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Preface 

Knowledge of anaerobic biochemistry is essential to our understanding of the 
origin of life. It is of very considerable interest that while nickel is essential in 
many if not all anaerobes there is no known functional nickel protein encoded 
in the human genome. In fact nickel is generally stated to be toxic rather than 
essential for man and is deemed to be carcinogenic. Note that nickel in aerobes 
is confined to urease and is often kept away from the cytoplasm in vacuoles 
or vesicles of aerobic organisms. The first two articles in this volume present 
detailed views of the functional significance of nickel in largely present day 
anaerobes which we believe are not too distant from the only living cells some 
3-4 x 109 years ago. 

One of the articles describes F-430, a nickel complex with a cyclic ligand 
related to porphyrins. In strict anaerobes and in anaerobes able to withstand a 
low level of dioxygen, e.g. sulphur bacteria, both vitamin B12, a cobak complex, 
and heme, an iron complex, are present. They too are related to porphyrins. It is 
then of interest to compare and contrast their functions. Vitamin B~2 has 
been described in volume 20 (Hogenkamp HPC, Sando GN (1974) Struct Bond 
20:23). In this volume the value of heme to anaerobes is stressed. Putting these 
three articles together we begin to see that early life had a requirement for trace 
elements in highly specified forms. 

Copper is apparently absent from strict anaerobes and its value is associated 
very largely with oxidation or protection from oxidation in which highly oxi- 
dising agents such as dioxygen and superoxide are ligands. The contrast with the 
presumably primitive chemistry of heme and nickel in anaerobes could not be 
greater. However I believe that this switch from the use of nickel especially in 
anaerobic early evolution to the use of copper in today's aerobes is a major part 
of the evolution of all organisms. Thus this volume brings together in one place 
the remarkable development of the uses of three trace elements in an historical 
evolutionary context. 

R. J. P. Williams 
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Biological Nickel 
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Structurale Jean-Pierre Ebel, CEA-CNRS, 41, Avenue des Martyrs, 38027 Grenoble Cedex 1 
France. E-mail: juan@lccp.ibs.fr 

Nickel has so far been implicated as a cofactor in only a handful of biological reactions. These 
reactions are, however, central to many archae and bacteria as they provide reducing power 
from molecular hydrogen oxidation, readily available nitrogen from urease (also in plants 
and fungi) and acetyl-coenzyme A from CO and COz. As new microbial proteins are studied, 
the role of nickel is likely to extent to several other metabolic processeses. One of the major 
issues concerning catalytic Ni is whether it can be redox active in the biological context. 
Recent results concerning hydrogenases and CODHs indicate that their catalyses are carried 
out by NiFe centers; thus the role of Ni in these enzymes may be essentially catalytic without 
necessarily involving redox chemistry. 

Keywords: Ni, hydrogenase, CO, dehydrogenase, urease, protein structure. 
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1 
Introduction 

Until relatively recently, Ni was not considered to be a biologically import- 
ant oligoelement and only attracted attention because of its toxicity. The ob- 
servation by Bartha and Ordal [1] in 1965 that chemotrophic H2-utilizing 
anaerobic bacteria required Ni to grow and the subsequent identification of 
Ni as a component of hydrogenases [2, 3] provided definitive proof of the 
role of Ni in hydrogen-metabolism. Urease, the first enzyme to be crystallized 
[4] was also determined to be a Ni-protein [5]. In addition, CO oxidation 
and anaerobic acetyl-CoA synthesis, as well a s  C H  4 production from CO2, have 
also been shown to be mediated by Ni-containing centers [6- 8]. Very recently, 
a Ni-containing superoxide dismutase (SOD) has been identified [9], potential- 
ly expanding the catalytic role of Ni to many additional biological proces- 
ses. 

With the exception of urease, which is found in bacteria, fungi, algae and 
higher plants, the other Ni-mediated processes, such as hydrogen uptake and 
production, reduction of CO2 to C H  4 and CO metabolism are restricted to 
bacteria and archae. In this chapter we will focus on these various metabolic 
reactions emphasizing the role played by nickel. 

2 
Nickel. The Element and Its Chemistry 

Nickel has the atomic number 28 and its weight is 58.7. Among the five stable 
isotopes, 61Ni, (1.1% natural abundance) which has a nuclear spin of 3/2, is of 
special interest in biological spectroscopy [10, 11]. The abundance of Ni in 
Earth's crust at present is only about 0.02 % (twice that of Co but 500 times less 
than that of Fe) ([10] and Refs. therein). On contemporary Earth, Ni is normally 
combined with sulfur, arsenic, silicium and antimony. In iron meteorites, how- 
ever, Ni is associated with Fe constituting 5-20% of the alloy. Such relatively 
high Ni/Fe proportion reflects primordial planetary events and may be related 
to some fundamental Ni-based biological processes which were probably 
generated at the onset of life [12]. Metallic Ni is quite resistent to oxidation by 
air and water at normal temperature and it is used industrially, for instance, in 
the manufacture of coins. On the other hand, metallic Ni, when associated with 
a hydrogen species, is very reactive and it is used in the hydrogenation of 
vegetable oils and as a methanation catalyst for the production of methane from 
CO and H 2 [13, 14]. 

Commonly observed Ni oxidation states are 0, + 1, + 2, + 3 and + 4. The only 
stable valent state in simple salts is Ni(II). Other oxidation states require 
complex formation. The Ni(0) state is found, for instance, in complexes with 
strong ligands such as carbonyl and cyanide, Ni(I) in cyanide salts and the less 
common Ni(III) and Ni(IV) in complexes with hard ligands containing oxygen 
or nitrogen [10]. Modern biomimetic chemistry has generated many novel 
potentially relevant Ni(I), Ni(II) and Ni(III) compounds [15]. These will be cited 
here within the context of the various enzymatic activities. 
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The geometry of Ni complexes has been reviewed by Coyle [10]. Ni(II), d 8, 
four-coordinated complexes are usually square planar and diamagnetic whe- 
reas the less common tetrahedral Ni(II) complexes are paramagnetic (S = 1). 
The two coordination geometries can be exchangeable and may be determined 
by factors such as crystal packing ([10] and Refs. therein). When five- 
coordinated, Ni(II) species can have either trigonal-bipyramidal (TBP), square 
pyramidal or distorted geometries and be either high or low spin. Six- 
coordinated Ni(II) complexes are octahedral and have two unpaired electrons. 
Ni(0) and Ni(I) complexes are commonly tetrahedral whereas Ni(III) and 
Ni(IV) complexes are either octahedral, distorted octahedral or, less commonly, 
planar or TBP. As a conclusion, because Ni coordination complexes are known 
to have a wide variety of structures and oxidation states, it is expected that the 
properties of biological Ni will be largely dictated by the protein environment. 

3 
Nickel in Biology 

3.1 
The Proteins 

Ni-containing enzymes are, in general, rather large multimeric proteins. 
Traditionally [15], catalytic Ni-enzymes have been divided into four classes: 
ureases, CO dehydrogenases/acetyl-CoA synthetases (CODH/ACS), S-methyl- 
coenzyme M reductases and hydrogenases. A recent report on a Ni-containing 
SOD [9] suggests that there may still be many additional Ni-enzymes to be dis- 
covered. If this is the case, the role of biological catalytic Ni will be considerably 
expanded. In addition, many Ni-binding proteins are being found involved in 
transport  and assembly of the Ni-enzymes' active sites. 

Table 1. General characteristics of representative urease, hydrogenase, and CODH s 

Protein Subunit Molecular Cluster Cluster 
compostition weight composition location 

Urease (a f ly)  3 a = 60.3 kDa 2 Ni ions a-subunit 
(K. aerogenes) fl = 11.6 kDa 

y= 11.0 kDa 
Hydrogenase 1 Large subunit L = 58 kDa NiFe Large subunit 
(D. gigas) 1 Small subunit S = 32 kDa 2 [Fe4S4] Small subunit 

1 [Fe3S4] 
CODH 
(R. rubrum) - 61.8 kDa C-cluster (NiFe?) - 

B-duster [Fe4S4] 
a = 81.7 kDa A-duster (NiFe~.) a-subunit 
fl = 72.3 kDa C-cluster (NiPe?) fl-subunit 

B-cluster [Fe4S4] fl-subuni 

(C. thermoaceticum) a2f12 
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Fig. 1. Ribbon representation of an afly unit of the crystallographic trimer of K. aerogenes 
urease. The Ni ions are located at the top of the a subunit (light gray) and are accessible from 
the solvent medium. The fl and ysubunits are depicted in dark and medium grey respectively. 
This drawing was prepared with Molscript [126] by A. Volbeda. Coordinates were obtained 
from entry 1KAU [16] from the Protein Data Bank [127] 

Table 1 summarizes the general characteristics of representative urease, 
hydrogenase and CODHs. As it will be further discussed below, the X-ray 
structures of only two Ni-containing proteins, urease and hydrogenase, are 
known [16, 17]. The former has the well known triose phosphate isomerase 
(TIM) barrel topology (Fig. 1) whereas the latter displays a so far unique folding 
(Fig. 2). The next challenge will be the elucidation of the crystal structures of 
the CODH/ACS enzyme of Clostridium thermoaceticum and of the simpler 
CODH from Rhodospirillum rubrum. 
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Fig. 2. Ribbon representation of the heterodimer hydrogenase from D. gigas. The large subunit 
is depicted in white whereas the small subunit flavodoxin-like domain [17] is shown in dark 
gray and the rest of the subunit in medium gray. Note that the active site NiFe cluster is buried 
in the large subunit. The [FeS] clusters coordinated by the small subunit are shown as white 
(Fe) and dark (S) spheres. This drawing was prepared by A. Volbeda with Molscript [126] 

Significant medical interest has been elicited by the Helicobacter pylori 
urease, a possible component of the ulcer-inducing mechanism of the bac- 
terium in humans [18, 19]. Hydrogen production from bacterial systems at- 
tracted a great deal of attention during the oil embargo of the 1970s. Recently, 
that interest has diminished but it can be anticipated that a renewal will take 
place as fossil fuel sources become depleted in the next thirty to fourty years 
and improved hydrogen-based engines are designed [20]. Although it is too 
early to tell, the elucidation of the acetyl-CoA mechanism of CODH/ACS may 
improve current industrial processes for acetate synthesis such as the one 
developed by Monsanto [21]. 

3.2 
The Metal 

Nickel is generally toxic for living organisms [11]. The toxicity is apparently 
related, at least partially, to the binding of Ni to DNA and its subsequent 
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mutagenic effect [22, 23]. It is therefore somewhat surprising to find that Ni is 
an essential trace element in several bacteria and archae and even in fungi, 
algae and higher plants [11]. It has been suggested that many of the Ni-related 
enzymatic reactions correspond to extremely ancient processes which arose at 
the onset of life and originated in the vicinity of volcanic vents where Fe, Ni, H2, 
CO2 and CO were abundant [12]. 

The possible role of Ni in biology, the related biomimetic chemistry and the 
Ni-containing enzymes have been frequently reviewed in the last few years [15, 
18, 24-28]. Here, we will concentrate on urase and hydrogenase, for which 
three-dimensional structures have recently become available [16, 17], and on 
CODH, for which a significant amount of spectroscopic data has been reported 
lately (see below). The various aspects of S-methylcoenzyme M reductase gene- 
tics, chemistry and biology have been very recently reviewed in this series [29] 
and will not be further addressed here. 

We will first briefly discuss the role of many accessory proteins in Ni 
transport into the cell and Ni enzyme active site assembly and the probable role 
of Ni-proteins as part of substrate sensors. Next, we will address the co- 
ordination of biological Ni and its possible catalytic properties. 

4 
Nickel Transport and Enzyme Active Site Assembly 

Synthesis of Ni-containing enzymes requires specific protein factors that are 
responsible for the transport and incorporation of this ion. In plants, where Ni 
transport concerns mostly the synthesis of ureases, it has been shown that 
cultivation in nickel-deficient medium leads to leaflet tip necrosis due to urea 
accumulation ([30] and references therein). It has been suggested that the 
optimal coordination for protein Ni transport would be octahedral with two N 
and at least one O [31]. Interestingly, some plants are hyperaccumulators of Ni 
and can have as much as 1.2% dry weight Ni in the leaves [30]. In some 
hyperaccumulators, Ni extracted from vacuoles was found to be complexed by 
citrate, malate and malonate, the concentrations of the latter two compounds 
being significantly higher than in nonhyperaccumulators [32]. 

In bacteria and archae, the best studied systems are those of ureases and 
hydrogenases and to a lesser extent that of CODH. Some of the coding se- 
quences are part of the operons coding for structural genes and their cor- 
responding transcribed proteins have been described as either regulatory or 
accessory. Although the roles of the latter remain, for the most part, undefined, 
they seem to be Ni-binding proteins involved in active center assembly and/or 
enzyme activation [25]. Other proteins, such as those involved in high-affinity 
Ni transport for hydrogenase synthesis, may be coded by genes in a different 
operon; as in the case of the E. coli nikABCDE gene cluster [33], or its expres- 
sion can be under the control of the same operon, as in A. eutrophus (hoxN) 
[34]. In the latter, the HoxN protein seems to be, at least partially, also respon- 
sible for providing Ni to urease, because inactivation of hoxN led to an increase 
in Ni requirement for the synthesis of both active hydrogenases and urease [35]. 
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Similarly, E. coli cells containing a plasmid with the Klebsiella aerogenes urease 
gene cluster display enhanced activity in the presence of a second plasmid 
carrying hoxN [34]. The most remarkable feature of HoxN is its extremely high 
specifity and affinity for Ni ions, allowing A. eutrophus to express active Ni- 
dependent hydrogenase and ureases even when only traces of this ion are 
present [35]. A similar observation has been made when growing the sulfate- 
reducing bacterium Desulfovibrio gigas in the absence of Ni and in the presence 
of an excess of Co 2+ (C. Hatchikian, personal communication). A topological 
model of HoxN has been obtained by combining hydropathic profile amino 
acid sequence analyses [35, 36] with genetically engineered insertion of specific 
markers for periplasmic and cytoplasmic activities. The modelled HoxN is a 
membrane protein with seven putative transmembrane helices. Although this 
study made a tentative assignment of the amino acid regions that could cor- 
respond to periplasmic loops involved in Ni transport, no obvious Ni-binding 
motifs were found in these sequences [35]. In the urease gene cluster of Bacillus 
sp. strain TB-90, UreH, a protein that has 23 % identity with HoxN is likely to be 
responsible for Ni high-affinity transport since deletion of a segment of this 
gene results in higher than usual Ni requirements for normal urease activity 
[35]. Similar Ni transport proteins are likely to exist in other microorganisms 
[37]. A Ni-binding accessory protein UreE with a naturally-occurring histidine 
tail has been also described [38]. 

In addition to transport proteins that bring Ni ions to the cytoplasm, the cor- 
rect assembly of Ni-enzymes active sites requires at least two other classes of 
gene products: examples of these are the Ni-binding HypB (hydrogenase) and 
UreG (urease) which have GTPase activity [39] and chaperonins such as GroES 
(for hydrogenase of E. coli) and HspA (a GroES-like chaperonine for urease of 
H. pylori), respectively [40, 41]. It is worth noting that HspA contains a 27 amino 
acid domain that binds Ni with high affinity [41]. The requirement for 
nucleotide hydrolyzing enzymes and chaperonines suggests an energy-driven, 
chaperon-mediated, Ni incorporation in both hydrogenases and ureases. Since 
the partial amino acid sequence of an open reading frame found in the 
proximity of the CODH structural gene of R. rubrum also contains a nucleot- 
ide-binding domain [42], these enzymes may be generally required for Ni 
center assembly. Although in vitro Ni incorporation is possible in apoureases 
[43] and in Ni-defficient CODH A-clusters [44], provided both high Ni concen- 
trations and (in ureases) CO2 are supplied, hydrogenases cannot be reconstitu- 
ted in this fashion. This may be related to the fact that hydrogenase maturation 
(implying Ni incorporation) generally requires the proteolysis of a C-terminal 
peptide from the large subunit [39], a process likely to be irreversible because it 
buries the active site in the structure [17] (Fig. 2). In the absence of Ni, the 
inmature form of the large subunit accumulates [40, 45]; subsequent addition of 
Ni in vitro using cell extracts results in the processing of the subunit, indicating 
the presence of a Ni-dependent protease activity [45]. This has been confirmed 
and extended by Maier & B6ck [46] who have studied the effect of the various 
accessory proteins in E. coli hydrogenase 3 maturation. By using cell extracts of 
a nik- (Ni transport deficient) mutant, these authors have determined the need 
of the accessory proteins HypB, HypC, HypD, HypE, HypF and the protease 
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NycI in the development of hydrogenase activity from a Ni-free HycE (large 
subunit) precursor. The role of each of the accessory proteins was tested by 
using nik-/accessory protein gene- double mutants. The maturation of the 
hydrogenase subunit was specifically dependent on the addition of Ni. Neither 
Fe 2+, Co 2+, Cu 2+, nor Zn 2+ were able to substitute for it. From their study, Maier 
& B6ck [46] conclude that 1) HycE precursor accumulated in mutants affected 
in HypA, HypC, HypD, HypE or HypF is incompetent for processing, 2) HycE 
precursor present in a HypB deletion mutant can be partially processed in vivo, 
but not in vitro, by addition of Ni; 3) HycE precursor from a nik- mutant shows 
processing both in vivo and in vitro; with added Ni; 4) HycE precursor detected 
in a HycI deletion mutant is already loaded with Ni in vivo and can be processed 
by purified HycI protease in vitro. Although many of the specific roles of the 
accessory proteins are unknown, they are generally essential for hydrogenase 
maturation. Only HypA appears to be dispensable, although this may be related 
to the presence of a homologous gene product (HybF) in the related hydro- 
genase 2 operon of E. coli, that was not mutated in that study [46]. Surprisingly, 
addition of GTP to cell extracts did not stimulate in vitro HypB-mediated 
processing, in conflict with results reported for A. vinelandii [45]. 

Very recently, a CO-dependent, CO-tolerant hydrogenase (CooH) lacking the 
gene sequence for the C-terminal peptide normally cleaved off upon matura- 
tion has been described [47]. The cooH gene is found upstream from cooF, a 
gene closely associated to the coos CODH structural gene [42]. Although the 
presence of Ni in CooH has not been demonstrated, all the conserved Ni 
cysteine active site ligands (see below) are present. If this is indeed a Ni-protein, 
then its active site assembly must be significantly different from the equivalent 
process in CO-independent [NiFe] hydrogenases. 

Another group of proteins displaying significant homology with hydro- 
genases, but also lacking the C-terminal maturation peptide, has been recently 
described [48, 49]. These putative Ni-binding proteins are postulated to be part 
of two-component regulatory systems involved in the control of hydrogenase 
expression. In both B.japonicum and R. capsulatus, the respective hydrogenase- 
like sequences hupU and hupV, are associated with genes coding for soluble 
kinases which are autophosphorylatable sensor proteins [49]. HupU shares 
amino acid similarities with both the large and small subunits of hydrogenase 
and can be regarded as an in-frame fusion of the hupL and hupS R. capsulatus 
structural genes. The hupU and hupV gene sequences also lack the C-terminal 
"maturation" region and if their protein products contain a Ni center, then its 
assembly may be similar to the one of the CO-dependent hydrogenase des- 
cribed above. The idea of a Ni-center playing the role of a substrate sensor by 
binding H 2 [50] is seductive since the homologous hydrogenase Ni-containing 
active site is known to bind H 2 (see below). 

5 
The Coordination of Biological Nickel 

Detailed natural Ni Coordinations are only known from the crystallographic 
structures of urease from K. aerogenes [16] and hydrogenase from D. gigas [17]. 
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Fig. 3. The active site of K. aerogenes urease. The two Ni ion have different coordinations. Nil 
has an open ligand site that may be instrumental in catalysis (see Fig. 9). This figure was 
adapted from [ 16] 

5.1 
Urease 

In urease, the two Ni centers are not equivalent [16]. The geometry of Nil can 
be approximately described as pseudotetrahedral with a weakly occupied 
fourth ligand. The geometry for Ni2 can, in turn, be defined as either distorted 
trigonal bipyramidal or distorted square pyramidal. As in ribulose-l,5-biphos- 
phate carboxylase oxygenase (Rubisco) [51] and phosphotriesterase [52] the 
metal binuclear center is bridged by a carbamylated lysine residue (Fig. 3). In 
the case of Nil, the rest of the coordination sphere is composed of two histidine 
residues and a weakly bound water molecule and for Ni2, of two histidine and 
one aspartic side chains and a tightly bound water molecule [16]. The Ni centers 
are in the stable diamagnetic 2 + state. Since Ni(II) model compounds with O,N 
ligands have a tendency to form octahedral complexes, it is clear that the 
protein environment in urease exerts a considerable influence on the Ni co- 
ordination geometry. This is also strongly suggested by the conservation of the 
active site geometry in the apoenzyme, excepting the carbamylated lysine 
residue which is not present [53] (Fig. 4). This conservation, along with solvent 
exposure of the active site (Fig. 1) may also explain why Ni can be readily in- 
corporated to apourease in vitro in the sole presence of C Q ,  which is required 
to form the modified lysine residue [54]. 
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Fig. 4. The active site of apourease. Although the Ni ions are absent, the conformation of the 
active site residues remains essentially unchanged except for the decarbamylation of Lys 217. 
This may explain why Ni can bind to the apoenzyme restoring its catalytic activity provided 
CO2 is added [54]. This figure was adapted from [53] 

I D360 
H2C H320 H2 C o-% 
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K217' OH 2 
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H3C 
Fig. 5. The H134A mutant with a mononickel metallocenter. Although Lys 217 is car- 
bamylated, the absence of Ni2 results in a completly inactive enzyme. Water molecules com- 
pensate for the missing ion. This figure was adapted from [55] 
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Very recently, a mononickel center has been characterized in a mutant of 
K. aerogenesurease [55] (Fig. 5). Replacement of one of the histidine ligands by 
Ala led to the loss of Ni2. The remaining Nil center has now octahedral 
geometry and binds three water molecules in addition to the original two 
histidines and one carbamylated lysine residues. Otherwise, the active site 
amino acid residues conformations are almost unchanged relative to the wild- 
type protein. Although the resulting protein is completely inactive (see below), 
the authors consider this to be a new biological Ni-binding site [55]. 

5.2 
Hydrogenases 

The crystal structure of D. gigas hydrogenase has shown that the active site, that 
was originally considered to be a mononuclear center [24] is actually hetero- 
binuclear containing both Ni and Fe [16, 56, 57] (Fig. 6). Recent X-ray ab- 
sorption (XAS) experiments [58, 59] have indicated a 2 S- (C1-) 3 N(O) Ni first 
sphere coordination in the hydrogenase from Thiocapsa roseopersicina. 
However, in agreement with earlier reports for the D. gigas enzyme [60] and the 
conservation of cysteine residues in the large subunit, only four cysteine thio- 
lates coordinate the Ni ion (from motifs L2 and L5 in [24]). Of these, two are 
terminal and two bridge the Ni and Fe centers (Fig. 6). Based only on protein 
ligation, the coordination of the Ni ion appears to be square pyramidal with an 
in-plane vacant ligand site. However, in the crystal structure of the oxidized 
enzyme, the vacant site is occupied by a putative oxygen, probably oxo, species 
thus completing the square pyramidal coordination [56] (Fig. 6). The inability 

co  

Fe 

CN- 

CN- 

Cys68 ~ N i t  

Cys65 
Cys530 

Fig. 6. The active site of hydrogenase."?" represents a putative oxo ligand tightly bound to the 
Ni center. The assignment of CO und CN-s is based on the protein environment (not shown) 
[56] 
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of XAS to detect the actual Ni coordination, as well as the presence of the active 
center Fe ion, has been recently explained [61]. Similarly, neither EPR ([24] and 
Refs. therein) nor M6ssbauer [62, 63] spectroscopy could detect the Fe center 
suggesting that it is in a low spin diamagnetic state, at least in those states that 
have been studied. The studies may have been further complicated by the 
presence of three additional [FeS] clusters in the enzyme (Table 1 and Fig. 2). A 
series of IR spectroscopic studies of Chromatium vinosum and D. gigas hydro- 
genases [56, 64, 65] along with the crystallographic evidence from the latter [56] 
have led to the conclusion that the active site Fe center is further coordinated by 
two cyanides and one carbon monoxide molecules (Fig. 6). The implications of 
this unique [NiFe] center for hydrogen catalysis will be discussed below. 

5.3 
CODHs 

The term carbon monoxide dehydrogenase (CODH) describes in fact two 
different classes of enzymes: the CODHs proper, represented by the 
Rhodospirillum rubrum enzyme, and the CODHs such as the one from 
Clostridiurn thermoaceticum which possesses both the CO oxidation (CODH) 
and acetyl coenzyme synthetase (ACS) activities. The enzyme from R. rubrum 
has an active center (the C-cluster) recently postulated to be a [Fe4S4] cluster 
bridged by an unidentified redox active ligand to a Ni ion [66-68] (Fig. 7). The 
C-cluster Ni ion may be the substrate binding site for CO/CO2 [67]. The C. ther- 
moaceticum enzyme has an additional Ni containing center (the A-cluster) in- 
volved in acetyl coenzyme synthesis. This center is also postulated to be a 
[Fe4S4] cluster bridged by an unidentified ligand (maybe inorganic sulfur or a 
cysteine thiolate) to a Ni ion (Fig. 8). The Ni center is thought to bind a 
-CH 3 group transferred from a methylated correnoid-iron-sulfur protein [69] 
whereas one of the Fe ions from the [Fe4S4] cluster binds the substrate CO (but 
see [70]). Nothing is known concerning the rest of the Ni coordination sphere 
in either CODH A or C clusters although EXAFS experiments have indicated a 
mixed 2S, 2- 3 N/O coordination in a distorted pentacoordinated or tetrahedral 
geometry for the C-cluster of R. rubrum [71]. 

6 
Catalytic Nickel 

Biological catalysis by Ni can be divided in two broad classes: the hydrolase 
activity represented by urease and the redox-associated mechanisms typical of 
hydrogenase, S-methyl coenzyme M reductases and CODHs. 

6.1 
Ureases 

Ureases catalyse the hydrolysis of urea to ammonia and carbamate according to 
the reaction: 

H2NCONH 2 + H20 --~ NH 3 + H2NCOOH (1) 
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Fig. 9. The proposed catalytic cycle of urease [16, 74]. Note that the Nil's empty coordination 
site (Fig. 3) may be the urea binding site. His 320 serves as the activator of the water molecule 
bound to Ni2. This figure was adapted from [74] 

The binuclear Ni center seems to play a role similar to equivalent active sites in 
phosphotriesterase and methane monooxidase which have binuclear Zn and 
nonheme Fe centers, respectively [52, 72]. A generalized scheme postulates the 
polarization of the substrate through oxygen binding to one of the Ni centers, 
followed by nucleophilic attack by a Ni-bound hydroxyl (water dissociated) 
group (Fig. 9). The choice of Ni for this reaction is intriguing although it may be 
related to the high affinity of the urea-Ni ion binding [53] and/or the stability 
of the urease Ni-containing active site when compared to similarly coordinated 
catalytic Zn binuclear centers [73]. In these catalytic reactions the Ni ions, as 
Ni 2+, seem to play the role of Lewis acid catalysts [74]. 

Site-directed mutagenesis has been used to probe the role of residues close 
to the active site. The His219Ala (H219A) mutant has a Km of 1100 mM com- 
pared to 2.3 mM for wild type and a 3% Kcat relative to the latter [75]. The 
His320Ala (H320A) mutant, in turn, has a Km equivalent to the one of the wild 
type but a corresponding Kcat of only 0.003 %. These results, along with other 
lines of evidence [75, 76], potentially implicate His219 in substrate binding and 
His320 as the catalytic base. The crystal structures of these two mutants have 
been solved and the following observations have been made: 1) H219A: besides 
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Fig. 10, The H219A urease mutant. The rearrangement of the active site geometry is mediated 
by an extra water molecule. This figure was adapted from [53] 
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Fig. 11. The H320A urease mutant. The water molecule that originally was only bound to Ni2 
has now moved into a bridging position. This figure was adapted from [53] 
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the absence of the histidine side chain only minor changes are observed. Both 
Wat-1 and W-170 maintain their positions and the Ni center and active site 
residues shift by less than 0.3 A [53] (Fig. 10). The lower Kcat of this mutant is 
attributed to small shifts in the orientation of His320, provoked by a rotation of 
Asp 221 side chain in the absence of His219; 2) H320A: the only major 
structural changes are the loss of Wat-170 and a shift of Wat-1 which changes 
from a Ni2 ligand in the wild type enzyme (Fig. 3) to a bridging ligand between 
the two Ni centers (Fig. 11). This coordination change may be important since, 
if urea does bind at the normally empty fourth coordination site on Nil, the fil- 
ling of this site by Wat- 1 could have a profound effect on catalysis. Thus, in ad- 
dition to a role as a catalytic base, His 320 may also help maintaining an active 
site geometry that allows productive urea binding [53]. The mononickel mutant 
His134Ala (H134A) [55] (Fig. 5) displays no activity in spite of the presence of 
carbamylated Lys 217, emphasizing the importance of the binuclear center for 
catalysis. 

6.2 
Hydrogenases 

Hydrogenases catalyse the splitting or synthesis of the hydrogen molecule ac- 
cording to the reaction: 

H 2 <-'-> 2H + + 2e- (2) 

The reaction is heterolytic [77] producing H- and H § in the first step. There is 
no consensus regarding the role of Ni in hydrogenases. At least three potential 
redox-active species are found at the active site: the thiolate ligands [78] and the 
Fe [56] and Ni [24] ions. Several, as prepared, oxidized hydrogenases display 
various ratios of two electron paramagnetic resonance (EPR) signals known as 
Ni-A and Ni-B (Table 2). These are generally considered to arise from Ni(III) d 7 
species although the two states show fundamental differences both chemically 
and spectroscopically [24, 79]. Activation of the enzyme in the Ni-A state is slow 
and temperature-dependent whereas enzyme displaying the Ni-B signal can be 

Table 2. Biological nickel natural EPR signals 

Protein Center g-Values Comments 

Hydrogenase 
(D. gigas) NiFe Ni-A: 2.32 2.23 2.01 "unready form" 

(Large sub-unit) Ni-B: 2.34 2.16 2.01 "ready form" 
Ni-C: 2.19 2.16 2.01 "active form" 
Ni-C *: 2.35 2.13 2.04 "photolyzed form" 

CODH 
(R. rnbrum) NiFe (C-center) 2.04 1.90 1.71 
(C. thermoaceticum) NiFe (C-center) 1.970 1.87 1.75 

2.01 1.81 1.65 
NiFe (A-center) 2.080 2.074 2.028 

"signal A" 
"the gav = 1.86 signal" 
"the gay = 1.82 signal" 
"NiFeC signal" 
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readily activated [79]. EPR experiments using 1702 have indicated that both 
Ni-A and Ni-B states have bound oxygen at, or near, the Ni ion [80]. This has 
been confirmed by the crystallographic analysis of the as-prepared D. gigas 
hydrogenase that shows that the active site contains a tightly Ni-bound putative 
oxo species (Fig. 6). The crystalline enzyme displays mostly the Ni-A signal 
although, as commonly observed for this enzyme ([81] and Bertrand P, per- 
sonnal communication), the signal amounts to significantly less than one spin/ 
mole. Since the putative oxo species appears to be fully occupied [56] and IR 
spectroscopy poised at mid-point potentials of well EPR characterized species 
show mostly single states [56, 65], it is not possible to explain the nature of the 
EPR silent material in either IR spectroscopic or structural terms. 

The EPR-monitored titration of hydrogenases [82, 83] shows what has been 
interpreted as alternated paramagnetic and diamagnetic Ni signals generated 
upon one-electron reductions. The one-electron reduction of the Ni-B form 
(the equivalent titration of the Ni-A species has not been reported) generates 
the EPR-silent Ni-SI state [81]. A new EPR-active species is obtained by an ad- 
ditional one-electron reduction. This species, called Ni-C, has attracted con- 
siderable attention perhaps because it is the only catalytically relevant form 
detectable by EPR. The Ni-C state can be photolyzed generating new EPR 
detectable species [24, 84] and this effect is modified by the use of 2H. Such 
isotopic effect indicates the presence of a hydrogen species that dissociates from 
Ni upon photolysis [24, 84]. Both Ni(III) d 7 and Ni(I) d 9 states have been postu- 
lated for the Ni-C form, with H-, H + and H 2 p o s s i b l y  bound [24, 81 ]. Arguments 
against hydride binding to Ni stem from the very small hyperfine splitting due 
to exchangeable 1H [85]. However, it has been suggested that the observed 
values are consistent with an equatorially-bound hydride [86]. Alternatively, it 
has been postulated that the photolyzed hydrogen species of Ni-C actually 
arises from the deprotonation of a thiol group bound to the Ni ion [82]. 
According to Barondeau et al. [81] the Ni-C form is stable in the absence of 
molecular hydrogen and cannot spontaneously reduce protons to H2. These 
authors conclude that Ni-C is not the "active" species but corresponds to one of 
three relevant Ni states during the catalytic cycle. 

Finally, the one-electron reduction of the Ni-C form results in a new 
diamagnetic species called Ni-R. A plausible catalytic cycle can be postulated 
where the enzyme in the Ni-SI state binds H2 [81] yielding the two-electron 
more reduced Ni-R. Subsequent one-electron oxidations Ni-R -~ Ni-C ~ Ni- 
SI close the cycle. In addition to the redox changes, the various states differ in 
their degree of protonation, as indicated by the pH dependence of their redox 
potentials [87] (Fig. 12). 

Maroney and co-workers have argued that Ni is unlikely to be redox active 
under physiological conditions and that the redox process is most likely ligand- 
based [78]. Consequently, these authors have provided an alternative des- 
cription of the paramagnetic Ni-C state as being generated by the interaction of 
a thyil radical with a Ni(II) ion. This species is isoelectronic with a Ni(III)-H- 
bound to a thiolate according to the reaction: 

S-Ni(III)-H- ---> S-Ni(II)-H- (3) 
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Fig. 12. Hydrogenase catalytic cycle. The hydride is postulated to bridge the two metal centers. 
Proton balance is based on the pH dependence of the redox potentials [87]. A + B = 2n 

Relevant sulfur binding to Ni(III) has been modeled by Choudhury et al. [88]. 
Although similarly ligand-based reactions have been put forward concerning 
the oxidation of hydrogenase to the Ni-A state [78, 89, 90] the crystal structure 
of the as-prepared D. gigas hydrogenase rules out active site thiolate oxidation 
to either sulfinate or sulfenate in the Ni-A form. On the contrary, as indicated 
above (Fig. 6) the putative bridging oxo species is tightly bound to the Ni ion. 
This implies that only the reductive redox processes could be ligand-based. 

One important reason for excluding redox processes that are purely 
Ni-based is that these would imply four different Ni redox states: Ni-B (Ni(III)) --+ 
Ni-SI (Ni(II)) ---> Ni-C (Ni(I)) --+ Ni-R (Ni(0)). Such changes, comprising poten- 
tials confined to those observed in hydrogenase (- 100 to -400 mV), would be to- 
tally unprecedented [57, 91, 92]. Even one-electron changes at the Ni center during 
catalysis are unlikely judging from XAS experiments where only the Ni-A/B ---> Ni- 
SI transition displays a significative edge change, amounting to about 1 to 2 eV [61]. 

Based on our discovery of an active site NiFe center we have proposed 
mechanisms where both Ni and Fe play important roles during catalysis [56, 57, 
93]. In these propositions, the Ni ion serves as the catalytic site proper, hetero- 
lytically splitting the H2 molecule into H- and H + with the thiolate of Cys530 
playing the role of a base; whereas the Fe ion intervenes in the one-electron 
oxidations. We have recently reviewed the most relevant model chemistry con- 
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sidering the structure of hydrogenase active site and favored a Ni(I) formal 
state for the molecular hydrogen binding species [57]. The main conclusions of 
that study were the following: 1) sulfur (or selenium) ligands in the first co- 
ordination sphere of the Ni seem to be required for hydride and/or CO binding 
and these species bind preferencially to Ni(I) [94, 95]; 2) thioethers and ]22- 
metalated thiolates (such as the ones found in hydrogenase active site) are good 
Ni(I) stabilizing ligands [96], 3) several unrelated species give Ni-C-like signals 
indicating that based on EPR alone Ni(III) and Ni(I) cannot be distinguished; 
and 4) in model compounds, the heterolytic cleavage of molecular hydrogen is 
assisted by a base [97]. The models we have proposed take these observations 
into account [56, 57, 93]. 

The fundamental role of the chalcogenide function corresponding to 
position 530 in 19. gigas hydrogenase as a putative base during catalysis is il- 
lustrated by the presence of a selenocysteine in a equivalent position in several 
other hydrogenases [98, 99]. For instance, in the Desulfomicrobium baculatum 
enzyme, the H2/HD exchange reaction is > 1.0 whereas the contrary is true in 
the case of the D. gigas hydrogenase. The substitution of sulfur by selenium, that 
requires a special synthetic strategy [99], very likely represents a "fine-tuned" 
modification of the catalytic properties. 

