuA centre contain two 
coppers. The EPR spectra, together with the quantification of EPR-detectable coppers, 
indicated that the two coppers form a dinuclear, mixed valence [Cu(l.5) ... Cu(l.5)] centre. 
Site-directed mutagenesis showed that these coppers are ligated by two cysteine and two 
histidine residues. 

The interaction of the oxidized CuA-binding domain with reduced cytochrome c was 
studied by stopped-flow spectroscopy. The reaction follows monophasic kinetics, indicating 
the presence of only one catalytically active cytochrome c binding site in this domain. The 
kon rates and dissociation constants were similar to the ones that have been obtained 
earlier with the intact cytochrome c oxidase. This indicates that the CuA -binding domain 
contains a complete cytochrome c binding site. By site-directed mutagenesis, five conserved 
residues (two aspartates, two glutamates and a glutamine) in the Cu A -binding domain were 
identified as cytochrome c binding residues. 

Keywords: Electron transfer; cytochrome c oxidase; quinol oxidase; dinuclear Cu A; 
Escherichia coli; Paracoccus denitrificans; site-directed mutagenesis. 

P. Lappalainen, European Molecular Biology Laboratory, Meyerhofs tr. 1, D-69017,
Heidelberg, Germany
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1 INTRODUCTION 

Copper has a significant role in biological systems. In humans, it is the 
third most abundant trace element, after iron and zinc. Like most metals 
in living cells, copper carries out its various physiological functions in 
association with specific proteins. The function of copper proteins ranges 
from electron transfer and oxygen transport to active chemistry, such as 
incorporation of oxygen into substrates (reviewed by Adman 1991). 

Copper belongs to the transition metals, which are characterized by 
having partially filled d-orbitals in many of their compounds. An 
important feature for the biological function of the transition metals is 
that they generally have more than one relatively stable valence state. In 
biological systems Cu2+ - Cu+ is a common oxidation-reduction system. Cu+ 

has all its d-orbitals filled and hence a spherically symmetrical electron 
cloud. Because Cu+ contains no unpaired electrons, its complexes are 
always diamagnetic and generally colourless. In contrast, the complexes of 
Cu2+ are generally coloured. Since Cu2+ has one electron less than can be 
accomodated by the five d-orbitals, it has an unpaired electron in all 
mononuclear complexes. The complexes are therefore paramagnetic and 
characterized by a spin of 1/2 (reviewed by Malkin & Malmstrom 1970). 
Because of the paramagnetism and coloured properties of Cu2 + 

compounds, many spectroscopic methods, in addition to classical 
biochemical methods, have turned out to be important for the current 
understanding of copper proteins. Electron paramagnetic resonance (EPR), 
electronic absorption, magnetic circular dichroisrn (MCD) and Raman 
spectroscopy have been important for probing the enviroment of the 
copper ions in proteins (see Darnall & Wilkins 1980). 

According to the spectroscopic properties, copper-proteins have 
been classified into three categories (Malkin & Malmstrom 1970, Fee 1975). 
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Type 1 or blue copper proteins are characterized by an intense absorption 
near 600 nm and a relatively small hyperfine constant (An) in the EPR 
spectra. The single-domain blue copper proteins are invariably involved 
in electron transfer. X-ray diffraction and nuclear magnetic resonance 
(NMR) studies on several small blue copper proteins have shown that 
they are structurally homologous. The greek key b-barrel structure typical 
to the type 1 blue copper proteins is called the cupredoxin fold (reviewed 
by Adman 1991). Type 2 copper proteins are typically involved in chemical 
reactivity. Compared to the blue copper proteins, the EPR spectra of the 
type 2 copper sites have larger hyperfine constants that are comparable to 
those found in most Cu2+ complexes. The optical properties of the type 2
copper proteins are not clearly defined. In general, the extinctions are 
much lower than in blue copper proteins, but significantly higher than 
those found in most Cu2 + complexes (Malkin & Malmstrom 1970). 
Proteins containing the type 3 copper site form a structurally and 
functionally heteogeneous class. This copper site is characterized by 
antiferromagnetic coupling of a pair of copper atoms and a strong 
absorbance at 330 nm (Adman 1991). Recently, a fourth class of copper sites 
has been discovered. It consists of the electron transfer centres of nitrous 
oxide reductase (centre A) and cytochrome c oxidase (CuA centre) 
(reviewed by Kroneck et al. 1990, Malmstrom & Aasa 1993). The 
spectroscopic and biochemical features of this class of copper sites will be 
discussed in the following chapters. 



2 REVIEW OF LITERATURE 

2.1 Respiratory chains 

2.1.1 Mitochondrial respiratory chain 

The mitochondrial respiratory chain transfers electrons through a redox 
potential span of 1.1 V from the NAD+ /NADH couple to the 02fH20 
couple. The respiratory enzymes convert free energy released by this 
electron flow into a transmembrane electrochemical proton gradient. This 
gradient, referred to as the proton motive force, is used for energy
requiring reactions such as the synthesis of ATP, transport of ions and 
metabolites, and in the case of micro-organisms, for cell motility. In 
mitochondria, the respiratory enzymes are located in the inner membrane 
where the energy-yielding reactions result in outward proton 
translocation (reviewed by Hatefi 1985, Nicholls & Ferguson 1992, 
Trumpower & Gennis 1994). 

Using detergents such as cholate and deoxycholate, the 
mitochondrial respiratory chain can be fractionated into four protein 
complexes (see Fig.1). NADH dehydrogenase (Complex I) catalyses the 
reaction: 

NADH + ubiquinone + 5 H+(N) = NAD+ + ubiquinol + 4 H+(P) 

where (N) and (P) refer to the negative inner and positive outer side of the 
mitochondrial inner membrane. The enzyme has been isolated and 
characterized from bovine heart and filamentous fungus Neurospora 
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crassa. It is comprised of approximately 40 different subunits (reviewed by 
Weiss et al. 1991, Walker 1992). Seven subunits are encoded by 
mitochondrial DNA, and these subunits are probably located in the 
hydrophobic transmembrane fragment of the enzyme (Gibb & Ragan 
1990). NADH dehydrogenases contain noncovalently bound flavin 
mononucleotide (FMN) and four iron-sulphur clusters as prosthetic 
groups. FMN appears to be the primary electron acceptor in Complex I. 
The electrons are transferred via the iron-sulfur clusters to ubiquinone. 
Little is known about the coupling of electron transfer to proton 
translocation in NADH dehydrogenase (reviewed by Weiss et al. 1991, 

Walker 1992). The structure of Complex I from N.crassa has been studied 
by electron microscopy of two-dimensional membrane crystals. The 
enzyme was found to be L-shaped. One arm is probably mainly buried in 

the membrane bilayer, whereas the other arm extensively protruds to one 
surface, probably into the matrix side in mitochondria (Leonard et al. 1987, 

Hofhaus et al. 1991). 

In addition to Complex I, there are other pathways feeding electrons 
to ubiquinone. Succinate dehydrogenase (Complex ID, and a-glycero
phosphate dehydrogenase transfer electrons from redox couples with 
midpoint potentials close to O mV to the UQH2 /UQ couple with the 
midpoint potential of +60 mV. Consequently the limiting redox span (free 
energy) does not enable proton translocation (Hatefi 1985, Nicholls & 
Ferguson 1992). Succinate dehydrogenase that oxidizes succinate to 
fumarate, consists of four subunits. Two subunits form the soluble part of 
the complex and carry the succinate dehydrogenase activity, while the 
other two subunits are hydrophobic and anchor the catalytic subunits to 
the mitochondrial inner membrane. The catalytically active soluble part of 
the enzyme contains three iron-sulfur clusters and covalently bound FAD 
as prosthetic groups (Hatefi 1985). One of the anchoring subunits of bovine 
heart complex has been found to contain cytochrome bs6o, but the role of 
this cytochrome in electron transfer has not yet been established (Yu et al. 
1992). 

Cytochrome bq complex (Complex III) catalyses transfer of two 
electrons from ubiquinol to two molecules of cytochrome c. The reaction 
is coupled to proton translocation across the inner mitochondrial 
membrane: 

QH2 + 2 H+(N) + 2 cyt c3+ = Q + 4 H+(P) + 2 cyt c2+ 

The mechanism of proton translocation in the bq complex is relatively 
well understood (reviewed by Trumpower 1990). The so called Q cycle is a 
branched pathway of electron transfer from ubiquinol to cytochrome c.

The protons are translocated by the cycling of quinol (QH2) molecules from 
the negative to the positive side of the membrane and quinone (Q) from 
the positive to the negative side (Mitchell 1976). As in the case of Complex 
I, the best structural information on the cytochrome bci complex is based 
on electron microscopic studies of membrane crystals (Karlsson et al. 1983). 