The discovery of triple-bonded species [100, 101], their crystallographic as- 
signment as active site Fe ligands [56, 57] and their isotope-based identification 
[64] as being two CN-s and one CO has resulted in a a very powerful tool to 
probe redox changes at the hydrogenase active site by Fourier transform infra- 
red (FTIR) spectroscopy [65, 101]. It is remarkable that both EPR (that monitor 
the magnetic changes of the Ni ion) and IR titrations (which detect electron 
density or coordination changes at the Fe center) follow almost identical pat- 
terns [65]. This suggests that at the active site, electron and proton additions are 
being sensed by both centers. One puzzling observation, however, is that the 
enzyme poised at selected potentials displays rather homogenous IR states 
[56, 65] whereas, as mentioned above, in the exactly equivalent experiment 
monitored by EPR, Ni normally titrates to significantly less than one spin/mole 
indicating that the sample is heterogeneous with respect to it [102]. A similar 
situation in CODH (see below) has been explained as arising from concomitant 
one-electron redox reactions which have very similar mid-point potentials 
[103]. Further experiments dealing with the crystallographic study of both 
reduced and CO-complexed forms of NiFe hydrogenases and with directed 
mutagenesis of selected residues potentially involved in electron and proton 
transfer, as well as those lining the active site cavity, are likely to shed more light 
on the Ni-mediated mechanism of hydrogen metabolism by micro-organisms. 

6.3 
CODHs 

A general feature of CODHs is the presence of the CO-oxidation Ni-containing 
site called the C-center [103, 104] that catalyzes the reaction: 

CO + H20 = CO 2 + 2H + + 2e- (4) 
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An extended X-ray absorption fine structure (EXAFS) study carried out at the 
Ni K-edge has suggested that Ni in the C-center of R. rubrum CODH has a 
distorted tetrahedral or five-coordinate environment with 2S and 2-3 N/O 
ligands [71]. Although previous studies had indicated that the Ni ion could be 
part of the core of a [NiFe3S 4] cubane cluster [105], the EXAFS study has ruled 
out that possibility. Instead, a model consisting of a mononuclear Ni(II) site 
bridged by a cysteine thiolate or sulfide to a [Fe4S4] cluster was proposed [71] 
(Fig. 7). Further studies have been carried out on the more complex CODH/ACS 
enzyme from C. thermoaceticum where the C-center is known to be located in 
the fl-subunit [104]. These authors have proposed a mechanism for CO/CO2 
oxidation where the C-center can be stabilized in three states: an oxidized state 
(EPR silent, S--0), a one-electron reduced state (EPR gave = 1.82) and a three- 
electron reduced state (EPR gave = 1.86) (Table 2). The cluster generating the 
gave= 1.82 EPR signal contains a distinct subsite called ferrous component II 
(FCII) that is possibly pentacoordinated (Fig. 7). The Ni site may be elec- 
tronically linked to this subsite [66]. When the enzyme is in the C~.82 form, it can 
oxidize CO catalytically. CO binds C1.s2, reacts with OH-, becomes CO2 while it 
tranfers two electrons to C1.82 and dissociates from CLs 6 (Fig. 7). The respective 
redox potentials are for CO/CO2=-520 mV at pH 7.0 and for CL82/ 
Cx.s6 = - 530 mV, indicating that the free energy change for the reaction is small 
[104]. Inhibitor binding has been instrumental in defining the properties of the 
C-center [105]. Azide, thiocyanate and cyanate have been shown to bind to the 
C-center and inhibit CO oxidation [106]. A M6ssbauer study has shown that all 
the irons in the Ni-deficient CODH from R. rubrum belong to cubane-type 
[F4S4] clusters [66] indicating that the assignment of a Ni-X-[F4S4] cluster for 
the C-center is probably correct [71]. A model for CO oxidation has been pro- 
posed by Qiu et al. (Fig. 7) [107]. The other center, called B, is a classic [F4S4] 
cluster which spectroscopic features are independent of the presence of Ni in 
both C. thermoaceticum and R. rubruenzymes. The B-center mediates electron 
flow from the C-center to the external electron acceptors in R. rubrum CODH 
and to the A-cluster in C. thermoaceticurn CODH [108]. 

In addition to reaction (4), the C. thermoaceticum enzyme is also capable of 
catalyzing the synthesis of acetyl-coenzyme A at the A-center located in the ~x- 
subunit: 

CH3-THF + CoASH + CO --~ CoASCOCH 3 + THF (5) 

This reaction is part of the reductive acetyl-CoA (or Wood/Ljungdahl) pathway 
[6], the major mechanism of CO2 fLxation in anaerobic environments. Thus 
sulfate-reducers, methanogens and acetogens can convert CO (or CO2) to cell 
carbon. Upon CO binding to the A-center a EPR signal (g = 2.08, 2.074, 2.028, see 
table II) appears. Because the signal shows hyperfine broadening upon 57Fe, 61Ni 
and 13C isotopic enrichment, indicating magnetic coupling between the two 
metals, it has been called the NiFeC signal [109]. The NiFeC signal is not only 
present in C. thermoaceticum, an acetogen, but also in Methanosarcina ther- 
mophila, a methanogenic bacterium [110] and may be a general feature of CO 
binding to the A-cluster in CODHs. Q-band electron nuclear double resonance 
(ENDOR) experiments using 57Fe, 61Ni and 13C [111] indicate that the most likely 
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stoichiometry for the novel NiFeC center is one nickel, three to four irons, four 
or more sulfurs, and one carbon atom. These experiments did not determine 
whether CO was bound to Ni or Fe. XAS experiments [ 112] indicate that the two 
metals are separated by 3.25 A and consequently could be bridged by an 
(unidentified) ligand. Besides CO, the A-cluster binds a -CH 3 group from a me- 
thylated correnoid-iron-sulfur protein (CoFeSP). The methyl group originates 
from CO2 which is first converted to methyl tetrahydrofolic acid (THF-CH 3 in 
reaction (5)). It was postulated that the binding of CO and -CH 3 can occur in any 
order. What was not determined, however, is whether the two substrates bind to 
the same or different metal centers. Ragsdale and coll. [113] concluded that one- 
electron reductive activation of the same metal site was necessary for methyl, CO 
and acety 1 binding and that this site gives rise to the NiFeC EPR signal upon CO 
binding. Binding of CoA to CODH, on the other hand, is not sensitive to the re- 
dox potential. The insertion of CO to a Ni-CH 3 complex has been demonstrated 
for a model compound having (3S,1N) Ni coordination by Stavropoulos et al. 
[114]. These authors found that Ni(II)-CH 3, Ni(II)-COCH3, and Ni(I)-CO are 
stable adducts. MacGregor et al. [ 115] have shown that even Ni(II)-CO complexes 
can be formed provided there is significant back-donation from the ligands to 
the Ni(II) center. If, as reported [ 112], the Ni center of C. thermoaceticurn CODH 
A-cluster has a predominant sulfur coordination, a Ni(II)-CO complex may be a 
relevant catalytic intermediate. These results suggested that the same metal 
center (presumably Ni) could be the binding site of both CO and methyl, as well 
as the site where CO insertion to the metal-carbon bond occurs. FTIR studies 
have indicated that CO binds terminally to a metal center of the A-cluster giving 
rise to an IR band with Vco = 1995 cm -1 [116] .  Replacement of CO by 13CO shifts 
the Vco band to 1951 c m  -1. Isotopic exchange shows that the M-CO intermediate 
is a catalytically relevant precursor of acetyl-CoA: 

13CO 
CODH CH3,2CO_CoA ~ CODH-13CO + CODHJ2CO (6) 

(Vco =1951 cm -1) (Vco =1995 cm -l) 

The authors also showed that the 1995 c m  -1 band and the g = 2.074/2.028 EPR 
signal are signatures of the same (NiFeC) complex. 

A major conclusion concerning the identity of the CO-binding metal center 
has been reached by Qiu et al. [117] using resonance Raman (RR) spectroscopy. 
This technique is complementary to FTIR spectroscopy in that it allows the study 
of metal-carbon vibrations. Firstly, the authors identified a M-C band at 360 cm -1 
that shifted when 12CO was replaced by either 13CO (356 cm -1) or ~8CO (353 cm-1). 
The shifts were also observed in an isotopic exchange experiment (as the one des- 
cribed above) leading Qiu et al. [117] to conclude that the RR 360 cm -1 and IR 
1995 cm -1 bands arise from the same M-CO complex. In order to identify the 
nature of M, bacteria were grown using medium supplemented with either 54Fe or 
64Ni. U p o n  CO binding, the 360 cm -1 band shifted to 362 cm -1 in the S4Fe-enzyme 
but was not modified in the 64Ni-enzyme. This shows that in these experiments 
CO binds to Fe and not to Ni in the A-cluster of CODH. The authors conclude that 
"the Fe-S cluster of the A-cluster is directly involved in the mechanism of CODH 
catalysis, and is not simply an electron transfer agent" [117]. 
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A similar approach has led Kumar et al. [118] to determine which center of 
the A-cluster binds the methyl group transfered from the CoFeSP. These authors 
first identified a Co-CH 3 stretching frequency at 429 cm -~ (from CoFeSP) that 
disappeared upon addition of CODH, to be replaced by a new band at 422 cm -1. 
The 422 cm -1 band shifted frequencies'when either 13CH 3 (410 cm -1) or C2H3 
(392 cm -a) was used for methylation; it also shifted to 417 cm -1 with samples en- 
riched in 64Ni. The band did not shift, however, when samples were enriched in 
54Fe or 58Fe. These experiments show that the Ni center is the one to be methy- 
lated by CoFeSP. 

From their results Ragsdale and coll. [118] have proposed a bimetallic 
catalytic mechanism for acetyl synthesis implying either CO migration from the 
Fe to the Ni-CH 3 complex or (probably less likely) migration of methyl from the 
Ni ion to the Fe center [119, 120] (Fig. 8). The proposed mechanism is 
reminiscent of the reaction devised by Monsanto for the industrial production 
of acetic acid from CO and CH3I, with one important difference: the Mosanto 
process takes place at a mononuclear center. Kovacs [21] has pointed out the ex- 
ceptional nature of the mechanism proposed by Ragsdale and coll.: not only 
does CO insertion to M-C bonds in model compounds occur generally at 
mononuclear sites; it also requires metal ligands with electron-acceptor 
properties that are not biologically available. Tucci and Holm [120] have 
obtained Ni(II)-CH3-thiolate complexes that can react with CO and form Ni(II)- 
acyl-thiolate adducts. These are postulated to be reasonable analogs for the re- 
action of CoA. SH with a Ni(II)-COCH 3, a step in the reaction scheme advanced 
by Ragsdale and coll [118]. An alternative pathway is suggested by their work: 
the reaction of bound thiolate (CoA. SH) and acyl groups to form a thioether. 
This model chemistry is all mononuclear and, consequently, the authors strongly 
favor a similar intramolecular mechanism for CODH A-cluster acetyl-CoA syn- 
thesis (although similar principles could apply to a binuclear-based reaction). 

A less well explored aspect of the postulated mechanism, namely the tranfer 
of a methyl group from CoFeSP to the Ni-center in the A-cluster of CODH, has 
been recently modelled by Ram et al. [121]. Alkyl transfer from an organo- 
cobalt(III) to Ni(I) has been shown to occur in high yields by a mechanism 
involving free methyl radicals with rates that are similar to those of the reaction 
of methylated CoFeSP with reduced CODH [118]. In the case of CODH, how- 
ever, it is possible that the mechanism proceeds by a two-electron event such as 
a nucleophilic displacement, because radical pathways could be too agressive 
for the enzyme [121]. 

A study using the competitive inhibitor C2S [122] has shown that although 
this compound mimics CO binding, the C2S-bound species is different from the 
CO-bound adduct (NiFeC) in one fundamental way: in C2S-CODH the Ni and 
Fe centers from the A-cluster are magnetically isolated, as 61Ni, but not 57Fe or 
13C2S, induces a (small) broadening of the EPR signal. No explanation was given 
for this observation although because the reaction with C2S is fully reversible, a 
disruption of the bridging NiFe ligation was considered unlikely [122]. C2S is 
postulated to bind, by analogy with CO, to an Fe center in the A-cluster. 

The heterobimetallic mechanism proposed by Ragsdale et al. has been very 
recently seriously questioned by Barondeau and Lindahl [70]. Firstly, these 
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authors argue that although it seems reasonable to suppose that, as detected by 
RR spectroscopy, the Ni center binding the methyl group is located at the A- 
cluster, no evidence to this effect was actually provided by Kumar et al. [118]. 
According to Lindahl and coll., this is of some concern because only a small 
fraction of the Ni in CODH is in the A-cluster [44]. Using the chelating agent 
1,10-phenanthroline (phen) only about 30% Ni(II) per afl-dimer could be 
removed leading, nevertheless, to complete disappearance of the NiFeC signal 
and CO/acety1-CoA exchange activity. This observation is consistent with the 
fact that the NiFeC EPR signal quantifies only to 0.3 spin/afl-dimer and implies 
that 70% of the a-subunits contain structurally similar but nonfunctional 
clusters [44]. These authors also wonder whether the Ni-CH 3 groups detected by 
Kumar et al. [118], using RR spectroscopy, were functional in a manner that 
would yield acety1-CoA if CO and CoA were added ([44] and references 
therein). They also object to Holm and coll. model compounds [114, 120] as 
being relevant for CODH A-cluster catalysis because the CODH mimics react 
with methyl anions to yield Ni(0)-CH 3 whereas CODH would react with methyl 
cations, yielding a catalytic Ni(II)-CH3 adduct that can return to its original 
electronic state as product forms. The Ni(II)-CH 3 state is described as being 
supported by model chemistry [123]. Lindahl and coll. reach the following 
general conclusions: 1) the 30% CODH labile Ni is the methyl binding site, the 
conclusion being based on two observations: first, none of the phen-treated 
enzyme was methylated, and second, bound methyl prevents phen from 
removing labile Ni. The lability of the Ni center is presented as evidence that it 
plays a catalytic role because, if acety1-CoA synthesis proceeds by a migratory 
insertion step, then the binding site for the methyl group and CO should have 
two cis open coordination sites. 

Lindahl and coll. also argue that the methyl group binds to the Aox, and not 
the Ared, state [70]. Their argument goes as follows: if, as previously assumed, for 
methylation to occur the diamagnetic Aox has to be reduced to the para- 
magnetic Are a S = 1/2 state (in CO-mediated reduction this would be the species 
giving rise to the NiFeC EPR signal), the resulting methylated adduct should 
also be paramagnetic since the reaction involves a diamagnetic methyl cation. 
However, the methylated A-cluster is EPR silent. As an alternative to the reduc- 
tion of the A-cluster, these authors postulate that a different redox center has to 
be reduced prior to methylation. This center, called the D-center, is supposed to 
be a special pair of cysteines that can be oxidized to cystine (disulfide bond) at 
an unusually low potential (E ~ < - 350 mV) and thereby maintain the labile Ni 
of the A-cluster in the Ni(II) state throughout during catalysis. According to the 
authors, the Ni(II) assignment is supported by the in vitro incorporation of this 
ion to CODH [70]. The following mechanism is proposed (see also Fig. 13): 

CH3-Co3+FeSP 
[AoxDox] n+ + 2 e ( > [AoxDred] (n~2)+ +--> [CH3-AoxDox] (n-l)+ + Co~+FeSP 

, . ( 7 )  
CoAS- 

[CH3-AoxDox] ~-~)+ + CO ~ [CH3-(CO)-AoxDox] ~n-~+ ~ CH3-C(O)- 

: SCoA + [AoxDred] (n-2)+ 
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Fig. 13. Lindahl's model for the reaction depicted in Eq. (5) and catalyzed by the A-cluster of 
CODH/ACS. This model proposes the insertion of Ni-bound CO into the Ni-CH 3 complex. 
The special pair of cysteines (the D-center) is shown. Arrows are meant to indicate that the 
actual coordination position (axial or equatorial) is not known. This figure is based on [70] 
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One of the key points of the proposed mechanism is that the A-cluster remains 
in the Aox state throughout catalysis. This proposition is in conflict with 
previous hypotheses that have postulated that Ared-CO is a catalytic interme- 
diate of acetyl-CoA synthesis [117, 124, 125]. Barondeau and Lindahl [70] argue 
that the M6ssbauer evidence does not favor reduction of the Fe4S 4 portion of 
the A-cluster which they suggest stays in the + 2 state. If this is the case, then 
binding of CO to an [ge4S4] cluster, as postulated by Qiu et al. [117], would be- 
come problematic because there is no model chemistry to support CO binding 
to [Fe4S4] 2+. The same argument, against reduction of the putative [Fe4S4] 
cluster, would apply to the scheme suggested by Tucci and Holm [120] (Fig. 8). 
Furthermore, these authors have suggested that a two-electron reduction 
process takes place in going from Aox to Are d with the second electron reducing 
Ni(II) to Ni(I). Again, Barondeau and Lindahl [70] consider this proposition in- 
adequate because of the lack of relevant model methylations of Ni(I) com- 
pounds to form Ni(III)-CH 3 adducts, as opposed to Ni(II)-CH3 complexes, for 
which there are several examples in the literature. Finally, as stated above, these 
authors point out that most of the studied migratory insertion reactions invol- 
ving metal-bound CO and methyl groups occur with these species coordinated 
to adjacent positions on a single metal ion. 

Clearly, many of the aspects of the Ni-mediated catalytic mechanism of 
acetyl-CoA synthesis by CODH remain to be elucidated. Significant progress is 
being made however, and it may be expected that the current controversy con- 
cerning this process will soon be clarified as more relevant data becomes avail- 
able. 

7 
The Roles of Biological Nickel. A Conclusion 

Four distinctive roles of biological Ni have been reviewed here: the Lewis acid- 
base chemistry in ureases, the heterolytic cleavage of hydrogen in hydro- 
genases, and the oxidation of CO and acetyl-CoA synthesis in CODH. Maybe the 
simplest one to analyze is the case of urease because there is no redox chemi- 
stry associated with catalysis and Ni is always in the stable Ni(II) state. The 
catalytic mechanism of this enzyme is not significantly different from that of 
phosphodiesterase which, however, uses other metal centers. The choice of Ni in 
urease, although somewhat enigmatic, can be rationalized by either an in- 
creased stability of the metal coordination or a high affinity of the metal for the 
carbonyl group of the substrate. Alternatively, the choice could be mostly 
historical, and be related to the fact that urea is a very simple organic substrate 
that probably constituted a major usable nitrogen source at a geological time 
when also the H 2 and CO Ni-associated metabolisms arose. 

The elucidation of the role of Ni in hydrogenases and CODHs is complicated 
by the presence of extensive redox chemistry. The issue as to whether Ni is 
redox active in these enzymes has been subjected to considerable controversy. 
Prior to the discovery of a Fe ion in the active site ofD. gigas hydrogenase, some 
authors assigned all the redox activity to Ni. This view has been challenged, 
however, by Ni model Chemistry and XAS experiments which indicated both the 
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inability of  the Ni(III)/Ni(II)  and Ni(II)/Ni(I) couples to be restricted to the nar- 
row redox potential range observed in hydrogenases and the absence o f  elec- 
t ron densi ty  changes in the Ni X-ray absorpt ion edges for the various redox 
states studied. We have suggested that the redox active center at the hydro~ 
genase active site could be the novel Fe center. A long-s tanding alternative to 
this proposi t ion has been advanced by Maroney and co-workers,  who have po-  
stulated that the redox activity is l igand(sulfur)-based (Eq. 3). In the catalytic 
mechan i sm very  recently proposed  by Barondeau and Lindahl for CODH 
A-cluster, the Ni center is also postulated to be redox-inactive, the two electrons 
being taken up by a disulfide bridge (Fig. 13). The C-center of  CODH may, how- 
ever, have a Ni(I) intermediate state (Fig. 7). 

Sulfur-based oxidative inactivation of  hydrogenase is ruled out by the crystal 
s t ructure of  the as-prepared enzyme because no extra electron density is as- 
sociated with the cysteine ligands in the active site. On the contrary,  a putative 
oxo ligand tightly binds the Ni ion. X-ray protein crystal lography will not  be 
able to distinguish between ligand and metal-based redox processes involving 
hydrogen because the changes in b o n d  lengths are too subtle to be detected by 
this technique. Finally, the conf i rmat ion of  the presence of  a D-center in C. 
thermoaceticum CODH (and related enzymes)  will have to await the solution of  
its crystal structure.  
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The terminal step in methane generation by several methanogenic organisms, of which the 
best studied is the archaeon Methanobacterium thermoautotrophicum, is catalyzed by the 
enzyme S-methyl coenzyme M reductase (methylreductase, EC 1.8.-.-). This enzyme contains 
a macrocyclic tetrapyrrole-derived cofactor, F430, at the active site coordinating Ni(II) in the 
resting state. A Ni(I) state (NilF430) has been proposed as the active form of the cofactor. 
Extensive mechanistic and spectroscopic studies have been performed on the holoenzyme, 
isolated cofactor, and various synthetic model compounds. These studies are summarized in 
the present review. 
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1 
Introduction 

1.2 
Overview of Nickel Enzymes 

Nickel occupies an important role in the biological chemistry of the metallic 
elements, although its occurrence is far less pervasive than iron, copper, or zinc. 
Nickel biochemistry is of interest because the small number of Ni-containing 
biomolecules is somewhat compensated by the variety of functions that these 
molecules can perform. There are four types of Ni-dependent enzymes, all of 
which are found in lower organisms (bacteria and archaea), although one 
(urease) is also found in plants [1-4]. The role of nickel in higher organisms is 
not yet known, although it is an essential trace element in animals. These enzymes 
comprise urease, carbon monoxide dehydrogenase (CODH), hydrogenase (Ni- 
H2ase; there are also H2ases that contain only iron[5]), and methyl coenzyme M 
reductase (MCR), the subject of this review. A recent book by Hausinger provi- 
des an excellent overview of nickel biochemistry [4]. Also useful in this context 
is a recent review by Hausinger [2] and an older, but still relevant review by 
Walsh and Orme-Johnson [3]. Additionally, of particular interest to inorganic 
chemists is the recent and exhaustive review of the biomimetic chemistry of 
nickel by Halcrow and Christou [1]. Finally, there are a number of recent 
reviews of MCR and/or the F430 cofactor [6-16]. 

1.2 
Methanogens 

Among the many types of anaerobic microorganisms are the methanogens, a 
class of strictly anaerobic archaea. These archaea are distinguished from 
eucaryotes and eubacteria on the basis of sequence homology of their 16S 
ribosomal RNA [8]. These organisms are extremely oxygen sensitive, but are 
found in all anaerobic environments, ranging from marine sediments to animal 
intestinal tracts, with sewage digestors being a particularly rich source of me- 
thanogens. Lipids, carbohydrates, proteins, and nucleic acids are decomposed 
by anaerobic bacteria to hydrogen, carbon dioxide, formic acid, and acetic acid. 
Methane is then produced by the reduction by hydrogen of carbon dioxide to 
methane; methanogens are the only organisms known to have obligate biosyn- 
thesis of methane [7, 14]. For many methanogens, carbon dioxide is the sole 
energy source, while a few species (e.g., Methanosarcina barkeri) can also 
utilize methanol, methylamines, and acetic acid [12, 16]. This is shown in the 
following equations: 
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CO2(g ) + 4H2(g ) ---) CH4(g ) + 2H20(1), AG "~ = - 131 kJ/mol, 
all methanogens; (1 a) 

CH3OH(aq) + Hz(g ) "--) CH4(g ) + H20(I), dxG '~ = - 113 kJ/mol, 
Methanosarcina; (1 b) 

CH3CO2H(aq) ---) CH4(g ) + CO2(g), AG '~ = - 36 kJ/mol, 
Methanosarcina; (1 c) 

where the free energies are estimated for pH = 7; at typical biological concen- 
trations, AG for Eq. (la) is estimated at - 17 kJ/mol and AG for Eq. (lc) is esti- 
mated at -23 kJ/mol [9]. All together, these organisms are responsible for the 
annual production of one billion tons of methane [13]. Details on the micro- 
biology of methanogens have been reviewed [14, 16, 17], and will not be dis- 
cussed further here, except to note that Mb. therrnoautotrophicum grows opti- 
mally on 80% H 2 and 20% CO2 at 65 ~ over pH = 6.8-7.2 [18]. 

1.3 
Methanogenesis 

The elucidation over the past 25 years of the complete methanogenic pathway 
represents a landmark of biochemistry. This process was carried out largely by 
the groups of R. S. Wolfe in Urbana, Illinois, USA [ 15, 19, 20] and of R. K. Thauer 
in Marburg, Germany [13, 21]. The pathway for the reduction of carbon dioxide 
is shown schematically in Fig. 1. This pathway involves six coenzymes that had 
been previously unknown: methanofuran (MFR), methanopterin (MPT), co- 
enzyme M (HS-CoM), 7-mercaptoheptanoylthreonine phosphate (HS-HTP, 
Coenzyme B), factor 420 (F420), and factor 430 (F430). The first five of these are 
shown in Fig. 2; note that both the oxidized and reduced forms of the 
deazaflavin cofactor F420 are shown. The review by DiMarco et al. describes in 
detail the properties, occurrence, and biosynthesis of each of these novel 
cofactors [15]. Methanofuran (MFR), methanopterin (H4MPT), and F420 are in- 
volved in the earlier steps of methanogenesis and will be discussed only very 
briefly here. Coenzyme M, HS-HTP, and F430 are involved in the later steps of 
methanogenesis, which are of interest here. 

As shown in Fig 1, in the first step of methanogenesis, carbon dioxide is re- 
duced to a formyl group as part of a carbamate formed by reaction with the 
primary amine of MFR. The formyl group is then transferred to N-5 of H4MPT. 
A condensation (Schiff base formation) reaction with N-10 yields an imine 
which is then stepwise reduced to a methyl group bound at N-5 in reactions that 
involve F420 as an electron donor. The methyl group is then transferred to co- 
enzyme M (HS-CoM), which is converted to the methyl thioether, S-methyl 
coenzyme M (CH3S-CoM). Each of these reactions is catalyzed by enzymes that 
have been identified, but are not well understood; the recent reviews by 
DiMarco et al. [15] and Won et al. [8] provide further information and key refe- 
rences on these enzymes. 

The final step of methanogenesis then occurs, which consists of a metathesis 
reaction wherein CH3S-CoM reacts with HS-HTP to yield the unsymmetrical 
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MFR, H2 H4MPT H'c~O HN/R 
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S-CoM H2 

~D (Hydrogen F420 ox H2~I N / Methylreductase H~ 

F430 isulfide reduetase) F420 red ~ Me~thvlen 

H2 F420 ox H3~ HN / 

Methyl-CoM ~ - MPT 

H4MPT 

Fig. 1. The rnethanogenic pathway as adapted from the reviews by DiMarco et al. [15] and 
Jaun [9]. Partial structures for MFR and H4MPT are included. Reproduced, with permission, 
from Reference [15], 1990, by Annual Reviews, Inc. 

disulfide CoM-S-S-HTP and methane [22-24]. The reaction is catalyzed by 
methyl coenzyme M reductase, which is briefly described in Sect. 2. The con- 
centration of CoM-S-S-HTP affects the first step of the methanogenic cycle, the 
formation of formyl-MFR [25]. The free thiol forms of CoM and HTP are then 
regenerated by a disulfide reductase [26]. 

2 
The Enzyme Containing F430" Methyl-Coenzyme M Reductase 

The metathesis reaction that generates methane and the disulfide CoM-S-S- 
HTP is catalyzed methyl coenzyme M reductase (MCR; methylreductase, EC 
1.8.-.-). This enzyme has been isolated from several organisms (including 
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Fig. 2. Novel coenzymes found in methanogens that are employed in methanogensis 

Mb. thermoautotrophicum, Methanococcus voltae, Methanococcus jannaschii, 
and Methanosarcina barkeri [19]) although by far the most studied is that which 
has been isolated from Mb. thermoautotrophicum (strains AH and Marburg) 
[27, 28]. Recently, MCR has also been isolated and purified from cell extracts of 
Methanosarcina thermophila [29] and Methanopyrus kandleri [30]. Two of 
these methanogenic archaea, Mc. jannaschii and Mp. kandleri, are of particular 
interest as they are extreme hyperthermophiles (optimal growth at 85 ~ and 
98~ respectively), thus representing organisms that appeared early in evolu- 
tion. The ribosomal RNA ofMp. kandleri suggested that it was not closely relat- 
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ed to other methanogens [30]. Nevertheless, its MCR was quite similar to those 
of less thermophilic organisms. The complete genome of Mc. jannaschii has 
very recently been determined [31], which included identification of the genes 
coding for cofactor synthesis, MCR, and other methanogenic enzymes. This 
landmark event will help not only in understanding the evolution of life in 
general, but also in understanding methanogenesis and MCR in particular. 

In Mb. thermoautotrophicum (strain AH), MCR has been found to be part of 
an enzymatic complex that includes the methylreductase and components A1, 
A2, A3a, and A3b [32]. These components may be involved in electron transfer 
reactions in the final steps of methanogenesis. However, MCR itself has been 
purified to homogeneity and is highly active without the A components, when 
properly activated [33-35]. For example, the presence of HS-HTP, CH3S-CoM, 
and Tim(citrate) when combined with irradiation (> 400 nm) led to activation 
of MCR [33]. Incubation of cells with hydrogen prior to extraction also led to 
activity [34]. 

The enzyme complex has been proposed to be located in membrane 
associated particles within the cell (methanoreductosomes) [36]. MCR itself is 
a large, complex enzyme ofM r - 300 kDa with an a2f12Y2 subunit structure [27, 
28]. Interestingly, MCR isolated from Ms. thermophila, in contrast to that from 
other organisms, has been reported to have an alfllyl subunit structure, al- 
though this may be a consequence of the isolation procedure [29]. The genes 
coding for MCR have been identified: mcrA, mcrB, and mcrG, which code for 
the a,/3, and ysubunits, respectively (there is also mcrC and mcrD, whose gene 
products have unknown function). The nucleotide sequence of these genes 
from Ms. barkeri, Mc. vannieli, Mb. therrnoautotrophicum (strain Marburg, 
MCR I and II, see below), Mc. voltae, Methanothermusfervidus, and Mp. kand- 
leri have been determined [11, 30, 37]. This gave the following molecular mass 
ranges for the encoded polypeptides of 60.5<a<62.0, 45.4<fl<47.2, 
27.8 < y< 30.1, C~2fl2]," 2 ~ 270 kDa. Note that the apparent molecular mass deter- 
mined by electrophoretic mobility is higher, particularly for subunit y, thus for 
Mb. thermoautotrophicum, a = 66, fl = 48, y = 37.5, a2flzY2 ~- 303 kDa. Extensive 
homology was found among the derived primary amino acid sequences for the 
MCR's from these organisms. However, no relation between the primary se- 
quence and function or tertiary structure has yet been elucidated for MCR. 

An important recent development was the discovery that Mb. thermo- 
autotrophicurn (Marburg) contained two isoenzymes of MCR: MCR I and MCR 
II, which have been purified and characterized [27, 38]. These differed in the 
size of the y subunit and in the primary sequence of all subunits, and in their 
catalytic properties. MCR II predominated when H 2 and CO2 was not growth- 
rate limiting and was significantly more active than MCR I. Similar results were 
found for Mb. thermoautotrophicum (AH) [28]. Spectroscopic studies on these 
isoenzymes will be mentioned in Sects. 5.4 and 5.6. 

MCR has associated with it three of the six novel methanogenic cofactors: 
HS-CoM, HS-HTP, and F430. The enzyme has two tightly, but not covalently, 
bound molecules of HS-CoM and of F430, and probably two of HS-HTP as well 
[8]. Only the location of the F430 cofactor is known; each a subunit contains a 
molecule of F430, so  named because of its characteristic UV-visible absorption 
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Fig. 3. Structure of the native form of F430, as derived by crystallographic and spectroscopic 
analyses [39, 40]. The conventional ring labels and numbering scheme are indicated 

spectrum. This cofactor is the primary focus of this review and has been shown 
to be a Ni(II) tetrapyrrole derivative, as depicted in Fig. 3 [39, 40]. 

3 
Biosynthesis of F43 o and Its Relation to Other Naturally Occurring 
Tetrapyrroles 

Gunsalus and Wolfe first reported the isolation of F430 in 1978 [41], and it was 
soon shown to contain nickel. It seemed likely that F430 was a nickel tetrapyrrole 
species, which was confirmed by Thauer and co-workers, as described in detail 
in the review by Thauer and Bonacker [6]. They showed that exactly eight moles 
of 14C-labelled 5-aminolevulinic acid (6-ALA), the biological building block of 
all naturally occurring porphyrins and corrins, were incorporated into one 
mole of F430 [6, 42, 43]. Two moles of 6-ALA (which is derived from glutamate) 
are converted to one mole of porphobilinogen and then four moles of porpho- 
bilinogen are cyclized to yield one mole of uroporphyrinogen III, the macrocy- 
clic precursor to biological tetrapyrroles. The review by Warren and Scott [44], 
provides an excellent overview on these early steps of tetrapyrrole biosynthesis. 
Side chain modification and ring reduction reactions on uroporphyrinogen III 
yield the various naturally occurring tetrapyrrole macrocycles: hemes, siro- 
heroes, chlorophylls, corrins (vitamin B12), and F430; each with its appropriate 
metal ion: iron, magnesium, cobalt, and nickel [45]. The elegant studies by 
Thauer and co-workers, in particular Pfaltz et al. [43] are summarized in Fig. 4, 
which shows the biosynthetic pathway of F430, beginning with dihydrosiro- 
hydrochlorin, the common precursor to siroheme, corrinoids, and F430. 

Figure 5, based originally on a figure by Eschenmoser [13] and reproduced 
many times since then, shows the relationship between the macrocycle cores of 
these naturally occurring tetrapyrroles by indicating with heavy lines the de- 
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Fig. 4. Biosynthetic pathway of F430 from dihydrosirohydrochlorin as deduced by Thauer and 
coworkers [6]. The precursor to dihydrosirohydrochlorin is urophorphyrinogen III (not 
shown), which is the starting point for all biological tetrapyrroles. Reproduced, with permis- 
sion, from Reference [6], �9 1990, by the Ciba Foundation, London, England 
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Heme Siroheme Vitamin BI2 

F430 Chlorophyll Bacteriochlorophyll 

Fig. 5. Comparison of the 7r-system conjugation (delocalization) in various biological tetra- 
pyrroles, as originally pointed out by Eschenmoser [90]. Heavy lines indicate the n-system in 
each tetrapyrrole. Reproduced, with kind permission, from Reference [10], �9 1991, by 
Elsevier Science - NL, Sara Burgerhartstraat 25, 1055 KV Amsterdam, The Netherlands 

gree of ring conjugation in each case. It is immediately evident that F430 is the 
most highly reduced (saturated) of these tetrapyrrole species. None of the 
pyrroles of F430 remains in its original fully conjugated form (and thus are ac- 
tually 1-pyrrolines), as with the corrinoids, but in contrast to the corrinoids, all 
meso carbons are present and there is no conjugation pathway linking all four 
pyrrole-derived groups. This led to the term hydrocorphinoid: a hybrid of a 
porphyrinoid C-N skeleton with a corrinoid conjugation [8]. This minimal con- 
jugation leads to the absence of both the characteristic visible absorption bands 
and fluorescence found in porphyrins. As will be discussed below, the high de- 
gree of saturation allows F430 to be modeled by fully, or almost fully, saturated 
tetraaza macrocyclic nickel complexes. 

As described by Friedmann et al. [ 10] the side chains of F430 are also unusual. 
In contrast to the hemes, F430 retains all eight carboxylate sidechains found in 
the biosynthetic precursor, uroporphyrinogen III, albeit with three in modified 
forms, so that F430 is a pentaacid. The propionate sidechain on ring D is cyclized 
in a condensation (acylation) to give a fused cyclohexanone that is conjugated 
with the ring n-system; a unique feature of F430 that has been reproduced in 
various synthetic models. Additionally, the acetate groups on rings A and B are 
amidated, with that on ring B cyclized to give a lactam. Finally, there are methyl 
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groups on rings A and B that are the identical to those in dihydrosirohydro- 
chlorin, the precursor also to siroheme and B12. The determination of the abso- 
lute stereochemistry of F430 was a considerable achievement, and will be dis- 
cussed in Sects. 5.1 and 5.2. 

4 
Isolation and Purification of F43 o 

In addition to enzyme-bound F430, there is a large amount of free cofactor in the 
cytosol (> 70 % of the total amount of cofactor) [48] although under Ni-limiting 
growth medium, F430 is bound mainly to MCR [49]. F430 can be isolated from cell 
extracts relatively easily by extraction with ethanol [50-52]. Several groups 
have reported reversed-phase HPLC procedures for the purification of isolated 
F430 [50, 51, 53, 54]. Of particular thoroughness was the study by Gorris et al., 
which included protocols for the purification and assaying of several cofactors 
from methanogen cell cultures and from a methanogenic fluidized bed reactor 
[51]. 

Isolated F43 o is thermally unstable and oxygen sensitive. As determined by 
Pfaltz et al. [55] and extensively studied by Keltjens et al. [50] native F430 (C12, 
S; C13, S) can be thermally converted to 13-epimer-F43 o (C12, S; C13, R) and then 
to 12,13-diepimer-F430 (C12, R; C13, R). An equilibrium mixture contains 4% 
native, 8% 13-epimer, and 88% 12,13-diepimer-F43o [55]. Oxidation yields a red 
compound, F560, which is 12,13-didehydro-F430. Figure 6 shows these species, all 
of which result from reactions at ring C of F430. These species can all be separat- 
ed by reversed-phase HPLC so that spectroscopic and mechanistic studies can 

COOH 

COOH 

4: COOH 

OOH 

Native F430 13 -epimer 

..~ - H  

COOH 

~ C O O H  

12,13 -diepimer 

~ COOH 

COOH 

12,13-dide~dro 

Fig. 6. Isomers of F430. For clarity, only ring C is shown. Heat treatment of F430 leads to the 
thermodynamically more stable 12,13-diepimer; oxidation leads to the 12,13-didehydro form 
(F560) 
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be performed on a single compound; only native F430 is considered to have 
biological relevance. Hydrogen and other reducing agents convert 12,13-di- 
dehydro-F430 back to the native cofactor [55, 50]. 

5 
Spectroscopic Investigation of F43 o and Model Compounds 

5.1 
NMR Studies 

The isolation and purification of F430 allowed the application of numerous spec- 
troscopic methods. The most powerful among these, in terms of determining 
the novel ligand structure of F430 was NMR. This technique, specifically 1D 1H- 
NOE difference spectroscopy, combined with the use of 13C-labeled biosynthe- 
tic precursors (i. e., isotopologs of ~i-ALA and of methionine) and the significant 
previous studies on related compounds, allowed the determination of the struc- 
ture and relative configuration of F430 [56]. However, in order for this study to 
have been successful, it was necessary to employ the pentamethyl ester of F430, 
F430Me5, obtained by methanolysis of native F43 o. As will be discussed in more 
detail below, native F430 contains Ni(II) predominantly with axial bis-aquo co- 
ordination and a resulting S = 1 electronic configuration (pseudo-octahedral d 8) 
[55]. Line-broadening by this paramagnetic center precluded NMR studies of 
the native cofactor. However, the use of the weakly-coordinating solvent 2,2,2- 
trifluoroethanol (TFE) favored a Ni(II) species absent axial coordination and a 
resulting S= 0 electronic configuration (square-planar dS). Under these condi- 
tions, a 13C 1D-NMR spectrum, although none for 1H (at 300 MHz), was obtain- 
ed for comparison with that of F430Me 5 [571. Subsequently, Won et al. performed 
beautiful 500 MHz NMR studies of native F430 in TFE-d3 solution, using a 
variety of the latest 2D NMR techniques [53, 58]. These workers confirmed the 
earlier NMR studies, showing that the native and pentamethyl ester forms of 
F430 had no major structural differences. However, ambiguity remained regard- 
ing the absolute configuration at C17-C18-C19 (on ring D); this could be either 
R, R, S (as originally proposed) or S, S, R (the reverse assignment). As described 
in Section 5b, the X-ray crystal structure of the bromide salt of 12,13-diepimer- 
F430Me 5 was then reported, along with further 2D NMR studies [39]. The abso- 
lute configuration of this compound at C17-C18-C19 was found to be S, S, R. 
Won et al. then performed an exhaustive NMR study on 12,13-diepimer-F430 in 
TFE-d 3 solution, combined with molecular modelling, which provided a com- 
plete structural picture of this form of the cofactor [40]. Therefore, it should be 
noted that the literature prior to 1992 depicted F430 with absolute stereochem- 
istry on ring D inverted from that which is currently accepted (Fig. 3). 

5.2 
X-Ray Diffraction (Crystallographic) Studies 

The successful crystallization of the bromide salt of 12,13-diepimer-F430Me 5 was 
a major breakthrough and was the culmination of an intensive effort [39]. No 
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suitable crystals had  been obta ined  of native F430 (the d iep imer  be ing the rmo-  
dynamica l ly  m o r e  stable), and  only bromide ,  as opposed  to perchlorate,  etc., 
was a suitable counter  ion. The data re f inement  converged at an R-factor  of  
7.8 % and the result ing s t ruc ture  showed disorder  in the location of  the b romide  
ion, and  more  impor tan t ly  in the location of  the propionate  sidechain at C13 
and of  the ester group of the acetate s idechain at G18. Nevertheless,  the assign- 
men t  of  absolute s te reochemis t ry  to all chiral centers in the molecule  was pos-  
sible. The s t ructure  of  the macrocycle  core was also of  interest  and  was found 
to exhibit  a highly S4-ruffled , saddle-shaped  conformat ion;  the saddle deforma-  
t ion was the largest  found to date for a meta l  hydroporphyr ino id  complex.  
The Ni-N bonds  were equivalent  with b o n d  length of  1.86 A (see Table 1); the 
relevance of  this will be  discussed below. 

The fo rement ioned  work  by  F/irber et al. [39] represents  the only s t ructural  
character izat ion of  a t rue  F430 species. However,  there have been a n u m b e r  of  

Table 1. Ni-N Distances in Complexes Relevant to F43 ~ 

Complex Spin state ( S ) ,  Ni-macrocycle N Method, 
axial ligands (solvent) Distances,/~ Reference 

F430 1, H20 2.10 EXAFS [55] 
F43oMe 5 O, none (THF) 1.90 EXAFS [72] 
12,13-diepimer-F430 0, none (H20) 1.89 EXAFS [71] 
12,13-diepimer-F43 o 1, N-Me-imidazole 2.05 EXAFS [71] 
12,13-diepimer-F430Me5 0, none, (Br counterion) 1.86 X-ray [39] 
NiII(OEiBC) 0, none (THF) 1.94 EXAFS [65] 

1.942 X-ray [59] 
NilI(iBC 3) 0, none (THF) 1.93 EXAFS [64] 

1.915 X-ray [64] 
NiU(4,11-dieneN4) 0, none (CH3CN) 1.93 EXAFS [68] 

N-racemic isomer a (C10~ counterion) 1.915 (Ni-Nar~ine), X-ray [69] 
1.884 (Ni-Nimine) 

N-meso isomer" 1.938 (Ni-Namine) , 
1.907 (Ni-Nimine) 

NilF430 1/2, none (H20) 2.04, 1.90 b EXAFS [74] 
NiIF430Mes 1/2, none (THF) 2.03, 1.88 b EXAFS [72] 
NiI(OEiBC) 1/2, none (THF) 2.07, 1.91 b EXAFS [65] 
NiI(iBC 3) 1/2, none (THF) 2.00, 1.85 b EXAFS [64] 
NiI(4,11-dieneN4) 1/2, none (CH3CN) 2.06, 1.94 b EXAFS [68] 

(C10~ counterion) 2.066 (Ni-Namine), X-ray [68] 
1.984 (Ni-Nimi~e) 

a This complex was crystallized into two different isomeric forms, N-racemic and N-meso, 
differentiated by the conformation at the amine nitrogens. Both of these were structurally 
characterized by Szalda and Fujita [69]. 

b EXAFS data-fitting required the use of two significantly different Ni-N bond distances, in 
equal proportion. 
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Fig. 7. F430 and several synthetically accessible complexes that have been employed as model 
compounds for F430 in its Ni(II) and Ni(I) forms [64, 65, 68]. The trans-cis-trans isomer of 
NiIZ(OEiBC) and the N-racemic isomer of NiH(4,11-dieneN4) are shown 

structural studies on model compounds for F430. These comprised two classes 
of macrocyclic nickel complexes: those with ligands that are less highly sat- 
urated than F430, chiefly hydroporphyrins such as isobacteriochlorins, and those 
with more highly reduced ligands, chiefly derivatives of 1,4,8,11-tetraazacyclo- 
tetradecane, such as 4,11-dieneN4. Several representatives of these complexes 
are shown in Fig. 7. A detailed discussion of these studies is beyond the scope of 
this review, however we single out the crystallographic study of several isobac- 
teriochlorins by Kratky et al. [59]. This work is relevant because NiIZ(OEiBC), in 
contrast to many other Ni(II) porphyrinoids, is easily reduced to the Ni(I) oxi- 
dation state, rather than to a ligand-centered n radical [60-65] and thus this 
species has been proposed as a model for the putative active Ni(I) form of F430 
(see Sects. 5.4, 5.5, and 7). The tct  isomer (see Fig. 7) of NiH(OEiBC) showed a 
single average Ni(II)-N bond length of 1.942 ~ [59]. Also significant was the 
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study of a series of nickel hydroporphyrins containing the fused cyclohexanone 
ring found in F430. The isobacteriochlorin, NilI(iBC3) (see Fig. 7), showed by 
X-ray crystallography an average Ni(II)-N bond length of 1.915(5) A [64]. 

The Ni(I) forms of these hydroporphyrin model compounds have not been 
isolated, and thus have been studied in solution by EXAFS (see below). 
However, several Ni(I) complexes with tetraazamacrocyclic ligands have been 
isolated and structurally characterized by X-ray crystallography [66- 70]. These 
studies showed that depending on the macrocyclic ligand's flexibility, reduction 
of Ni(II) to Ni(I) was associated with either expansion of the Ni-N distances, a 
distortion in the NiN4 core (i. e., two sets of significantly different Ni(I)-N bond 
lengths) or both expansion and distortion. 

5.3 
X-Ray Absorption (EXAFS) Studies 

In contrast to the sole X-ray diffraction study described above, a number of 
X-ray absorption studies on various forms of F430 have been performed. These 
studies have addressed several aspects of F430 chemistry: axial ligand coordina- 
tion to Ni [55, 71] conformational changes of the macrocycle nitrogen ligands 
to Ni as a function of Ni oxidation state [72] and comparison with model com- 
pounds [64, 65, 73]. The studies by Scott and co-workers showed that both en- 
zyme-bound and isolated F430 in aqueous solution at low temperature (< 250 K) 
contained 6-coordinate Ni(II) due to axial ligand coordination [55]. These axial 
ligands were water (bis-aquo) in isolated F430, but were unknown in the holo- 
enzyme. However, at higher temperatures a 4-coordinate, square-planar, form 
was in equilibrium with the psuedo-octahedral form. No evidence for any 5-co- 
ordinate form of F430 was found [71]. The 4-coordinate form was favored in 
weakly coordinating solvents, such as TFE, which was used to advantage in the 
NMR studies. However, 13-monoepimer and 12,13-diepimer-F430 did not form 
6-coordinate complexes except with very strong ligands (e.g., cyanide, pyri- 
dine), in which case the resulting 6-coordinate epimeric forms were indistin- 
guishable from the native form [71]. Thus a relatively subtle change in macro- 
cyclic ligand conformation can have significant consequences on exogenous 
ligand affinity. Such tuning of axial ligand affinity can in turn have implications 
for enzyme action. 

Perhaps the most important application of X-ray absorption techniques has 
been to compare native F430 to the reduced form, NiIF430 . As will be discussed 
below, there is strong evidence that the active form of MCR contains NiIF430 . 
This Ni(I) form of the cofactor can be generated in solution, using chemical or 
electrochemical methods, but cannot be isolated, precluding X-ray crystallo- 
graphy. Thus, EXAFS studies of these Ni(I) solutions (as well as other solution 
spectroscopic techniques to be discussed below) have been very useful. 
Reduction of F430 led to a dramatic change in the coordination to Ni, as seen in 
Table 1, which summarizes relevant Ni-N bond distances. As-isolated aqueous 
F430 (i.e., S = 1, pseudo-octahedral with axially Coordinated bis-aquo ligands) 
exhibited equivalent Ni(II)-N distances of 2.10/~ [55, 71] and F430Me 5 in THF 
(i.e., S = 0, square-planar) also has equivalent Ni(II)-N distances of 1.90(2) 
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[72] in agreement with the average Ni(II)-distance determined from its crystal 
structure: 1.86(2) /~ [39]. However, this contrasts with the EXAFS results for 
NiIF430Me5 generated by reduction using Na(Hg) amalgam in THF: two sets of 
Ni(I)-N distances were required: 1.88(3) and 2.03(3) A [72]. Additionally, un- 
published studies by Scott and co-workers show Ni(I)-N distances of 1.90(3) 
and 2.04(3) A for NiIF430 generated in aqueous solution by reduction with 
TiIIZ(citrate) [74]. These results were explained in terms of the ability of the 
highly flexible F430 skeleton to accommodate easily the "ideal" distances re- 
quired by octahedral or square-planar Ni(II) [75] and by the relatively large 
Ni(I) ion (radius r_> 2.1 A) [62]. 

EXAFS studies on model compounds for F430 have also been performed. 
These include hydroporphyrins such as the Ni(iBC 3) complex (Fig. 7), which in 
the reduced state showed two sets of Ni(I)-N bond lengths: 2.00(3) and 
1.85(5) A [64, 73] in striking contrast to the Ni(II) form, for which EXAFS 
showed equivalent Ni(II)-N bond lengths of 1.93(2) A [64]. Similarly, EXAFS 
studies of Ni(II) and Ni(I) complexes with OEiBC showed the former having 
equivalent Ni(II)-N bonds, in agreement with the crystallographic data, while 
the latter required two sets of Ni(II)-N bond distances [65]. Similar distortions 
as a consequence of metal-centered reduction (i.e., Ni(II) to Ni(I)) have been 
found in EXAFS studies of tetraazacyclotetradecane complexes [68]. In contrast, 
ligand-centered reduction (i. e., formation of a rr anion radical) left the geome- 
try around Ni(II) unchanged. This was the case for both the unsaturated (por- 
phyrin and chlorin derivatives) [64, 73] and saturated (tetraazacyclotetrade- 
cane derivatives) complexes [68]. 

5.4 
EPR Studies 

EPR has proven to be of tremendous importance in the investigation of MCR 
and F430 since this technique directly addresses the electronic structure of 
nickel. Aerobically purified MCR exhibits an EPR signal (known as MGRox~) 
that was not observable in isolated cofactor [9, 77, 78]. MGRoxl showed partly 
resolved hyperfine coupling to nitrogen ligands and when 61Ni-enriched me- 
dium was used, EPR line-broadening was observed due to unresolved hyperfine 
coupling to this magnetically active nucleus (61Ni, I = 3/2), indicating that 
MCRox 1 arose from a nickel-centered paramagnetic form of F430. However, MCR 
in this state had low activity that did not correlate with MCRox ~ EPR signal in- 
tensity, suggesting that MCRoK ~ represented an inactive species. Much more im- 
portantly, Albracht et al. identified two other EPR signals, MCRrea~ (axial) and 
MCRred2 (rhombic), in Mb. thermoautotrophicum (Marburg) intact cells reduc- 
ed by H 2 [78, 79]. Subsequently, Rospert et al. were able to maintain these sig- 
nals in cell extracts as well [34]. Relevant EPR parameters are summarized in 
Table 2. In contrast to MCRoa~, the intensity of the MCRredl,2 signals correlated 
with enzyme activity [77, 79]. Similar results relating EPR signal intensity to 
methane formation from acetate in Ms. barkeri intact cells were found by 
Krzycki and Prince [80]. MCRred2 was quantitatively converted to MCRredl by 
addition of the substrate CH3S-CoM, and conversely, addition of HS-GoM in- 
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Table 2. EPR Parameters for Ni Complexes Relevant to F430 

Complex g = [gl, g2, g3] a Ai~o(14N) b Conditions,C 
(MHz) [Reference] 

NiIF43o 2.244, 2.063, 2.063 28 H20/EG (55% v/v), pH - 10; 
Q-band; 2 K [88] 

2.224,2.061,2.061 29 H20, pH 10.4; X-band; 
66 K [87] 

Nfl(12,13-diepimer-F430) 2.238, 2.057, 2.057 30 H20, pH 10.4; X-band; 66 
K [87] 

Ni IF430M% 2.250,2.074,2.065 28 THF; X-band; 88 K [81] 

Ni~F43o(NH-n-Bu)5 2.244, 2.076, 2.060 not obs. THF; X-band; 113 K [82] 
NiI(OEiBC) 2.204, 2.080,2.063 30 2-CH3-THF; Q-band; 2 K [88] 

2.2025,2.083,2.061 30 THF; X-band; 113 K [65] 
NiI(iBC 3) 2.199, 2.076, 2.064 30 THF; X-band; 113 K [64] 

NiI(4,11-dieneN4) 2.226, 2.055, 2.055 not obs. CH3CN; X-band; 77 K [84] 
MCR~al 2.260, 2.088, 2.088 not obs. H20, pH 7.6; X-band; 

77 K [77] 

MCRred2 2.285, 2.235, 2.184 obs., not calc. H20, pH 7.6; X-band; 
77 K [77] 

MCR-BrPrSO 3 2.223, 2.115, 2.115 not obs. a H20, pH 7.6; X-band; 
77 K [77] 

MCR-BrHTP 2.210, 2.113, 2.113 not obs. d H20, pH 7.6; X-band; 
77 K [77] 

MCRo~ ~ 2.227, 2.159, 2.159 not obs. H20, pH 7.6; X-band; 
77 K [77] 

a This assignment makes no assumption as to geometry, however, the value for gl is often 
reported as g~ -= gll and g2,3 is reported as gx, y -= gz. 

b Isotropic hyperfine coupling constant from nitrogen ligands. Measured from resolved 
splitting in the EPR spectra, except for the study of Telser et al., which employed ENDOR 
[88]. 

c Solvent, microwave frequency (X-band ~ 9.5 GHz; Q-band ~ 35 GHz), and temperature are 
given. 

d No evidence of hyperfine coupling to bromine (79,81Br, I = 3/2) was observed. 

creased MCRrea2 at the expense o f  MCRredl [34, 77]. In  fur ther  contrast  to 
MCRox 1, both  MCRre d signals were quenched  by oxygen and by chloroform. All 
of  this evidence indicated that the MCRreal,2 signals represented intermediates 
active in the catalytic cycle of  MCR [77]. Their EPR parameters  (see Table 2) in- 
dicated that these signals arose from a metal-centered paramagnet ic  species, for 
which F430 was the only candidate in MCR. The MCRred2 signal was observed in 
bo th  i soenzymes of  MCR (MCR I and MCR II) [38]. EPR studies of  the interac- 
t ion o f  MCR with substrate analogs have also been pe r fo rmed  and are discus- 
sed in Sect. 7. 

The origin o f  the MCRredi,2 signals was facilitated by the very significant EPR 
work  of  Jaun on F430Me 5. Jaun and Pfaltz repor ted  the generat ion o f  NiIF430 by 
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Na(Hg) amalgam in THF, which gave an EPR spectrum similar to that of 
MCRred~ (see Table 2), which was characteristic of an approximately square-pla- 

1 nar S= 1/2 system with a dx2_y 2 electronic ground state [81]. Hamilton et al. ob- 
tained similar results using the penta-n-butylamide of F430 [82]. ]aun was also 
able to generate electrochemically NimF430 (see Sect. 5.5), which gave an EPR 
spectrum characteristic for a tetragonally-distorted S= 1/2 system with a d~2 
ground state (gll= 2.020, g• which was unlike that seen in MCR itself 
(see Table 2) [83]. 

EPR studies on model compounds for F430 have also been reported. It should 
be noted that the definitive work on the EPR and electrochemical behavior of 
tetraazamacrocyclic nickel complexes, analogous to F430, was carried out by 
Busch and co-workers years before F430 had been discovered [84]. In conjunc- 
tion with their EXAFS studies, Renner et al. reported EPR results for a number 
of Ni porphyrinoid complexes [65, 64]. An extensive EPR and electrochemical 
study was reported earlier by Stolzenberg and Stershic [62]. EPR parameters for 
Ni(I) complexes are given in Table 2. EPR parameters for n radicals are not 
given here; these species gave characteristic EPR spectra that were roughly 
isotropic with g=2.00 [62, 64]. The reduction of Ni(II) tetrapyrroles is ex- 
tremely sensitive to solvent, porphyrin ligand, temperature, and coordination of 
axial ligands in terms of whether a ligand or metal-centered reduction occurs 
[85, 86, 64]. Clearly, no obvious correlation can be made with degree of ligand 
saturation, as reduction of Ni(lI) porphyrins, chlorins, and the more saturated 
hexahydroporphyrins and octahydroporphyrins all yielded 7r anion radicals, 
while Ni(II) isobacteriochlorins and F430 yielded Ni(I) species [62, 64]. Similarly, 
Ni(II) tetraazacyclotetradecatetraene complexes that differ only in whether or 
not two of the four double bonds are conjugated, yielded Ni(I) species when 
there was no conjugation and a ligand radical when there was [84]. 
Furthermore, among the complexes that are reduced at the metal, as seen by in- 
spection of Table 2, there is no obvious correlation between ligand and whether 
an axial or a rhombic EPR spectrum is observed. 

Recently, advanced EPR techniques have been applied to F430. Holliger et al. 
performed EPR and ESEEM spectroscopy on isolated NiaF430, generated by 
reduction using aqueous Tim(citrate) [87]. The EPR signal in this case closely 
resembled that for MCRredl; much more so than that for Ni~F430Me5 (see Table 
2). Using 2H ESEEM in D20 solution, they found no evidence for axial coordi- 
nation of solvent to Ni(I). Thus MCRred~ is either due to free cofactor, or if the 
cofactor is bound, then it lacks the axial coordination found in the resting state, 
Ni(II) form, thus rendering it able to bind substrate. Mechanistic aspects will be 
discussed further below. Very recently, the results of Holliger et al. were con- 
firmed by Telser et al., who used 1,2H pulsed ENDOR spectroscopy to demon- 
strate the absence of axial solvent ligation [88]. They also studied 14N ENDOR 
signals arising from the pyrrole nitrogen ligands to Ni(I). The hyperfine 
coupling so determined agreed with earlier values based on EPR (four nitrogen 
ligands with Aiso(14N) ~ 30 MHz; see Table 2), [81, 88] but also provided evidence 
for the existence of two types of nitrogen ligands, as seen by EXAFS. 
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5.5 
Electrochemical Studies 

Due to the redox activity of nickel complexes in general and the possible role of 
various oxidation states of F430 in MCR activity, a number of electrochemical stu- 
dies on F430 and related species have been performed. Electrochemical data are 
summarized in Table 3 and are given relative to the normal hydrogen electrode 
(NHE). Jaun and Pfaltz first reported the reversible reduction of F430Me 5 to 
NiIF430Me5 in THF and DMF at a potential of roughly - 0.7 V [81]. Subsequently, 
Furenlid et al. reported reduction potentials in n-butyronitrile of -0.71 V for 
F430Me 5 and -0.79 V for its 12,13-diepimeric form [72]. Similarly, several pentaal- 
kylamides of 12,13-diepimer-F430 were reversibly reduced at roughly - 0.8 V [82]. 
As for studies on free acid cofactor, heat-extracted F430 (i.e., 12,13-diepimer-F430) 
exhibited a quasireversible reduction in DMF at roughly -0.6 V [89]. More re- 
cently, Holliger et al. performed a detailed spectroelectrochemical study of 
aqueous native and 12,13-diepimer-F430 [87]. A Nernst plot using EPR quantita- 
tion yielded values for El~ 2 of -0.65 and -0.62 V for native and 12,13-diepimer- 
F430, respectively. It had been proposed that native F430 was more readily reduced 
(i.e., more positive El/2) than the 12,13-diepimeric form, because it could not as 
easily achieve the stable, S4-ruffled conformation [55, 90]. This appeared to be the 
case in organic solvents, but not necessarily in aqueous solution. Furthermore, the 
reduction potential in the holoenzyme is not known, wherein protein conforma- 
tional effects can contribute, although it should be similar to that measured for 
the isolated cofactor [87]. The El12 values for several model compounds for F430 are 
also given in Table 3. It is difficult to compare directly electrochemical data that 
have been determined in different solvents and supporting electrolytes and with 
various reference electrodes. Nevertheless, it is clear that although these comple- 
xes were used as models for F430 due to their formation of Ni(I) species, the po- 
tentials required were much more negative. This means that the natural cofactor 
is remarkably easy to reduce to the Ni(I) form, compared both to less saturated 
[62, 64] and to more saturated [84] macrocyclic Ni complexes. 

Furthermore, the relatively unsaturated Ni complexes, such as NiII(OEiBC) 
and NiH(iBC 3), were oxidized to ligand-centered rr cation radicals (at potentials 
generally < + 1 V) [64]. In contrast, Jaun reported the reversible oxidation of 
F430Me5 in acetonitrile at + 1.45 V (NHE; + 0.825 vs ferricenium/ferrocene) [83]. 
Relatively saturated macrocyclic Ni complexes were also oxidizable to Ni(III) 
species [84]. The potentials required were generally lower (roughly + 0.9-1.2 V, 
see Table 3), although a series of 16-membered tetraazamacrocycles exhibited 
roughly the s a m e  El/2 value as F430 (N 1.5 V) [84]. The formation of Ni(III) is 
relevant to the mechanism of MCR as will be discussed in Sect. 7. 

5.6 
Optical Spectroscopic Studies (UV-Vis, MCD) 

F430 exhibits a characteristic absorption band at 430 nm, which gives the cofactor 
its name. Optical absorption studies (F430 is non-emissive) have been performed 
by several groups, generally in conjunction with other techniques such as EPR, 
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Table 3. Electrochemical Data for Ni Complexes Related to F430 

Complex, Reduction El/2 (V, NHE) ~ Conditions, b Reference 

NiF43o; Ni(II,I) - 0.65 

Ni(12,13-diepimer-F43o);Ni(II,I) - 0.62 
- 0.58 

Ni(F43oMes); Ni(II,I) - 0.67, a - 0.70 d 
- 0.71 

Ni(12,13-diepimer-F43oMes); - 0.79 
Ni(II,I) 

Ni(F43o(NH-n-Bu)5); Ni(II,I) - 0.80 

Ni(OEiBC); Ni(II,I) - 1.30, - 1.22 

Ni(iBC 3); Ni(II,I) - 1.09 

Ni(4,11-dieneN4); Ni(II,I) - 1.29 f 

Ni(F43oM%); Ni(III,II) + 1.45 h 

Ni(4,11-dieneN4); Ni(III,II) + 1.26 i 

H20, pH 10.4; TiIn(citrate); EPR c [87] 

H20, pH 10.4; Tim(citrate); EPR c [87] 
DMF; TEAP; AgClIAg [89] 

THF, DMF; LiC104, TBAP; Fc+IFc d'r [81] 
CH3(CHz)2CN; TBAP; SCE [72] 

CH3(CH2)2CN; TBAP; SCE [72] 

DMF; TEAP; AgCI[Ag [82] 

CH3CN, DMF; TBAP; SCE [62] 

THF; TBAP; SCE [64] 

CH3CN, TBAT; AgC1]Agg [84] 

CH3CN; TBAT; Fc+]Fc e [83] 

CH3CN; TBAT; AgCl[Agg [84] 

a Determinded by cyclic voltammogramms showing reversible electrochemical behavior, ex- 
cept for the study of Holliger et al., which employed EPR to monitor the extent of chemical 
reduction by Tim(citrate) and a Nernst plot to determine Ex/2 [87]. All values are vs NHE, 
unless otherwise noted. 

b Solvent, supporting electrolyte, and original reference electrode are given. Herein are used 
the following standard potentials vs NHE: (AgCl, saturated KCl)JAg, + 0.20 V; SCE, + 0.24 V; 
0.1 M calomel, + 0.34 V [124]. 

c CV not used (see note (a)). 
a Reported as - 1.29, - 1.32 V vs Fc+JFc [81]. 
e Due to variation in conditions, etc., various potentials have been reported for the Fc+JFc 

couple: the study by Furenlid et al. yielded a Fc+JFc potential of + 0.70 V [72], while the 
study by ]aun and Pfaltz yielded + 0.82 V (reported as + 0.48 V vs 0.1 M calomel) [81], and 
+ 0.54 V is a commonly used standard potential for Fc+[Fc [123]. Herein is used + 0.625 V, 
which was the value estimated by latin in a later study [83]. 

f Reported as - 1.57 V vs AgC1, 0.1 M CI-]Ag [84]. 
g Reference electrode was (AgC1, 0.1 M C1-)]Ag; herein this reference is considered to be 

+ 0.28 V vs NHE. 
h Reported as + 0.825 V vs Fe+]Fc [83]. This potential was also quoted by Renner et al. as 

+ 1.52 V (+ 1.28 V vs SCE) [64], due to differing values for Fc+]Fc (see note (e)). 
i Reported as + 0.98 V vs (AgC1, 0.1 M C1 )]Ag [84]. 

R a m a n ,  or  e lec t rochemis t ry .  The s tudies  of  Shiemke et al. were pa r t i cu la r ly  sig- 
n i f ican t  [55, 71]. These s tudies  d e m o n s t r a t e d  the  4- a n d  6-coord ina te  forms  of  
F430, as desc r ibed  above in  Sect. 5.3. In  paral le l  work,  the  b i n d i n g  of  axial l igands  
to F430Me5 has  b e e n  s tud ied  [9]. In  this  case, 5- as well  as 6 -coord ina te  species 
were fo rmed ,  which  m a y  be  a consequence  of  the  use  of  o rgan ic  solvents  tha t  al- 
lowed the i n t e rmed ia t e  5 -coord ina te  species to be  spect roscopica l ly  observed .  

Opt ica l  a b s o r p t i o n  has  also b e e n  u s e d  to m o n i t o r  the  r e d u c t i o n  of  va r ious  
fo rms  of  F430. R e d u c t i o n  in  b o t h  a q u e o u s  so lu t i on  (by  Tim(ci t ra te)  o f  b o t h  na -  
tive a n d  12,13-diepimer-F430) [87] a n d  in  o rgan ic  solvents  (by Na a m a l g a m  of  
F430Me 5 [81] a n d  several  p e n t a a l k y l a m i d e  fo rms  [82]) l ed  to charac te r i s t i c  
changes  in  the  UV-vis ib le  spectra :  the  b a n d  at - 4 3 0  n m  decreased  a n d  n e w  
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bands at N 380 and -755 nm (-715 in aqueous solution) grew in. In agreement 
with this work on isolated cofactor, active MCR preparations (i. e., by hydrogen 
incubation) exhibited a band at 386 nm that disappeared upon exposure to oxy- 
gen or chloroform [34]. 

The various model compounds also exhibited characteristic optical absorp- 
tion changes upon reduction of Ni(II) to Ni(I) [62, 64, 65, 68, 73]. A detailed 
discussion is beyond the scope of this review, but it is worth noting that optical 
absorption spectra (as can EPR) can easily distinguish between metal- and 
ligand-centered reductions [64]. 

MCD has proven to be extremely valuable in studying F430, because, in con- 
trast to EPR, this technique is readily applicable to S = 1 systems, such as often 
exhibited by Ni(II). A detailed MCD study by Hamilton et al. showed that isola- 
ted native F430 contained pseudo-octahedral Ni(II) (S= 1) with axial zero-field 
splitting, D = + 9(1) cm -1 and that holoenzyme MCR (Mb. therrnoautotrophi- 
cure AH) also contained pseudo-octahedral Ni(II) with D = + 10(1) cm -1 [91]. A 
parallel and simultaneous MCD study by Cheeseman et al. on isolated and en- 
zyme-bound F430 (from Mb. thermoautotrophicum Marburg) likewise found 
these to contain S=1 Ni(II) w i th  D=+9.0(3) cm -i, E/D=O, and 
D -- + 8.5 (3) cm -1, [E/D[ = 0.20(5), respectively [92]. These studies were signifi- 
cant in that they demonstrated a strong similarity between isolated and en- 
zyme-bound F430, and furthermore, that in the holoenzyme Ni(II) was likely 
axially coordinated by water-like (i. e., oxygenic) ligands. Hamilton et al. also 
studied by MCD the 12,13-diepimeric and 12,13-didehydro forms of F430 [91] 
and the two isoenzymes of MCR [28]. 

5.7 
Vibrational Spectroscopic Studies (Resonance Raman) 

Resonance Raman (RR) spectroscopy has been very helpful in understanding 
chromophores in metalloproteins and their model compounds, especially heme 
proteins and porphyrins. MCR and F430, while not truly in this category, have 
also been profitably studied by this technique. RR was used in conjunction with 
EXAFS and UV-visible spectroscopic studies to elucidate the nature of 4- and 6- 
coordination to Ni(II) in isolated and enzyme-bound F430, as discussed above in 
Sects. 5.3 and 5.6 [93, 91, 55, 71]. Concurrent with the RR studies on F430, there 
have been several beautiful RR studies by Shelnutt and co-workers on hydro- 
corphinoids structurally related to F430 [94- 96]. Recently, RR has also been used 
to study NiI(OEiBC) [97]. Reduction of NilI(OEiBC) led to structural distortions 
analogous to those seen by EXAFS. 

6 
Theoretical Studies of F430 and Model Compounds 
(Molecular Mechanics) 

As alluded to above, there are two non-enzymatic aspects of F430 that are of fun- 
damental chemical interest: why is F430 reduced at the metal, rather than at the 
ligand, and what are the conformational effects in this unusual macrocyclic li- 
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Fig. 8. Qualitative diagram showing the relative energy levels of the frontier MO's in macro- 
cyclic Ni complexes, modified from a diagram by Jaun [7]. A reducing equivalent (boxed 
electron) can go into either a metal-centered MO, leading to a Ni(I) complex (left), or into a 
ligand-centered MO, leading to a n-system radical (right) 

gand? The first aspect is best discussed in the reviews by Jaun [7, 9]. As discus- 
sed above in Sect. 5.5, the reduction potential of Ni(II) in F430 is unusually posi- 
tive. Furthermore, Ni(II) readily adds axial ligands so as to convert from square- 
planar d 8 (S = 0) to pseudo-octahedral (S = 1). These both indicate that the Ni 
3dx2_y 2 orbital is relatively low in energy, in the first case with respect both to this 
orbital in other Ni(II) complexes and to ligand n* orbitals, and in the second 
case with respect to the Ni 3dz2 orbital. These two possibilities are shown sche- 
matically in Fig. 8, noting that the MO diagrams are only qualitative and that 
they do not take into account mixing among metal 3d orbitals (e.g., dz2 charac- 
ter in dx2-y2, caused by rhombic ligand-field terms) or mixing between metal 
and ligand orbitals. As pointed out by Jaun [9] the most systematic analysis of 
these effects was done by Busch and co-workers (before F430 was discovered) 
using relatively saturated tetraaza macrocyclic complexes [84]. More recently, 
other significant studies on these, and on relatively unsaturated porphyrinoid 
complexes, have been made [98, 68, 64, 65, 62]. These studies showed that the 
weaker ligand field, resulting in a lower energy dx2-y2 orbital, was favored in a li- 
gand with a relatively large coordination hole and that was relatively rigid. The 
core hole is controlled both by the ligand size and by its conformation, notably 
S4-ruffling in tetrapyrroles. However, the ligand must not be too rigid, which is 
the case for porphyrins and chlorins, because upon reduction the ligand cannot 
well accommodate the larger Ni(I) ion. Apparently, F430 perfectly balances these 
requirements. However this is not the complete story since the possibility of li- 
gand-centered reduction must also be considered. Totally saturated tetraaza- 
macrocycles obviously cannot compete for the reductant electron, nor can those 
with two unconjugated double bonds (e. g., 4,11-dieneN4, Fig. 7), however those 
with conjugated double bonds (e. g., 1,3-dieneN4) yielded a ligand-centered ra- 
dical [84]. Of course, F430 has a significantly more extended conjugated system 
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than does a 1,3-diene, and OEiBC even more so, with the resulting smaller 
rr-rr* gap that would seem to favor ligand-centered reduction. Along with the 
ligand's monoanion charge, the conjugated carbonyl group in F430 (ring C) has 
been implicated as facilitating metal-centered reduction [9]. However, this must 
be only part of the explanation since Ni(II) porphyrins, chlorins, hexa- and oc- 
tahydroporphyrins with exactly this functional group are nevertheless reduced 
at the ligand, although the isobacteriochlorin (iBC 3, Fig. 7) gives Ni(I) [64] as 
does OEiBC itself, which lacks this carbonyl. The balance mentioned above ap- 
parently is also achieved in isobacteriochlorins, as well as in F430. Despite signi- 
ficant theoretical work on porphyrins [64, and references therein] there is at 
present no theoretical explanation that provides a comprehensive picture of this 
delicate balance of electronic and geometrical effects the control ligand versus 
metal-centered reduction in the whole range of Ni(II) tetraazamacrocyclic 
complexes. It is clear that Nature has designed F430, using the normal tetrapyr- 
role building blocks, so as to produce a ligand that optimally generates Ni(I). 