Biochemical experiments have shown that the mitochondrial cytochrome 
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bCJ complex contains 9-11 subunits. Three of these contain all catalytically 
active prosthetic groups: two cytochromes b, cytochrome CJ and a 2Fe:2S 
cluster in so called Rieske protein. The haems B and the iron-sulfur 
cluster are involved in the actual Q cycle, whereas the cytochrome CJ is 
involved in the delivery of electrons to the soluble cytochrome c. The 
function of the additional subunits is still largely unknown. All subunits 
except for the cytochrome bare encoded by the nuclear DNA (reviewed by 
de Vries & Marres 1987, Trumpower & Gennis 1994). 

Cytochrome c oxidase (Complex IV) is the last enzyme in the 
mitochondrial respiratory chain. It catalyses electron transfer from 
cytochrome c to molecular oxygen (reviewed by Babcock & Wikstrom 
1992). The electron transfer is coupled to proton translocation in the 
following way: 

4 cyt c2+ + 8 H+(N) + 02 = 4 cyt c3+ + 4H+(P) + 2 H20 

Cytochrome c oxidase consists of three mitochondrially-encoded subunits 
and up to ten nuclear encoded subunits. All the redox centres, two 
cytochromes and two copper centres, are located in two mitochondrially
encoded subunits (reviewed by Saraste 1990). 

2.1.2 Bacterial respiratory chains 

Oxidative phosphorylation is an important source of energy also in many 
genera of bacteria. The respiratory enzymes are located in the cytoplasmic 
membrane, and they translocate protons from the cytoplasm either to the 
periplasmic space (in Gram-negative bacteria) or to the extracellular mileu 
(in Gram-positive bacteria). Bacterial respiratory enzymes are structurally 
simpler and contain fewer subunits than their mitochondrial 
counterparts. This, together with the possibility of using random and site
directed mutagenesis, has made the bacterial proteins important for our 
current understanding of respiratory enzymes (reviewed by Anraku 1988, 
Nicholls & Ferguson 1992). 

Bacterial respiratory systems have a greater diversity of electron 
transfer pathways than their mitochondrial counterparts. A bacterium 
may possess several different types of dehydrogenases and terminal 
oxidases, depending on available substrates and natural habitats. Bacterial 
respiratory components also interact with other electron transfer systems 
such as those involved in denitrification and photosynthesis (reviewed by 
Anraku 1988, Nicholls & Ferguson 1992). It is also typical for many bacteria 
that they are able to express alternative enzymes with similar activities. 
Yagi et al. (1988) have shown that Thermus thermophilus contains two 
different types of NADH dehydrogenases, one of which is homologous to 
the mitochondrial enzyme. Many bacterial species, like Paracoccus 
denitrificans, also express a number of different c -type cytochromes, 
which are able to transfer electrons to the terminal oxidases (Bolgiano et 
al. 1989)(see Fig.I). 
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Probably the most striking difference between the mitochondrial 
and bacterial respiratory systems lies in the terminal oxidases. All aerobic 
bacterial species that have been examined so far, are able to express 
multiple respiratory oxidases. Although these oxidases have different 
substrates (cytochrome c versus quinol), oxygen affinities and metal 
composition, most of them are members of the haem-copper oxidase 
superfamily (reviewed by Garcia-Horsman et al. 1994, Calhoun et al. 1994). 
The only well characterized exception is cytochrome bd quinol oxidase, 
which is not homologous to the haem-copper oxidases. (reviewed by 
Anraku 1988, Poole & Ingledew 1987). 

Dehydrogenases 
(Complexes I and II) 

A. 

bc1 complex

(Complex III) 

tenninal oxidases 
(ComplexN) 

I dehycrogenases, _.. Q__. ._I __ be_, _....,I-+ G)---.1 aa3•type I<; 1
::0 

02 

/I aa3-type 1<
1/202 

B. 
H,O 

Idehydrogenases 1-.. Q-..1 bc1 1--.�--.1 cbb3•type 1<
1/202 

I 
H,O 

- I ba3•type 1<
1
::0

02 

c. bo3•type 1<
1
::0

02 

Idehycrogenases I -.. Q 
bd•type I< 1 ::0 02 

FIGURE 1. Model of respiratory chains in mitochondria and bacteria. The diagram 
summarizes the relationships between the electron transfer complexes in mitochondria (A), 

Paracoccus denitrificans (B) and Escherichia coli (C). In mitochondria, ubiquinone (Q) 
mediates electron transfer from the dehydrogenases to the cytochrome bq complex, 
whereas cytochrome c transfers electrons from the cytochrome bq complex to the terminal 
oxidase. Paracoccus denitrificans has three different types of terminal oxidases, two of 
which utilize cytochrome c as a substrate and one that is a quinol oxidase (de Gier et al. 
1994, Richter et al. 1994). All the terminal oxidases of Paracoccus are members of the haem
copper oxidase superfamily. Escherichia coli is able to express two types of terminal quinol 
oxidases. Cytochrome bd, which does not belong to the haem-copper oxidase superfamily, 
has higher affinity for 02 than cytochrome bo3 (reviewed by Garcia-Horsman et al. 1994). 
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The expression and function of the terminal oxidases is regulated by 
enviromental and nutritional conditions. The most thoroughly 
characterized system at the moment is the regulation of bo- and bd-type 
terminal oxidases in E.coli. The expression of these oxidases is controlled 
at least by oxygen concentration and pH (Cotter et al. 1990). Models of the 
aerobic respiratory chains in mitochondria, Paracoccus denitrificans and 
Escherichia coli are shown in Fig.1. 

2.2 Cytochrome oxidase 

2.2.1 General features of haem-copper oxidases 

The mammalian cytochrome c oxidase contains 13 subunits, three of 
which are encoded by mitochondrial DNA. Bacterial haem-copper 
oxidases typically consist of three subunits that have high sequence 
homology with the eukaryotic mitochondrially-encoded subunits (Saraste 
1990). Although the bacterial oxidases are structurally simpler than their 
mitochondrial counterparts, they have been shown to pump protons and 
catalyse reduction of dioxygen as efficiently as the mitochondrial oxidases 
(Hendler at al. 1991, Hosler et al. 1992). 

Bacterial terminal oxidases fall into two categories according to their 
electron donating substrate (see Fig.2). Bacterial cytochrome c oxidases, like 
their mitochondrial counterparts, receive electrons from cytochrome c.

Quinol oxidases, that have so far been cloned and characterized from 
Escherichia coli (Chepuri et al. 1990), Bacillus subtilis (Santana et al. 1992), 
Sulfolobus acidocaldarius (Lubben et al. 1992) and Paracoccus denitrificans 
(Richter et al. 1994), use ubiquinol or menaquinol as a substrate. 

The common feature for all haem-copper oxidases is that subunit I 
contains a hexa-coordinated low-spin haem and a binuclear center 
consisting of a copper atom (CuB) and a high-spin haem. A hexa
coordinated low-spin haem transfers electrons to the binuclear high-spin 
haem - CuB centre, where dioxygen is reduced to water. All members of 
the haem-copper oxidase superfamily have been shown to function as 
proton pumps (Calhoun et al. 1994, Raitio & Wikstrom 1994). The main 
structural difference between cytochrome c- and quinol oxidases concerns 
subunit II. Quinol oxidases do not contain any redox active metal centre in 
subunit II, whereas a typical cytochrome c oxidase has a redox active 
copper centre (CuA) in subunit II. However, bacterial cytochrome c

oxidases also show many variations on the metal centres in subunit II. 
The Bacillus caa3-type oxidases have a cytochrome c fused to subunit II 
(Saraste et al. 1991), and cbb3-type oxidases have two membrane anchored 
cytochromes c instead of the classical CUA-binding subunit II as shown in 
Fig.2 (see Garcia-Horsman et al. 1994). 
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Cytochrome c Oxidases QJ.linol oxidases 

CuA 

I I 

caa3, cao3 
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I 
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I I 

l
e 

1
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FIGURE 2. The different members of the haem-copper respiratory oxidase superfamily. 
The panel on the left illustrates the three classes of cytochrome c oxidases, and the right 
hand panel illustrates the two classes of quinol oxidases. All haem-copper oxidases share a 
homologous subunit I with identical sets of redox centres (a low-spin haem, a high-spin 
haem and Cus). The variety of haem combinations found in each subclass is shown in figure. 
Subunits that are homologous to the 'core' subunits of the mitochondrial cytochrome c 
oxidase are indicated by Roman numerals. Note that the Sulfolobus acidocaldarius aa3-

type quinol oxidasc (below right) has probably a cytochrome b homologue complexed with 
the oxidase subunits I and II (Lubben et al. 1992). The figure is modified from Garcia
Horsman et al. (1994). 

2.2.2 Subunit I 

Subuni� I of the haem-copper oxidases is a large membrane protein. 
According to hydropathy plots, this subunit contains 12 putative 
tr�sme�brane helices in. most oxidases. However, in the E.coli bo3-type

qumol oxidase, as well as m some related oxidases, it contains 3 additional 
trans_memb�ane spans (Trumi:iower & Gennis 1994). The topology of this
E.coli protem has been studied by using random gene fusions. These
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experiments agree with the model that proposes 15 transmembrane 
segments (Chepuri & Gennis 1990). The location of the N- and C-termini 
on the periplasmic and cytoplasmic side of the membrane has been further 
confirmed by genetic fusions of subunits I, II and III of E.coli bo3-type 
quinol oxidase (Ma et al. 1993). 

Three different types of haems are found in the subunit I of haem
copper oxidases in a variety of combinations (see Fig.2). These are haems B 
(protohaem IX), 0 and A. It has been recently discovered that some 
Archaea also possess modified forms of haems O and A (Lubben & 
Morand 1994, Liibben et al. 1994a). Electron paramagnetic resonance (EPR) 
studies on oriented multilayer preparations of cytoplasmic membrane 
fragments have shown that both haems in the oxidases are oriented 
perpendicularly to the membrane plane (see Salerno & Ingledew 1991). 
Haem A or haem O is involved in the formation of the binuclear centre in 
the oxidases characterized so far. These haems have a hydroxyethyl
farnesyl side chain in position 2 of the porphyrin ring. It has been 
postulated, that this farnesyl side chain could be functionally important 
for the high-spin haem. However, the recent discovery of cbb3-type 
cytochrome c oxidases argues against its essential role for the high-spin 
haem (reviewed by Mogi et al. 1994). The hexa-coordinated low-spin haem 
is responsible for the main part of optical absorption in red region. Haem 
B and haem O have very similar absorption spectrum, giving a red colour 
to the oxidase. Haem A has a formyl group that replaces a methyl group in 
position 8 of the porphyrin ring. The formyl group causes a shift in the 
spectrum which leads to a green colour for oxidases containing haem A in 
the low-spin position (reviewed by Garcia-Horsman et al. 1994). 

Electron nuclear double resonance (ENDOR) and extended X-ray 
absorption fine structure (EXAFS) experiments have shown that CuB is 
coordinated to at least three nitrogens and probably also to one sulphur or 
chloride (Cline et al. 1983, Li et al. 1987). ENDOR has also provided 
evidence for bis-imidazole coordination of the low-spin haem (Martin et 
al. 1985). There are six histidines among the totally conserved residues in 
subunit I. The roles of these histidines as ligands for the haems and CuB 
have been confirmed by site-directed mutagenesis of the E.coli cytochrome 
bo3 (Lemieux et al. 1992, Minagava et al. 1992) and the R.sphaeroides 
cytochrome aa3 (Shapleigh et al. 1992). In addition to the histidines, a 
conserved tyrosine 288 in the cytochrome bo3 of E.coli may be CuB ligand 
(Thomas et al. 1994). A detailed spectroscopic characterization of site
directed mutants has led to a consensus in the assignment of the ligands to 
the metal centres (Calhoun et al. 1993 a-c, Uno et al. 1994). The model for 
the coordination of the redox centres in the subunit I of the E.coli 
cytochrome bo3 is shown in Fig.3. 

Subunit I also contains several other well conserved residues in 
addition to the metal ligands. Site-directed mutagenesis have shown that 
the loop between the putative transmembrane helices IX and X forms a 
cap over the haem a - haem a3 - CuB centre in the R.sphaeroides 
cytochrome aa3 and is important for the structure of the active site (Hosler 
et al. 1994). Substitutions of conserved polar residues of the 
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transmembrane helix VIII and of the helix Il>III loop of the cytochrome 
bo3 subunit I lead to a loss of proton pumping activity without 
significantly affecting the spectroscopical properties of the redox centres. 
Therefore these residues might form a proton and/or water channels in 
the transmembrane part of subunit I (Thomas et al. 1993a,b). 

VI 

I 
Fe 

I 
X H419 Fe 

FIGURE 3. Model for the coordination of haem b, haem o and Cu5 in subunit I of the 
Escherichia coli bo3 -type oxidase. The six totally conserved histidines are located in 
helices II, VI, VII and X. Spectroscopic studies of site-directed mutants indicate that 
His106 and His421 are the axial ligands of the low-spin haem, whereas His419 is the 
proximal ligand of the high-spin haem (Calhoun et al. 1993b,c, Uno et al. 1994). Residues 
His333 and His334 have been confirmed to coordinate the Cus center (Calhoun et al. 1993a). 
The remaining invariant histidine (His284), which is probably also involved in 
coordination of CuB, has been proposed to function in proton translocation (Wikstrom et al. 
1994). Recent studies indicate that the well conserved tyrosine (Tyr288) may also be a CuB 
ligand (Thomas et al. 1994). 

The binuclear high-spin haem - CuB centre forms the catalytically active 
site of the oxidase, where dioxygen is reduced to water. CuB seems to 
function as a substrate entry point of the binuclear centre, controlling the 
access of exogenous ligands to the high-spin haem (Woodruff et al. 1991, 
Woodruff 1993). The two activities of the enzyme, oxygen reduction and 
proton translocation are structurally, kinetically and energetically 
intertwined. Catalysis is extremely rapid, since the maximal turnover of 
the isolated enzyme in steady state is more than 500 e- per second. During 
catalysis, the binuclear centre cycles through intermediate states, which 
differ from each other depending on the valence, spin and ligation states 
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of the metals (reviewed by Babcock & Wikstrom 1992). Time resolved 
absorption (Han et al. 1990a) and Raman spectroscopy (Han et al. 1990b, 
Varotsis et al. 1993) have been valuable techniques in detecting these 
reaction intermediates. It is not yet fully understood how oxygen 
reduction is coupled to proton translocation. Wikstrom (1989) has shown 
that only two of the four electron transfers are coupled to proton 
translocation. Recently a chemical model for proton translocation has 
been proposed (Wikstrom et al. 1994). In this model, one of the histidine 
ligands of CuB cycles between its imidazolate (Im-) and imidazolium 
(ImHH+) forms. This could be a principal link between redox events and 
proton translocation. 

2.2.3 Subunit II and the CuA centre 

Subunit II is the most hydrophilic among the three core subunits of 
cytochrome oxidases. According to hydropathy plots, this subunit consists 
of a small hydrophilic N-terminal domain, two putative transmembrane 
helices connected by a short loop, and a larger hydrophilic C-terminal 
domain (Saraste 1990). However, subunits II in the oxidases of 
S.acidocaldarius and Thermus thermophilus are significantly smaller,
containing only one predicted transmembrane helix and a hydrophilic C
terminal domain (Lubben et al. 1992, Mather et al. 1993). The topology of
this subunit has been studied by gene fusions. These experiments have
shown that the C-terminus of the E.coli cytochrome bo3 is located in the
periplasmic space (Chepuri & Gennis 1990, Ma et al. 1993).

It has been long predicted that subunit II of the cytochrome c

oxidases harbours the CuA centre, since it shares sequence similarity with 
the small blue copper proteins (Steffens & Buse 1979). The fluorescence 
probe studies by Hall et al. (1988) showed that the CuA centre is indeed 
located in subunit II. In cytochrome c oxidases, the C-terminal domain of 
subunit II contains several totally conserved residues including two 
cysteines, two histidines, two aspartates and a glutamate. These residues 
are not found in quinol oxidases. It has been proposed that the cysteines 
and the histidines could coordinate the copper atom, whereas the 
carboxylates could be important for the interaction with cytochrome c (see 
Holm et al. 1987, Capaldi 1990). The cysteine-histidine ligation of CuA has 
been experimentally confirmed by ENDOR and EXAFS studies (Scott et al. 
1986, Li et al. 1987, Martin et al. 1988). On the other hand, the sequence 
alignments between cytochrome c oxidase subunits II and nitrous oxide 
reductases suggests that these related copper centres would have six 
ligands: two cysteines, two histidines, one methionine and one aspartate 
(Steffens et al. 1993). 