The above discussion has dealt with reduction of F430 to the putative active 
form. Unfortunately, there is little structural information on NilF430, except that 
regarding the direct coordination environment around Ni(I), as derived in so- 
lution by EXAFS, EPR, and related techniques (Sect. 5.4, 5.6, 5.7). In contrast, 
NMR and crystallographic studies have provided detailed information on the 
solution and solid-state conformation of isolated F430 and derivatives, as well as 
of numerous model compounds (Sects. 5.1, 5.2). This information has provided 
the basis for several studies using conformational analysis, both of F430 [99, 100, 
40] and of model compounds [101,102]. 

Zimmer and Crabtree performed a detailed conformational analysis of F430 
using molecular mechanics [100]. Their work found that the original stereo- 
chemical assignment at C17 was energetically more favorable, although this 
preference may be alleviated by protein conformational effects. Their chief con- 
clusions were that F430 is extremely flexible, and in particular that it may achieve 
trigonal bipyramidal, as well as square planar, geometry. Trigonal bipyramidal 
geometry was proposed as being mechanistically relevant, as will be discussed 
below. Zimmer continued this work and analyzed by molecular mechanics the 
epimerization and oxidation of F430 [99]. Zimmer found that in the reduction of 
12,13-dehydro-F430 (F560) native F430 is produced, rather than the thermodyna- 
mically more stable 12,13-diepimer, because a smaller conformational change 
was required in the first case [99]. Kaplan et al. performed a related molecular 
mechanics study on a simplified analog of F430 to understand axial ligand bind- 
ing [102]. They found, in contrast to the above discussion of factors leading to 
Ni(I) formation, that the core hole in F430 was not significantly larger than in 
more oxidized hydroporphyrin ligands, and thus did not contribute to the in- 
creased affinity of F430 for axial ligands [102]. 

7 
Mechanistic Studies of F43 o and Model Compounds 

Mechanistic studies represent one of the most significant areas of research on 
MCR and F430, and although it is generally accepted that F430 is the active site of 
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MCR, there is still no definitive mechanism for the final step of methanogen- 
esis. Furthermore, relatively little mechanistic work has been done using MCR, 
as opposed to model compounds, and more distressingly, this work is not that 
recent. 

An early, and very thorough, mechanistic study using active MCR from Mb. 
thermoautotrophicum (AH) was performed by Wackett et al. [103]. These wor- 
kers developed kinetic assays and investigated a variety of analogs to the na- 
tive substrate, CH3S-CoM. These substrate analogs were based on rational mo- 
difications of the various subunits of CH3S-CoM (see Fig. 2): the terminal alkyl 
(that yields the alkane product), the heteroatom bound to the alkyl, and the 
terminal sulfonate. This process led to the discovery of three kinetically com- 
petent substrates and five inhibitors. MCR activity was very sensitive to the 
nature of the terminal alkyl group: CH3CH2S-CoM was a substrate, while the 
propyl and cyclopropyl derivatives were non-substrates; CF2HS-CoM was a 
substrate, while CF3S-CoM was not; and CH2 = CHCH2S-CoM was a potent in- 
hibitor [103]. Presumably, the steric requirements of the active site are quite 
stringent, as well as inductive effects on the thioether bond to be cleaved. 
Substitution of thioether sulfur by oxygen and by selenium yielded, respec- 
tively, a weak inhibitor of MCR and a very active substrate for methane pro- 
duction. This dramatic effect was postulated as arising from the involvement 
of a Ni-E (E = S, Se) bond in enzyme action [ 103]. Another beautiful study was 
performed by Ahn et al. using a cell-free extract of Ms. barkeri [104]. These 
workers determined the stereochemical course of methanogenesis using the 
optically active substrate isotopologs (R)- and (S)-[1-2H1, 3H]ethyl-coenzyme 
M (CH3-(R,S)C2H3HS-CoM). They found that replacement of the sulfur of 
alkyl-CoM by hydrogen to give alkane proceeded with net inversion of con- 
figuration [104]. This inversion could occur via displacement of sulfur by Ni(I) 
since the subsequent protonation of the bound alkyl would occur with reten- 
tion of configuration [104]. Finally, but concurrent with the above two studies, 
was the work of Rospert et al. using substrate analogs of general type X- 
(CH2)3-SO 3, where X= F, Br, I (i.e., CH3S-CoM wherein the methylthio group 
was replaced by halomethyl), which showed these compounds, especially the 
bromide analog, BrPrSO3, to be effective competetive inhibitors of MCR [77]. 
Purified enzyme or cell extract with these inhibitors exhibited an axial EPR 
signal (MCR-BrPrSO3, see Table 2) similar to other MCR signals and no hy- 
perfine coupling to any of these magnetically active halogen nuclei (i9F, I = 1/2; 
79,81Br, I = 3/2; 127I, I = 5/2) was observed [77]. A brominated derivative of HTP 
also led to a novel axial EPR signal (MCR-BrHTP, see Table 2) [77]. The exact 
nature of the species giving rise to these EPR signals was uncertain, however 
they likely resulted from an indirect inhibitor-Ni rather than a direct Ni-X 
interaction. Advanced EPR techniques (ESEEM, ENDOR) might prove helpful 
in this addressing this question. 

Several mechanistic studies, chiefly by Jaun and co-workers, have been made 
using F430Me5 [9, 83, 105, 106]. Also relevant are a number of studies on model 
compounds for F430 [61, 107, 101, 108-116]. Interestingly, NiIF430Me5 has not 
been shown to react with thioethers, including CH3S-CoM [9]. However, 
NiIF430Me5 did react with more activated sources of the methyl group such as 
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sulfonium ions (R2S+-CH3), methyl halides, and methyl tosylates (CH3-OSO 2- 
C6HsCH3) and triflates (CH3-OSOzCF3) as shown below: 

CH3-X + 2NilF430Me5 + BH ---> CH 4 + 2NiIIF430Me5 + B- + X-; 

where BI-I was a source of acidic protons such as thiols, alcohols, and ammo- 
nium salts [107]. Lin and Jaun performed extensive kinetic studies on the re- 
ductive cleavage of methyl sulfonium ions catalyzed by NiIF430Me5 [105]. They 
showed that the final hydrogen in the product methane did derive from acid 
(BH as above) and that the reaction did not proceed via outer-sphere electron 
transfer to the sulfonium [105]. Rather, Jaun and co-workers had found evi- 
dence for an intermediate, which they proposed to be CH3-NilIF430Me5 [107]. 
This species, analogous to that in vitamin B12 chemistry, was independently pre- 
pared by reaction of NiIIF430Me~ with (C2H3)zMg and was identified by 2H NMR, 
as the ZH resonances were substantially shifted by interaction with the parama- 
gnetic Ni(II) [ 106]. Addition of acid converted this methyl-Ni species to F430Mes. 
The observation of CH3-NiIIF430Me5 was consistent with the stereochemical ob- 
servations for MCR described above. 

Similar reactivity towards activated methyl compounds, especially 
methyl iodide, has been observed for NiIOEiBC [114, 115, 61, 116] and for 
Ni~(tmtaa) (where tmtaa is the dianion of 6,8,15,17-tetramethyl-5,14-dihydro- 
dibenzo [b,i] [1, 4, 8, ll]tetraazacyclotetradecine) [112, 113]. NiI(tmtaa), 
generated in situ by reduction of NiII(tmtaa) and observed by EPR, was 
proposed as the active catalyst in the reduction by NaBH 4 of alkyl halides to 
alkanes. Recently, a different Ni(I) tetraazamacrocyclic complex, produced by 
irradiation of the Ni(II) parent compound with 5 MeV electrons, produced 
small amounts of methane from subsequently added CH3S-CoM [111]. The 
represented the first report of reactivity of any identifiably Ni(I) species with 
the natural substrate. 

Another interesting approach was taken by Berkessel and co-workers, who 
synthesized Ni(II) complexes with salen-derivative ligands having a pendant 
thioether group [101, 108]. They found that intramolecular electron transfer 
from sulfur to nickel can easily occur. This, combined with other evidence, as 
described above, led to a proposed catalytic cycle for the final step of methano- 
genesis, as shown in Fig. 9. The same mechanism was simultaneously proposed 
by Jaun [83]. 

The above extensive discussion is based on Ni~F430 as being the active form. 
There is, however, also some evidence that Ni(III) could instead (or also) be in- 
volved. As mentioned in Sect. 5.5, F430Me s can be reversibly oxidized to 
NimF430Mes, which was characterized by EPR [83]. The very positive reduction 
potential of NiIIIF430Me5 (+ 1.45 V NHE) and the fact that although the EPR sig- 
nal MCRred~ corresponded to that of NilF430, there was no EPR signal observed 
in the enzyme that corresponded to that of NiIIIF430Mes, the sensitivity to oxi- 
dants of MCRreal,z and overall the reducing conditions used in enzyme assays 
all argue against the involvement of NimF430 . However, a methyl-Ni(III) species 
could have quite different electronic/redox properties from the reported 
Ni!HF430 [83]. Alkyl-NiHI(OEiBC) species have also been proposed as inter- 
mediates in the reaction of NiIOEiBC with alkyl halides [114]. Thus, another 
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Fig. 9. Catalytic cycle proposed for the final step of methanogenesis, involving a NiIF430 inter- 
mediate, adapted from a mechanism proposed by Berkessel [108] also proposed simul- 
taneously by ]aun [9, 83]. The F430 macrocyclic ligand is represented by a disk. Axial coordi- 
nation to Ni by sulfur-containing species is likely, but not explicitly shown. The overall charge 
on the F430 species is not known nor indicated. Reproduced, with permission, from Reference 
[108], �9 1991, by Academic Press, Orlando, FL, USA 

mechanism has been proposed by Iaun for MCR action [83] which is shown in 
somewhat modified form in Fig. 10. 

There has been model compound evidence in support of the involvement of 
Ni(III), although quite differently from the catalytic cycle given in Fig. 10. Drain 
et al. studied the reactions in aqueous solution of what they believed to be a 
pentaazamacrocyclic complex of Ni(II) ( [ 1,4,7,10,13-pentaazacyclohexadecane- 
14, 16-dionato(2-)]nickel(II)) with several alkyl-CoM derivatives [109, 110]. The 
choice of derivatives was analogous to those used by Wackett et al. [103] and the 
results showed strong similarities, such as activity with CF2HS-CoM and inhi- 
bition with CF3S-CoM. The conversion of CH3S-CoM to methane was stoichio- 
metric in nickel complex, but catalytic if an oxidant such as I2 or NaC10 was 
added. Drain et al. proposed the following scheme to explain methanogenesis 
under oxidizing conditions (where L: = a ligand originally proposed by Drain et 
al. to be 1,4,7,10,13-pentaazahexadecane-14,16-dione; its identity is now un- 
known [117]) [109, 110]: 

NilIL.~+ CH3S-CoM ~ L?NilIS(CH3)CoM 
L'~NilIS(CH3)CoM + H20 ---> L~NimS-CoM + CH 4 + OH- 
L?NilIIS-CoM + OH- --9 1/2 0 2 "[- NilIL: + HS-CoM 
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Fig. 10. Catalytic cycle proposed for the final step of methanogenesis, involving a NilIIF430 in- 
termediate, modified for this review from a mechanism originally proposed by Jaun [83]. The 
F430 macrocyclic ligand is represented by a disk. Axial coordination to Ni by sulfur-containing 
species is likely, but not explicitly shown. The overall charge on the F430 species is not known 
nor indicated. Reproduced with modifications, with permission, from Reference [83], �9 1990, 
by Verlag Helvetica Chimica Acta, Basel, Switzerland 

NinL'~+ HS-CoM <---> L?NinS(H)CoM 
114 0 2 -}- HS-CoM ---5 1/2 H20 + 1] 2 (CoM-S-S-CoM) 
Net: CH3S-CoM + l/2 H20 --4 CH 4 + 1/4 02 + l/2 (CoM-S-S-CoM) 

A reductant other than hydroxide could in principle have been used so that di- 
oxygen was not produced. This work was performed before the role of HS-HTP 
had been uncovered, and in any case it would be difficult in model compound 
work to generate specifically a mixed disulfide. Although it is unlikely that the 
above scheme is that which occurs in MCR, the fact that in aqueous solution the 
natural substrate was catalytically converted to methane by a Ni complex re- 
presented an excellent example of using small molecules as functional models 
of enzyme action. 

A futher difficulty, but also an opportunity, with the above work is that it has 
very recently been shown that the active species did not contain as a ligand 
1,4,7,10,13-pentaazacyclohexadecane-14,16-dione (L). An extremely careful 
study by Zhang et al. showed that authentic NiL was inactive towards methane 
production [117]. However, these workers did reproduce the essential features 
of the work of Drain et  al. by using "NIL" prepared from less highly purified 
starting materials [117]. Some as-yet unidentifed species, present in very low 
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concentration and presumably a Ni complex of a nitrogen donor ligand, was 
thus quite active at biomimetic MCR chemistry. 

8 
Applications of F43 o and Model Compounds in Environmental Chemistry 

A recent application of methanogenic bacteria has been in the reductive deha- 
logenation of halogenated (chiefly chlorinated) organic compounds found as 
pollutants in wastewater and other environmental sources. This area is beyond 
the scope of this review, however several recent references are noted. The study 
by Gantzer and Wackett provides an excellent introduction to the challenges 
posed by the biostability of (poly)chlorinated organic compounds [118]. 

Isolated F430 [118-120] MCR (Mb. thermoautotrophicum) [121] cell extracts 
(Ms. barkeri [120] and Mb. thermoautotrophicum [121]) and whole cells (Mb. 
thermoautotrophicum) [122] have all been investigated as catalysts for the re- 
ductive dehalogenation of a wide range of environmentally important chloro- 
alkanes, chloroalkenes, chloroarenes, and other halogenated organic com- 
pounds. As part of this work, Holliger et al. proposed a mechanism for the con- 
version of 1,2-dichloroethane to ethene and/or chloroethane that involved the 
reaction of NiIF430 (generated by Tim(citrate)) with 1,2-dichloroethane to yield 
F430 and a chloroethyl radical [120]. 

The effectiveness of various forms of F430 (isolated cofactor, cell extract, etc.) 
at accomplishing environmentally desirable chemical transformations has been 
found to vary greatly. Nevertheless, because of its societal importance this area 
is one that will likely see significant future interest, which may lead to a better 
understanding of MCR action. 

9 
Concluding Remarks 

Less than thirty years ago, techniques for the mass culture of methanogens were 
developed [20]. Less than twenty years ago (1978), Gunsalus and Wolfe obtained 
a yellow, low-molecular weight extract from a methanogen [41]. Since that time, 
tremendous progress has been made in understanding the importance of that 
extract. The discovery of F430, with its unusual tetrapyrrole-derived ligand and 
biologically uncommon metal, has inspired numerous biochemical, spectro- 
scopic, and synthetic efforts that have pointed out the key role played by this co- 
factor within MCR in the final step of methanogenesis. 

Nevertheless, there are still many questions that remain, in part due to the 
fact that F430 has reawakened interest in the coordination chemistry of nickel 
with macrocyclic ligands. There are also many questions regarding enzyme as- 
sembly (the roles of the A components), and MCR structure and activity that 
need to be answered [123] but here we note only those related to F430 itself. 
There exists a plausible mechanism for the generation of methane from CH3S- 
CoM catalyzed by reduced F430, but it is not definitive. For example, the propo- 
sed intermediates have not been conclusively related to EPR signals seen for 
MCR (MCRredl,2). Furthermore, there is a need for mechanistic studies of MCR 
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that include the continued development of substrate analogs and inhibitors. 
This had a promising start 5-10 years ago [77, 103, 104] but has not recently 
been extended. Parallel work on model compounds is also needed, in particu- 
lar studies in aqueous solution using biologically relevant substrates. Again, this 
was begun nearly a decade ago [ 109, 110] but has not been extended except now 
to show that a mystery species was the active catalyst [117]. The many studies 
of macrocyclic Ni(I) complexes in organic solvents have been very rewarding, 
but in terms of understanding MCR action, they can lead an objective observer 
to think of the analogy of the man looking for his keys under the lamppost be- 
cause there the light is best. 

Finally, the work on Ni(I) complexes has itself raised fundamental questions 
regarding coordination chemistry. As mentioned above, there is no comprehen- 
sive theoretical explanation (involving metal orbitals, core size, ligand satura- 
tion, ligand distortion, etc.) that can explain ligand versus metal-centered re- 
duction in Ni(II) complexes of the type discussed here. Related to this, there is 
still not a clear picture as to the factors that control the Ni(II) reduction poten- 
tial and the EPR properties (e.g., axial versus rhombic signals) of the resulting 
Ni(I) species. These needed theoretical efforts could be complemented by fur- 
ther synthetic work, such as to prepare more examples of five-coordinate 
macrocyclic Ni(I), Ni(II), and Ni(III) species of the types proposed in MCR me- 
chanisms, especially with axial alkyl ligands, such as done by Lin and Jaun [ 106] 
and with available sulfur-containing ligands, as done by Berkessel et al. [101, 
108]. Such efforts could also assist in the development of catalysts for the re- 
ductive dehalogenation of environmental contaminants. 

In conclusion, F430 will likely remain an inspiration and a challenge to 
chemists and biologists for years to come. 
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Hemeproteins are widespread in all groups of living organisms, both as components of key 
biological processes as well as in very specific metabolic pathways. By variation of either the 
heme porphyrin structure or the heme protein environment, the function and behavior of the 
hemeproteins may vary drastically, allowing its role in the most diverse processes. In this 
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show the basic, common features of these family of proteins, as well as their diversity in terms 
of function and composition. 
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1 
Introduction 

Hemeproteins are widespread in all groups of living organisms, from archaea to 
eukaryotes, and from aerobes to anaerobes. Whichever its origin, the actual role 
of the hemeproteins is always related to the basic properties of the metal center, 
fine tuned by the protein environment. These basic properties will be first 
analyzed, constituting a framework to discuss several key examples of 
hemeproteins in anaerobic microorganisms. We will not attempt to present a 
comprehensive survey of all types of known hemeproteins in anaerobes. 
Instead, some cases will be presented, mainly from Desulfovibrio species, as case 
studies which will reveal the principal features of hemeproteins in anaerobes. A 
particular emphasis will be given to novel examples. The microbial diversity is 
immense, having as an obvious consequence that as more and more unrelated 
organisms are found and studied in detail, more and more proteins and/or 
unexpected properties will be discovered. 

A first and key question arises with the definition of a strict anaerobe. While 
many microorganisms have in the past been considered as such, meaning that 
they could not sustain even minor amounts of dioxygen, recent advances at 
both the microbiological and molecular biological levels have raised major 
doubts [1]. For example, as will be discussed in the next sections, sulfate- 
reducing bacteria were shown to sustain life under microaerophilic conditions; 
in fact, it was already known for a long time that some of these bacteria con- 
tained superoxide dismutase and catalase. Are these enzymes present just as 
detoxifying mechanisms? Methanogenic archaea are also considered as strict 
anaerobes; however, based on the complete genome sequencing of Me- 
thanococcus jannaschii [2], it appears that this archaeon may contain several 
redox proteins with fairly high (positive) reduction potentials, as deduced from 
the comparison of the predicted aminoacid sequence of several coding units. 
Proteins with high homologies to hemerythrin, a dioxygen-binding protein 
found in tunicates [3] may be expressed in this "strict anaerobe". A similar 
protein, rubrerythrin, which contains rubredoxin- and hemerythrin-like 
centers is also found in sulfate reducing bacteria [4]. These proteins have very 
high reduction potentials (up to +280 mV in D. vulgaris rubrerythrin [4]). 
Whether such proteins reflect unexpected metabolic diversities of these 
organisms, or constitute an armament of defences against dioxygen, which may, 
even if transiently, "invade" their normal living habitats, is an open question. 
Hence, at this stage, it is clear that even at the microbiological level the degree 
of deep knowledge on bacterial/archaeal physiology is still very incomplete. 

With these constraints in mind, we will refer in this review to examples of 
hemeproteins in organisms that have been considered as strict anaerobes, 
meaning that their ability to grow under aerobic conditions has not been shown 
so far. 
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Table 1. Examples of hemeproteins from anaerobes, containing each type of porphyrin 
(ET = electron transfer; EA = enzymatic activity) 

Porphyrin Heme type Protein Function 

Protoporphyrin IX b Cytochrome b ET 
c Mono- and multiheme ET 

cytochromes EA 
sulfite reductase EA 

�9 Rubred~176 02 reductase 
oxidoreductase 

Siroporphyrin 
Uroporphyrin I 

Siroheme 

1.1 
Porphyrin Types and Axial Ligands 

The heme moiety is a porphyrin, which, through its four pyrrol nitrogens binds, 
in an almost square planar geometry, to one iron. The most common, naturally 
occurring porphyrins in anaerobes are depicted in Fig. 1. Only the c-type hemes 
are covalently bound to the polypeptide chain, through tioether linkages be- 
tween the porphyrin vynil sidechains and cysteinyl residues, usually forming 
a common aminoacid sequence motif -Cys-X-Y-Cys-His- [5]. Hemes of the 
a- and d-types have not been found in anaerobes (Table 1). However, the pre- 
sence of an open reading frame coding for an analogue of subunit I of 
mitochondrial cytochrome c oxidase in Desulfovibrio vulgaris has recently been 
reported [6], although it remains to be shown whether such a protein is indeed 
expressed and if it contains a-type hemes. A new and unexpected type of 
porphyrin (uroporphyrin I) was recently found in a novel protein from the 
sulfate reducer Desulfovibrio gigas (see Sect. 5.4). 

In all hemeproteins, the iron is five- or six-coordinated, and the axial ligands 
are provided by aminoacid residues of the protein backbone. Akhough a large 
number of aminoacid sidechains could serve as ligands to the iron, only a very 
limited type of residues have so far been identified for this role in naturally oc- 
curring proteins. The fifth ligand is, in most cases, a histidine, bound through the 
nitrogen N 3 of the imidazole ring; in cytochromes of the c-type the fifth ligand 
is a histidine residue immediately following the two cysteines in the above 
mentioned sequence motif. Five-coordinated hemes are high-spin in both 
oxidation states. In six-coordinated hemes, the other ligand is generally either a 
methionine or a histidine. Thiolates and phenolates or bis-methionine ligation 
[7] have also been found, but not in anaerobes. A possible exception is rubre- 
doxin-oxygen oxido-reductase from 1). gigas, whose heme irons may be bound 
to cysteines (see Sect. 5.4). Primary amines, probably due to their high pKa, have 
not been found as ligands under physiological pH conditions, with one known 
exception: in cytochromeffrom turnip, the sixth ligand is the a amino-group of 
the tyrosil N-terminal residue [8] (Table 2). Six coordinated hemes are generally 
low-spin in both oxidation states. The ligand field at the heme iron is very close 
to the crossover point for the high- and low-spin states; subtle variations of the 
strength of one of the axial ligands may change the spin state. 
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Table 2. Axial ligands in cytochromes from anaerobes 

Fifth ligand Sixth ligand Found in Protein 
anaerobes 

Histidine Histidine + Multiheme cytochromes 
Histidine Methionine + Monoheme cytochrome c 
Histidine - + Multiheme cytochromes 
Histidine Amine - cytochrome f 
Methionine Methionine - Bacterioferritin 

1.2 
Redox Properties 

The heme-iron is limited to two stable redox states: the ferric, Fe(III), and the 
ferrous, Fe(II), states. Higher formal oxidation states, as Fe(IV), have been 
shown to occur in catalytic intermediates of reactions involving dioxygen. In 
spite of this apparent limitation, the hemeproteins cover an extremely wide 
range of reduction potentials, with a parallel only in the iron-sulfur proteins, 
from - + 400 mV to - - 500 mV. This fact leads to the finding of hemeproteins 
in most electron transfer chains, from anaerobic to aerobic systems. The actual 
reduction potential of a heme group is a function of multiple, interplaying 
factors, which can be roughly divided into three major groups: i) the axial 
ligands, ii) the heme environment and iii) redox-linked chemical equilibria [5]. 

Roughly, the reduction potential decreases with increasing a donor capabi- 
lity of the axial ligand: methionine bound hemes have, in general, higher re- 
duction potentials, while histidine-bound ones have the lowest. The most un- 
ambiguous evidence comes from site-directed mutagenesis experiments, in 
which one of the axial ligands is substituted, maintaining the overall heme en- 
vironment. For example, substitution of a methionine by a lysine or a histidine 
leads to a decrease of N _ 200 mV of the reduction potential [9]. But, if naturally 
occurring cytochromes with any type of axial ligands are compared, it is im- 
mediately clear that the axial ligands are but one of the factors controling their 
reduction potentials (Fig. 2). 

As would be expected from the reduction potential of the environment where 
anaerobes live, most cytochromes found in these organisms have low-reduction 
potentials, associated with a bis-histidinyl coordination. However, even with 
this type of heme ligation, cytochromes with fairly high reduction potentials 
have been found in anaerobes, as will be discussed below. Only a few His-Met 
cytochromes have so far been identified in anaerobes, which have a reduction 
potential of - 0 mV, lower than that of analogous cytochromes from aerobes. 

The wide spread of reduction potentials, for hemes with the same type of 
axial ligation, is due to the second group of factors referred above and generally 
ascribed as the heme environment. As recently discussed in detail [10-13], 
the actual reduction potential of a heme is a result of several interplaying 
electrostatic factors, such as electric charges o n  neighbor or even distant 
residues, dipolar and hydrogen-bonding interactions, solvent exposure, and 
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heme-heme (homotropic) interactions. Redox-linked equilibria may also con- 
tribute to the fine control of the reduction potential. In small hemeproteins, for 
which high resolution three dimensional structures are available, confor- 
mational changes associated with redox equilibria are minor. In contrast, 
ligand-binding may cause drastic changes in the redox behavior. A particular 
case of heterotropic interactions will be analyzed in the next section. 

1.3 
pH Equi l ibr ia  

The most important and universal type of chemical equilibria to which a heme 
protein is subjected in natural environments is pH equilibria, involving the 
protein aminoacid residues and the ionizable groups of the porphyrin, the pro- 
pionate side chains. Beside the effects on the overall protein structure, which are 
outside the scope of this review, the major consequences of proton equilibria 
may be the changes of the heme reduction potential (electron affinity), called 
the redox-Bohr effect (see Sect. 3.2), by analogy to the pH effect on the oxygen 
affinity of hemoglobin (Bohr effect). 

1.4 
Function 

The function of the heme proteins may be divided into the following groups: 
electron transfer, chemical catalysis, storage, and transport. A basic structural 
feature of the heme moiety distinguishes the first group. In order to be able to 
bind a molecule, either for transport purposes or for initiating a chemical 
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reaction, the heme group needs to have a vacant coordination position, and 
hence, either in its "native" or"resting" state or in a catalytic intermediate state, 
it is five coordinated, high-spin. On the contrary, the transfer of electrons does 
not imply the making or breaking of bonds at the heme iron. In fact, the 
electron transfer process is much more efficient if the heme retains its coordi- 
nation sphere throughout the process since this leads to a minimal reorgani- 
zation energy. As a consequence, for the hemes in proteins which function just 
in electron transfer, it has been clearly demonstrated that they are six-coordi- 
nated, low-spin in both oxidation states. However, even this electron transfer 
role may be coupled to other functions such as energy transduction (see 
Sect. 3.2). 

Due to its redox properties, most hemes function as electron transfer com- 
ponents, transferring electrons either between other proteins in redox chains, 
or inside a multiredox center protein or enzyme. The wide range of reduction 
potentials available for a heme facilitates its function in most redox chains, 
from anaerobic respiratory chains to oxygen respiration. 

Besides the strict electron transfer function, hemeproteins may display 
intrinsic catalytic activities, generally in redox reactions. The simplest 
reactions, which are those usually found in anaerobes, involve the reduction or 
oxidation of small molecules, such as nitrogen oxides (NO and NO2 [14]), sul- 
fur oxides (SO2-), elemental sulfur and sulfide, dioxygen and hydrogen 
peroxide. More complex reactions may also be performed by heme proteins, 
namely those involving the oxidation of organic molecules, although this type 
of reaction has not yet been found in anaerobes. 

2 
Monoheme Cytochromes 

Very few monoheme proteins have been detected in anaerobes. A monoheme 
cytochrome, known as cytochrome Css 3, is present in some strains of sulfate- 
reducing bacteria. It has only been isolated from Desulfovibrio vulgaris 
Hildenborough [14] and Miyazaki [15], Desulfomicrobium baculatum [16, 17] 
and Desulfovibrio desulfuricans [17, 18], although it is present in other 
Desulfovibrio strains [19]. This small protein (9 kDa) contains a single heme 
coordinated by a histidine and a methionine, and has a reduction potential in 
the range of 0 to 50 mV [16-20]. 

Structural studies by 1D-NMR on cytochrome Css3 have suggested that there 
is a change in conformation between the two oxidation states [22], involving an 
inversion of the chirality of the methionine ligand [21]. However, in more recent 
studies by 2D-NMR only small structure variations were observed between the 
two oxidation states [22], as commonly found in monoheme c-type cyto- 
chromes. 

The tertiary structure of ferrocytochrome css 3 from D. vulgaris Hilden- 
borough has recently been obtained by NMR [23, 24]. Despite the low sequence 
homology, striking structural similarities between this protein and represen- 
tatives of both eukaryotic (cytochrome c from tuna) and prokaryotic 
(Pseudomonas aeruginosa Cssl) cytochromes c have been recognised [25]. 
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Preliminary crystallographic results have also been reported for ferri- 
cytochrome c553 from D. vulgaris Miyazaki [26]. The amino acid sequences of 
cytochrome c553 from the two strains of D.vulgaris present strong homology to 
each other and to cytochrome c551 from Pseudomonas [27-29], a cytochrome 
with a much higher reduction potential. 

The finding of a signal peptide in cytochrome c553 shows that the protein is 
located in the periplasm [27]. Cytochrome c553 from D. vulgaris Miyazaki is 
reduced by the periplasmic hydrogenase only at a slow rate [30], whereas, in 
D.vulgaris Hildenb0rough, it is efficiently reduced [31]. Its physiological 
function is still uncertain. It has been reported to act as an electron acceptor for 
formate and lactate dehydrogenases [15, 32, 33]. Cloning of the cytochrome c553 
gene in D. vulgaris Miyazaki showed that it is part of an operon which encodes 
another protein with strong similarities with the cytochrome c oxidase subunit 
I from various organisms [6]. This finding raises major questions regarding the 
function of cytochrome css 3. Several Desulfovibrio species have been found to 
sustain microaerophilic conditions. Although generally considered as strict 
anaerobes, when exposed to oxygen, sulfate-reducing bacteria are capable of 
surviving as well as of taking advantage of its presence in terms of energy 
conservation [1, 34, 35]. In the presence of oxygen, Desulfovibrio gigas uses 
internal reserves of polyglucose, which are metabolized by the Embden- 
Meyerhof-Parnas pathway thus generating NADH and ATP [36, 37]. In this 
particular bacterium the reduction of oxygen occurs through a soluble redox 
chain (see Sect. 5.4). Although no cytochrome c oxidase activity has yet been 
found in Desulfovibrio, cytochrome c553 could be the electron donor to this 
terminal oxidase in the presence of oxygen. 

A monoheme protein has also been isolated from the denitrifier Wolinella 
succinogenes [38]. This soluble c-type cytochrome of 8.2 kDa has a reduction 
potential of 105 mV at pH 7.6, and displays a spin equilibrium in the ferric form 
between a five-coordinate high-spin form and a low-spin one, where 
methionine occupies the sixth coordination position. 

3 
Multiheme c-Type Cytochromes 

Several anaerobes, mainly sulfate-reducing bacteria, contain a range of 
mukiheme c-type cytochromes, ranging from two to sixteen hemes in a single 
polypeptide chain or monomer (Table 3). The actual function, as well as the 
evolutionary pressure for the development of such unique proteins is, in most 
cases, unknown. Most of these proteins are called cytochromes c 3, which are 
characterized by having c-type hemes with two histidinyl residues as axial 
ligands, and approximately 25 aminoacid residues per heme. As early as 1974, 
the most well studied cytochrome c 3, the tetraheme cytochrome c 3, was des- 
cribed as a biological capacitor [39]. The redox behavior of these proteins is 
extremely complex, due to multiple homotropic (heme-heme redox potential 
interactions) and heterotropic (heme redox potential to pK a of ionizable groups 
interactions) cooperativities. Most surprisingly, and in contrast to what might 
have been expected on the basis of simple electrostatic interactions, significant 
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Table 3. Multiheme cytochromes c in proteins from anaerobes 

N ~ heroes Protein Organism 

2 Split Soret D. desulfuricans 
Diheme cyt. Wollinella 

3 Cyt. c551. 5 D. acetoxidans 
4 Tetraheme cyt. c3 Desulfovibrio 

monomers and dimers 
6 Nitrite reductase (?) Desulfovibrio 

Hexaheme cyt. D. acetoxidans 
8 Octaheme cyt. 1). acetoxidans 
12 Dodecaheme cyt. D. desulfuricans 
16 Hexadecaheme cyt. Desulfovibrio 

positive cooperativities are found in these proteins, as will be described in detail 
in Sect. 3.2. Although a detailed study has so far been performed only for the 
tetraheme cytochromes, similar behaviors may be anticipated for the cyto- 
chromes containing a larger number of hemes. Moreover, as the number of 
hemes in a single protein increases, it appears that the range of reduction 
potentials covered by these proteins increases: in some newly studied proteins, 
a span as large as - 500 mV was found (see Sect. 4). Do these proteins have an 
as yet unknown catalytic function? Or, as will be discussed for the tetraheme 
cytochromes, do they act as molecular transducers or capacitors, being capable 
of transferring a certain number of electrons very efficiently through a built-in 
electron transfer pathway, due to significant overlap of the wavefunctions of 
each heme redox center, from specific electron donors to specific acceptors? 
This could be a way of avoiding the release of toxic catalytic intermediates to 
the cell. 

3.1 
Cytochrome Css~.s 

So far only a triheme cytochrome c 3 has been found: the cytochrome c5sl.5 from 
the sulfur-reducer Desulfuromonas acetoxiclans, formerly known as cyto- 
chrome c7 [40]. It is a 9 kDa cytochrome with several analogies to the tetraheme 
cytochromes c3 from Desulfovibrio [41], including the low reduction potentials 
(E ~ = -  140 mV, E ~ = - 2 1 0  mV and E ~ = - 2 4 0  mV at pH 7.6) [42]. Its solution 
structure was recently determined by NMR [41,43, 44], showing that the relative 
orientation of the three hemes is similar to three of the four hemes in cyto- 
chromes c3. Despite the fact that D. acetoxidans possesses no hydrogenase [45], 
cytochrome c551. 5 is readily reduced by hydrogenases from Desulfovibrio, which 
probably reflects its similarity to cytochrome c3 [41]. Recently, it has been found 
that cytochrome c551.5 has a high activity as polysulfide reductase, which indi- 
cates that it may be the terminal reductase in D. acetoxidans [46]. 
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3.2 
Tetraheme Cytochromes q 

The tetraheme cytochromes c3 ( M r  ~ 15,000) are the most widely characterized 
of the cytochrome c 3 family. Since a review article has recently been published 
on these cytochromes [47], we will concentrate on the analysis of the most 
recent literature, and in particular of the cytochrome c3 from Desulfovibrio 
vulgaris Hildenborough on which more detailed studies have been carried out. 

After they were first isolated from D. vulgaris in 1952 [48], tetraheme cyto- 
chromes c3 have been detected in large quantities in the periplasm of the 
Desulfovibrionacea family as well as in other sulfate reducers, where they can 
function as a coupling protein to hydrogenase [49]. These small, very soluble 
and stable proteins, which are low-spin in both oxidation states, are specially 
well suited for physico-chemical and structural studies, being the best charac- 
terized multiheme cytochromes. 

The primary [47] and tertiary structures of several tetraheme cytochromes 
c3 are known [50-53]. Although having a small homology in terms of their 
amino acid sequences, the architecture of the four heme core is strictly conser- 
ved, as is the general folding of their polypeptide main chain. In fact, besides the 
heme attachment sites consisting of four residues per heme . . . .  H . . .C-X-X-  
(X)-(X)-C-H .... which are strictly conserved, only up to six other residues, 
depending on the sequence alignment chosen, are conserved. Thus, not sur- 
prisingly, the thermodynamic properties of the several tetraheme cytochromes 
c3 are quite different. In particular, the comparatively low reduction potential of 
the individual hemes, typically between 0 and - 400 mV, as well as their relative 
value is widely variable. Also, their pIs range between 5 and 10. 

As depicted in Table 4, for all those tetraheme cytochromes c3 where the 
heme reduction potentials are unequivocally assigned to their position in the 
structure, the order of heme oxidation is different [54- 57]. However, they have 
in common the fact that two of the hemes have identical, pH dependent 
reduction potentials. 