The optical spectrum of CuA is mostly covered by the strong 
absorption of the low-spin haem. However, MCD spectra have shown that 
CuA has transitions throughout the spectral region from 450 to 950 nm 
(Greenwood et al. 1983). EPR, MCD and EXAFS studies have shown that 
the CuA centre of cytochrome c oxidase is structurally similar to the 
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electron transfer copper centre A in a bacterial denitrification enzyme, 
nitrous oxide reductase (N20R)(Scott et al. 1989, Kroneck et al. 1990, Farrar 
et al. 1991). The EPR spectra of both centres have several unusual features. 
They both have anomalously low g-values as well as a narrow hyperfine 
coupling and an unusual broadening of spectra at temperatures above 150 
K (Malmstrom & Aasa 1993). The latter has been proposed to arise from 
the interactions between CuA and other metal centres. However, recent 
resonance Raman studies indicate that CUA is independent of the other 
redox centres, and therefore its peculiar spectroscopic features must be due 
to the structure of the copper centre itself (Takahashi et al. 1993). 

Two different models have been proposed in order to explain these 
features. According to the 'classical' model the CuA centre is mononuclear. 
The unusual EPR spectrum is explained as arising from delocalization of 
the unpaired electron to one or two cysteine sulphurs, indicating that a 
covalent interaction may exist between copper and cysteine ligands 
(Stevens et al. 1982, Martin et al. 1988). In the second model, the 
spectroscopic properties are explained by the dinuclear nature of CuA, The 
latter model was originally based on spectroscopic studies on the centre A 
of N20R. The EPR spectrum of N20R contains a well-resolved seven-line 
hyperfine structure at 9 GHz (X-band) with an intensity ratio 1:2:3:4:3:2:1 
(Kroneck et al. 1988). In the intact cytochrome c oxidase, this hyperfine 
structure cannot be resolved at 9 GHz, but a weak seven-line signal has 
been detected at a lower frequency (S-band) (Antholine et al. 1992). 
Kroneck et al. (1988) have suggested that this feature arises from mixed 
valence [Cu(l.5) .... Cu(l.5)] 5=1/2 species with the unpaired electron 
delocalized between the two equivalent copper nuclei. The dinuclear 
nature of CuA has been also supported by several quantitative copper 
measurements, showing that cytochrome c oxidases contain 
approximately 2.5-3 copper atoms/2 hemes (Steffens et al. 1987, Oblad et al. 
1989, Steffens et al. 1993). However, in contrast to the dinuclear model of 
CuA, Pan et al. (1991) have suggested that the extraneous copper of 
cytochrome c oxidase could be associated with subunit ill and would play a 
role in the enzyme dimerization. 

2.2.4 Subunit III 

The hydropathy plot of subunit III suggests that this protein contains 
seven putative transmembrane helices in a typical cytochrome c oxidase. 
The E.coli cytochrome bo3 as well as some other bacterial oxidases have a 
short version of subunit III with only five transmembrane segments. 
However, in these cases the oxidase complexes have a longer version of 
subunit I, indicating that the two first N-terminal helices of subunit III can 
be "moved" to the C-terminus of subunit I (Saraste 1990, Trumpower & 
Gennis 1994). In the thermophilic organisms Sulfolobus acidocaldarius 
and Thermus thermophilus, a genetic fusion between subunits I and III 
has also been reported (Mather et al. 1993, Lubben et al. 1994b). 
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The function of subunit III is not known. A gene deletion study has 
shown that it is important for the assembly of functional oxidase (Haltia et 
al. 1989). This subunit harbours two conserved carboxylates in the middle 
of hydrophobic sequences, which have been proposed to be involved in 
proton translocation. However, the substitution of these residues in the 
Paracoccus cytochrome aa3 results in a structurally and functionally 
normal enzyme (Haltia et al. 1991). Calorimetric studies using bacterial 
and mitochondrial oxidases have shown that subunits I and II form a 
highly cooperative complex, while subunit ID is less stable and and forms 
a structurally independent domain (Rigell et al. 1985, Rigell & Freire 1987, 
Haltia et al. 1994). Subunit III is also often partially lost during enzyme 
purification, indicating that it interacts loosely with subunits I and II. The 
remaining two-subunit version of the P.denitrificans oxidase has been 
shown to be a proton pump (Hendler et al. 1991). However, recent studies 
by Haltia and co-workers have shown that the absence of subunit m in the 
P.denitrificans cytochrome aa3 leads to a turnover-induced loss of electron
transfer activity (Haltia et al. 1994).

2.3 The reaction of cytochrome c oxidase with cytochrome c

Cytochrome c oxidases react with reduced cytochrome c with rates around 
107 M·1s·1, and the formation of the complex between cytochrome c and 
oxidase is believed to be the rate-limiting step in this reaction (Andreasson 
1975, Antalis & Palmer 1982). This fast reaction phase is followed by a 
much slower phase with a rate of 1-3 s·1. The origin of the biphasic kinetics
is not well understood. Purified mammalian cytochrome c oxidase has 
been shown to bind two molecules of cytochrome c in two distinct binding 
sites with Ko=10·8 M and Ko=l0-6 M (Ferguson-Miller et al. 1976, Rieder &
Bosshard 1978). It has been suggested that the two kinetic phases could be 
due to two distinct high- and low- affinity binding sites for cytochrome c
(Ferguson-Miller et al. 1976, Garber & Margoliash 1990). In contrast, 
transient-state kinetic studies by Antalis & Palmer (1982) suggested that 
cytochrome oxidase contains only one kinetically active cytochrome c

binding site, with Ko=l0-6 M. Brzezinski & Malmstrom (1986) have
further suggested that the biphasic kinetics could arise from two different 
conformational stages of the proton-pumping enzyme in which the 
primary electron acceptor has different reduction potentials. 

The interaction between cytochrome c and cytochrome c oxidase is 
strongly dependent on ionic strength, indicating that electrostatic 
interactions are important for the formation of the complex (Antalis & 
Palmer 1982). The interaction of cytochrome c with the high-affinity site 
has been shown to involve a ring of seven lysine residues around the 
haem edge (Rieder & Bosshard 1978). Subunit II in cytochrome c oxidase 
contains well conserved aspartates and glutamates, which are believed to 
interact with the conserved lysines in cytochrome c (Capaldi 1990, Saraste 
1990). The location of the cytochrome c binding sites has been mapped 
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using several different methods including chemical modification (Seiter at 
al. 1979, Bisson & Montecucco 1982, Millett et al. 1983), cross-linking 
(Erecinska 1977, Briggs & Capaldi 1978) and monoclonal antibodies (Taha 
& Ferguson-Miller 1992). The results indicate that in the mitochondrial 
oxidase, the high-affinity binding site is located in subunit II, with some 
nuclear-encoded subunits constituting part of the binding site. The 
location of the kinetically active cytochrome c binding site in subunit Il is 
also supported by kinetic electron transfer studies, which have shown that 
the CuA centre is the primary electron acceptor in cytochrome c oxidase 
(Hill 1991, Nilsson 1992, Pan et al. 1993). 

2.4 Evolution of cytochrome oxidase 

Aerobic organisms are found in all three major domains of living systems: 
eubacteria, archaebacteria and eukaryotes. In eukaryotes, aerobic 
respiration occurs in mitochondria and photosynthesis takes place in 
chloroplasts. Mitochondria are derived from purple bacteria, whereas 
chloroplasts are derived from the endosymbiosis of cyanobacteria. Since 
cytochrome oxidases and aerobic respiration are found in all three major 
kingdoms of life, it was believed that respiration evolved separately in 
these evolutionary lines after the atmospheric oxygen concentration 
increase due to the emergence of photosynthesis (Broda & Peschek 1979). 
However, during the past years cytochrome oxidase genes from a number 
of different sources, including archaebacteria, have been cloned and 
sequenced. A comprehensive evolutionary analysis of these sequences has 
demonstrated that all haem-copper oxidases are related, and therefore 
derived from a common ancestor. The ancient oxidase has been present in 
the common ancestor of archaebacteria and eubacteria, whereas oxygenic 
photosynthesis has evolved later in eubacteria. Furthermore, phylogenetic 
trees show that quinol oxidases have evolved from cytochrome c oxidases 
(Castresana et al. 1994)(see Fig.4). The data proposing that respiration 
evolved prior to photosynthesis is further supported by the discovery of a 
new class of cytochrome c oxidases from Bradyrhizobium japonicum 
(Preisig et al. 1993). This novel class of oxidases functions in an 
enviroment with a very low oxygen concentration, and according to 
phylogenetic trees, it seems to be the most ancient type of cytochrome 
oxidase (see Fig.4). 

The recent sequencing of the operon encoding nitric oxide reductase 
(Zumft et al. 1994) has revealed interesting relationship between 
respiration and denitrification. Nitric oxide reductase contains two 
subunits, NorB and Nore. Saraste & Castresana (1994) and Van der Oost et 
al. (1994) have noticed that NorB shares significant sequence homology 
with subunit I of the haem-copper oxidases. It contains the conserved 
histidines that are involved in the coordination of the redox centres in 
subunit I. A phylogenetic tree that is based on an alignment of bacterial 
and archaean oxidases with NorB, shows that NorB is the most distant 
member of the haem-copper oxidase superfamily (Fig.4). This suggests that 
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respiration might have evolved from denitrification (Saraste & Castresana 
1994). A second link between cytochrome c oxidases and denitrification 
enzymes is CuA, The CuA-binding domain of subunit II is homologous to 
the C-terminal Cu-binding sequence of N20R (Buse & Steffens 1991, 
Zumft et al. 1992). It is possible that the CuA site has evolved from the 
related site in N20R (Saraste & Castresana 1994). 

.....------------ NorB (P. stutzeri) 

FixN (B. japonicum) 

FixN (R. meliloti) 

SoxB (S. acidocaldarius) 

CbaA (T. thermophilus) 

SoxM (S. acidocaldarius) 

CaaB (T. thennophilus) 

J 
NO reductase
(denitrification) 

Cytochrome oxidase 
(oxygen-based respiration) 

FIGURE 4. A phylogenetic tree of subunit I of cytochrome oxidases and the integral 
membrane subunit (NorB) of nitric oxide reductase. The most divergent members of the 
oxidase family have been chosen. The phylogenetic tree shows that NorB is the most 
divergent member of the oxidase superfamily. FixN is the closest branch to NorB, 
suggesting that the latter is related to the primitive cytochrome oxidase. Figure is taken 
from Saraste & Castresana (1994). 



3 AIM OF THE STUDY 

As discussed in chapter 2.2.3, the CuA centre in cytochrome c oxidase is 
probably located in the hydrophilic C-terminal domain of subunit II. This 
domain harbours also several conserved carboxylates, that are believed to 
form the cytochrome c binding site (Capaldi 1990, Saraste 1990). The 
structure of the CuA centre has been the focus of several studies during 
recent years. EPR data and quantitative copper /protein measurements 
have indicated that this centre might contain two copper atoms 
(Malmstrom & Aasa 1993). However, since cytochrome c oxidase is a large 
multi-subunit enzyme and contains other metal centres in addition to 
CuA, detailed examination of this copper centre has been difficult. The 
present work has focused to isolating CuA -binding domains from 
cytochrome c oxidases. These domains would be free from any other metal 
centres, and hence suitable for a number of biochemical studies. More 
specifically, the aims of this study have been: 

1. To express CUA-binding domains from different bacterial sources for
biochemical, spectroscopic and structural studies.

2. To quantify the number of coppers in the CuA centre - is the CuA a
mononuclear or a dinuclear copper centre?

3. To identify the CUA-binding residues by site-directed mutagenesis.

4. To identify the cytochrome c binding residues in cytochrome c oxidase.

5. To crystallize the isolated CuA-binding domain, and to solve its three
dimensional structure.



4 MATERIALS AND METHODS 

The materials and methods are described in detail in the original 
publications I-V. 

Bacterial strains and plasmids 

The expression of cytochrome oxidase domains was carried out in E.coli 
BL21(DE3)(F-, ompT, rB- IDB-, l lysogen containing the T7 RNA polymerase 
gene under the lacUV5 promoter). The modified pET vector used as an 
expression plasmid was a derivative of pET3d (Studier et al. 1990, I). The 
E.coli cells were grown in Luria Broth medium at 37 °C under good
aeration, and expression was induced with isopropyl-thio-�-D-galactoside
as described (I, Ill). The Paracoccus denitrificans cytochrome c-550 was
purified from a strain carrying pEG400-cycA -plasmid (obtained from Jan
Willem de Gier & John van der Oost, Free University of Amsterdam),
grown at 30 °C on succinate-based minimal-medium (Ludvig 1986) under
anaerobic conditions as described (IV).

Site-directed mutagenesis 

The oligonucleotide primers for subcloning and mutagenesis are described 
in the original publications 1-V. The mutations were introduced with 
polymerase chain reaction (PCR) following the overlap extension method 
(Higuchi et al. 1988). All PCR constructs were sequenced, and those 
containing undesired mutations were discarded. The standard methods of 
molecular biology are described by Ausubel et al. (1991). 
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Protein purification 

The bacterial cells were broken by a French press. The membranes and 
insoluble fragments were pelleted by ultracentrifugation as described (I-V). 
Paracoccus cytochrome c-550, as well as the CuA domain from 
Synechocystis PCC-6803 and Rhodobacterium sphaeroides were expressed 
as soluble proteins in the cytoplasm and purified from the supernatant by 
a combination of anion exchange and gel filtration chromatography. The 
E.coli CyoA fragments were purified from the soluble fraction by a
combination of anion exchange, metal affinity and gel filtration
chromatography (I). The wild type and mutant P.denitrificans CuA
domains formed inclusion bodies in the E.coli BL21(DE3) cells. These were
solubilized in 7 M urea and the proteins were refolded by gradually
decreasing the urea concentration as described (III). The refolded proteins
were purified by anion exchange and gel filtration chromatography. All
the columns were run with a Pharmacia FPLC instrument at room
temperature.

Spectroscopic methods 

Optical absorption spectra were recorded with a Perkin Elmer Lambda 2 
spectrophotometer at room temperature. Circular dichroic (CD) spectra 
were recorded on a Jasco-710 instrument. The protein concentrations were 
20 µM for near-UV CD and 40 µM for the temperature denaturation 
scanning. Electrospray mass spectra were recorded with a Sciex API III 
instrument. The EPR spectra in publication II were recorded with Bruker 
ER 200D-SRC X-band spectrofotometer. The EPR and MCD -spectra in 
publication V were recorded with a Bruker ER-200D and JASCO J-S00D 
instruments respectively. 

Rapid kinetic measurements 

The kinetics of the electron transfer reaction between reduced cytochrome 
c and the oxidized CUA-binding domain was monitored by stopped-flow 
spectroscopy. The oxidation of cytochrome c was followed by the decrease 
of absorbance at 550 nm and the reduction of CuA by the decrease of 
absorbance at 800 nm. Before the experiments, the samples of Paracoccus 
(see above) and horse heart (type IV, Sigma) cytochromes c were reduced 
with an excess of sodium dithionite or ascorbate. The reducing agent was 
subsequently removed by gel filtration in Sephadex G-25 columns (PD-10, 
Pharmacia). The stopped-flow experiments were carried out with a Bio
Logic (SMF-3) apparatus at EMBL and with Bio-Sequential apparatus at the 
University of East Anglia as described in (IV). 

Other methods 

The millimolar extinction coefficients at 278 nm for the purified proteins 
were based on protein concentrations determined by quantitative amino 
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acid analysis. The copper content of the protein samples was determined 
by the biquinone method (Broman et al. 1962). Polyacrylamide gel 
electrophoresis in the presence of sodium dodecyl sulphate was carried out 
using the buffer system of Laemmli (1970). Protein crystallization was 
performed using the vapour diffusion method. The search for the initial 
crystallization conditions was carried out by factorial experimental design 
( Carter 1992). 



5 REVIEW OF THE RESULTS 

5.1 Spectroscopic properties of isolated CUA-domains 

In the intact cytochrome c oxidase, the optical spectrum of CuA is covered 
by the strong absorption of the low-spin haem. For this reason the optical 
spectrum of CuA in the 400 - 700 nm region cannot be resolved, and only a 
weak absorption peak around 800 nm has been assigned to CuA 
(Malmstrom and Aasa 1993). However, the EPR spectrum of CuA is 
similar to the spectrum of centre A in N2OR, suggesting similarities also 
in the optical properties between these two copper centres (Kroneck et al. 
1990). 

We have expressed CUA-binding domains from aa3-type cytochrome 
c oxidases of Paracoccus denitrificans (III), Rhodobacterium sphaeroides 
and Synechocystis PCC-6803. In addition, we have been able to reconstitute 
a CUA-like and blue copper centre into the homologous CyoA subunit of 
the E.coli cytochrome bo3 quinol oxidase. These mutants were designed by 
using local sequence alignments of small blue copper proteins and subunit 
II in cytochrome c and quinol oxidases. The possible blue copper and CUA 
ligands were introduced into the soluble CyoA fragment (I). The 
comparison of optical spectra of the CUA-binding fragments is shown in 
Fig.5. These spectra have a strong absorbance maximum at 460-540 nm and 
a smaller peak around 800 nm. They are very similar to the optical spectra 
reported earlier for N2OR (Riester et al. 1989). The presence of a peak at 800 
nm region confirms its earlier assignment to CuA in the intact oxidase. 
These results are also in a good agreement with the MCD studies on intact 
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oxidase, which have demonstrated that CuA has transitions throughout 
the spectral region from 450 to 950 nm (Greenwood et al. 1983). 