The X-ray crystal structure of D. vulgaris (Hildenborough) ferricytochrome 
c 3 is known [51] and a preliminary solution structure for the ferrocytochrome 
has been obtained by NMR [58]. Also, the reduction potentials for each of its 
four hemes, as well as the specific assignment to their position in the structure 

Table 4. Order of reduction of the four hemes in cytochrome c 3 from several organisms. The 
numbering of the hemes is done according to their position in the primary structure. Hemes 
I and II of D. desulfuricans (27774) have very similar reduction potentials, and the same is ob- 
served for hemes I and IV ofDsm, baculatum 

Order of Reduction 1st 2nd 3rd 4th 

D. vulgaris IV I II III 
D. gigas IV III II I 
D. desulfuricans (27774) III IV I II 
Dsm. baculatum III I IV II 
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Table 5. Thermodynamic parameters for D. vulgaris cytochrome c 3. The diagonal (boldface) 
numbers represent the microscopic reduction potentials (mV) and the energy for deproto- 
nating the ionizable redox-Bohr center [meV, (pKa2.3RT)/F)] of the fully reduced molecule. 
The off-diagonal values give the redox interaction due to individual heme oxidation and pro- 
tonation of the redox-Bohr center [54] 

Heme I II III IV Ionizable group 

I - 245 - 43 20 - 4 - 70 
II - 267 - 8 8 - 30 
III - 334 32 - 18 
IV - 284 - 6 
Ionizable group 439 

was determined [59]. Their heme to heme redox interactions (redox coopera- 
tivities), as well as the pH dependence of their reduction potentials (redox-Bohr 
cooperativities), have been determined by NMR coupled to visible spectroscopy 
redox titrations [54] (Table 5). 

The number of protons involved in the redox-Bohr cooperativity was titra- 
ted, showing that this effect involves two protons [60]. Furthermore, kinetic 
NMR studies have shown that the intramolecular electron exchange (heme to 
heme) is extremely fast [61], that these two redox-Bohr protons have diffusion 
controlled exchange rates and that they titrate with the same pKa [54]. 

Taking into consideration the above mentioned properties, the complex net- 
work of thermodynamic parameters presented in Table 5 can be rationalized as 
follows: 

(i) Since the intramolecular electron exchange is fast, the system is thermo- 
dynamically controlled and the overall four one-electron reduction proces- 
ses are governed by the following stepwise macroscopic reduction poten- 
tials: - 250, - 306, - 303, and - 345 mV, at pH 6.8. 

(ii) Since the redox-Bohr effect cooperativities are all positive, as expected for 
an electrostatic based interaction, the macroscopic pKa's of the redox-Bohr 
protons increase along the reduction process (5.3, 5.6, 6.4, 7.1, and 7.4). 

(iii) Since there is a strong positive redox cooperativity (- 43 mV) between the 
second and the third heme to be reduced (Hemes II and I) a two-electron 
step is achieved. In fact, the macroscopic reduction potential of the third 
step is similar to that of the second [cf. (i)]. 

(iv) Since the largest positive redox-Bohr cooperativities (see Table 5) are 
observed for Hemes I (second Heme to be reduced) and Heine II (third 
heme to be reduced), at physiological pHs [cf. (i)] the double protonation 
(reduction) step assists the double reduction (protonation). Thus, the rela- 
tive architecture of these two hemes and the protonation center constitutes 
the necessary structural motif  for a coupled 2 e-/2 H + step. 

This coupling between the reduction and protonation sites is the thermo- 
dynamic basis for the transduction of electronic to protonic energy (Fig. 3). 
Again, at physiological pH, the deprotonated one-electron reduced cytochrome 
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2e- 

C3I ~ C3III 

2e- * 

2 H  + 

Fig. 3. Redox/protonation cycle of tetraheme cytochrome c3. Two high energy electrons 
(2 e-*) plus two low energy protons (2 H +) convert the deprotonated one electron species (c~) 
into the protonated three-electron species (HzC~II). The cycle is completed by donating two 
low energy electrons (2e-) and two high energy protons (2H+*). The decrease in electronic 
energy is coupled to the increase in acidity of the ionisable redox-Bohr groups 

(c], pKa = 5.6) receiving two electrons with very negative redox potential (- 315 
and -324 mV) becomes protonated tx.t2t. 3r riIi, pKa = 7.1), and the redox centers 
loose redox energy. When this protonated species donates two electrons, with 
less negative reduction potential (-284 and -266 mV) the resulting species is 
acidified (energized). 

This energy transduction is crucial for the bioenergetic metabolism of 
sulfate reducers. In fact, it has been proposed that ATP synthesis is driven by H 2 

oxidation in the periplasm [62]: hydrogen formed in the cytoplasm, as a result 
of oxidation of metabolites coupled to the activity of a cytoplasmic hydro- 
genase, diffuses to the periplasm, where it is reoxidised. This "hydrogen cycle" 
[62] results in the activation of the ATP synthase. Furthermore, some sulfate 
reducing bacteria can generate ATP in the presence of H 2 a s  the sole energy 
source [63]. However, since the periplasmic hydrogenase (catalysing the 
reaction H 2 ~ 2H++ 2e-) looses its efficiency as the pH lowers, the electronic 
to protonic energy step performed by cytochrome c3 (the 2e- to 2H + energy 
transduction), becomes crucial so that the protons produced can be acidified at 
the expenses of electronic energy and subsequently used for ATP synthesis. 

This energy transduction step [64], although functionally equivalent to those 
involving the redox-linked pumping of protons across the membrane [65], can 
be achieved in aqueous solution in the absence of a membrane confinement, 
and is in full agreement with the Williams localized theory for energy trans- 
duction [66]. 

Although the molecular basis for the 2e-/2H + concerted step performed by 
cytochrome c3, as well as its implication in the energy generation mechanism, 
has not been unequivocally demonstrated, we can now propose a mechanism 
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for this functional activity, based on the information gathered so far. The center 
for the redox-Bohr effect, involving two protonation groups, must be close to 
Heme I, since it is this heine which has a stronger pH dependence of its re- 
duction potential. Furthermore, pH NMR titrations show that propionate 6 in 
the oxidised state has a pKa identical to that of the redox-Bohr [54]. The X-ray 
structure shows that this propionate is H-bound to the peptide NH of residue 
C46 [53]. This residue is next to a Lys with a positive charge which stabilises the 
negative charge of the propionate 7 of the same heme. Thus, the protonation of 
propionate 6 destroying this H-bound, may result in a movement of the 
polypeptide chain, so that the positive charge of this Lys will no longer stabilise 
propionate 7. Thus, two protons would be coupled to the reduction of this heme. 
Furthermore, since C46 is one of the residues covalently bound to Heme II, a 
movement of the polypeptide chain and/or its rearrangement could be respon- 
sible for the positive cooperativity between Hemes I and II. 

The extremely complex redox behavior of the tetraheme cytochrome c3 is 
probably also operative in the other multiheme cytochromes. However, with an 
even higher number of hemes per subunit it becomes impossible to perform 
such detailed studies. Hence, the reduction potentials quoted for the cyto- 
chromes in the next sections must be considered as apparent macroscopic 
potentials which simply reproduce the overall redox profile. 

3.3 
Tetraheme Cytochrome c3 Dimers 

A cytochrome containing eight hemes has been isolated from D. gigas [67], 
Desulfomicrobium baculatum Norway 4 [68] and Desulfovibrio africanus [69]. It 
has been named as the cytochrome c 3 (Mr 26,000) because of its molecular mass 
of 26 kDa, but was previously known as cytochrome cc3. It was shown to be 
composed of two identical 4-heme subunits of 13,500 Da, both in Dsm. bacula- 
turn Norway 4 [70], and in D. gigas [71]. In this last case the two subunits are 
linked by two disulfide bridges. 

The reduction potentials of the Dsm.baculatum cytochrome c3 (Mr 26,000) 
hemes were determined by cyclic voltammetry, and found to be as low as those 
of cytochrome c 3 [72]. Based on the four values obtained (-210, -270, -325, 
-365 mV at pH 7.6) the authors proposed that the hemes are bis-histidinyl 
coordinated. The amino-acid sequence of the Dsm.baculatum cytochrome c 3 
(M r 26,000) was compared to the sequences of several polyheme cytochromes, 
giving evidence that this cytochrome is distinct from cytochrome c 3 (Mr 13,000) 
[73]. The sequence of the D. gigas cytochrome has also been determined [71]. 
The crystal structure of the Dsm. baculatum cytochrome c3 (Mr 26,000) was ob- 
tained at 2.16 A resolution [74]. Preliminary X-ray studies have also been re- 
ported for the D.gigas cytochrome [75]. 

The physiological role of cytochrome c 3 (Mr 26,000) has not been elucidated. 
It can be reduced by hydrogenase in a similar way to cytochrome c3 (13,000) 
[49, 76]. D. gigas cytochrome c3(Mr 26,000) was shown to stimulate the reduction 
of thiosulfate by a partially purified extract, using H2/hydrogenase as electron 
donor [77], but this was not observed with purified thiosulfate reductase [78]. 
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Also, in D. gigas, this cytochrome was shown to couple the electron transfer be- 
tween aldehyde oxidoreductase and hydrogenase in the presence of flavodoxin 
[79]. It should be pointed out that it still remains to be proved that these cyto- 
chromes are not just degradation products of larger proteins. 

3.4 
Hexadecaheme Cytochromes c 

A high molecular mass cytochrome (Hmc) has been isolated from D. vulgaris 
strains Hildenborough [80, 81] and Miyazaki [82], and from D. gigas [83]. It is a 
monomer of 65 kDa containing 16 heroes. Cloning of the Hmc gene in D. vul- 
garis Hildenborough revealed that it is part of a large operon encoding what 
seems to be a transmembrane redox complex, which was proposed as constitu- 
ting the missing link between periplasmic hydrogen oxidation and cytoplasmic 
sulfate reduction [84]. In agreement with this proposal, it has recently been re- 
ported that Hmc can be isolated in larger amounts from the membranes than 
from the soluble fraction [85]. The sequence of the Hmc gene shows that the 
protein is organized in three c3-1ike domains, and an incomplete fourth one 
with only three hemes, with a remaining isolated heme outside these domains 
[84]. A M6ssbauer study on D. vulgaris Hildenborough Hmc has showed that it 
contains two high-spin hemes and fourteen low-spin ones [85], and a similar 
situation seems to occur in the D. gigas Hmc [83]. The redox properties of Hmc 
have been studied in detail [82, 85, 86]. The heme reduction potentials cover a 
wide range of values, but seem to be roughly divided in three groups: 4 to 5 
heroes have E~ of - 30 mV to - 100 mV, 3 to 4 hemes have E~ around -170 mV 
and 7 to 8 hemes have a lower E ~ of -250 to -280 mV [85]. These reduction 
potentials are pH dependent. The physiological function of Hmc has not yet 
been unequivocally elucidated. Although it may be involved in electron 
transport across the membrane, its redox partners are not known. Hmc can be 
reduced by hydrogenases, but only at a much slower rate than cytochrome c 3 
[85]. As proposed by Rossi et al. [84], the multiple domains of Hmc may act as 
electron acceptor/donor sites for several, as yet unidentified, physiological 
partners. The presence of high-spin hemes in Hmc suggests that it may have an 
enzymatic function. 

4 
Other Heme Proteins 

Soluble proteins containing b-type hemes have not been detected in anaerobes, 
with the exception of catalase; all other examples of b-type cytochromes known 
so far are membrane-associated. A catalase was isolated from D. vulgaris [87], 
and its activity has also been detected in other strains of Desulfovibrio species. 
Superoxide dismutase activities have also been detected in these bacteria [87]. 
As mentioned in the introduction, the finding of catalase and superoxide dis- 
mutase in an anaerobe is puzzling. It is not known whether these enzymes are 
just used for detoxification or indicate the presence of adaptation capabilities to 
oxygenic environments. 
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A b-type cytochrome is present in the membranes of D. gigas [88] but has 
never been isolated. Cells grown in the presence of fumarate show increased 
amounts of this cytochrome, suggesting it is part of the fumarate reductase 
system. An open reading frame in the operon of the high molecular mass cyto- 
chrome from D. vulgaris Hildenborough also shows similarities to the cyto- 
chrome b subunit of the ubiquinol-cytochrome c reductase complex [84]. 
However, there is a similar degree of similarity between this open reading frame 
and some quinone-binding proteins and so it was proposed that it could code 
for a quinone-binding protein [85]. Another b cytochrome is found in the mem- 
branes of some methanogenic archaea [89-91]. In Methanosarcina barkeri this 
cytochrome was isolated as a complex with the heterodisulfide reductase, where 
it can act as the electron donor to this reductase [89]. 

A diheme cytochrome has been isolated from one species of sulfate-reducing 
bacteria, Desulfovibrio desulfuricans ATCC 27774 [92]. It has been named as the 
Split-Soret cytochrome as it displays a shoulder at 415 nm for the Soret band of 
the reduced form. It is a dimer of a 26 kDa subunit, each containing two hemes 
c. The function of this cytochrome has not been elucidated and it was observed 
that it is present in cells grown both on nitrate or sulfate. A diheme cytochrome 
of 11 kDa was isolated from Wolinella succinogenes, but the low yield of purified 
protein prevented detailed structural studies [38]. 

A new six heme-containing cytochrome was recently found in Desul- 
furomonas acetoxidans [46]. This cytochrome is isolated as a homopentamer of 
a 50 kDa subunit, with six hemes per subunit. The reduction potential of the 
hemes ranges from + 100 to - 375 mV, and one of the hemes displays unusual 
EPR characteristics. The function of this cytochrome was not yet elucidated. 
Another cytochrome containing eight hemes was also isolated from Dsrn. ace- 
toxidans [46]. This cytochrome has no similarities to cytochrome c3 (Mr 
26,000). It is an oligomer of 170 kDa, with a single subunit of 65 kDa. It has both 
high and low-spin hemes, which are involved in strong magnetic interactions. 
The reduction potential of the hemes covers a very wide range from + 180 to 
- 250 mV at pH 7.6. 

The purification of a 12-heme cytochrome from Desulfovibrio desulfuricans 
ATCC 27774, with a molecular mass of 41 kDa, was reported [92]. Not enough 
histidines were detected in the amino-acid composition for all the hemes to 
have bis-histidinyl coordination. 

5 
Complex Heme Proteins 

Complex heme proteins which contain redox centers other than just electron 
transfer hemes are normally associated with enzymatic catalysis. In this 
section, we will refer to some of the best studied complex heme proteins: sulfite 
reductase, nitrite reductase, formate dehydrogenase, fumarate reductase and 
rubredoxin-oxygen oxidoreductase. 
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5.1 
Sulfite Reductases 

Sulfite reductases contain siroheme and iron-sulfur centers. Siroheme, also 
present in some nitrite reductases, is an iron tetrahydroporphyrin of the 
isobacteriochlorin type with eight carboxylic acid side-chains (Fig. 1). Siroheme 
isolated from Desulfovibrio species was found to be a monoamide, heptamethyl 
ester derivative, rather than the usual octamethyl ester derivative, which sug- 
gests that in these organisms an amidated form of the siroheme may be the 
physiologically active prosthetic group [93]. Sulfite reductases are divided into 
two classes, the assimilatory and the dissimilatory enzymes. The assimilatory 
sulfite reductases produce sulfide for use in the cell biosynthetic pathways. The 
dissimilatory enzymes are present in the sulfate-reducing organisms, and 
reduce sulfite as a respiratory substrate in a process coupled to ATP formation. 

Assimilatory sulfite reductases have been isolated from some anaerobic bac- 
teria like D. vulgaris Hildenborough [94], Methanosarcina barkeri [95] and 
Desulfuromonas acetoxidans [96]. They are characterised by having a low mole- 
cular mass of about 20 kDa, and a single subunit that contains one siroheme 
and one [4Fe4S] 2+/1+ cluster. The siroheme is fully metallated and its iron is low- 
spin, in contrast to the dissimilatory sulfite reductases. In vitro, they perform 
the six-electron reduction of sulfite to sulfide, which is also in contrast to the 
dissimilatory enzymes, which form trithionate, thiosulfate and sulfide in vary- 
ing amounts. The primary sequence of the D. vulgaris enzyme has been deter- 
mined by cloning of its gene [97]. Expression of this gene in a Desulfovibrio host 
led to the production of recombinant sulfite reductase which cannot be distin- 
guished from the native one in terms of activity or spectroscopic characteristics 
[98]. 

The dissimilatory sulfite reductases from bacteria have been divided into 
four classes according to their visible absorption spectra: desulfoviridin 
(628 nm), desulforubidin (545 nm), desulfofuscidin (576 nm) and P-582 
(582 nm) [99]. They are all heterooligomers of high molecular mass, and when 
assayed in vitro form a mixture of products containing trithionate, thiosulfate 
and sulfide. The product distribution varies with the assay conditions, and so it 
is still a matter of dispute whether the physiological product of these enzymes 
is sulfide or not [100] (Fig. 4). A similar dissimilatory sulfite reductase has also 
been purified from the thermophilic archaeon Archaeoglobusfulgidus [101]. 

S032- 
Sulfite 

1, S 2- 

Sulfide 

\ , s20  -/ 
Trithionate Thiosulfate 

Fig. 4. The two possible mechanisms of sulfite reduction: a direct six-electron reduction to 
sulfide, or via the intermediates trithionate and thiosulfate 
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Desulfoviridin has been isolated from D. gigas [102], D. vulgaris [103], 1). sale- 
xigens [104] and D.desulfuricans Essex 6 [105]. Its subunit composition, cellular 
localization, structure and arrangement of the catalytic centers are still a mat- 
ter of debate. Desulfoviridin is a heterooligomer of about 200 kDa, which was 
considered to be composed by two subunits of 50 kDa (or) and 40 kDa (fl) in an 
a2fl 2 arrangement. Recently, a third subunit of 11 kDa (y) was discovered in 
D.vulgaris desulfoviridin, and an cr2flzy 2 composition was proposed [106]. By 
immunological studies, this subunit was also found to be present in desul- 
foviridins from D. vulgaris oxarnicus (Monticello), D. gigas and D. desulfuricans 
ATCC 27774 [106]. Cloning of the gene of the y subunit showed that it is not part 
of the same operon as the ot and fl subunits, and that its expression varies with 
the growth phase [107]. When the genes for the at and/3 subunits were cloned, 
it was discovered that a third gene was present, immediately downstream of the 
other two subunits [108]. This gene encodes a protein of only 78 amino-acids 
which was called DsvD. A gene with significant homology to this one was also 
found, immediately downstream of the genes of the ~x and/3 subunits of the A. 
fulgidus sulfite reductase [108], which suggests that DsvD may have an im- 
portant role in the reduction of sulfite. 

Desulfoviridin is usually purified from the cytoplasmic fraction of the cells. 
However, since the enzyme must be involved in the electron transport-coupled 
energy conservation mechanism, one might expect that it should be mem- 
brane-associated. It has been observed with extracts of D. vulgaris that sulfide 
production from reduction of sulfite depends on the presence of membranes 
(with soluble extracts a mixture of products is observed, but when membranes 
are added the only product is sulfide) [109]. Immunocytochemical experiments 
have shown that the sulfite reductase from D. gigas, D. vulgaris Hildenborough 
and Therrnodesulfobacteriurn mobile are all present in the cytoplasm [110]. In 
contrast, desulfoviridin from D. desulfuricans Essex 6 was purified both from 
the soluble and the membrane fractions [105, 111]. The two enzymes are 
identical, except that the membrane-bound desulfoviridin displays activity with 
cytochrome c3, reduced by Hz/hydrogenase, as electron donor, whereas the 
soluble enzyme does not. The distribution of sulfite reductase activity between 
the soluble and membrane fractions depends very much on the method used 
for cell rupture [105], which suggests that desulfoviridin is only lightly as- 
sociated with the membrane, and that cleavage of this sensitive association 
releases the enzyme to the cytoplasmic fraction. 

Desulfoviridin was reported to contain a siroheme which was more than 70 % 
demetallated [112-114], but it was described that a more careful purification of 
the D. vulgaris desulfoviridin yields a fully metallated enzyme [115]. However, 
a recent report where this purification procedure was repeated contradicts this 
observation [ 116]. 

Some controversy also surrounds the catalytic centers of desulfoviridin. A 
bridging cysteine thiolate ligand between the siroheme and the [4Fe4S] 2+/1+ clu- 
ster was proposed for the assimilatory sulfite reductase from E. coli [117], and 
recently confirmed by determination of the X-ray structure at 1.6 A resolution 
[118]. A similar model was proposed for desulfoviridin [112, 113], but was 
questioned due to the detection by EPR of an unusually high spin system with 
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S = 9/2, proposed to originate from a complex FeS center, which is not involved 
in magnetic interaction with the siroheme [114, 119]. 

Desulforubidin was purified from Desulfomicrobium baculatum Norway 
4 [120] and DSM 1743 [113], and recently from Desulfosarcina variabilis [119]. 
This type of sulfite reductase is characterized by an absorption peak at 545 nm. 
Their molecular mass and subunit structure are very similar to that of de- 
sulfoviridins, and a y subunit has also been observed [119, 121]. In contrast to 
desulfoviridin, the sirohemes are fully metallated. 

Desulfofuscidin has only been isolated from extreme thermophilic sulfate 
reducers of the genus Thermodesulfobacterium, namely from Thermodesulfo- 
bacterium commune (DSM 2178, ATCC 33708) [122] and Thermodesulfo- 
bacterium mobile (DSM 1276), formerly called Desulfovibrio thermophilus 
[123]. It is characterised by an absorption peak at 576 nm and a molecular mass 
of around 170 kDa. It seems to be a tetramer of four very similar subunits with 
a mass of 48 kDa, and contains four molecules of fully metallated siroheme per 
molecule. Immunocytochemical experiments have shown that desulfofuscidin 
from T.mobile is located in the cytoplasm [110]. 

The sulfite reductase P-582 has only been isolated from the moderate 
thermophile Desulfotomaculum nigrificans [124]. It has a molecular mass of 
194 kDa with an a2f12 composition and exhibits an absorption peak at 582 nm. 

5.2 
Nitrite Reductases 

There are two classes of nitrite reductases: those involved in denitrification, 
which reduce nitrite to gaseous nitrogen oxides and the assimilatory and dis- 
similatory enzymes, which reduce nitrite directly to ammonia [125, 126]. Two 
types of denitrifying enzymes have been described, those containing hemes c 
and d: and those which contain only copper. There are also two kinds of as- 
similatory/dissimilatory enzymes: the siroheme containing nitrite reductases 
like that of E. coli, which is used for detoxification of nitrite from the cytoplasm 
and is not coupled to energy conservation; and the heme c nitrite reductases, 
which are usually coupled to energy conservation [127]. This last type of nitrite 
reductase is that usually associated with strict anaerobes, so only this one will 
be discussed in more detail. 

The heme c nitrite reductase was isolated from anaerobes or facultative 
anaerobes like Desulfovibrio desulfuricans (ATCC 27774) [128], Wolinella suc- 
cinogenes [129], Escherichia coli [130], two Vibrio species [131,132] and 
Sulfurospirillum deleyianum [133]. In D. desulfuricans (ATCC 27774), W. succi- 
nogenes and S.deleyianum the enzyme is membrane-bound, and in the other 
cases it was isolated from the soluble fraction. 

These nitrite reductases are described as monomers of about 60 kDa, con- 
taining six c-type hemes, five being low-spin and one high-spin in the as- 
isolated state [134]. However, recent evidence has indicated that the situation 
may be more complex. In E. coli, the gene for the nitrite reductase (nrfA) codes 
for a 50 kDa cytochrome containing four (or five), rather than six heine-binding 
sites [135]. The membrane-bound enzymes were shown not to be monomers,  
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but heterooligomers of two subunits of about 60 kDa and 20 kDa, forming com- 
plexes with large molecular masses [136, 137]. It is possible that the nitrite re- 
ductases isolated from the soluble fractions are dissociated subunits of the 
membrane-bound complex. Several spectroscopic [134, 138, 139] and kinetic 
studies [140, 141] have been carried out on the nitrite reductase. The nitrite 
reductase from D.desulfuricans (ATCC 27774) was recently shown to reduce sul- 
rite with a high activity compared to the dissimilatory sulfite reductases [137]. 
This finding raises some questions regarding the sulfate metabolism in the sul- 
fate reducing bacteria. 

5.3 
Formate Dehydrogenase and Fumarate Reductase 

A formate dehydrogenase has been isolated from the anaerobes Wolinella suc- 
cinogenes [142], Methanobacterium formicicum [143], Clostridium pasteuria- 
num [144] and Desulfovibrio vulgaris Hildenborough [15, 32]. The enzyme has 
three subunits: the larger subunit contains a molybdenum cofactor, the second 
subunit contains iron-sulfur centers and the smaller subunit is a hydrophobic 
protein which anchors the enzyme to the membrane and contains a b-type 
cytochrome [145]. This b-type cytochrome is the menaquinone-reactive site of 
the enzyme [146]. In D. vulgaris the enzyme is periplasmic, and seems to con- 
tain a c-rather than a b-type cytochrome [32]. In W. succinogenes, it is 
membrane-bound facing the periplasmic side [147]. The formate dehydrogen- 
ase genes have been cloned in both W. succinogenes [145] and M. formicicum 
[143]. 

A cytochrome b-containing fumarate reductase was isolated from W. suc- 
cinogenes [148]. It is also formed by three subunits: two are hydrophilic 
proteins, one containing FAD, and the other iron-sulfur centers, and the third is 
a hydrophobic protein containing two hemes b [149, 150]. The membrane- 
bound hydrogenase of W. succinogenes also has a heme b-containing subunit, 
which is the site of quinone reaction, and this cytochrome b has no homologies 
to that of the formate dehydrogenase or fumarate reductase [151]. Increased 
amounts of cytochrome b are found in the membranes of Desulfovibrio gigas 
grown in fumarate [88], suggesting that it may also be a part of the fumarate 
reductase. A membrane-bound fumarate reductase was purified from Desul- 
fovibrio multispirans but was not reported to contain heme b [152]. 

5.4 
Flavohemeproteins-RO0 

A so far unique hemeprotein was recently identified in the sulfate-reducing bac- 
terium Desulfovibrio gigas. In this micro-organism a three-component soluble 
electron transfer chain couples NADH oxidation to oxygen reduction to water, 
allowing NAD + regeneration by oxygen utilization. The proteins involved are a 
flavoprotein, NADH:Rubredoxin oxidoreductase (NRO) [153], a rubredoxin 
(Rd) and a Rubredoxin: oxygen oxidoreductase (ROO) [154] (Fig. 5). As NAD + 
can be recovered in this pathway, more ATP can be generated per glucose mole- 
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Fig. 5. The soluble electron-transfer chain from NADH to 02 in D. gigas 

~O2CH3 
~ O C  PI3 H / /CO2CH3 

,xx 

OCHa H 3 C O 2 C ~ - -  ~r---'~CO2CH3 

h H3C O2C 
C O2C H 3 C 02C H 3 I]O2CH3 

Uroporphyrin I 

Fig. G. Structure of the methylated porphyrins in ROO 

cule (see Sect. 2). However, for D. gigas, it has not been unequivocally proven 
whether ATP can also be generated by oxidative phosphorilation. 

ROO is an 86 kDa homodimeric flavohemeprotein containing two FAD mole- 
cules, and two unique hemes per monomer. The hemes were found to be a 
mesoheme IX derivative, possibly bound to the polypeptide chain through an 
as yet unknown compound and one Fe-uroporphyrin I (Fig. 6) [155]. The 
identification of a type I Fe-uroporphyrin, so far considered as a non-meta- 
bolite that accumulates in large amounts in some genetically-linked porphyrias, 
in a physiologically active enzyme is unprecedented and raises the possibility 
that Uroporphyrin I may play important roles in other organisms. The spec- 
troscopic properties of ROO have been studied in detail [156]. The EPR charac- 
teristics of ROO heroes are unique and have strong similarities with the features 
of P-450 hemes, suggesting that ROO hemes may be bound to cysteines. By EPR 
and visible spectroscopy studies it was recently found that the flavins are the 
electron acceptor centers from reduced rubredoxin (Rd) and that its reduction 
proceeds through an anionic semiquinone radical; the reaction with oxygen oc- 
curs in the flavin moiety [ 156]. The function of the heme centers in RO O remains 
to be elucidated. 

On the basis of its cofactors, ROO may be considered as a member of the 
large superfamily of flavoheme proteins [157-159], which based on their 
reactivity towards oxygen may be divided in two broad groups. One group com- 



Hemeproteins in Anaerobes 85 

prises mainly the so-called flavohemoglobins, as the hemoglobin-like protein 
from E. coli [157]. These soluble proteins have protoheme IX and FAD as co- 
factors and share domains from the Globin and Ferredoxin-NADP + reductase 
families. Their function is still uncertain; it has been suggested that these 
proteins may play a role as oxygen sensors or transporters. Another member of 
this group is the cytochrome P-450 from Bacillus megaterium [160], which 
among the cytochromes P-450, presents the unique feature of having both the 
heme moiety and flavin domains in a single polypeptide chain. The other group 
aggregates the flavohemeproteins that have not been reported to react with 
oxygen and is somehow more heterogeneous in terms of size and cofactors, as 
well as catalytic activities. 

6 
Conclusions 

This review shows how diverse the field of hemeproteins is, even in the restrict 
group of anaerobic microorganisms. With the same basic building unit, the 
heme core, such diverse functions as electron transfer, reduction of sulfite and 
nitrite, dismutation of hydrogen peroxide, are found. 

Very detailed knowledge of some of the proteins in this group has been ob- 
tained, particularly regarding their structure and mode of action. Nevertheless, 
a lot of work remains to be done, specially on the physiological function of most 
of the known hemeproteins, and their interactions with soluble and membrane- 
bound enzymatic complexes. 

Note added in proof. The number of hemes of the c-type nitrite reductases so 
far determined are probably incorrect: the analysis of the gene data from 
Haemophilus influenzae [161] as well as from E. coli show that the large subunit 
(60 kDa) contains four typical heme binding motifs C-X-Y-C-H, plus an unusual 
one in which the histidine adjacent to the cysteine is substituted by a lysine, and 
which may correspond to the catalytic site. The small subunit (25.6 kDa) contains 
five complete heme binding motifs. Hence, it may be antecipated that the subunits 
of the c-type nitrite reductases are the first examples of pentaheme cytochromes. 
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A great number of active centers in proteins and enzymes contain transition metals. Each 
metal imposes specific catalytic properties on the protein which could not be achieved when 
employing a different metal. The special role and characteristic reactivity of coordinated 
copper is illustrated by looking at the evolutionary aspects of copper proteins. The evolution 
of copper-binding sites is closely linked to that of copper proteins. Copper centers have evol- 
ved according to various principles, similar to the evolutionary development of proteins and 
enzymes. Three basic principles may be observed: the copper-binding centers of metallo- 
thioneins and type 1 copper centers developed in non-metal proteins; the transformation of 
the metal-binding centers of iron or manganese proteins led to the development of the type 
2 copper centers; and the trinuclear copper-binding centers of the blue oxidases were formed 
by alterations and recombinations of type 1 copper centers. Simple, although as yet unknown, 
mononuclear copper centers gave rise to the type 3 copper-binding sites of the hemocyanins 
and tyrosinases, as well as to the Cu A- and CUB-centers of the cytochrome oxidases and N20- 
reductase. According to this assignment, copper proteins containing either type 1 copper, 
type 3 copper, CUA-centers, or CUB-centers share a common ancestor. They developed at least 
in part by divergent evolution. Type 2 copper proteins are the products of convergent evolu- 
tion and, consequently, show little or no phylogenetic homology. 
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1 
Introduction 

An attempt has been made to present and critically analyze the evolutionary 
and phylogenetic aspects of copper-binding centers in biological systems. 
Copper proteins and enzymes will be grouped according to their phylogenetic 
origins. The principles and mechanisms behind the evolution of individual en- 
zymes will be educed. These principles will be applied to the evolution of cop- 
per-binding sites, which is closely linked to that of copper proteins. Three basic 
mechanisms will be presented whose application probably led to the generation 
of new copper-binding centers and, thus, to new catalytic properties of enzy- 
mes. An attempt will be made to uncover the connection between the occur- 
rence of specific proteins and enzymes in the various phyla of life and the po- 
tential mechanisms behind the development of the respective copper-binding 
centers. The structural and functional properties of potential ozone-metaboli- 
zing enzymes are of special interest. It remains of interest which properties of 
copper-binding centers would be essential for the controlled reaction of ozone 
in living systems. 

1.1 
Biological Evolution and the Chemistry of Copper 

Our Earth is approximately 4.6 billion years old, and its first primitive life- 
forms arose as early as half a billion to one billion years after its formation [1]. 
The young planet had yet to cool to its current temperature and violent volca- 
nic eruptions repeatedly covered its surface with lava. The atmosphere was 
totally different from the one known today, consisting mainly of water vapor 
(H20), methane (CH4), nitrogen (N2) and ammonia (NH3). Low concentrations 
of hydrogen (H2) and carbon monoxide (CO) occurred, as well as, hydrogen 
cyanide (HCN) generated by the reaction of ammonia with methane [1]. The 
most striking difference between this primordial atmosphere and today's was 
the almost total lack of molecular oxygen (02) resulting in a reducing atmo- 
sphere. Due to the lack of molecular oxygen, there was no stratospheric ozone 
layer protecting the Earth from ultraviolet radiation [2] - this primitive atmos- 
phere would have been fatal for most of today's life-forms. But only this harsh 
environment could give birth to life. The following is intended to show how the 
conditions mentioned above could lead to life and its evolution, as well as to 
illuminate the roles played by the elements copper and oxygen. 

As shown in laboratory experiments [2a] small molecules such as water, am- 
monia and methane can, under suitable conditions, form simple amino acids. 
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On primordial Earth, electrical discharges or ultraviolet radiation may have 
served as energy sources for these reactions, although radioactivity or thermal 
energy were available as well. Upon treating a mixture of the compounds men- 
tioned above with various types of energy, not only simple amino acids but 
other essential biochemical compounds are synthesized as well including car- 
bohydrates, purines, pyrimidines, various nucleotides and fatty acids [2]. The 
type of organic molecules, which served as building blocks for the first life 
forms, are synthesized from inorganic compounds. In time, inanimate matter 
itself gave birth to life as defined by a cellular structure, metabolism, the ability 
to propagate, growth and movement. 

Which events took place to create the first living organism from simple or- 
ganic molecules? How could primitive organisms evolve into highly complex 
life-forms such as plants and animals? How did the chemical composition of the 
earth's crust and atmosphere affect the development of living beings, and in 
what manner did these living beings affect the chemical composition of their 
environment? 

1.1.1 
From Organic Compounds to Living Organisms 

The organic compounds created from the primordial atmosphere were quasi 
inert as long as there were no organisms utilizing them. Consequently, these 
amino acids, carbohydrates, purines, pyrimidines, nucleotides and fatty acids 
accumulated in the course of millions of years. Concurrently, the Earth cooled 
off, vapor condensed to water, and the oceans emerged. The reducing quality of 
the atmosphere and the still relatively high temperatures led to polymerization 
of the available monomers to polypeptides, polynucleotides, and possibly even 
polysaccharides [3]. These polymerization reactions occur by dehydration and, 
for this reason, cannot take place in an aqueous environment. They therefore 
may have taken place at structures offering an aqueous microenvironment such 
as clay, basaltic glasses, or pyrite (FeS2). Both simple monomers and complex 
polymeric compounds are water soluble, with the exception of the fatty acids 
which spread as a thin layer on the water's surface, and accumulated in the 
oceans over millions of years [1]. 

According to the definition of living beings, the first life-forms must have 
been equipped with a cellular structure, metabolism and the ability to propa- 
gate. Possibly these features were acquired when micelles were formed from the 
lipid layer on the surface of the oceans. These micelles enclosed simple and 
polymeric compounds of varying concentrations. A process which repeated it- 
self manifold in the course of millions of years without creating life. But at an 
opportune moment, all essential compounds and conditions were met: energy 
producing structures, a simple form of replication, the correct concentrations of 
low molecular mass compounds and the suitable micelle size. Although not 
spectacular, the first living micelle had been born. 

The oldest known prokaryotic microfossils are approximately 3.5 billion 
years old. Consequently, life must have emerged between 3.5 and four billion 
years ago [2]. This was, in geological terms, only a short time after the Earth had 
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cooled off and the oceans had developed. But what life-form could live at tem- 
peratures near the boiling point of water? 

1.1.2 
The First Forms of Life 

The earliest organisms on Earth were surrounded by an oxygen-free atmo- 
sphere. Therefore, energy production must have been based on chemoorga- 
notrophic, chemolithotrophic or phototrophic reactions. It has been estima- 
ted that the concentration of H2S in the primordial oceans was about 
10 -3 mol/1. Both of the following reactions generate enough energy to synthe- 
size ATP and may have been the energy producing steps in early organisms' 
metabolism [ 1]: 

FeCO3 + 2H28 ---> FeS 2 + H 2 + H20 + CO 2 G ~ = 61.7 kJ/mol 
FeS + HiS ---> FeS 2 + H 2 G ~ = 41.9 kJ/mol 

The hydrogen produced by both reactions could react with elemental sulfur to 
regenerate H2S. Or, alternatively, energy coupling could have occurred by split- 
ting hydrogen into two protons and electrons thereby generating a proton gra- 
dient across a primitive membrane ultimately leading to the formation of ATP 
or another source of energy [1]. 