480 
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FIGURE 5. Optical spectra of isolated CuA -binding domains. The figure shows the spectra 
of the domains from Paracoccus denitrificans aa3-type oxidase (A), Rhodobacterium 
spheroides aa3 -type oxidase (B), Synechocystis PCC-6803 aa3-type oxidase (C) and CuA -
like site engineered into Escherichia coli bo3-type oxidase (D). The spectra were recorded 
with 100 µM protein samples in 20 mM Bis-Tris (pH 7.0). 

A special feature of these isolated cytochrome c oxidase CUA-binding 
domains is the pH-induced change of the spectra. At alkaline pH, there is a 
dramatic decrease in absorbance throughout the 400 - 850 run region. In 
the case of the Paracoccus and Rhodobacterium domains, this feature is 
combined with a strong increase in absorbance at 370 nm. The pK for this 
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reversible change is about 8.2 (ill). A similar pH dependence is not seen in 
the engineered CuA-like centre (I) or in the intact cytochrome c oxidase. 

At neutral pH the X-band EPR spectra of the Paracoccus (ill and V) 
and Synechocystis (unpublished observations) CUA-binding domains as 
well as the spectrum of engineered CuA-like centre (I), are nearly identical 
to the spectra earlier observed with the intact oxidase complex. As in the 
case of the intact oxidase, the clear seven-line hyperfine signal typical to 
N 2OR could not be detected with these CuA-fragments. The EPR spectra 
showed also a similar temperature-dependent broadening as observed 
with the CuA of the intact cytochrome oxidase (I, III). This confirms that 
the unusual saturation properties of CuA (reviewed by Malmstrom & Aasa 
1993) are due to the peculiar structure of this copper centre rather than its 
interactions with other redox centres. 

5.2 CUA is a dinuclear centre 

In order to examine the number of coppers in the centre, we studied the 
copper content of the isolated domains by the analytical biquinoline 
method and electrospray mass spectrometry. In publication I, we compared 
the copper content of the native CyoA domain and the domain with the 
engineered CuA-like centre (purple CyoA). The purple CyoA contained 
approximately 1.1 extra coppers in comparison to the colourless wild type 
protein. However, also the native quinol oxidase domain seemed to bind 
copper, which caused difficulties in the accurate quantification. After the 
revised purification protocol (developed by Dr. Mark Kelly) the purple 
CyoA preparations were shown to contain approximately 1.5 coppers more 
than the wild type protein (II). The presence of two coppers in the 
engineered Cu A -like centre was confirmed by electrospray mass 
spectrometry. The results from these experiments demonstrated that the 
mass of purple CyoA is 128 daltons higher than the one of the 
corresponding copperless apoprotein. This is almost exactly twice the mass 
of a copper atom (II). 

Electrospray mass spectrometry was also applied to the Paracoccus 
CUA-binding domain (III). The mass difference between CUA-containing 
and apoprotein was approximately 128 Da, supporting the dinuclear 
nature of native CuA. This was confirmed by chemical copper /protein 
measurements, which gave a value of 1.9 (mol/mol) both for the low- and 
high-pH forms. In both, approximately 50 % of the copper was EPR 
detectable. In the case of low-pH (native) form, this is in a good agreement 
with the mixed valence nature of this dinuclear copper centre (III). At 
alkaline pH, the EPR spectum of isolated CUA-binding domains aquire a 
type-2 character with a four-line hyperfine signal. Together with 
copper/protein measurements, this indicates that at high pH the unpaired 
electron is localized to only one of the coppers, and hence the centre loses 
its mixed-valence features (III, V). 
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5.3 Identification of the CuA ligands 

It has been proposed that subunit II has a similar three-dimensional fold 
to the small blue copper proteins (Saraste 1990, I). In the blue-copper 
proteins, the copper is coordinated to two histidines, a cysteine and a 
methionine. One of the histidine ligands is located between p-strands C 
and D, whereas the other three ligands are located in the loop between p
strands F and G, using the nomenclature for amicyanin (Adman 1991). 

The mutagenesis studies showed that at least two cysteines, two 
histidines and a methionine are important for the engineered centre (II). 
Two cysteines, one histidine and the methionine are located in the region 
corresponding to the amicyanin FG-loop, whereas the other histidine is 
located between the p-strands C and D, using the nomenclature of 
amicyanin. The replacement of any of these residues leads to the loss of 
copper and to significant spectral changes. The substitution of the 
conserved glutamate, that is located between the two conserved cysteines, 
does not lead to any significant changes in the optical spectrum or in the 
copper content (II). 

A more careful mutagenesis study that was carried out with the 
native Paracoccus CUA-binding domain is presented in (V). All the 
conserved, putative copper ligands of this domain were mutagenized and 
the optical spectra and copper/protein ratios were determined for all of the 
mutants. EPR- and MCD spectra were recorded from each mutant showing 
changes in the absorption properties. As in the case of the engineered 
centre, only two cysteines, two histidines and a methionine seemed to be 
crucial for the CuA site. However, replacement of the methionine either 
with threonine, cysteine, leucine or isoleucine seemed to cause problems 
in protein folding, as monitored by an analytical anion exchage 
chromatography. Whereas the wild type and the other mutant proteins 
eluted as a sharp peak at 0.45 M NaCl, the methionine mutants eluted as 
several small peaks between 0.4 and 0.6 M NaCl (V). These results indicate 
that this methionine is probably important for the folding of the CuA -
binding domain. The structural role of this methionine is further 
supported by the fact that it is also conserved in the copperless quinol 
oxidase subunit II. 

Mutagenesis of the putative CUA-ligands was not able to identify 
any residues that would be responsible for the pH sensitivity of the 
isolated CuA centre. However, the replacement of histidine 252 by 
asparagine led to a protein with an optical spectrum similar to the high
pH form. The spectrum of this mutant was not pH sensitive, and it 
retained these specific spectral features also at neutral and acidic pH. Also 
the EPR-spectrurn of this mutant is typical for the type 2 copper site, but 
the gn as well as hyperfine coupling are somewhat different from the wild 
type high-pH form (V). 
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5.4 Reaction of the CUA-binding domain with cytochrome c

CuA has been shown to be the electron entry site in cytochrome c oxidases 
(see e.g. Hill 1994). The location of the cytochrome c binding site has been 
studied using several different methods (see chapter 2.3). The results have 
indicated that the binding site is mainly located in subunit II. Since the 
binding is strongly dependent on ionic strength, it has been suggested that 
the conserved carboxylates in subunit II would interact with the conserved 
lysines around the heme edge of cytochrome c (Holm et al., 1987, Capaldi 
1990). 

The reaction between the isolated Paracoccus CUA-binding domain 
and cytochromes c was studied by optical spectroscopy (ill) and kinetically 
with stopped-flow spectroscopy (IV). At low ionic strength, the CuA
binding domain oxidizes Paracoccus cytochrome c-550 and horse 
mitochondrial cytochrome c at rates of l.5x106 and 3xl05 M·ls-1 , 
respectively. The reaction follows monophasic kinetics, indicating the 
presence of only one kinetically competent cytochrome c binding site 
within the domain. The reaction rates are strongly dependent on ionic 
strength. The slower rates and the stronger ionic-strength dependence of 
the reaction with horse cytochrome c shows, that this reaction is less 
specific. 

We identified five conserved residues (two aspartates, two 
glutamates and a glutamine) in the CuA -binding domain that are 
involved in cytochrome c binding. Substitution of these residues resulted 
in a 30-80% decrease in the reaction rates with Paracoccus cytochrome c-
550. Simultaneous substitution of the three absolutely conserved
carboxylates led to a 95 % decrease in the reaction rates, showing that the
effects of these substitutions are cumulative (IV).

5.5 Crystallization of the CUA-binding domain 

There is no high resolution structure available for cytochrome c oxidase or 
N2OR. The C-terminal CyoA fragment of the E.coli cytochrome bo3 h a s  
been crystallized (Van der Oost et al. 1993) and the structure has been 
recently solved (Wilrnanns et al. unpublished). This quinol oxidase 
domain does not harbour CUA and the structure will not give direct 
information about the structure of this copper centre. 

Purified Paracoccus, Rhodobacterium and Synechocystis CuA
binding domains have been used for crystallization trials. The Paracoccus 
domain crystallizes at pH 3.5-4.5 without any precipitants. The crystals are 
thin needles that grow in bundles (ill). The experiments to produce better 
quality crystals, by using different additives as well as screening for other 
crystallization conditions, have been unsuccesful. The crystallization 
experiments were also expanded to include the various Paracoccus 
domain mutants. Fig.6 shows crystals obtained with the K219Q mutant. 
These crystals grow at pH 3.5-4.5 as the wild type crystals. However, the 
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crystals are significantly thicker and less branched than the ones obtained 
with the wild type protein. At the time of the writing, the experiments to 
improve the quality of these crystals are being undertaken. 

FIGURE 6. The crystals of the K219Q mutant CuA -domain. These crystals were grown by 
vapour diffusion in hanging drops against a reservoir buffer containing 0.1 M sodium acetate 
(pH 4.0). The protein concentration was 4 mg/ml. The scale bar is 0.1 mm. 



6 DISCUSSION 

6.1 Structure of the CuA centre 

The synthesis of spectroscopical data including ENDOR, EXAFS and MCD 
spectroscopy has led to the model of a mononuclear CuA centre (see 
chapter 2.2.3). This has been challenged in particular by the EPR 
spectroscopy which has argued for a dinuclear mixed-valence 
[Cu(l.5) ... Cu(l.5)] centre (reviewed by Kroneck et al. 1990, Malmstrom & 
Aasa 1993). 

The results in publications II and III show that both the engineered 
CUA -like centre and native CuA centre contain two coppers. The 
electrospray mass spectrometry showed that the mass difference between 
apo protein and copper-binding purple protein is almost exactly the mass 
of two copper atoms. Chemical copper /protein measurements gave values 
of 1.5 and 1.9 for the engineered and for the Paracoccus CuA centre 
respectively, indicating that the engineered centre is probably not fully 
occupied with copper. Von Wachenfeldt et al. (1994) have recently shown 
that also the CuA centre isolated from the Bacillus subtilis cytochrome caa3 

contains two coppers. In theory, it is possible that the fragments would 
contain a mononuclear CuA and a second copper bound to an other part of 
the protein. However, the substitution of a single CuA ligand, the distant 
histidine in the C-D loop, leads to the loss of both coppers. This shows that 
the coppers must be located in dose proximity to each other (II, V). 

Our results are in good agreement with the mixed-valence 
[Cu(l.5) ... Cu(l.5)] model first presented by Kroneck et al (1988). 
Approximately half of the copper in the Paracoccus CuA-domain is EPR 
detectable (III) and a weak 7-line splitting can be resolved in the X-band 
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spectrum of this domain (V). The redox titrations with cytochrome c

demonstrated that this domain acts as an one- electron acceptor (IV). A 
possible explanation for the lack of a clear 7-line signal in the case of 
cytochrome oxidase CuA centre might be that the chemical enviroments of 
two coppers are not as identical as those in the centre A of N20R. At high 
pH, the EPR spectrum of the isolated Paracoccus CuA -binding domain 
aquire the character of a type 2 copper centre, with a 4-line hyperfine 
structure in the gi1 region. Since only half of the copper is EPR detectable, it 
seems that the unpaired electron is localized to one nucleus (III, V). This 
indicates that at alkaline pH the copper nuclei are no longer equivalent, 
which might reflect the loss or addition of a ligand to one copper. A 
similar pH dependence has not been observed with the intact cytochrome 
c oxidase. This indicates, that CuA becomes accessible to solvent in the 
isolated form. However, Baker & Palmer (1987) have shown that a long 
(several hours) incubation of the beef heart enzyme at pH 11 leads to the 
appearance of a new EPR signal. This EPR spectrum is similar to the high
pH form of the isolated Paracoccus CuA centre. 

Only two cysteines, two histidines and a methionine are crucial for 
the CuA site. The substitution of any other conserved residues, including 
the totally conserved carboxylates, did not lead to spectral changes or alter 
the copper content (V). The cysteine - histidine ligation of CuA is also in 
agreement with the earlier EXAFS and ENDOR data (Scott et al. 1986, Li et 
al. 1987, Martin et al. 1988). Furthermore, it seems that the conserved 
methionine is important for structural reasons, and is probably not a direct 
ligand for the CuA (V). This is supported by the fact that this methionine is 
conserved also in the majority of the quinol oxidases, that do not have 
CuA (see Saraste 1991, Richter et al. 1994). It has also been noticed that in 
the small blue copper protein, azurin, the corresponding methionine is 
not an essential copper ligand (Karlsson et al. 1991). 

Two possible models for the coordination of CuA, which are based 
on site-directed mutagenesis and biochemical as well as spectroscopic data 
(II, III, V, Wachenfeldt et al. 1994, Antholine et al. 1992), are presented in 
Fig.7. In both models, the copper nuclei are chemically equivalent. The 
main difference is that in model A, the cysteine thiolates serve as bridging 
ligands for coppers, whereas a direct copper-copper bond is present in 
model B. The latter model is supported by the recent EXAFS work carried 
out with the Bacillus domain. The simulations of EXAFS spectra and the 
comparison with an inorganic compound having a direct Cu(l.5)-Cu(l.5) 
bond suggested Cu-Cu distance of 2.5 A (Blackburn et al. 1994). However, 
so far no evidence for a Cu-Cu vibration has been obtained in the Raman 
resonance study with CUA-binding domains (Andrew et al. 1994). 

The reason for the dinuclear nature of CuA centre is not yet 
understood. Several studies have shown that CuA functions as an electron 
transfer centre in cytochrome c oxidase (Kobayashi et al. 1989, Hill 1991, 
Nilsson 1992, Pan et al. 1993, Hill 1994, IV). Li et al. (1991) have proposed 
that the CUA-centre would be involved in proton pumping. However, the 
absence of CuA in quinol oxidases that are capable of pumping protons 
makes this hypothesis unlikely. One possibility is that the dinuclear, 
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mixed-valence CuA functions as a short electron conductor between 
cytochrome c and heme a. The dinuclear nature of CuA would in this 
model decrease the effective distance between these two redox centres 
(Lappalainen & Saraste 1994). 

A. B. 

I 

H 

FIGURE 7. Two alternative models for coordination of CuA. The set of copper ligands, two 
cysteines and two histidines, were determined by site-directed mutagenesis in article V. In 
the first model (A), the two coppers are bridged by the cysteine thiolates. This model 
allows a relatively long Cu - Cu distance. In the second model (B), the ligands for each 
copper are one cysteine, one histidine and the other copper. 
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6.2 The CUA centre is the electron entry site of cytochrome c 
oxidase 

Article IV shows that the reaction between the isolated CUA-binding 
domain and cytochrome c follows monophasic kinetics indicating that the 
isolated CUA-binding domain consequently contains only one catalytically 
active cytochrome c binding site. The Ko for the CUA-b ind ing  
domain/ cytochrome c-550 complex is 1.5 uM, as calculated from the 
kinetic data. This is similar to what has been earlier reported for the intact 
oxidase (Antalis & Palmer 1982), indicating that the domain contains a 
complete cytochrome c binding site (IV). The reaction between the isolated 
domain and cytochrome c-550 has also a similar ionic-strength 
dependence as the one reported earlier for the intact oxidase (IV, Antalis & 
Palmer 1982). This again supports the location of a complete binding-site 
within the CUA-binding domain. However, the k0n rates for the reaction 
between the isolated Paracoccus CUA-binding domain and cytochrome c-

550 are approximately 10-fold lower than those reported for the intact 
mitochondrial oxidase (e.g Andreasson 1975, Antalis & Palmer 1982). It is 
still unclear, whether cytochrome c550 or c552 in Paracoccus is better 
substrate for cytochrome aa3 (see e.g. Berry & Trumpower 1985). If c552 is 
the natural substrate, this could explain the relative slowness of the 
reaction between CUA-binding domain and cytochrome c550. 

Subunit II of cytochrome c oxidase has several well-conserved 
carboxylates which are not found in the homologous subunit of quinol 
oxidases. These residues may be involved in cytochrome c binding via 
electrostatic interactions with the ring of conserved lysines that surround 
the heme edge of cytochrome c (Saraste 1990). Also, the crystal structure of 
cytochrome c: cytochrome c peroxidase -complex has suggested that the 
electrostatic interactions between the conserved lysines of cytochrome c

and carboxylates of peroxidase might be important for the formation of the 
complex (Pelletier & Kraut 1992). 