The primordial environment was not only anaerobic but hosted tempera- 
tures near the boiling point of water. Some organisms still live under similar 
conditions - the hyperthermophilic archaea found primarily in hot sulfurous 
springs. These organisms are able to reduce sulfur to H2S and, if grown on a me- 
dium containing Fe 2+, produce pyrite [ 1 ]. Other primordial organisms may have 
used chemoorganotrophic mechanisms to generate energy, e.g., fermentation. 
Energy production by photosynthesis must be considered improbable in these 
first organisms as photosynthesis requires more and more highly specialized 
enzymes than the previous two sources of energy. The main feature of the first 
life-forms would be a very simple metabolism utilizing few enzymes and, if any, 
only very simple cofactors [ 1 ]. 

The reactivity of ultraviolet irradiation which had been an indispensable fac- 
tor for the origin of life soon became highly dangerous for primitive organisms. 
Consequently, these early life-forms could only occupy ecological niches which 
protected them from direct solar radiation. It is, therefore, very probable that 
the first ecological niches were narrow layers of water two to three meters under 
the surface of the oceans, a depth by which water has absorbed most of the 
harmful ultraviolet radiation [1]. The colonization of other habitats, especially 
land, was not yet possible. 

1.1.3 
The Origin of Photosynthesis 

Iron-sulfur clusters were probably the first systematic structures of bacterial 
electron-transport chains. They are found in all classes of organisms from bac- 
teria to man. The development of porphyrins, the basic material for the synthe- 
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sis of cytochromes and chlorophylls, was a second, key step in the development 
of electron-transport chains. Membrane-bound cytochromes were, and still are, 
essential components of electron-transport chains. The development of chloro- 
phyll was fundamental for the utilization of solar energy. The first phototrophic 
organisms merely used this energy to produce ATP while reducing electron 
donors such as H2S. This primordial phototrophic metabolism is similar to that 
of the green and red sulfur bacteria known today [1]. 

The next step towards colonizing land was the development of photosyn- 
thesis which took place approximately 2.5 billion years ago. Now both ATP and 
NADPH could be produced photosynthetically, leading to more efficient usage 
of solar energy. The by-product of this new energy source was molecular oxy- 
gen. And, although oxygen must have been toxic for the majority of organisms, 
the development of the first photosynthetic, oxygen producing organism was of 
crucial importance for further evolution on Earth. 

Prior to the development of photosynthesis, interactions between living 
beings and their surroundings had been one-sided. Organisms had had to 
adapt to conditions predetermined by their environment and had not been 
able to influence them. Photosynthetic organisms revolutionized these inter- 
actions. Throughout its first million years, life had been confined to its narrow 
aqueous environment by the harsh solar radiation. Now photosynthesis enab- 
led life to alter its environment, blocking the lethal solar radiation from the 
earth's surface and thereby making life possible anywhere in the world, even 
out of water. 

1.1.4 
The Role of Oxygen 

A period of 1.5 billion years passed before the first oxygen-producing orga- 
nisms evolved [1] - a period characterized by an anaerobic, reducing atmos- 
phere, a high influx of ultraviolet radiation, and slow chemical and biologi- 
cal evolution. Then, over the next 1.5 billion years, oxygen-producing orga- 
nisms increased the atmospheric concentration of molecular oxygen to cur- 
rent levels [1]. This increase in atmospheric oxygen was paralleled by a 
decrease in ultraviolet radiation reaching the earth's surface. The oxygen ge- 
nerated in the oceans rose to the upper atmospheric layers where it was con- 
verted into ozone by ultraviolet radiation. In the following millions of years, 
the equilibrium between the generation and the destruction of ozone led to a 
stratospheric ozone layer, protecting our planet's surface from ultraviolet 
radiation [4]: 

302 + hv(<242 nm) -''-) 203 
203 + hv(220_320nm) ----> 302 

The stratospheric ozone layer created a filter for Ultraviolet radiation up to a 
wavelength of 320 nm, thus removing the barrier that solar radiation had been 
to the colonization of new habitats. Millions of years after the development of 
the ozone layer the first organisms colonized land. 
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Another remarkable change in the atmosphere caused by the rising con- 
centration of molecular oxygen was its inversion from a reducing to an oxidiz- 
ing atmosphere. The initial atmospheric components were oxidized and re- 
moved [3]: 

CH 4 + 202 ----) CO 2 -]- 2H20 
4NH3 + 302 ~ 2Nz + 6H20 
metals/minerals + O2 --+ ores/rocks 

This "new" atmosphere contained totally different components compared to the 
primordial atmosphere and consisted mainly of nitrogen, oxygen, and small 
amounts of carbon dioxide. 

Oxygenizing the atmosphere to its current level occurred over a period of 1.5 
billion years - what were the direct biological and evolutionary consequences? 
Organisms were forced to adapt to the presence of oxygen and to an increas- 
ingly oxidizing atmosphere. For most early life-forms, oxygen was toxic. As a re- 
sult, obligate anaerobic organisms such as the archaea and eukarya withdrew to 
regions which had remained more or less free of oxygen. Other organisms, i. e., 
bacteria, learned to utilize oxygen instead: they developed electron-transport 
phosphorylation based on iron-sulfur clusters and membrane-bound cyto- 
chromes. They invented oxidative phosphorylation, i.e., aerobic respiration, by 
using oxygen as the terminal electron acceptor [1]. This proved to be a selective 
advantage similar to that of the first oxygen producing organisms. Aerobic 
respiration is much more efficient in generating energy than lithotrophic pro- 
cesses or anaerobic fermentation. In addition to its high respiratory efficiency, 
oxygen soon became a practically inexhaustible resource accelerating the 
growth and distribution of these species. 

When the atmospheric concentration of molecular oxygen had increased to 
approximately 10 %, complex organisms containing various organelles began to 
develop from primitive eukaryotes which only contained a nucleus. Both out- 
standing features of bacteria, photosynthesis (chloroplasts) and respiration 
(mitochondria), were harnessed for the eukarya by endosymbiosis. Then, 
900 million years ago - the concentration of atmospheric oxygen had increased 
to its current 20% - various eukaryotic species developed into multicellular 
organisms [1] bringing life one step closer to colonizing land. 

Archaea, bacteria, and eukarya adapted to their surroundings in totally dif- 
ferent manners. The archaea withdrew to hot sulfurous regions where condi- 
tions remained similar to those of the primordial world. They stayed anaerobic. 
The bacteria adapted to the new environment by learning to utilize water and 
oxygen. The eukarya had the advantage of a nucleus but only by harnessing 
photosynthesis and respiration through endosymbiosis were they able to be- 
come the most "progressive" life-forms [1]. They exchanged the advantages of 
single-celled organisms, e.g., a haploid genome and rapid adaptability for the 
benefits of multicellular life. 

In summary, three applications of oxygen had decisive effects on the chem- 
ical and biological evolution: the oxidizing atmosphere, the stratospheric ozone 
layer and the development of aerobic respiration. 
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1.1.5 
The Phylogenetic Tree 

Only a short time after life came into being, the phylogenetic tree branched into 
two distinctive lines (Fig. 1). The one led to bacteria and the other, millions of 
years later, divided into archaea and eukarya. Bacteria and archaea are pro- 
karyotic, eukarya are eukaryotic organisms. 

archaea ] 
bacteria 1 / I eukarya I 

Fig. 1. Phylogenet ic  tree. Based on Brock et al. 1994 [1] 

1.1.5.1 
Bacteria (Eubacteria) 

The phylogenetic tree of bacteria (Fig. 2) consists of twelve distinct groups 
(phyla) of which that of the purple bacteria is the largest. Although most are 
phototrophic, chemoorganotrophic and chemolithotrophic forms exist as well. 
It is likely that the ancestor of the purple bacteria was phototrophic although 

Spirochaetes ] 

 ~176 
Greennon ] \ ~ ~ ~ r ; ~ d e r ~  

I Thermosipho I ~k 
\ G raLmcP~ , \  Aquifex/ Cyanobacteria 

Hydrogeno~ Purple bacteria 1 

Fig. 2. Phylogenet ic  tree o f  bacteria.  Based  on Brock et al. 1994 [1] 
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this trait has been lost in various purple bacteria while adapting to an environ- 
ment. Purple bacteria may be subdivided into five distinct groups [1]: 

�9 alpha (Pseudomonas (some species), Nitrobacter, Agrobacterium) 
�9 beta (Pseudomonas, Alcaligenes, Bordetella) 
�9 gamma (Escherichia, Azotobacter, fluorescent Pseudomonas species) 
�9 delta (Bdellovibrio, Desulfovibrio) 
�9 epsilon (Helicobacter) 

The green sulfur bacteria (Chlorobium) are only distantly related to other phyla 
of bacteria. The fact that they utilize photosynthesis shows, however, that photo- 
synthesis must have developed at an early stage of bacterial evolution. 

While green non-sulfur bacteria (Chloroflexus) are similar to the green sul- 
fur bacteria in many physiological and structural features, these two phyla are 
not closely related. Most green non-sulfur bacteria are thermophilic. 

One branch of the cyanobacteria is unique in that it leads to the plants' chlo- 
roplasts. According to the endosymbiont theory, chloroplasts evolved from pro- 
karyotes which were similar to today's cyanobacteria. 

Both free-living and parasitic forms of spirochetes (Borrelia) exist. Many of 
the parasitic forms are pathogenic. 

Gram-positive bacteria can be divided into rods and cocci. This phyla in- 
cludes endospore formers, lactic acid bacteria, most anaerobic and aerobic 
cocci, coryneform bacteria, actinomycetes, and the majority of mycoplasmas. 

The other phyla contain but few genera which consist of facultative and ob- 
ligate aerobic and anaerobic organisms [1]. 

1.1.5.2 
Archaea (Archaebacteria) 

The phylogenetic tree of the archaea includes four phyla: methanogens, halo- 
philes, hyperthermophiles and thermoplasma (Fig. 3) [1]. The methanogens, 
halophiles and thermoplasma are phylogenetically closely related, slightly less 

halophiles 

methanogens / 

hyperthermophiles 

[ thermoplasma 

Fig. 3. Phylogenetic tree of archaea. Based on Brock et al. [1] 



so the hyperthermophiles. The latter show some remarkable traits, for example, 
optimal growth at temperatures between 80 and 100 ~ Some species even favor 
temperatures of 105~ Most hyperthermophiles require sulfur for optimal 
growth. In most cases, sulfur acts as the electron-acceptor utilizing hydrogen as 
the electron-donor. Only one species uses sulfur as an electron-donor and here 
the electrons are transferred to oxygen [1]. Hyperthermophiles are adapted to 
conditions resembling those of primordial Earth. The genera of hyperthermo- 
philes has evolved only slowly and, therefore, still shares many features with the 
earliest life-forms. 

1.1.$.3 
Eukoryo (Eukoryotes) 

[ 

I Diplorn 

A multitude of organisms may be found within the eukarya, ranging from 
highly complex multicellular organisms with distinctive cell-types to single- 
celled forms lacking special organelles. These single-celled forms include 
Diplomonadidae and Microsporae. Both genera are obligate parasites and lack 
not only organelles but 5.8S and 18S RNA as well. They do, however, share 16S 
RNA with bacteria. In this, Diplomonadidae and Microsporae resemble the first 
primitive eukaryotes to own a nucleus [1]. Endosymbiosis and a relatively high 
concentration of atmospheric oxygen favored the development of higher and 
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Fig. 4. Phylogenetic tree of eukarya. Based on Brock et al. 1994 [1] 
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more complex organisms. The phylogenetic tree of the eukarya has more spe- 
cies, genera, class and family diversity in phenotypes than any other kingdom 
of life (Fig. 4). 

1.1.6 
The Explosion of Species 

For the three billion years between the origin of life and the development of the 
first multicellular organisms, Earth had only hosted microbial life-forms. Then, 
900 million years ago, the first multicellular organisms evolved from the do- 
main of eukarya [1]. In contrast to many other evolutionary events, the devel- 
opment of multicellular organisms was not unique and occurred many times in 
several different variations. However, two basic principles can be distinguished. 
In the first case, various, isolated cells unite to form a cell-cluster, a process cal- 
led aggregation (occurring, for example, with the slime mold Dictyostelium). In 
the other case, cells fail to separate after cell-division but remain connected 
within a gelatinous sheath (Volvox). In both cases, the ceils diversify into vege- 
tative and generative cell lines [5]. 

Single-celled evolution had been a slow process in which organisms which 
had been separated for millions of years differed only slightly. The development 
of multicellularity, however, paved the way for an explosive increase in biodiv- 
ersity: organisms now not only differed in their basic metabolism, they changed 
their outer shape and architecture, they developed functional structures (such 
as specialized tissues and organs) as well as new modes of movement and 
reproduction. Life spread to more and more ecological niches, colonizing land 
and even the air. Life had come a long way from its origins. 

Morphological development and the colonization of new biological niches 
mutually favored each other. As a result, all conceivable biological niches have 
now been settled by almost perfectly adapted organisms. This is not to say that 
evolution has come to an end, the ever changing environment demanding ever 
new adaptations from the world's inhabitants. 

1.1.7 
Copper Coordination and Chemistries in Biological Evolution 

Many of the active sites of today's proteins contain stably complexed transition 
metals (Mn, Fe, Co, Ni, Cu, Zn) thus providing these proteins and enzymes with 
catalytic properties which could not be achieved by other means. The choice of 
the metal depends on its ionic radius, on the reaction to be catalyzed, on the re- 
dox potential needed, on the type of ligands available and, last but not least, on 
the biological availability of the metal itself. 

Copper was biologically unavailable for the first two billion years of life. The 
reducing atmosphere and the 10 -3 molar oceanic concentrations of H2S locked 
copper in its Cu § form from which it precipitated as insoluble Cu2S [6, 7]. This 
extremely stable form of copper barred it from use in biological systems. 
However, iron, in contrast to copper, exists in a soluble form, Fe 2§ under these 
conditions. Consequently, it found application in a wide variety of proteins. 
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The oxygenation of the atmosphere increased the stability and hence the 
concentration of oxidized transition metal ions. Oxidation of Cu + led to soluble 
Cu 2§ whereas soluble Fe 2+ was converted into Fe 3+ which, in water, occurs 
mainly as Fe(OH)3, a poorly soluble compound. To maintain the function of vi- 
tal iron proteins and enzymes, special accumulation and storage mechanisms 
had to be developed for iron [Ta, 7b]. 

The occurrence, functions, and reactions catalyzed by copper enzymes indi- 
cate that copper only became biologically relevant after oxygen began to ac- 
cumulate in the atmosphere. 

�9 No copper proteins have been discovered in anaerobic archaea. 
�9 Copper proteins either transport oxygen or function as electron carriers with 

high redox potentials. 
�9 In all reactions catalyzed by copper enzymes, oxygen either functions as a 

substrate or as an electron-acceptor. 
�9 While the extracellular milieu is oxidizing, cytosol has reducing properties. 

With the exception of the cellular form of SOD, all known copper proteins 
and enzymes are found in the extracellular space or in organelles and 
vesicles (which may be considered extracellular, as well). 

�9 The reactions catalyzed by copper enzymes are restricted to functions 
required by higher life forms: 
- extracellular oxidases; 
- hormone synthesis; 
- synthesis of connective tissues; 
- N/O-metabolism. 

�9 The functions of copper proteins are restricted to: 
- electron transport in photosynthesis and nitrogen metabolism; 
- oxygen transport. 

On first sight, it seems contradictory for copper proteins to catalyze photo- 
synthetic reactions as photosynthesis was a prerequisite for copper to become 
biologically available. The explanation - several photosynthetic functions 
which, in early photosynthesis, had been fulfilled by cytochromes are now ful- 
filled by copper proteins. Plastocyanin has been found to be the electron do- 
nor in photosystem I of higher plants [8]. Eukaryotic algae use cytochrome c 
553 [9] while both plastocyanin and/or cytochrome c are found in green and 
blue-green algae (cyanobacteria) [8, 10-15]. When grown on copper-depleted 
media, cyanobacteria only produce cytochrome c 533 [ 16]. As the copper con- 
centration of the medium increases, cyanobacterium P s e u d o a n a b a e n a  caten-  

a ta  begins to produce plastocyanin as well. Under these conditions, Nostoc  

m u s c o r u m ,  another cyanobacterium, discontinues the production of cyto- 
chrome c 533 totally in favor of plastocyanin. Some green algae will also 
replace plastocyanin by cytochrome c 533 under conditions of copper defi- 
ciency [10, 11]. These organisms possibly reflect an intermediate stage of early 
evolution when cytochrome c 533 was augmented and then replaced by 
plastocyanin. 

Table 1 summarizes the connections between chemical and biological evolu- 
tion as described above. 
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Table 1. Interactions between chemical and biological evolution 

years past chemical and biological situation effects 
(in billions) 

4.6 development of our solar system development of Earth 
4.0- 3.5 reducing atmosphere development of life 

lack of an ozone layer 
composition of the primordial atmosphere 
conditions hostile of life on Earth's surface 3.5-2.0 

2.0-1.0 
1.5-1.0 

1.0 

development of photosynthesis 
oxygenated atmosphere 

copper is employed as a biogenic metal 

slow development of species in 
narrow ecological niches 
atmosphere is oxygenated 
development of an ozone shield 
development of aerobic respira- 
tion 
copper becomes bio-available 
refinement of photosynthesis 
utilization of oxygen as electron- 
acceptor 
new oxygen-transport proteins 
production of hormones 
further development of con- 
nective tissue 
protection from reaction oxygen 
species 
--~ the explosion of species 

1.2 
Copper in Biological Systems 

In biological systems, copper occurs as part of the active site of proteins or en- 
zymes. The various ways in which copper is bound to these copper-binding cen- 
ters are of special interest. 

In most cases, copper participates directly in the catalytic cycle. However, in 
certain enzymes, copper only generates an internal cofactor without partici- 
pating in catalysis itself. Irrespective of the exact mechanism and the exact 
number of copper ions involved in the reaction, the participating copper ions 
change their redox states during catalysis. Electrons are transferred either be- 
tween copper ion and substrate or between copper ion and redox partner with 
the redox potentials of the participating compounds determining the electron 
flux. In biological systems copper has, until now, only been observed as Cu(I) or 
Cu(II). Models suggesting the existence of Cu(III) have had to be dismissed in 
favor of other explanations. Why is Cu(III) only found in small peptides, where- 
as Cu(I) and Cu(II) are predominant in proteins and enzymes? The electron 
configuration of elementary copper is 3d~~ 1. Removing an electron from the 
4s-shell creates the 3d 1~ diamagnetic Cu+-ion. Cu 2+ and Cu 3+ are generated by 
removing one or two electrons from the 3d-shell. The unpaired d-orbital elec- 
tron causes Cu 2+ to be paramagnetic (Table 2). 

In aqueous solutions, the three types of copper ions form complexes with ap- 
propriate ligands differing in coordination number and stereochemistry. 



104 B. Abolmaali �9 H.V. Taylor. U. Weser 

Table 2. Electron configuration and magnetic properties of the three oxidation states of cop- 
per. Cu 2+ contains an unpaired electron and is therefore EPR-active. Cu + and Cu 3+ are EPR- 
inactive. These features are utilized in spectroscopic experiments studying copper oxidation 
states in electron-transfer reactions. When two Cu2+-centers are in close proximity to each 
other, antiferromagnetic coupling of the two unpaired electrons renders both copper centers 
EPR-inactive 

oxidation state electron configuration magnetic properties 

Cu + 3 d 10 diamagnetic 
Cu 2+ 3d 9 paramagnetic 
Cu 3+ 3d s diamagnetic 

According to Pearson's concept [16a], small compounds,  which are not easily 
polarized, are classified as 'hard' ,  while large and easily polarized compounds 
are classified as 'soft '  (Table 3). 

It is a general rule that hard acids form stable complexes with hard bases, 
while soft acids form stable complexes with soft bases. This rule applies to cop- 
per-complexes as well: an increase in oxidation number  changes copper ions 
from soft to hard resulting in a change in preferred ligands. In the active site of 
proteins, copper can only be complexed by amino acids or small compounds 
such as H20, OH- or PO43-. In agreement with the HSAB-concept, the 'soft '  ion, 
Cu +, is preferably complexed by amino acids such as Cys, Cys- and Met, while 
the 'harder '  Cu a+ may also be coordinated by the 'harder '  compound H20 or 
amino acids Tyr, Tyr-, Ser, Thr, or His. As the 'hardest '  of copper's three oxida- 
tion states, Cu 3+ requires ve ry 'ha rd '  ligands. Soft ligands would be oxidized by 
Cu 3+ which in turn would be reduced to Cu a+. Therefore, Cu 3+ is only stable in 
complexes consisting solely o f ' ha rd '  ligands such as Tyr, OH- and Tyr-. A pro- 
tein containing Cu 3+ in its active site would be able to participate in reactions 
requiring extremely high redox potentials. Although the required ligands are of 
course present in the natural repertoire of amino acids, Cu 3+ has yet to be found 
in a protein or enzyme. This may be because redox potentials of such a magni- 
tude have not yet been needed and thereby become a selective advantage in evo- 
lution. Another reason could be the lack of a structure for placing Cu 2+ into the 
active site of a protein where it could be oxidized by either a ligand or substrate. 
Or, simply, while Tyr, OH- and Tyr- are 'hard '  enough to stabilize Cu 3+, such a 

Table 3. Hard and soft acids and bases. Based on Hughes 1990 [17] 

acids bases 

hard intermediate soft hard intermediate soft 

H + Mn 2+ Zn 2+ Sn 2+ Cu + pd 2+ 
Li + Cr 3+ Cu 2+ pb 2+ Ag + Pt 2+ 
Na + Fe 3+ Ni 2+ Au + Cd 2+ 
K + Co 3+ Fe 2+ TI + 

H20 NH 3 Br- RSH R3P 
ROH RNH2 N~ R2S R3As 
R20 El- NO~ RS- H- 
OH- PO 3- S202- 
OR- S042- 
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complex may not be stable enough in itself to be part  of the active site of a pro- 
tein or enzyme. 

The different oxidation states of copper ions not only favor distinct ligands 
but distinct stereochemistries of the copper-complexes as well. The conforma- 
tional geometry of a complex depends on the orbital geometry of the central 
ion [17]. Sterical hindrances excluded, Cu+-ligands favor a tetrahedral confor- 
mation, while those of Cu 2+ favor a square planar conformation (Table 4) [17]. 
In the copper-binding sites of proteins, ligands and conformations may differ 
greatly from those normally preferred. 

Table 4. Favored stereochemistries of two oxidation states of copper. Based on Hughes 1990 
[17] 

oxidation state coordination numbers stereochemistry 

Cu + 2 linear 
3 planar 
4 tetrahedral a 

Cu 2+ 4 square planar a 
4 distorted tetrahedral 
5 square pyramidal 
5 trigonal bipyramidal 
6 distorted octaheral 

a Common conformation. 

1.2.1 
Copper-Binding Centers 

Copper-complexes are most stable when the preferred ligands surround the 
central ion in its favored geometry. Disturbances of such an arrangement de- 
stabilize the respective oxidation-state. However, were the copper oxidation 
states of proteins and enzymes stable, the resulting copper-binding centers 
would be unsuited for the catalysis of redox reactions. A redox-active copper 
center must be able to switch between the oxidation states Cu(I) and Cu(II) with 
little energy involved. In the copper-binding centers of proteins and enzymes 
this is achieved in two different ways. In the first, copper is coordinated in part 
by ligands favoring Cu(I) and in part by others favoring Cu(II). In the second, 
ligand stereochemistries are created which lay between the common geome- 
tries for Cu(I) and Cu(II). In the latter case, the ligands are fixed in their positi- 
ons by the stable protein scaffold. The choice of ligands and their stereochemi- 
stry determine the redox potential of the central copper ion [6]. A tetrahedral 
distortion of the planar geometry favored by Cu 2+ facilitates the reduction of 
Cu 2§ to Cu +, i. e., the redox potential rises. The same effect is achieved by intro- 
ducing soft ligands favoring Cu § [6]. 

In aqueous solution, the redox potential of the redox couple Cu2+/Cu § is E ~ = 
+ 153 mV [6]. In contrast to this, the range of redox potentials found in copper 
proteins and enzymes extend from + 183 mV in halocyanin [18] to + 785 mV in 
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the type i copper center of laccase [19]. This wide range of relatively high redox 
potentials was achieved by the evolution of various copper-binding centers. In 
these centers, the coordinating amino acid residues are fixed within a relatively 
stiff protein scaffold. They therefore force the central copper ion into a defined 
stereochemistry. In electron-transport proteins which function by switching 
between Cu § and Cu 2§ ligands and stereochemistries lay between the preferred 
of both oxidation states without favoring one of them. This minimizes local 
reorganization energy and is probably how redox potentials are optimized for 
respective reactions [6]. 

The high redox potentials of copper proteins make them highly suitable for 
reactions with oxygen. In the course of evolution, six different types of copper- 
binding centers have evolved for catalyzing the various reactions and will be 
described in the following. 

1.2.1.1 
Type 1 Copper Centers 

A remarkable feature of some copper-proteins is an intensive blue color based 
on the spectroscopic properties of the type 1 copper center. Type 1 copper cen- 
ters show a characteristic absorption band at approximately 600 nm and an ex- 
tinction coefficient exceeding 3000 1 mo1-1 cm -1. In comparison, the extinction 
coefficient of the hexaquacopper(II) complex, [Cu(OH2)6] 2+, whose blue color is 
much less intensive, is only 5-10 1 mo1-1 cm -1 [6]. This difference in spectro- 

) 
�9 T , ,  

Mete2 C") 

b C;ys. 

Fig. 5. a The structure of plastocyanin from poplar, b Stick-and-ball model of the plasto- 
cyanin type 1 copper center. From Lippard and Berg 1995 [6] with permission 
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scopic properties as compared to those of the hexaquacopper(II) complex is 
most pronounced in type 1 copper centers. These spectroscopic characteristics 
are, similar to the increase in redox potential, the result of the geometric ar- 
rangement of ligands within the copper-binding site [6]. 

Commonly, type 1 copper is coordinated by two histidine, one cysteine, and 
one methionine residue [6] (Fig. 5). Depending on the protein, the stereoche- 
mistries of the copper centers lay between distorted trigonal bipyramidal (e. g., 
in azurin [20, 21]) and distorted tetrahedral (e.g., in plastocyanin [20, 22]). In 
both cases, the methionine residue is the ligand most distant from the copper 
ion [20]. In addition to the ligands mentioned above, a fifth ligand has recently 
been discovered in some type i copper centers, a carbonyl O-atom opposing the 
methionine ligand [21, 23]. In azurin, the five ligands form a distorted trigonal 
bipyramidal geometry. In plastocyanin, however, the fifth ligand is more distant 
from the copper ion and the weak coordination results in a more tetrahedral 
geometry. The methionine residue is unnecessary for the spectroscopic or for 
the functional properties of type 1 copper centers: in phytocyanins, a group of 
small blue proteins, it has been replaced by a glutamine residue [24] and in 
ceruloplasmin one of the type i copper centers lacks this ligand completely [25] 
(Fig. 8). 

Fig. 6. The catalytic center of Cu,Zn-superoxide dismutase from bovine erythrocytes. From 
Tainer et al. 1983 [33] with permission 
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Type 1 copper centers are found in small blue proteins, in blue oxidases 
and in nitrite reductase. In the latter, the distorted ligand geometry causes 
a shift in the absorption band resulting in a green instead of a blue enzyme 
[26, 27]. 

1.2. 1.2 
Type 2 Copper Centers 

The properties of the type 2 copper centers resemble those of copper(II) com- 
plexes [17]. This indicates that the geometric conditions are less critical than in 
type 1 copper centers. 

Type 2 copper centers appear in oxidases, oxygenases, nitrite reductase, and 
in Cu,Zn-superoxide dismutase. While type 1 copper centers are restricted to 
electron transport [17], type 2 copper centers are directly involved in oxygen 
metabolism. In amine oxidase and galactose oxidase they are responsible for 
the production of an internal cofactor. Oxidases, oxygenases and nitrite reduc- 
tase reduce oxygen to hydrogen peroxide (H202) by a two-electron-transfer. 
Cu,Zn-superoxide dismutase catalyses the disproportionation of two super- 
oxide anion radicals (-Q) to hydrogen peroxide and oxygen. 

Type 2 copper centers are not uniform in ligand or ligand stereochemistries. 
One common feature is, however, that in the active enzyme, one coordination 
site is always free to bind oxygen. The most common ligand in type 2 copper 
centers is histidine. Tyrosine (often modified), methionine, and cysteine occur 
as well. There are three histidines and a modified tyrosine in amine oxidase and 
lysyl oxidase [28]. In diamine oxidase, two of the histidine residues have prob- 
ably been replaced by cysteines [29]. In galactose oxidase, the copper ion is co- 
ordinated by two tyrosines, two histidines and an acetate ion [30]. Dopamine- 
fl-hydroxylase contains two differently coordinated copper ions per functional 
unit. One is coordinated by three histidines and a methionine and the other by 
two histidines and another, yet unknown, ligand [31]. Last but not least, the type 
2 copper ion in Cu,Zn-superoxide dismutase is coordinated by four histidine 
residues, one of which connects the copper ion to the zinc ion, the second metal 
ion in the active site of the enzyme [32, 33] (Fig. 6). 

1.2.1.3 
Type 3 Copper Centers 

Type 3 copper centers occur in hemocyanin (an oxygen-transport protein) and 
in tyrosinase (a monooxygenase) and are binuclear centers with antiferroma- 
gnetically coupled copper ions [6]. Although their functions differ, the copper 
centers of the two enzyme classes are very similar [34]. Each of the two copper 
ions is coordinated by three histidine residues in a trigonal planar stereoche- 
mistry (Fig. 7) and the ligands of the two copper ions themselves are arranged 
antiprismatically [35, 36]. While reduced, hemocyanines are colorless but turn 
blue upon oxidation [34]. Type 3 copper centers show a strong absorption at ap- 
proximately 345 nm which is assumed to be caused by ligand-metal charge 
transfer [6]. 
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Fig. 7. The type 3 copper center of hemocyanin from Limulus polyphemus. From Hazes et al. 
1993 [37] with permission. This figure and Fig. 30 were based on the Art Blot Program [38] 

1.2.1.4 
Trinuclear Centers 

Blue oxidases contain trinuclear centers, formally constructed of a single type 2 
and a single type 3 copper center, in which the three copper ions form a triangle 
[25] (Fig. 8). Both copper ions of the type 3 copper center are coordinated by 
three histidines, while two histidines coordinate the type 2 copper ion [36, 37]. 
In contrast to the type 3 copper centers of hemocyanin and tyrosinase, the 
ligands of the two copper ions are arranged prismatically [36, 39] as steric 
hindrance by the type 2 copper center prevents an antiprismatic arrangement. 
These trinuclear centers are one of the two known enzymatic structures able to 
reduce oxygen to water. 

1.2.1.5 
CUA-Centers 

CuA-centers are found in cytochrome c oxidases and in N20-reductase [40, 41]. 
In both enzyme classes, CuA-centers subtract electrons from an external donor 
and transfer them either directly to the active site or indirectly via a further re- 
dox-active center [42-44]. Until recently, knowledge concerning the structure 
of CUA-centers was incomplete. This situation was alleviated by the publication 
of the crystal-structures of cytochrome c oxidase from Paracoccus denitrificans 
and bovine heart in 1995 [43, 44]. According to these data, CuA-centers contain 
[2Cu-2S] structures similar to those in [2Fe-2S]-type iron-sulfur clusters. Both 
sulfur ligands are donated by cysteine residues in the peptide chain and form a 
planar structure with the copper ions [43-45]. In both structures, an electron 
can be delocalized over both metal-ions. In the iron-sulfur center this effect is 
observed in the reduced form [Fe 2"s+- Fe2'S+], while in the CuA-center the delo- 
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Fig. 8. The steric relationships between the copper centers of ceruloplasmin. From Zaitseva 
et al. 1996 [25] with permission 

calized electron is found in the oxidized form: [Cul"5+-Cul'5+] [43-49]. In the 
CUA1 site, the copper ion is liganded by a histidine and methionine residue in 
addition to the two cysteines. In the CUA2 site, the methionine residue is replac- 
ed by a glutamate. The ligand environments of the two Copper ions resemble the 
type 1 copper centers of plastocyanin and stellacyanin. This resemblance also 
extends to the tertiary structure and amino acid sequence of the regions flank- 
ing the Cun-dimer [43, 50-52]. Both copper ions are coordinated in a distorted 
tetrahedron [44] (Fig. 9). 

1.2.1.6 
Cue-Centers 

CuB-centers occur in cytochrome oxidases where they are always coordinated to 
a heme group forming a CuB-heme cluster. The metal ions of the two redox-ac- 
tive centers are coupled antiferromagnetically and lack bridging ligands [43, 
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Fig. 9. Structure of the CuA-center of cytochrome c oxidase from bovine heart. The gray 
circles represent the copper ions, the dotted lines are the coordinate bonds between the cop- 
per ions and ligands. From Tsukihara et al. 1995 [44] with permission 

44]. His t id ine  occupies  three  coord ina t ions  sites of  CU B a s  well as the fifth co- 
o rd ina t ion  site of  the heme- i ron ,  oppos ing  the copper  ion [43] (Fig. 10). The 
CuB-heme cluster  is the b ind ing  site for oxygen [44, 53]. These CuB-heme clus- 
ters and  the t r inuc lear  centers  of  b lue  oxidases  are the  only  k n o w n  s t ruc tures  
able to reduce oxygen to water  by  a four -e lec t ron  reduct ion .  

heine 

heine a 3 

~lli~. qi.j~ Phe/377 ~heme E3 gCuB HiS376 ~~ B~~ HiS 240 

a b 

Fig. lOa, b. CuB-heme a cluster of cytochrome c oxidase from bovine heart: a its steric rela- 
tion to the second heme a-center; b the three histidine ligands of CUB. From Tsukihara et al. 
1995 [44] with permission 
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1.2.1.7 
Copper-Binding Sites in Metdlothioneins 

Cadmium, zinc, and copper bind to metallothioneins in different oxidation 
states and stoichiometries. In class I metallothioneins, 20 cysteine residues oc- 
cur all of which participate in metal-ion binding. In zinc-metallothionein, seven 
Zn 2+ ions are coordinated by three cysteine ligands each. A similar stoichio- 
metry occurs in cadmium-metallothionein [54, 55]. Additionally, basic amino 
acids (lysine and arginine) are in the close neighborhood of the cysteine resi- 
dues and it had been suggested that they participated in the metal-binding as 
well [56, 57]. Two cysteine residues occur in a Cys-x-Cys motive while the third 
cysteine residue is offset by some amino acids [58]. 

The tertiary structure of apo-metallothionein resembles a random coil. 
Metal-binding, however, effects a noticeable conformational change resulting in 
a defined tertiary structure [58]. This suggests that the structure of the metal- 
binding centers is only formed upon metal binding (Fig. 11). 

In contrast to the metallothioneins mentioned above containing 7 divalent 
ions, copper-thioneins contain 12 Cu(I)-ions [59 - 61 ]. Copper-thioneins contain 
Cu(I) as the soft ligand, cysteine, favors this oxidation state [62-65]. Binding 12 
copper(I) ions also requires a different geometry than that occurring in the 
other metallothioneins. The stoichiometries of the class I copper-metallothio- 
neins was determined by CD-, UV- and luminescence-emission spectrometry 
[59]: copper-thioneins contain two oligonuclear copper-binding sites, a CU6Sll- 
cluster in the a-domain and a Cu6Sg-cluster in the fl-domain. 

Similar oligonuclear centers may occur in class II metallothioneins as well 
[66]. In this class, 8 copper ions are coordinated by 12 cysteine ligands (Fig. 12). 
Two of these eight copper ions do not contribute to the characteristic CD-spec- 
trum and may easily be removed by copper chelators [67]. Consequently, the 

--c~-x-Cys . . . . .  Cys- 

~ C y s -  X - C ~  . . . . .  r  - 

1 ~" M..., ,o~ I 

--Cys-X-Cys . . . . .  C~- 

- - C y s - X - C ~  

12~ ~ '  ,'onl < ~  

Fig. 11. Formation of the trithiolate complex of metallothionein with a transition metal (2B). 
From K~igi et al. 1979 [58] with permission 
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Fig. 12. Proposed structures of metal-thiolate clusters of Cu6- and Cus-thioneins from yeast�9 
From Hartmann et al. 1992 [66] with permission 

manner of their binding probably differs from that of the other six copper ions 
[66]. 

According to this model, all of the copper ions in Cu6-thionein are stably co- 
ordinated by four cysteine residues each. In Cus-thioneins, an additional copper 
ion is added to each end of the Cu6-oligonuclear cluster. These two exposed po- 
sitions are less stable, facilitating the extraction of the two copper ions. 