All three totally conserved carboxylates (D206, D221 and E246) in the 
Paracoccus domain are involved in cytochrome c binding (IV). Labelling 
studies have earlier indicated that only the residue corresponding to E246 
is protected upon binding of cytochrome c, and hence could be involved in 
this interaction (Millett et al. 1983). The strongest decrease in electron 
transfer rates was found with the mutant D206N (IV). This aspartate is also 
the only totally concerved carboxylate within the homologous sequence 
shared by subunit II and nitrous oxide reductase (Zumft et al. 1992). Also 
N2OR probably receives electrons from cytochrome c, and this aspartate 
could be crucial for cytochrome c binding in both enzymes. The 
simultaneous substitution of all three invariant carboxylates (D206N, 
D221N, E246Q) showed that the effects of these substitutions are probably 
cumulative (IV). In addition to these totally concerved carboxylates, we 
tested the roles of a less conserved glutamate (E154) and an invariant 
glutamine (Q148) for cytochrome c binding. The substitution of these 
residues led to an approximately 60 % decrease in the reaction rates (IV). 
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The glutamine is probably involved in forming hydrogen bonds with 
cytochrome c, whereas the glutamate probably plays a similar role as the 
three invariant carboxylates. Labelling studies have earlier indicated that 
in the mitochondrial oxidase also the residue corresponding to this less 
conserved glutamate (E154) could be involved in cytochrome c binding 
(Millett et al. 1983). 

6.3 Towards a three-dimensional structure of cytochrome 
oxidase 

The crystallization of cytochrome oxidase has been successful in some 
cases (see e.g Yoshikawa, et al. 1988), but so far there are no reports on 
crystals with a sufficient quality for structure determination. The three
dimensional structural information of cytochrome oxidase is solely based 
on electron microscopic studies with two-dimensional membrane crystals 
(Frey, et al., 1978; Fuller, et al., 1979; Valpuesta, et al., 1990, Frey & Murray 
1994, Crum et al. 1994). The structure of beef heart cytochrome oxidase, 
determined to a resolution of 15 A, shows that a substantial part of the 
molecule is buried in the lipid bilayer. The molecule extends out of the 
membrane, and it seems to contain cavities (Valpuesta, et al., 1990). It is 
difficult to build models about the location of subunits and active sites 
based on this low-resolution structure partly because the mitochondrial 
enzyme contains 13 subunits. 

Since crystallization of cytochrome oxidase has proven to be 
difficult, the present structural information on this enzyme relies on 
alternative methods such as site-directed mutagenesis and spectroscopy. 
The ligands for the haems and Cus in the subunit I have been successfully 
identified by a combination of site-directed mutagenesis and various 
spectroscopic methods (reviewed by Calhoun et al., 1994). The ligands are 
located in five putative transmembrane helices, and this mutagenesis 
work has made it possible to prepare rough models for the orientation of 
these helices relative to each other. The electron transfer studies have 
given further information about the distances between the redox centres 
(reviewed by Hill, 1993). In the future, it will probably be possible to design 
and synthesize model peptides that would mimic the structure of the core 
parts of cytochrome oxidase. These molecular 'maquettes' would be based 
on the available structural information for oxidase, but would be 
structurally simpler and more suitable for further structural work 
(Robertson et al., 1994). 

In article I, we used a mutagenesis approach in order to get indirect 
information about the structure of cytochrome oxidase subunit II. The 
successful reconstitution of a copper centre similar to CuA into the 
originally copperless quinol oxidase domain showed that subunits II in 
cytochrome c- and quinol oxidases share similar three-dimensional folds. 
Furthermore, the successful engineering of a blue copper like centre into 
this quinol oxidase domain indicates that this domain in cytochrome 



37 

oxidase probably contains at least partial structural similaritiy to the 
cupredoxin fold (I). This has been confirmed by the structure 
determination of this domain (Wilmanns et al. unpublished). The 
identification of the CuA ligands and cytochrome c binding residues 
(articles IV and V) combined with the structure of the copperless quinol 
oxidase domain, will make it possible to build a reliable model for the 
structure of the cytochrome c oxidase CuA-binding domain. 



7 CONCLUSIONS 

The study presented here is part of a larger project, the aim of which is to 
study the structure - function relationship of cytochrome oxidase. The 
work has focused on various bacterial oxidases, since they are structurally 
simpler than their mitochondrial counterparts and allow genetic 
manipulation. My project has been biochemical and structural 
characterization of the cytochrome c oxidase subunit II. The main focus of 
this study has been to characterize the structure and coordination of the 
copper centre (CuA) that is located in this subunit. Another important 
focus has been the characterization of the interaction of this domain with 
cytochrome c. 

My main conclusions are: 

1. The C-terminal domain of subunit II in cytochrome c oxidases and
quinol oxidases share a homologous three-dimensional structure which is
similar to the cupredoxin fold of small blue-copper proteins.

2. The CuA centre is located in subunit II of cytochrome c oxidases, and is
spectroscopically similar to the centre A of nitrous oxide reductase.

3. CuA is a dinuclear, mixed-valence copper centre. The major ligands for
the two coppers are two histidines and two cysteines.

4. The CuA-domain in cytochrome c oxidases contains a complete
cytochrome c binding site. Conserved carboxylates as well as a conserved
glutamine are involved in cytochrome c binding.
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Yhteenveto 

Sytokromioksidaasin kaksiytiminen CuA keskus 

Sytokromioksidaasi on viimeinen entsyymi sekä mitokondrion että 
monien bakteerien hengitysketjuissa. Se katalysoi elektronin siirtoa 
sytokromi e:ltä hapelle ja muuntaa tästä reaktiosta vapautuvan energian 
membraaninlä päiseväksi protonigradien tiksi. Aerobisissa bakteereissa 
esiintyy kahta eri tyyppiä sytokromioksidaaseja, jotka vastaanottavat 
elektroneja joko sytokromi e:ltä tai kinoleilta. Merkittävin ero näiden 
oksidaasi-tyyppien välillä sijaitsee entsyymin alayksikössä II. Sytokromi e
oksidaasien alayksikkö II sisältää kuparikeskuksen (CuA), kun taas kinoli
oksidaaseista tämä kuparikeskus on hävinnyt evoluution myötä. 

Sytokromioksidaasin alayksikön II karboksipää muodostaa 
suurehkon, liukoisen proteiinidomeinin, jossa kuparikeskuksen 
uskottiin sijaitsevan. Tässä työssä useiden eri bakteerilajien sytokromi e
oksidaasien alayksikön II C-terminaalista proteiinidomeinia tuotettiin 
liukoisessa muodossa Eseheriehia eolissa. Kohdennetun mutageneesin 
avulla onnistuimme tekemään sekä kupari A:n että sinisen 
kuparikeskuksen kaltaiset keskukset kinolioksidaasin alunperin 
kuparittomaan proteiinidomeiniin. Tämä osoittaa, että alayksiköt II 
kinoli- ja sytokromi e oksidaaseissa omaavat keskenään samankaltaiset 
kolmiulotteiset rakenteet. 

Toisin kuin kokonaisessa sytokromioksidaasissa, eristetyn CuA 
keskuksen optinen spektri on herkkä pH:n muutoksille. Tämä osoittaa, 
että CuA on enemmän hautautunut kompleksissa. Biokemialliset 
kuparimääritykset sekä massaspektrometria osoittivat, että CuA -keskus 
sisältää kaksi kuparia. Elektronin paramagneettinen resonanssi (EPR) 
spektrit yhdessa kupari kvantitoinnin kanssa tukevat mallia, jossa nämä 
kaksi kuparia muodostavat kaksiytimisen, seka-valenssisen 
[Cu(l.5) ... Cu(l.5)] keskuksen. Kohdennetun mutageneesin avulla 
osoitimme, että kaksi histidiiniä ja kaksi kysteiiniä toimivat näiden 
kuparien ligandeina. 

CuA -domeinin ja sytokromi e:n välistä interaktiota tutkittiin 
"stopped-flow" spektroskopian avulla. Reaktio noudatti yksifaasista 
kinetiikkaa, jonka perusteella domeini sisältää vain yhden katalyyttisesti 
aktiivisen sytokromi e:n sitoutumiskohdan. Reaktionopeudet ja 
dissosiaatiovakiot olivat samankaltaisia kuin aiemmat tulokset 
kokonaisella sytokromioksidaasilla. Näin ollen CuA -domeini näyttää 
sisältävän sytokromi e:tä sitovan alueen kokonaisuudessaan. 
Kohdennetun mutageneesin avulla osoitimme, että ainakin viisi 
aminohappoa CuA -domeinissa (kaksi asparagiinihappoa, kaksi 
glutamiinihappoa sekä yksi glutamiini) ovat tärkeitä sytokromi e:n 
sitoitumiselle. 
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