1.3 
Copper Proteins 

Copper proteins occur in all three kingdoms of life: archaea, bacteria, and 
eukarya. They are either redox proteins or oxido-reductases, catalyzing reactions 
requiring high redox potentials. Non-catalytic copper proteins are electron- or 
oxygen-transport proteins. Copper enzymes may be divided into oxidases, 
mono- and di-oxygenases, and superoxide degrading enzymes. The type of cop- 
per center varies with its function and the function of a copper center varies 
with its surroundings. In this section, the properties, functions, and mecha- 
nisms of copper proteins and enzymes will be presented as known. 

1.3.1 
Small Blue Proteins 

Small blue proteins are involved in various biochemical processes. Where their 
physiological function is known, it is that of single-electron transport proteins. 
The range of their redox potentials reaches from +183 mV (Halocyanin [18], 
+184 mV Stellacyanin [68] to 680 mV (Rusticyanin [68, 69]) as compared to 
Cu2+/Cu +, E ~ = +153 mV. Very few redox proteins function in this range. This 
feature, and their characteristic blue color are the product of the type 1 
copper center, the only redox-active group in these proteins. During electron 
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transport, the oxidation state of the central copper ion switches between Cu(1) 
and Cu(II). Four ligands, one cystein, one methionine, and two histidines, 
typically coordinate type 1 copper centers. In some small blue proteins, e.g., in 
azurin, a fifth, weakly interacting ligand has been discovered, an axial carbonyl 
oxygen [20, 23, 36, 70]. 

Under normal conditions, small blue proteins are monomeric. Their mole- 
cular masses range from 10 to 22 kD; the corresponding chain lengths vary 
from 97 to 139 amino acids. Sequence homologies allow small blue proteins to 
be divided into five group according to their phylogenetic relationship: 

�9 the plastocyanin family (plastocyanin, amicyanin, pseudoazurin, halocyanin); 
�9 azurin; 
�9 the phytocyanins (steUacyanin, umecyanin, the basic blue protein, cusacyanin); 
�9 auracyanin; and 
�9 rusticyanin. 

The phytocyanins differ from the other small blue proteins in that the "nor- 
mal" methionine ligand of the copper ion is replaced by a glutamate residue 
[24]. The phytocyanins as well as auracyanin are also characterized by their 
high extent of glycosylation which, in some cases, doubles the weight of the pro- 
tein [68, 71-73]. 

Most currently known small blue proteins are found either in bacteria or in 
eukarya. However, a small blue protein, halocyanin [74], was recently dis- 
covered in Natronobacteriurn pharaonis [75]. The fact that this bacterium be- 
longs to the kingdom of the archaea will require new deliberations as to when 
and where the precursor of the small blue proteins originated. 

1.3.1.1 
The Plastocyanin Family 

The sequence homologies of plastocyanin, pseudoazurin, amicyanin, and halo- 
cyanin are reflected in the similarities of their tertiary structures and in the 
crystal structures of plastocyanin [22], pseudoazurin [76, 77] and amicyanin 
[20, 78]. The peptide chains of plastocyanin and pseudoazurin consist of eight, 
and that of amicyanin nine, fl-sheets which are connected by loops. The protein 
consists of two sandwiched planes, formed by strands 2, 8, 7, and 4 on the one 
side and strands 2, 1, 3, and 6 on the other. Strand 2 belongs to both planes, and 
strands 0 and 5 are not part of the sandwich [20, 71, 78]. Strand 0 is the N-ter- 
minal strand in amicyanin which is formally an elongation of the peptide chain 
as compared to plastocyanin and pseudoazurin (Fig. 13). 

The amino acid residues coordinating the copper ion occupy corresponding 
positions in the fl-sheets of plastocyanin, pseudoazurin, and amicyanin 
(Table 5). 

The first histidine residue is in strand 4. The other ligands are situated in the 
loop connecting strands 7 and 8. The copper atom is bound in a depression near 
the surface of the protein formed by strands 2 a, 4, 7, and 8. The distorted tetra- 
hedral stereochemistries of the type 1 copper centers differ slightly from pro- 
tein to protein [20]. Although small, these differences are ukimately responsible 
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Fig. 13. Tertiary structure of plastocyanin from poplar. The two, four-stranded planes oppose 
each other and enclose the copper ion. From Ryd6n and Hunt 1993 [71] with permission. The 
coordinates for oxidized poplar pastocyanin originally determined by [22] were obtained 
from the Brookhaven Data Bank. The program MOLSCRIPT [79] was used for depiction 

Table 5. Position of the copper ligands in plastocyanin, pseudoazurin, and amicyanin 

His Cys His Met 

Pcy (poplar) a 37 84 87 92 
Paz (Alcaligenes) b 40 78 81 86 
Acy (methylobacterium) c 54 93 96 99 

a Chothia and Lesk 1982 [80]. 
b Vakoufari et al. 1994 [70]. 
c Romero et al. 1994 [20]. 
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for the manifold redox potentials of the proteins of the plastocyanin family. An 
alignment of the amino acid sequences of plastocyanin (pcy) from poplar, 
pseudoazurin (paz) from alcaligenes and amicyanin (acy) from Pseudomonas 
reveals that, in comparison to plastocyanin, pseudoazurin has been elongated 
by about 30 amino acid residues at its C-terminus. Amicyanin, on the other 
hand, has been elongated by about 20 amino acid residues at its N-terminal end 
[22, 71, 78] (Fig. 14). 

Plastocyanin 
Plastocyanin, like all small blue proteins, is a monomeric protein which con- 
tains a single type 1 copper center. Depending on the organism of origin, its 
amino acid chain length ranges from 97 to 105 with a molecular mass of ap- 
proximately 10 kD [81]. The mechanism of electron transport has been com- 
prehensively reviewed in [82]. Plastocyanins are found in photosynthetic bac- 
teria, in algae, and in plant chloroplasts where they are loosely bound to the 
surface of the inner thylakoid membrane [74]. Plastocyanins are part of the 
photosynthetic electron-transport chain where they connect the cytochrome 
b6-f-complex and PT00 of photosystem I. The electrons are transported up the 
redox potential gradient [8]. The redox potentials of the plastocyanins are 
situated at about 350 mV [7] and they are functionally equivalent to cyto- 
chrome c 553 (cytochrome c6) [83-85]. Cytochrome c 6 resembles the electron 
transport proteins of the first photosynthetic structures. When copper became 
available following oxygenation of the primordial atmosphere, the plasto- 
cyanins increasingly replaced cytochrome c 6. But even today there are orga- 
nisms which can only utilize cytochrome c6, while others only use plastocyanin 
or both electron carriers [8, 10, 15]. 

Pseudoazurin 
Until now, pseudoazurin has only been found in bacteria, e.g., in the denitrify- 
ing bacteria Alcaligenes faecalis and Achromobacter cycloclastes. It is the elec- 
tron donor of the green copper-protein nitrite reductase which catalyses the re- 
duction of nitrite (NO~) to nitrogen monoxide (NO) [86- 89]. The physiological 
electron donor of pseudoazurin is as yet unknown [70]. Pseudoazurin has a 
molecular mass of approximately 13.5 kD and a chain length of about 123 
amino acid residues [88]. The additional amino acids, as compared with pla- 
stocyanin, form the C-terminal end of the protein (Fig. 14). The pseudoazurins 
have redox potentials of about 230 mV [90, 91]. 

Amicyanin 
Amicyanins function as electron carriers in the respiratory chains of some me- 
thylotrophic bacteria, e.g., Thiobacillus versutus [92]. They transfer single elec- 
trons from methylamine dehydrogenase to a cytochrome c [78] which then 
transfers the electron to cytochrome c oxidase. Amicyanin from Pseudomonas 
denitrificans has a molecular mass of 11.6 kD and contains 106 amino acid re- 
sidues. Amicyanin contains one fl-sheet more than the eight of plastocyanin and 
pseudoazurin, the result of several additional amino acids at its N-terminus 
[78] (Fig. 15). Like pseudoazurin, amicyanin is found exclusively in bacteria. 
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Fig. 14. Comparison of the amino acid sequences of plastocyanin (pcy), amicyanin (acy), and 
pseudoazurin (paz). The copper ligands are framed; conserved residues are underlined. Based 
on Guss and Freeman 1983 [22], Ryden and Hunt 1993 [71], and Durley et al. 1994 [78] 
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Fig. 15. Schematic folding plan and numbering scheme for the/J-sheets of." A amicyanin; 
B plastocyanin. From Durley et al. 1993 [78] with permission 

Halocyanin 
Halocyanin was recently discovered in Natronobacterium pharaonis [74, 75] 
and is the first small blue protein to be observed in an archaea. It is therefore 
hardly surprising that there are marked differences between it and the other 
members of the plastocyanin family. The protein's primary transcript is 163 
amino acids long and has a molecular mass of 17.2 kD. Post-translational 
processing reduces halocyanin's length to 139 amino acids and molecular mass 
to 15.5 kD. The manner of processing resembles that of bacterial lipopro- 
teins, promising new insights into the mechanisms and origin of archaea 
processing [74]. 

Halocyanin does, however, share homologies with plastocyanin, particularly 
in the three copper ligands located in the C-terminal region, as well as in the 
fourth N-terminally located ligand. Homologies occur in the four regions which 
form the fl-meander as well [51]. The N-terminal region of halocyanin is ap- 
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proximately 45 amino acids longer than that of plastocyanin and is distinctly 
different. This region is markedly acidic, containing 10 negative residues [74] 
which do not occur in the other members of the plastocyanin family. This struc- 
ture is possibly the result of an adaptation to the high salt concentrations of 
Natronobacteriurn's natural habitat [93]. 

The post-translational processing of halocyanin includes a lipid-modifica- 
tion of a cysteine residue which possibly anchors the protein to a membrane. A 
spacer of seven Asn-Glu-repeats neighbors the modified cysteine, increasing 
the distance between protein and membrane and thus improves the interac- 
tions between halocyanin and electron-donors / electron-acceptors [74]. 

The main structural feature of halocyanin is, as in plastocyanin, the ]J-me- 
ander [74] and as a result, the tertiary structures of both proteins are similar. 
The geometry of halocyanin's type 1 copper center, however, resembles that of 
azurin [94] - a distorted trigonal bipyramidal structure with the methionine re- 
sidue most distant from the copper ion. This may be a consequence of the weak 
coordination of a fifth, axial ligand, a carbonyl O-atom [18] which also occurs 
in azurin. The positions of halocyanin's copper ligands are Cys 124, His 127, Met 
132, and His 86, [74]. Halocyanin's physiological function is also as yet un- 
known. Its redox potential of +183 mV suggests the function of an electron-do- 
nor for a terminal oxidase. This would require halocyanin to be localized on the 
outer side of the plasma membrane. However, assuming that the lipoprotein- 
signal peptides are similar between bacteria and archaea, the encoded signal 
peptide [95] would seem to suggest a cytosolic location for halocyanin [74]. 

Comparison of Copper-Binding Centers 
Although the proteins of the plastocyanin family are phylogenetically related, 
they all possess different redox potentials and partners. Their specificities in re- 
dox partners result from the differences in the protein surface surrounding 
their type 1 copper centers. The differences in redox potentials are achieved by 
the slight differences in the structures of their type 1 copper centers. As will be 
discussed in more detail in Sect. 3, the type and conformation of ligands can, to 
a slight degree, determine the redox potential of a protein by stabilizing one or 
other oxidation states of the central ion. For, although the ligands and approxi- 
mate tertiary structure of all three proteins are the same, a closer look at the 
conformation of the type 1 copper centers reveals small but relevant differences 
(Table 6). 

In all three proteins, the type 1 copper is coordinated in a distorted tetra- 
hedron in which the Cu 2+ ion is situated 0.35 (Pcy), 0.43 (Paz), and 0.40 A (Acy) 
above the plane formed by both histidines and cysteine, towards the methio- 
nine residue [20]. In azurin, the distance between the methionine ligand and 
copper ion is markedly larger than for the members of the plastocyanin family, 
resulting in a more trigonal pyramidal conformation [20, 21], a ligand stereo- 
chemistry which also occurs in halocyanin [18, 94]. Other factors influence the 
redox potentials as well, e. g., the hydrophobicity of the region surrounding the 
copper center. However, so little is known about the collaboration between the 
various factors that it is currently not possible to predict accurately the prob- 
able redox potentials of type 1 copper proteins. 
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Table 6. A comparison of copper ligand bond lengths and angles in Pcy, Paz, Acy and Azurin 

distance Pyc/Paz/Acy/Az Pcy (A) a Paz (A.faec.) (,~)b Acy (T. vers.) (/~)c Azurin (~)a 

Cu-37/40/54N 61 2.04 2.16 2.04 2.08 
Cu-84/78/93 sY 2.13 2.17 2.13 2.14 
Cu-87/81/96N ~1 2.10 2.29 2.13 2.00 
Cu-92/86/99S a 2.90 2.91 2.84 3.11 
Cu-390 3.83 

angle (o) 

37/40/54N~l-Cu-84/78/93 Sr 
37/40/54N61-Cu-87/81/96N~1 
37/40/54N61-Cu-92/86/99S ~ 
84178193sr-Cu-87/81/96N eil 
84178/93SY-Cu-92/86/99S ~ 
87/81/96Nr-Cu-92/86/99S ~ 

140 132 
102 104 
85 84 

108 111 
107 117 
110 101 

a Guss and Freeman 1983 [22]. 
b Vakoufari et al. 1994 [70]. 

Romero et al. 1994 [20]. 
d Baker 1988 [21]. 

1.3.1.2 
Azurin 

Azurins have, until  now, only been  found in bacter ial  organisms.  Azurin  f rom 
Pseudomonas aeruginosa is 128 amino  acids [80] in length and  has a molecular  
mass  of  16 kD [96, 97]. The copper  l igands His 46, Cys 112, His 117, and Met 121 
fo rm a dis tor ted t r igonal  p y r a m i d  with the axial meth ion ine  l igand mos t  dis- 
tant  f rom the central  copper  ion [21, 80]. Recent studies have uncovered  a fifth, 
axial copper  ligand, a weakly coordinat ing  carbonyl  O-a tom [21,23]. The proxi-  
m i ty  of  the O-a tom is possibly the basis of  the t r igonal  b ipyramida l  conforma-  
t ion of  azurin as opposed  to the dis tor ted te t rahedra l  conformat ion  of  the pla- 
s tocyanins.  This O-a tom occurs in the p las tocyanins  as well but  is more  distant  
f rom the copper  ion [22, 23, 36] (Table 7). 

Azurin  f rom Pseudomonas aeruginosa has a redox potent ia l  of  330 m V  [80]. 
Its physiological  funct ion m a y  be single-electron t ransfer  to the cy toch rome  
oxidase of  bacterial  respirat ion chains [98-100].  

Table 7. A comparison of the copper ligand bond lenghts in plastocyanin (Pcy) from poplar 
and azurin (Az) from Pseudomonas aeruginosa. Modified from [36] 

Pyc/Aurin bond length in Pcy (,~) [22] bond length in AZ (~) [23] 

Cu-N61His 37/46 2.04 2.09 
Cu-SrCys 84/112 2.13 2.26 
Cu-N6]His 87/117 2.10 2.04 
Cu-S6Met 92/121 2.90 3.12 
Cu-O 3.82 2.95 
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1.3.1.3 
Phytocyanins 

The physiological functions of the phytocyanins are also currently unknown. 
This family of proteins consists of stellacyanin (20 kD) [97, 101], umecyanin 
(14 kD), the basic blue protein (from cucumber = plantacyanin) (8 kD), and 
cusacyanin (molecular masses see [17]). 

The type 1 copper center of the phytocyanins differs from that of the other 
small blue proteins in that the methionine ligand is replaced by a glutamine 
[24]. The redox potential of stellacyanin from Rhus vernicifera is 184 mV [68]. 

1.3.1.4 
Auracyanin 

Three different auracyanins have been isolated from the green, photosynthetic 
bacterium Choroflexus aurantiacus: auracyanin A [102], B-l, and B-2. The first 
lacks glycosylation [102] and has a molecular mass of 14 kD. Auracyanin B-1 
and B-2 are glycosylated and have molecular masses of 22 and 18 kD [68]. The 
differences in molecular mass result from differences in their glycosylation. 
Auracyanin B-2 may, however, be the product of post-translational processing 
of B- 1. All three forms of auracyanin are presumably localized in the periplasm. 
Their postulated function is the single-electron reduction of cytochrome c 554 
[68] possibly making them functionally equivalent to cytochrome cz. All three 
auracyanins have redox potentials of 240 mV, while that of the postulated redox 
partner, cytochrome c 554, is 300 mV [68, 103]. 

The central copper ion of the auracyanins is probably coordinated by two 
histidines, one cysteine, and a methionine residue. The auracyanins are unique 
among the small blue proteins in that they possess a methionine and a glut- 
amine residue (see phytocyanins) which both could act as the fourth ligand co- 
ordinating the central copper ion. This copper center is surrounded by a hydro- 
phobic environment similar to that of the other small blue proteins [68]. Amino 
acid sequence comparisons place auracyanin in a phylogenetic tree at approxi- 
mately equal distances from azurin and plastocyanin [68, 92]. 

1.3.1.5 
Rusticyonin 

The chemolithotropic bacterium Thiobacillusferrooxidans is able to oxidize so- 
luble iron(II) aerobically. The energy released is utilized to produce ATP by oxi- 
dative phosphorylation [104]. One of the participating electron-carriers is the 
small blue protein rusticyanin [105, 106]. Neither rusticyanin's position within 
the electron-transport chain nor its physiological electron-donors or electron- 
acceptors are known [107]. 

Rusticyanin has a molecular mass of 16.6 kD [108] and a redox potential of 
680 mV [109, 110], by far the highest redox potential known for a small blue 
protein. Sulfatoiron(II), a possible physiological electron-donor for rusticyanin, 
has a redox potential of 650 mV [ t 07]. Rusticyanin is extremely acid-stable with 
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a pH-optimum of pH 1 -3 [111]. This is in contrast to the other small blue pro- 
teins, whose redox potential and function are extremely pH-dependent. 

Rusticyanin's type 1 copper center with its ligands His 85, Cys 138, His 143, 
and Met 148 resembles those of the other small blue proteins. Although its ter- 
tiary structure is a fl-meander, there are distinct differences between the amino 
acid folding patterns of rusticyanin and the other small blue proteins. 
Plastocyanin contains 8 [22, 71], amicyanin 9 [20, 78], and rusticyanin 13 ]3- 
strands, respectively [ 112] (Fig. 16). 

The central copper ion is surrounded by 36 amino acids. These 36 residues 
include the 4 copper ligands, 7 glycins, as well as 20 hydrophobic residues. The 
remaining five residues are ambivalent: two serines, one threonine, one glut- 
amic acid, and one aspartic acid, both of which are protonated at these low pH 
values. Thus, the type 1 copper center is protected from the solvent by a hydro- 
phobic micro-environment, thereby achieving acid stability and a high redox 
potential [ 112]. 

1.3.2 
Type 2 Copper Proteins 

As shown in Sect. 3, the structure of type 2 copper centers is less uniform than 
in types 1 and 3. Type 2 copper proteins can, furthermore, neither be phylo- 
genetically grouped by comparison of amino acid sequences nor by a common 
tertiary structure. The class of type 2 copper proteins contains oxidases, mono- 
and di-oxygenases, as well as enzymes, which participate in metabolizing reac- 
tive species. 

The proteins treated in this section will only contain type 2 copper centers. 
Additional type 2 copper centers may be found in blue oxidases, in which they 
form trinuclear centers with type 3 copper ions, and in nitrite reductase. In 
nitrite reductase, the type 2 copper center is coupled to a type 1 copper center 
via a cysteine residue. 

1.3.2.1 
Non-Blue Oxidoses 

Non-blue oxidases are members of the enzyme class of oxidases, which oxidize 
their substrates by subtracting electrons without the transferal of oxygen. Two 
electrons are transferred from the substrate to oxygen, which is reduced to hy- 
drogen peroxide. In contrast to the blue oxidases, non-blue oxidases contain 
neither type 1 copper centers, which are responsible for the former's color, nor 
type 3. 

Amine Oxidase 
Although there are flavin-dependent as well as copper-dependent amine oxida- 
ses, this section will only deal with the copper enzymes. Amine oxidase (EC 
1.4.3.6) catalyzes the oxidative reaction of amines to aldehydes and ammonia. 
The two-step process generates two electrons which are utilized to reduce oxy- 
gen to hydrogen peroxide (H202) [28, 113]: 
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Fig. 16a, b. Folding pattern of the small blue protein rusticyanin. The protein consists of 
thirteen/J-strands: a ribbOn model - the copper ion is represented by the blue circle [112]; b 
disposition of ligands and spatially close side-chains in the copper site of one of the solution 
structures of Gu(I) rusticyanin. [112a] with permission 
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EC=O + RCH2NH 2 --) ECHNH 2 + RCHO 
ECHNH 2 + O 2 ~ EC=O + NH 3 + H202 
EC=O : the enzyme and cofactor 
RCH2NH 2 : the substrate 

Amine oxidase occurs in all types of organisms, from prokaryotes to animals 
and plants. While its catalytic function is understood, its physiological function 
remains unknown. Various functions have been suggested [114]: 

�9 removal of biogenic amines from blood plasma [ 115]; 
�9 cross-linkage of structural proteins such as collagen and elastin [116]; 
�9 regulation of the intracellular polyamine concentration [117]; 
�9 participation in tumor suppression [118]. 

Structure. Amine oxidase from lentil seeds is a dimeric enzyme with a mole- 
cular mass of 140 kD [119]. Each subunit has a length of 569 amino acids and 
carries two carbohydrate side-chains [ 119, 120] attached to Asn-234 and Asn- 
364 [120]. 

The crystal structure of amine oxidase from Escherichia coli reveals that the 
C-terminal domain (440 amino acids) primarily has a fl-sandwich structure. 
This domain contains the active site with a type 2 copper center, the cofactor, 
and the dimerization contact site. Furthermore, there are three domains of ap- 
proximately 100 amino acids length which have an a- and a fl-structure. The se- 
cond and third of these smaller domains show marked sequence homology and 
are conserved in the amine oxidases of various organisms. The first of these 
smaller domains may, however, be lacking in some amine oxidases [28]. The 
structure of an eukariotic aminoxidase from pea seedling is seen in [121]. 

Structure of the active center. The active centers of this dimeric enzyme are so 
well embedded into its protein structure that they are inaccessible to the sol- 
vent. The two centers are situated approximately 30 .~ apart from each other but 
connected by fl-strands. The active center consists of a type 2 copper center and 
a cofactor. Sequence comparisons have established that the residues His 8, 
His 246, and His 357 coordinate the copper ions in both yeast and plants (e.g., 
lentil seeds) [120,122]. The participating cofactor is typical for amine oxidases, 
diamine oxidases, and lysyl oxidases but has not yet been found in any other 
protein - 2,4,5-trihydroxy-phenylalanine quinone [123, 124] (also known as 
TOPA-quinone, TPQ or 6-hydroxy-DOPA quinone), an internal cofactor which 
is created by post-translational modification of the tyrosine in position 387 
[120]. The consensus sequence of the amino acids neighboring the TOPA cofa- 
ctor are conserved in all known amine oxidases - Asn-TOPA-Asp/Glu [ 113, 120, 
123, 125-127]. The positions of the histidine ligands relative to TOPA quinone 
are conserved in all known amine oxidases as well. The chain lengths of the 
amine oxidase monomers vary according to the organism of origin: 692 resi- 
dues in yeast [128], 762 in bovine serum amine oxidase [128, 129] and 569 in the 
enzyme from lentil seeds [120, 130]. 

The production of TOPA must be strictly regulated as the free compound is 
extremely neuro- and cytotoxic [ 131]. It appears improbable that the reaction of 
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tyrosine to TOPA is catalyzed by one or more additional enzymes which reco- 
gnize the TOPA consensus sequence, as this sequence, Asn-Tyr-Asp/Glu, also 
occurs in its non-modified form [113]. The expression of amine oxidase in an 
organism which has lost its endogenous gene results in a correctly modified co- 
factor [113]. Consequently, the ability to synthesize TOPA is probably encoded 
in the amine oxidase itself. One possibility of TOPA synthesis could be catalysis 
by the neighboring type 2 copper center [127]. This "self-processing" would oc- 
cur by hydroxylation of the tyrosine ring via a copper-hydroperoxide. The re- 
sulting DOPA hydroquinone is then oxidized to the quinone form via a two- 
electron reduction of oxygen to hydrogen peroxide. Following a 180 ~ rotation of 
the ring, the residual copper hydroxide would conduct a nucleophilic attack on 
the C2-atom of DOPA quinone, resulting in the cofactor-factor TOPA quinone 
[127, 132] (Fig. 17) 

O O O O O 
II II II II II 

-HN-CH-C ~" -HN-CH-C~" ~HN-CH-C~ -HN-CH-C~ -HN-CH-C~ 
I I 

-cuo,, 

I ~ o~--2"~H~o~ \";'~"OH H "0  H 0~'"1 ( " ~'~li/'~ 0 
OH OH O O OH 
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Fig. 17. Synthesis of the TOPA quinone cofactor in amine oxidases. From Cai and Klinman 
1994 [ 113] with permission 
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Fig. 18. Catalytic cycle of the amine oxidases. Only TOPA quinone is required for catalysis; 
copper functions solely as a cofactor in its synthesis. From [28] with permission 
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The postulated catalytic mechanism of amine oxidases starts from the qui- 
none form of the cofactor (Fig. 17). The distal oxygen atom is replaced by an 
amino group in a transamination reaction. The amine is then re-oxidized by 
molecular oxygen to the original quinone. The copper ion is not involved di- 
rectly in catalysis but is only a cofactor in the synthesis of TOPA quinone 
(Fig. 18). 

Amine oxidase crystallizes in two different forms, an active and an inactive 
form. In the inactive form, the type 2 copper center is coordinated in a distort- 
ed tetrahedral conformation by the three histidines and the TOPA cofactor. The 
conformation of the active type 2 copper center, however, is a distorted planar 
square. A water molecule and three histidines coordinate the copper ion equa- 
torially, while a second water molecule forms an apical ligand. TOPA is not a 
direct copper ligand in the active enzyme form, but occupies a position near 
aspartate 383. This residue is conserved in amine oxidases and possibly func- 
tions as a base during catalysis (Figs 19 and 20) [28, 28a]. 

Fig. 19. a The molecular structure of the E. coIi amine oxidase dimer. In this view the dyad 
axis relating the two subunits is vertical in the plane of the page. One 80 kD subunit is col- 
ored red and the other is colored to identify domain structure. In this subunit domain D1 
(residues 1-99) is grey, D2 (residues 100-185) is blue, D3 (residues 186-285) is magenta and 
the remainder of the suhunit, comprising the fl-sandwich domain, is cyan. The locations of 
the active site coppers are indicated by green spheres. From [28] with permission 

D i a m i n e  Oxidase  
Diamine oxidase is a member  of the amine oxidases and catalyses the oxidative 
desamination of putrescine and histamine to amino aldehydes, hydrogen per- 
oxide, and ammonia  [133]: 

RCH2NH2 + 02 + H20 -~ RCHO + NH 3 + H202 
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(a) 

(b) 

Fig. 19. b Three-dimensional structure of pea seedling amine oxidase (PSAO): (a) PSAO di- 
mer viewed perpendicular to the molecular dyad axis. The two subunits are in orange and 
white, respectively. The two/j-strand arms which extend from the orange subunit along the 
surface of the white subunit are seen clearly; (b) PSAO molecule viewed along the molecular 
dyad axis. The large/J-sandwich domain D4 is in orange for one subunit and white for the 
other, as in (a). Domains D2 and D3 of both subunits are shown in red and green, respectively. 
An additional N-terminal domain found in E.coli amine oxidase is not coded in the PSAO 
gene. From each D4 domain, a/J-strand arm (yellow) extends along the surface of the mole- 
cule towards the D3 domain of the other subunit.With permission from [121] 

Diamine oxidase occurs, like amine oxidase, in bacteria, animals, and plants 
[133]. The compar i son  of  amino acid sequences of  the amilor ide-binding pro- 
tein f rom h u m a n  kidney, rat colon, diamine oxidase f rom h u m a n  placenta, pig 
kidney, and amine oxidase f rom Hansenula polymorpha and lentil seeds has 
shown that the amilor ide-binding protein and diamine oxidase are identical 
proteins[29]. The amilor ide-binding protein was previously postulated to func- 
t ion as an epithelial sodium-transpor ter .  While its physiological funct ion is still 
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Fig. 20. a Active site of E. coli amine oxidase. The polypeptide backbone is shown as a conti- 
nuous coil, colored white for subunit A and grey for subunit B. Conserved residues are shown 
in all-atom representation, and the copper is shown as a green van der Waals dot surface. The 
position of TPQ in crystal form I is illustrated in green, coordinated to the copper. The pre- 
cise location and orientation of the TPQ ring are not completely determined at the resolution 
of the current studies of crystal form II, and its general location is indicated by a yellow 
phenyl ring, close to the putative catalytic base Asp 383 (red). In crystal form II, TPQ is not a 
copper ligand, and the copper coordination is completed by two water molecules, shown in 
yellow (with permission from [28]) 

not  completely known,  these data make a funct ion as sod ium- t ranspor te r  im- 
probable [29, 134]. Other  funct ions are still being discussed, for example, the re- 
gulation of  the activity of  exogenous or endogenous  histamine in smooth  
muscle or other  target cells [135], the regulation of  cell growth by decreasing 
intracellular concentrat ions of  the growth promoter  putrescein [136-138],  or 
even, the regulation of  cell mass via the hydrogen peroxide produced  by dia- 
mine oxidase [139-141].  

Structure.  Diamine oxidases are homo-d imer ic  enzymes.  The subunits weigh 
between 60 and 105 kD depending upon  the organism o f  origin [114]. Human  
diamine oxidase f rom kidneys is composed  of  752 amino acid residues, and the 
cor responding  enzyme f rom rat colon has 747 residues [29]. Diamine oxidases 
share the TOPA-chinon cofactor with amine oxidases. The ligands of  the type 2 
copper  center in diamine oxidase are possibly the conserved residues Cys 391, 
Cys 417, and His 510 [29]. 



Evolutionary Aspects of Copper Binding Centers in Copper Proteins 129 

: '  ' : : : :2  ? : i  : 

% 

! fPQ 387 "~,,~,:,~,,.~, 

, | K 2  

D ? 00 

/ 

Fig. 20. b Symmetry-related/3-hairpins linking the active sites of the E. coli amine oxidase mo- 
nomers./3-strands are shown as flat arrows colored red in subunit A and cyan in B. The ac- 
tive-site coppers are shown with van der Waals dot surfaces in green, and the side chains of a 
number of conserved residues are in all-atom representation. Asp467A (red) and Thr462A 
(yellow) on either side of TPQ466A (green) both interact with His440B (blue) at the active site 
of subunit A, and equivalent symmetry-related interactions occur at the other end of the/3- 
hairpins in the active site of subunit B (with permission from [28]). c Active site of pea seed- 
ling amine oxidase, showing the Cu atom (blue sphere), the two coordinated water molecules 
(magenta spheres), the Cu-binding residues (His442, His444 and His603), the cofactor 
(TPQ387), and other active site residues. Hydrogen bonds are shown as dashed red lines. 
(With permission from [121]) 
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Lysyl oxidase 
Although lysyl oxidase (EC 1.4.3.13) is also a member of the amine oxidases, it 
possesses little homology in structure or amino acid sequence with the other 
non-blue oxidases. The native enzyme is a monomer of 32 kD [142]. Its physio- 
logical function is the cross-linkage of the structural proteins collagen and ela- 
stin. This is achieved by the oxidation of a peptidyl-lysine to an amino-adipate 
semi-aldehyde (allysine) [143, 144]: the substrate is oxidized, reducing the en- 
zyme. The enzyme is regenerated in the following step [145]: 

RCH2NH 2 + Enzox --4 RCHO + EnZred-NH 2 
EnZred-NH 2 + 02 -]- H20 ---9 Enzox + NH 3 + H202 

Removal of the coordinated copper catalytically inactivates lysyl oxidase. 
Nutritional copper deficiencies, consequently, lead to a reduction in the cross- 
linkage of collagen and elastin, resulting in damaged connective tissues 
[146-148]. An additional function of lysyl oxidase has been suggested, the par- 
ticipation in the suppression of tumors [149]. As in the other amine oxidases, 
TOPA is utilized as a cofactor. The catalytic cycle may function as described ear- 
lier. Lysyl oxidase is synthesized as a 47 kD precursor (rat). Post-translational 
processing leads to the removal of a signal peptide of 21 amino acid residues, 
followed by the tripeptide in position 62- 64 and, finally, the dipeptide in posi- 
tion 134-135 [150]. This last dipeptide contains the only conserved amino acid 
which is glycosylated (Asp 91 in rats and Asp 97 in humans) [151]. The glyco- 
sylation may play a role in the post-translational processing and transport of 
the protein from the Gotgi apparatus to the extracellular matrix [151]. 

The region between residues 284 and 301 of lysyl oxidase is conserved in 
humans, rats, and mice [151]. It contains four histidine residues (289, 292, 294, 
and 296), of which at least three participate in the coordination of the copper 
ion, forming a tetragonally distorted octahedron [151,142] (Fig. 21). 

Galactose Oxidase 
Galactose oxidase (EC 1.1.3.9) differs significantly from the other non-blue oxi- 
dases. The enzyme (from the fungus Dactylium dendroides) consists of a single 
peptide chain of 639 amino acids [152] and has a molecular mass of 68 kD [30]. 
The active center contains a single type 2 copper center. It has neither additio- 
nal, dissociable prosthetic groups nor TOPA quinone, the typical cofactor of the 
other non-blue oxidases [153]. 

Function. Galactose oxidase catalyses the oxidation of primary alcohols to alde- 
hydes, reducing oxygen to hydrogen peroxide in a two-electron reduction [30]: 

RCH2OH + 0 2 "--) RCHO + H202 

Its substrate specificity is very low, catalyzing the turnover of a wide range of 
compounds from small molecules such as propane-1,2-diol to polysaccharides. 
The best studied substrate is dihydroxyacetone which is oxidized with triple the 
speed of D-galactose [154]. Although galactose oxidase has a very low substrate 
specificity, its stereospecificity is absolute: D-glucose and L-galactose are not 
oxidized [30]. The enzyme's specificity for electron-acceptors is low as well. In 
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Fig. 21. Type 2 copper center of lysyl oxidase. The four histidine residues probably coordinate 
the copper ion. From Krebs and Krawetz 1993 [151] with permission 

the absence of oxygen, it will utilize electron-acceptor compounds such as 
K3Fe(CN)6 as well [155]. 

Structure 
The three-dimensional structure of galactose oxidase consists almost entirely 
of fl-strands; only a single, short a-helix (residues 328-331) occurs. The 
enzyme can be divided into three domains: domain 1 (residues 1-155), domain 
2 (residues 156-532), and domain 3 (residues 533-639) (Fig. 22) [30]. 

Domain 1 contains the first 8 fl-strands as well as a binding site for a sodium 
ion and for D-galactose. It is yet unknown whether the sodium ion is of impor- 
tance for the enzyme's function. Domain 1 is of some distance from the copper 
center and its function is not clearly defined. It is possibly a"chaperone" for the 
correct folding of the enzyme, in which domain 1 is utilized as a blueprint for 
the complicated folding of domain 2. The D-galactose binding site of domain 1 
may possibly be needed to attach the enzyme to the cell walls of trees, the na- 
tural habitat of Dactylium dendroides [30]. 

Domain 2 is the largest of the three domains, containing 28/3-strands and the 
short a-helix. It also contains three of the four internal protein ligands, the re- 
sidues important for the enzyme's catalytic activity and three external ligands: 
the copper ion as well as two acetate ions. The 28 fl-strands are arranged in a 
pseudo-sevenfold geometry, known from the neuraminidase of the influenza 
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Fig. 22 a-c. Ribbon model of the three domains of galactose oxidase: a domain 1; b domain 2; 
c domain 3 of galactose oxidase. From Ito et al. 1994 [30] with permission 
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virus [156] and from the methylamine dehydrogenase from Thiobaci l lus  versu- 

tus [157]. However, the amino acid sequences of these enzymes lack homology 
[30], i.e., these structures are probably the result of a convergent evolution. 
Domain 2 has a large cavity in its middle which accommodates two fl-strands 
of domain 3 [30]. 

Domain 3 is situated to a side of domain 2, opposite the copper center. It con- 
sists of seven/J-strands of which two extend into the cavity of domain 2. When 
beheld from C- to N-terminus, domain Ys topology is very similar to that of the 
FaD fragment's CL-domain in immunoglobulins. Domain 3's pr imary function is 
most probably structural stabilization. The fourth, internal copper ligand (His 
581) is situated on the tip of the two/J-strands which extend into domain 2's ca- 
vity [30]. 

The copper center. Galactose oxidase is capable of catalyzing a two-electron re- 
duction, although it only contains a single type 2 copper center. This assump- 
tion is, however, incorrect. Recent studies show that the copper ion occurs in its 
divalent state, Cu 2+, which is antiferromagnetically coupled to a tyrosyl radical 
(Tyr272) and is, therefore, ESR-inactive [158]. 

The copper center is situated on the surface of domain 2, close to its seven- 
fold axis. It is surrounded by a multitude of aromatic side-chains, many of 
which probably participate in the generation or stabilization of the free radical 
[30]. The copper ion is coordinated by four internal and a single external li- 
gands: the On from Tyr 272, N ~2 from His 496, His 581 and an acetate ion almost 
form a square around the copper ion (Table 8). The On from Tyr 495 is the fifth, 
axial ligand and is located furthest from the central ion (Fig. 23), indicating a 
relatively weak coordination of this ligand [ 159]. 

The tyrosyl radical is bound to Cys 228 via a thioether. It is as yet unclear how 
this bond is formed; it may possibly arise during the first catalytic cycle of the 
enzyme. It is improbable that the bond is formed by another enzyme as the 
thioether is concealed beneath tryptophane 290 and is, therefore, inaccessible to 

Table 8. Bond lengths and angles of the galactose oxidase ligands at pH 4.5 and 7.0 (values in 
parentheses). Water replaces the acetate ion at neutral pH values. According to Ito et al. 1994 
[3O] 

ligand bond length (/~) ligands bond angle (~ 

Cu-O'l(Tyr 272) 1.9 (1.9) 
Cu-N ~2 (His 496) 2.1 (2.2) 
Cu-N ~2 (His 581) 2.2 (2.2) 
Cu-O q (Tyr 495) 2.7 (2.6) 
Cu-O (acetate) 2.3 (-) 
Cu-O (water) - (2.8) 

On (Tyr 495)-Cu-N E2 (His 581) 99 (100) 
N ~2 (His 496)-Cu-N ~2 (His 581) 89 (91) 
N ~2 (His 496)-Cu-O (acetate) 90 (-) 
N (His 496)-Cu-O (water) - (93) 
Oq (Tyr 495)-Cu-N E2 (His 581) 97 (104) 
O n (Tyr 495)-Cu-N E2 (His 496) 106 (103) 
O'l (Tyr 495)-Cu-On (Tyr 272) 75 (79) 
O n (Tyr 272)-Cu-O (acetate) 83 (-) 
O q (Tyr 272)-Cu-O (water) - (76) 
Oq (Tyr 495)-Cu-O (acetate) 91 (-) 
O n (Tyr 495)-Cu-O (water) (89) 
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Fig. 23. Model of the type 2 copper center of galactose oxidase after Ito et al. 1991 [30] 

the solvent. This tryptophane residue not only conceals the thioether bond but 
probably participates in either stabilizing the free radical or in a different step 
of the catalytic mechanism as well [30]. 

The Tyr-Cys-Trp complex. This complex participates in the generation or sta- 
bilization of the free radical. This radical exhibits an extremely low redox 
potential (0.41 V [160] in contrast to 0.94 V for free tyrosine [161]), which is 
probably the result of the thioether bond. The role played by copper in the ge- 
neration of the radical has not yet been clarified [30]. It may be required for the 
generation of the radical in its first catalytic cycle (see above), which could then 
form the thioether bond, reducing its redox potential. This reduction enables 
future radical formation without assistance from the copper ion [30]. 

Substrate binding. The copper center contains a pocket [30,162] which, in the 
enzyme's native state, is occupied by an acetate ion and water. This pocket is 
structurally complementary to D-galactose in its chair conformation. The 06- 
atom of D-galactose can, after displacing the acetate ion and water molecule, co- 
ordinate directly with the copper ion. Steric effects hinder L-galactose in bin- 
ding to the active center [30]. 

Galactose oxidase, as well as the other non-blue oxidases, avoids the neces- 
sity of an external cofactor by creating an internal cofactor via modification of 
a residue of its own peptide chain. The amino acid residue which is modified in 
all cases is a tyrosine. While the amine oxidases produce TOPA quinone, galac- 
rose oxidase forms a thioether bond between the tyrosine and a cysteine resi- 
due. This modified tyrosine is the site which carries the free radical. 

1.3.2.2 
Monooxygenases 

Dopamine fl-Hydroxylase 
Dopamine fl-hydroxylase (EC 1.14.17.1) is a glycoprotein which hydroxylates 
dopamine to norepinephrine during the biosynthesis of catecholamines. The 
enzyme occurs in the synaptic vesicles of noradrenergic and adrenergic brain 
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nerves and sympathetic ganglions, as well as in the storage granules of chro- 
maffinic cells of the adrenal medulla [163]. 

The holoenzyme is a tetramer of 290 kD molecular mass, consisting of two, 
reversibly associated, disulfide-linked dimers[ 164-166]. Dopamine/~-hydroxy- 
lase occurs in a soluble and a membrane-associated form [167, 168], which are 
both encoded by the same mRNA [163]. Dissociation of the enzyme results in 
monomers of either approximately 72-73 kD or 75-77 kD molecular mass. 
While the lighter monomers may occur in either form, the heavier monomers 
only occur in the membrane-associated enzyme [169, 171]. 

This membrane-associated form is possibly the precursor of the soluble en- 
zyme [170]. Its release would occur by the removal of the membrane anchor 
and the loss of a non-covalently bound phospholipid which possibly collabora- 
tes in keeping the enzyme membrane-bound [167, 170]. These differences in 
weight of soluble and membrane-bound enzyme may, however, be based on dif- 
ferences in their degree of glycosylation and not on the lengths of their peptide 
chains [163, 172], an explanation supported by the fact that the 72-73 kD mo- 
nomers occur in both forms [163, 169, 171]. This, however, would require that 
the peptide anchor, if it even exists, is not the only structure for affixing the en- 
zyme to the membrane, a role which might be assumed by the non-covalently 
bound phospholipid. 

Structure of  the copper center. Each of the enzyme's subunits accommodates an 
active center containing two copper atoms, which have different ligands and 
form two mononuclear centers [168, 173, 174]. This is in contrast to other pro- 
teins with two copper ions per active center (hemocyanin and tyrosinase) 
[175-177] possessing binuclear centers in which the copper ions are not isolat- 
ed from each other [37]. Were dopamine/3-hydroxylase to possess a binuclear 
center, both Cu 2+ ions would be antiferromagnetically coupled and, thus, ESR- 
inactive. This, however, is not the case [178, 179]. A structure has been propos- 
ed, based on various spectroscopic studies, in which the first copper atom (CuA) 
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Fig. 24. Oxidized and reduced state of the dopamine fl-hydroxylase copper center. The reduc- 
ing agent is ascorbate. From Pettingill et al. 1991 [31] with permission 
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possesses three and the second copper atom (CUB) two histidine ligands [31] 
(Fig. 24). The reduced CuA center is coordinated by a fourth ligand, a methio- 
nine, which is replaced by a water molecule upon oxidation. The CuA center has 
four ligands in both oxidation states. The third ligand of CuB, which is not 
exchanged upon oxidation, has not yet been identified. The fourth coordinative 
position of the oxidized CuB center is occupied by a water molecule, and is, 
upon reduction, used to bind an oxygen molecule [31]. The oxidized form is re- 
duced by ascorbate. 

A structural motive, which also occurs in other copper enzymes, was disco- 
vered, while searching for potential copper ligands in dopamine fl-hydroxylase. 
This motive, HXH* (H* = His or Met), normally participates in copper-binding. 
In nitrite reductase, it couples the type 1 and type 2 copper centers: the two ex- 
terior amino acid residues (both His) coordinate the type 2 copper ion, and the 
central residue (Cys) the type 1 center [31, 51]. In dopamine fi-hydroxylase, this 
motive couples the two type 2 copper centers. The conserved region in the do- 
pamine fl-hydroxylases is V(248)HHM. His 249 and Met 251 are CuA ligands, 
whereas His 250 belongs to the ligands of CuB. While separating the two copper 
atoms, this type of ligand arrangement on the peptide chain enables electrons 
to be transferred between the copper centers [31]. 

Mechanism. Dopamine ]3-hydroxylase operates via a ping-pong mechanism, in 
which the oxidized form of the enzyme is reduced by ascorbate (ping). In the 
second step, dopamine and oxygen bind to the enzyme in a defined sequence 
creating a tertiary complex. The products are then released following the oxi- 
dation of dopamine (pong) [180, 181]. 

Phenylalanine Hydroxylase 
Two phylogenetically related forms of phenylalanine hydroxylase exist. One 
contains iron in its active center, while the other contains copper. Whereas the 
iron enzyme has been found in a wide variety of organisms, from bacteria to 
mammalians, the copper enzyme has only been reported for Chromobakterium 
violaceum [182]. The following pertains solely to the copper form. 

Phenylalanine hydroxylase (EC 1.14.16.1) is a member of the tetrahydrobi- 
opterin-dependent aromatic-amino acid hydroxylases, which also include tryp- 
tophane and tyrosine hydroxylase [183-186]. Phenylalanine hydroxylase from 
Chromobakteriurn violaceurn is a monomeric enzyme of approximately 35 kD 
molecular mass and 296 amino acid residues. It contains a single copper ion 
(Cu 2+) in its active center [187]. 

Phenylalanine hydroxylase catalyzes the hydroxylation of phenylalanine to 
tyrosine, in which one oxygen atom of the oxygen molecule is transferred to the 
substrate, while the other oxygen atom is reduced to water. Two of the four re- 
quired electrons are subtracted from the C-H bond of the substrate, and the 
other two are taken from the cofactor tetrahydrobiopterin [188]. The role 
played by copper is unknown, although it must be reduced to Cu § before the 
catalytic cycle can begin [188-191]. Recent studies suggest that copper is not a 
required prosthetic group, but is, as Cu 2+, an inhibitor of the enzyme [192]. The 
apoenzyme is catalytically completely active, whereas the binding of copper, 
zinc, iron, or cobalt results in inhibition. The histidine residues His 138 and His 
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143, which are extremely conserved in pterin-dependent monooxygenases, are 
probably of great importance to the catalytic activity of phenylalanine hy- 
droxylase. Being bound by divalent copper prevents them from fulfilling their 
catalytic function [182]. These studies suggest that phenylalanine hydroxylase 
from Chromobakterium violaceum did not simply exchange the metal ion of its 
prosthetic group for another, but made itself completely independent of metal 
of any type. As the amino acid residues, which are responsible for metal bind- 
ing, have remained essential for the enzyme's function, the danger of enzyme 
inactivation by metal binding persists. 

Methane Monooxygenase 
Methane monooxygenase is the first enzyme in the methane oxidation of me- 
thanotrophic bacteria, catalyzing the oxygen-dependent oxidation of methane 
to methanol [193]. Two methane monooxygenases exist, a soluble, cytosolic and 
a membrane-bound form [193, 194]. Although both enzymes catalyze the same 
reaction, analysis of their genes has shown them to be non-related [195-198]. 
The soluble methane monooxygenase consists of three components: a 
hydroxylase, a reductase, and a small, regulatory protein [199]. The hydroxylase 
contains two binuclear iron-clusters and is capable of oxidizing methane to 
methanol [199-202]. This methane monooxygenase has, until now, only been 
found in a few, methanotrophic bacteria, e. g., Methylococcus capsulatus (Bath), 
Methylosinus trichosporiurn, Methylosinus sporium, Methylocystis sp. M and 
Methylomonas methanica 68-1 strains [196, 197, 203, 204]. Depending on the 
copper content of the growth medium, they produce either the soluble or mem- 
brane-bound form of methane monooxygenase. The presence of copper sup- 
presses synthesis of the soluble iron-enzyme [205]. Even among the me- 
thanotrophic bacteria there are strains reminiscent of the primordial bacteria 
which, following the oxygenation of the atmosphere, had already learned to 
utilize copper and had not yet lost the ability to synthesize iron-enzymes. 

In contrast to the soluble form of methane monooxygenase, the membrane- 
bound form probably occurs in all methanotrophic bacteria [195]. 
Characterization of this enzyme is difficult, as its enzyme activity is hard to 
maintain in vitro [206]. A reproducible purification of this enzyme has not yet 
been achieved and, therefore, enzyme studies have had to be conducted with 
whole cells [195]. Consequently, it is currently probable that the membrane- 
bound monooxygenase is a copper enzyme, but this is not yet proven. This view 
is supported by the fact that methane monooxygenase activity increases with 
increasing copper concentrations in the growth medium and that, following ex- 
pression of methane monooxygenase, its enzyme activity can be increased by 
adding copper [205]. The membrane-bound methane monooxygenase has a 
high substrate specificity and is susceptible to oxygen analogs and metal, espe- 
cially copper, chelators [194, 206, 207]. 

Function. An obvious function of methane monooxygenase is the oxidation of 
methane to methanol. The membrane-bound form could fulfill this function 
within an electron-transport chain. A further, possible function could be deriv- 
ed from the observation that, in methanotrophic bacteria grown in copper- 
enriched medium, the main mass of membrane-bound proteins is methane 
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monooxygenase. The mass of the cytosolic membrane is markedly increased as 
well under these conditions. Studies of these methane-monooxygenase en- 
riched membranes have revealed that these membranes can accept extremely 
large amounts of copper. The second, possible function of methane monooxy- 
genases is that of copper storage, in which copper is stored as Cu § and Cu 2+. It 
is, however, improbable that this is its physiological function as the copper 
structures show redox activity which would be unusual for a simple storage 
protein [195]. 

The role of copper. The largest amount of membrane-bound copper occurs in 
trinuclear clusters. Spectroscopic studies have assigned these clusters to type 2 
copper centers. Cu + and Cu 2+ occur in these clusters, of which, Cu + has the 
higher affinity to oxygen. Both copper species occur in different surroundings, 
making their participation in the redox processes probable. On the other hand, 
this large number of copper ions could be utilized as carriers, shuttling elec- 
trons between a different redox-active cofactor and the substrate. The 
trinuclear clusters are reminiscent of blue oxidases which contain type 2/type 3 
trinuclear centers. These copper structures are the active centers of blue oxi- 
dases [208, 209]. The structural similarities of the trinuclear centers suggest that 
they are the active centers of the methane monooxygenases as well [195]. If 
these copper structures participate in catalysis, they can only exhibit catalytic 
activity if and when all three copper ions are bound. The methane monooxyge- 
nase molecule is already inactivated by the lack of a single copper ion, an ex- 
planation for the increase of membrane-bound enzyme activity when copper is 
added to the growth medium. This increase can only be observed while the cop- 
per structures are not yet saturated with copper. It has not been proven that 
copper participates in catalysis, although evidence suggests that the methane 
monooxygenases are type 2 copper monooxygenases [195]. 

1.3.2.3 
Dioxygenases 

Dioxygenases function by disrupting cyclic organic substrates, such as trypto- 
phane and catechols [210]. The copper-dependent dioxygenase quercetinase 
from Aspergillus flavus [211] disrupts quercetin by transferal of both oxygen 
atoms of a dioxygen molecule to the heterocyclic ring [210] (Fig. 25). During the 
reaction, the 3-hydroxy and 4-carbonyl groups of quercetin appear to chelate 
the Cu 2+ ion of the enzyme's active center [212-214]. The products of the dis- 
ruption are carbon monoxide and the phenolic ester 2-protocatechoyl phloro- 
glucinol carbonic acid [211]. Little is known of the amino acid sequence, the 
exact structure, or the active center of the enzyme. 

1.3.2.4 
Superoxide Dismutoses 

Cu, Zn-Superoxide Dismutase. Although Cu,Zn-superoxide dismutase (Cu, Zn- 
SOD) only occurs in eukaryotes, it may be found in almost all types of e u -  
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Fig. 25. The reaction of quercetinase. From Speier 1993 [210] with permission 

karyotic tissues [215]. The intracellular form of Cu,Zn-SOD is a homodimeric  
enzyme with subunits of  16 kD molecular mass and a length of 151 amino acids 
each (bovine) [32, 216]. Each subunit has an active center which contains a Cu 2+ 
and a Zn 2+ ion [33, 217]. While the amino acid sequence of extracellular, tetra- 
meric Cu,Zn-SOD is partially homologous to that of the intracellular form 
[218], both enzymes are encoded by different genes. In addition to the dimeric 
and tetrameric form, a monomeric  Cu,Zn-SOD exists as well. The dimeric 
Cu,Zn-SOD is more stable and possesses a sevenfold higher activity than the 
monomer ic  form [219]. Intracellular Cu,Zn-SOD is the only copper enzyme to 
appear in the cytosol [220]. All other copper proteins and enzymes occur ex- 
tracellularly, i. e., in the extracellular space, periplasm, organelles, or vesicles. 

The postulated physiological function of Cu,Zn-SOD is the disproportiona- 
tion of superoxide radicals (,O~) to oxygen (02) and peroxide (02-) [221-227]. 
The redox potential of  Cu,Zn-SOD lies between those of both half-reactions, so 
it can alternately shuttle between electron-transfer to, or electron-subtraction 
from, a superoxide radical [228]: 

0 2 + e -  ~ O~ E ~  
SODCu 2+ + e- -4 SODCu + E ~ = + 0.36 V (human); + 0.32 V (bovine) 
O~ + e- + 2H + --9 H202 E ~ = + 0.89 V 

Consequently, there are two single reactions in the disproportionation of a su- 
peroxide radical: 

I. SODCu 2+ + "O 2- ~ SODCu + + 02 
II. SODCu + + "O2- + 2H + ~ SODCu 2+ + H202 

Structure of the active center. The active center of Cu,Zn-SOD is situated at the 
end of a channel whose walls consist of conserved, charged residues [229]. The 
superoxide radical does not reach the active center by diffusion, it is directed 
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Upper end 

Lower end 

Fig. 26. fl-Strand structure of Cu,Zn-superoxide dismutase. From Bordo et al. 1994 [220] with 
permission 

there  by  these conse rved  res idues  [220, 229]. The enzyme 's  active center  is em- 
b e d d e d  in a shal low j3-barrel motive,  consis t ing  of  eight  an t ipara l le l  f l - s t rands  
and  three  externa l  loops  [220] (Fig. 26). 

The active center  of  Cu,Zn-SOD is un ique  a m o n g  copper  enzymes  in that  it 
conta ins  not  only  a type  2 copper  ion (Cu 2§ bu t  a fu r the r  meta l  ion (Zn 2+) as 
well (Fig. 6). The Cu 2+ ion is coo rd ina t ed  in a d is tor ted ,  square  p l ana r  confor-  

Table 9. Bond angles of the Cu- and Zn-ligands of Cu,Zn-superoxide dismutase. Taken from 
Banci et al. 1994 [235]. The shifted amino acid renumbering of [229] by 2 residues each 
should be noticed. 

bond bond angle (~ 

N a (His 120)-Cu-N E2 (His 48) 106.4 
N E2 (His 120)-Cu-N 61 (His 46) 93.7 
N ~2 (His 63)-Cu-N 61 (His 46) 74.7 
N ~2 (His 48)-Cu-N ~2 (His 63) 89.1 
N ~2 (His 120)-Cu-N ~2 (His 63) 164.5 
N ~2 (His 48)-Cu-N 61 (His 46) 130.2 
N 61 (His 65)-Zn-N 6~ (His 71) 111.1 
N 61 (His 65)-Zn-O 61 (Asp 83) 100.0 
N 61 (His 80)-Zn-O 61 (Asp 83) 124.1 
N 61 (His 80)-ZrI -N 61 (His 71) 130.0 
N '~1 (His 71)-Zn-O 61 (Asp 83) 78.7 
N 61 (His 63)-Zn-N 6~ (His 80) 107.5 
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Fig. 27. The catalytic mechanism of Cu, Zn-superoxide dismutase: "02 displaces the axial 
water molecule of Cu 2+ reducing it to Cu +. Protonation of the CuO2 complex liberates 02 and 
dissolves the ligand bond between His61 and copper. A second "02 binds to copper, oxidizing 
it to Cu 2+. Protonation produces H202, whereas deprotonation of His61 reestablishes the Cu- 
rtis61 bond, releasing H202. From Getzoff et al. 1983 [229] with permission 

mation by His46 (N61), His48 (N~2), His63 (N~2), and Hisl20 (N ~2) [220]. The con- 
formation surrounding the Zn 2§ ion is a distorted tetrahedron created by three 
histidines and an aspartate residue: His63 (N~I), His71 (N61), His80 (N61), and 
Asp83 [220] (0  61) (Table 9). The bridging ligand His63 lies in a straight line be- 
tween Cu 2+ and Zn 2+, which are separated by 6 A [217, 233-235]. During cata- 
lysis, copper is the redox partner of the superoxide radical, whereas the oxida- 
tive state of Zn 2§ does not change during disproportionation. The Zn 2§ ion does 
not appear to be directly involved in catalysis (Fig. 27). 

1.3.3 
Type 3 Copper Proteins 

1.3.3. I 

Hemocyanin 

The hemocyanins are the oxygen-transport proteins of the three largest classes 
of mollusks (e.g., snails and squids), and of arthropods (e.g., spiders and scor- 
pions). Mollusk and arthropod hemocyanin resemble each other in function 
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and structure of their oxygen-binding sites. However, their protein structures 
and amino acid sequences are very different [34]. 

Arthropod Hemocyanins 
Arthropod hemocyanins (A-Hc) are proteins with molecular masses of up to 
450 kD. They may be dissociated into six functional subunits of 75 kD mass, 
each of which contains a binuclear type 3 copper center responsible for oxygen 
binding. These proteins are, consequently, hexamers or multiple units thereof, 
which occur as native aggregates of I x 6, 2 x 6, 4 x 6, and 8 x 6 subunits. The lat- 
ter have molecular masses of 3600 kD. The spider Eurypelrna californicum pos- 
sesses a hemocyanin structure of 4 x 6 [34]. These 24 subunits may be classified 
into 7 different types: a,b,c,d,e,f, and g, of which subunits a,d,e,f, and g occur 4 
times, and the subunits b and c twice [236]. Each subunit has a specific position 
within the structure of the protein. Each protein subunit, i.e., the oxygen-bin- 
ding unit, consists of three domains. Domains 1 (175 amino acids) and 2 (230 
amino acids) have a pronounced a-helical structure, whereas domain 3 
(250 amino acids) consist almost completely of fl-strands, which are arranged 
in a fl-barrel structure similar to that of Cu,Zn-SOD [34]. 

The function of domain 1 has not yet been completely elucidated, although 
it may function as a medium of cooperative oxygen binding [37]. Domain 3 
screens the copper center of domain 2 [237] from solvent. This copper center 
in domain 2 [34] is coordinated by six histidines from the helices 2.1 (2 His), 
2.5 (2 His), 2.2 (1 His), and 2.6 (1 His). The histidine residue of helix 2.1 occurs 
in the sequence His-His-Trp-His-Trp-His, which is conserved in many arthro- 
pod hemocyanins. The histidines in helix 2.5 occur in the structure His-X- 
X-X-His. The coordination of two copper atoms with six ligands leaves two co- 
ordination sites free: these two sites are utilized to bind oxygen [34]. 

A similar situation is found in the hemocyanin of the horseshoe crab 
Limutus polyphemus. It consists of eight immunologically different subunits I, 
II, IIA, IIIA, IIIB, IV, V, and VI, which associate to hexamers [238] (the Roman 
numerals are qualitatively equivalent to the a - f  classification of Eurypelrna 
hemocyanin). Each of these subunits has a specific function [239, 240] and lo- 
cation [241] within the 48-mer protein. Oxygen binding is cooperative and is re- 
gulated allosterically. The protein's affinity to oxygen is lowered by chloride ions 
and increased by protons [242- 245]. These properties as well as the cooperative 
oxygen binding are observed in isolated subunit II-hexamers, in which each 
monomer contacts four other monomers [37] (Fig. 28). 

The hemocyanin subunits from Limulus polyphernus are also subdivided into 
three domains, which consist of the amino acids 1-154 (domain 1), 155-380 
(domain 2), and 381-628 (domain 3) (Fig. 29). Domains 1 and 2 are primarily 
a-helical, whereas domain 3 consists mainly of fl-strands. Domain 2 is situated 
between the other two domains and contains the copper center. Each copper is 
coordinated by three histidine residues, which come from two helices. Subunit 
2 is primarily responsible for the contact between the hexamer subunits. The 
chloride-binding site is situated between domains i and 2, and the calcium-bin- 
ding site is located in domain 3, which has a seven-ribbon fl-meander structure 
[37]. 
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Fig. 28. Model of a subunit II-hexamer of Limulus polyphemus hemocyanin. The domains 1, 
2, and 3 of each subunit are represented in black, light gray and dark gray respectively. From 
Hazes et al. 1993 [37] with permission 

Regulation of oxygen binding. Three allosteric regulators are known for hemo- 
cyanin from Limulus polyphemus - CI-, Ca 2+, and H + [242-245]. Chloride ions 
do not affect all hemocyanins in the same manner. Only the subunits II, IIA, 
IIIA, and IIIB are affected in Limulus polyphemus hemocyanin. Chloride lowers 
the oxygen-affinity of hemocyanin by binding more strongly to the T-form 
(tense) than to the R-form (relaxed). Calcium ions stabilize the hexameric 
structure of hemocyanin. They also reduce oxygen-affinity, but increase the 
cooperativity of the multihexameric complex. An increase in H + concentration 
increases the oxygen-affinity of Limulus polyphemus hemocyanin as well - a 
"reversed" Bohr-effect [37,239,240, 243]. 

Mollusk Hemocyanins 
Mollusk hemocyanins are very large, cylindrical molecules which are assemb- 
led from up to 160 functional units, each of which, similar to arthropod hemo- 
cyanin, contains a binuclear type 3 copper center for oxygen binding. One func- 
tional unit weighs 50-  55 kD, resulting, consequently, in a total molecular mass 
of 8000-9000 kD [34, 35]. Each polypeptide chain contains eight of these func- 
tional units and weighs 400 kD [34]. Arthropod and mollusk hemocyanins 
share practically no structural similarities. An exception is the His-X-X-X-His 
structure, which contains 2 of the 6 copper ligands and is situated within a con- 
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Fig. 29a-d .  Ribbon model of the three domains of hemocyanin subunit II from Limuluspoly- 
phemus: A whole subunit; B domain 1; C domain 2; D domain 3. From Hazes et al. 1993 [37] 
with permission. Secondary structure nomenclature according to [246] 
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served stretch of 42 amino acids [247]. It not only occurs in arthropod and mol- 
lusk hemocyanin, but in tyrosinases as well [34, 247]. 

1.3.3.2 
Type 3 Copper Centers of Hemocyonins and Tyrosinnses 

Depending on the organism of origin, the two Cu § ions in the binuclear type 3 
copper centers are situated between 3.4 ,~ [248, 249] and 4.6 ~ [37] apart from 
each other. Both coppers are coordinated by three histidines each, and form an 
almost coplanar structure (Fig. 30a), i.e., the coordination of CUA and Cu B is a 
distorted, trigonal plane. The Cu A- and CUB-ligands (Table 10) are arranged in 
an almost antiprismatic orientation (Fig. 30b). This conformation differs from 
that of the type 3 copper center of ascorbate oxidase (a type 2/type 3 copper 
protein), in which the ligands are arranged prismatically [36]. There is no 
bridging ligand between these two copper ions [37]. 

, 

B H20~ 
~ 364 

Fig. 30a, b. StructureofthebinuclearcoppercenterofhemocyaninffomLimuluspolyphemus: 
A view, vertical to the CuCu axis; B view along the CuCu axis. From Hazes et al. 1993 [37] with 
permission 
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Table 10. Bond lengths and angles of the subunit II copper center of Limulus polyphemus 
hemocyanin. According to Hazes et al. 1993 [37] 

CuA CuB 

bond bond length (]~) bond bond length (~) 

CuA-CuB 4.61 
CuA-Nq 73 2.10 CuB-N~324 2.16 
CuA-Nq77 2.01 CuB-Ne328 2.08 
CuA-N~204 1.04 CuB-N~364 1.92 

bond bond angle (o) bond bond angle (~ 

Nq73-CuA-Nq77 99 Nc324-CuB-N~328 97 
Nq73-CuA-N*204 131 NE324-CuB-N*364 108 
Nq77-CuA-N~204 126 N~328-CuB-Ne364 142 

Oxygen binding. Oxygen arrives at the oxygen-binding site via a small channel. 
This channel is bordered by two glutamate residues, which are conserved in 
many of the studied hemocyanins. The glutamate's negative charge appears to 
be of essential importance in protecting the active center against substrates 
other than oxygen [37]. Oxygen is bound in hemocyanins, as in tyrosinase, as a 
side-on ]./-/~21 //2 dimer [250]. 

Upon oxygen binding, the Cu + ions are oxidized to Cu 2+ [34]; oxygen is 
bound as a peroxide. This is accompanied by a change in the enzyme's color 
from colorless to blue [34]. Hemocyanins release bound dioxygen molecules in 
oxygen-depleted areas, reducing both copper centers back to Cu +. Tyrosinases, 
on the other hand, transfer one oxygen atom to a substrate, reducing the second 
one to water. 

1.3.3.3 
Tyrosinose 

While hemocyanins can only be found in two phyla, tyrosinases (EC 1.14.18.1) 
may be found in almost all types of organisms - from bacteria to mammals 
[251]. Tyrosinase, a monooxygenase, is responsible for the production of mela- 
nin and related pigments. It catalyses the o-hydroxylation of monophenols to 
o-diphenols (monophenolase activity), as well as the two-electron oxidation of 
o-diphenols to o-quinones (catecholase activity) [252,253]. 

The active centers of tyrosinase and hemocyanins are very similar [254], al- 
though they fulfill very different functions. In both proteins, a binuclear center 
is coordinated by six histidines, leaving two coordination sites free to bind oxy- 
gen [237]. The main difference in the active centers of the proteins is their po- 
sition within the protein. In arthropod hemocyanin, the copper center is locat- 
ed in domain 2 of every subunit. Domain 3 folds over the copper center, render- 
ing it inaccessible to substrates larger than oxygen [237]. In tyrosinase, a 
C-terminal peptide of 200 amino acid residues is removed by post-translational 
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processing. This peptide is equivalent to domain 3 of arthropod hemocyanin 
[237]. Following its removal, the oxygen-binding site of tyrosinase is freely ac- 
cessible for solvent and substrates enabling their conversion [255,256]. Mollusk 
hemocyanins also possess a C-terminal peptide, equivalent to domain 3 of ar- 
thropod hemocyanin, although shorter [237]. The shortening of this protective 
structure appears to make the oxygen-binding site of these hemocyanins acces- 
sible to substrates. Mollusk hemocyanins actually show tyrosinase activity, alt- 
hough 50-100 times less than tyrosinase itself. This activity may be increased, 
however, by treating mollusk hemocyanin with compounds which disturb pro- 
tein structures [237, 257-259]. 

1.3.4 
Blue Oxidases 

The functional unit of blue oxidases contains one or more type 1 copper centers 
and a trinuclear center which, formally, consists of a type 2 and two type 3 cop- 
per atoms [25,208]. The former probably serves as an electron-carrier, while the 
latter functions as the active center [260-263]. Blue oxidases are, in addition to 
cytochrome oxidases, the only known enzymes which catalyze the four-electron 
reduction of oxygen to water [71]. 

1.3.4. I 
Luccase 

Laccase (EC 1.10.3.2) is the simplest blue oxidase [263]. Its native form is mono- 
meric with a chain length of approximately 540 amino acids [71] and a mole- 
cular mass of 65 kD [264, 265]. The monomer can be divided into three domains 
which show marked sequence homology with each other [71,208, 266]. Laccases 
occur in a wide range of higher plants and fungi [264] where they catalyze the 
oxidation of numerous aromatic phenols, amino phenols and diamines via 
complete reduction of di-oxygen to water [265]. Laccase's physiological func- 
tion is probably lignin degradation [71]. 

Laccase contains four copper atoms, one of which occurs in the type 1 cop- 
per center located in domain 3 [36]. The other three are located in a trinuclear 
center consisting, formally, of a type 2 copper center and a binuclear type 3 
copper center with antiferromagnetically coupled copper ions [262,263,265]. 
This trinuclear center is the active center of the enzyme [262, 263, 265]. The 
type 1 center of Polyphorus versicolor laccase has a redox potential of 
+785 mV [19]. 

1.3.4.2 
Ascorbate Oxidase 

Ascorbate oxidase (EC 1.10.3.3) occurs exclusively in higher plants [267]. Its 
physiological function is as yet unknown, although it may play a role in ripe- 
ning [36, 268], growth control, or disease control [269]. Ascorbate is probably 
the enzyme's physiological electron-donor. 
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Ascorbate oxidase is a dimeric enzyme (140 kD) whose subunits weigh 70 kD 
and have a chain length of 552 amino acids (zucchini). As in laccase, the sub- 
units consist of three domains and contain four copper ions. The type 1 copper 
center is located in domain 3, and the trinuclear copper center is situated 
between domains 1 and 3. The subunits are glycosylated on their asparagine 92 
residues [36]. 

The binding site for the reductant is on the surface of the enzyme, near the 
type 1 copper center. The oxygen-binding site, i. e., the trinuclear copper center, 
is embedded inside the enzyme and accessible by two channels of different sizes 
[36]. 

Structure. The main structural characteristic of ascorbate oxidase is the fl- 
strand (Fig. 31). Domain 1 is shaped by two four-stranded fl-meanders forming 
a fl-sandwich structure. Domain 2 contains a six- and a five-stranded fl-meander, 
whereas domain 3 is shaped by two five-stranded fl-meanders, forming a fl-bar- 
rel, and a four-stranded fl-meander. In contrast to its 33 fl-strands, ascorbate 
oxidase only contains 7 a-helices. One occurs in domain 2, another connects 
domains 2 and 3, and the last five a-helices are situated in domain 3 [36]. 

Structure of the copper centers. The mononuclear type 1 copper center (CU1) 
is located in domain 3 and is coordinated by His 445 (N1), His 512 (N1), Cys 507 
(S), and Met 517 (S). These ligands form a distorted trigonal pyramid, similar to 
the type 1 copper center of plastocyanins (Table 11). In the latter, as in the 

Fig. 31. Representation of the monomeric structure of ascorbate oxidase. From Messer- 
schmidt et al. 1992 [36] with permission 
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former, methionine is the axial ligand which is furthest removed from the cop- 
per center [36]. 

The trinuclear copper center consists, formally, of a type 2 and type 3 copper 
center. Its coordination requires eight histidines, one OH- (or O2-), and a second 
OH- (or H20). Six histidine ligands coordinate both copper ions of the type 3 
copper center in a trigonal prismatic structure; the ligands of copper ion CU2 
are His 102 (N2), His 450 (N2), and His 506 (N2), and those of CU3 are His 62 
(N1), His 104 (N2), and His 508 (N2). Both copper ions are additionally linked by 
a OH- (or 02-) bridge, giving rise to their strong antiferromagnetic coupling. 
The type 2 copper ion (CU4) is coordinated by two histidine residues, His 60 
(N 2) and His 448 (N2), and a OH (or H20) [36]. 

S u b s t r a t e  binding centers. The reducing substrate, ascorbate, is bound near the 
type 1 copper center. Following electron-abstraction, the resulting semihydro- 
ascorbate disproportionates [270]. Models of ascorbate binding suggest that 
His 512,whose N ~2 atom is directed to the solvent, as well as Trp 362 and Trp 163, 
participate in ascorbate-binding and electron-transfer. Oxygen is bound at the 
trinuclear copper center, which is connected to the solvent by two channels. The 

Table 11. Copper-copper and copper-ligand distances between and within the copper centers. 
According to Messerschmidt et al. 1992 [36] 

Cu-Cu or Cu-ligand distance (~) 

distance of the type 1 copper center to the trinuclear center 
CU1-CU2 12.2 
CU1-CU3 12.69 
CU1-CU4 14.87 

type 1 copper center 
CU 1-NaHis 445 2.11 
CU1-SrCys 507 2.08 
CU1-NaHis 512 2.08 
CU1-S6Met 517 2.87 
CU1-O 444 4.81 

trinuclear copper center 
CU2-CU3 3.71 
CU2-CU4 3.86 
CU3-CU4 3.68 
CU2-Ne2His 106 2.17 
CU2-N~2His 450 2.08 
CU2-N~2His 506 2.08 
CU3-N~ZHis 62 2.08 
CU3-Ne2His 104 2.17 
CU3-N'2His 508 2.11 
CU4-N~2His 60 2.01 
CU4-N~2His 448 2.07 
CU4-OH1 2.00 
CU3-OH1 2.03 
CU4-OH3 2.03 
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wider of the two leads to the type 3 and the smaller channel to the type 2 cop- 
per center. It is, however, as yet unknown through which of the two channels 
oxygen reaches its binding site [36]. 

Mechanism. The enzyme must be fully reduced to bind oxygen. The completely 
oxidized form, in which all copper ions occur as Cu 2+, is inactive. Reactivation 
is achieved by four single-electron reductions of the type 1 copper center with 
ascorbate; three of these single electrons are transferred to the trinuclear cen- 
ter. All copper ions in this regenerated ascorbate oxidase occur as Cu +. Oxygen 
binding at the reduced trinuclear center oxidizes both type 3 and the single type 
1 copper centers, resulting in an 0 3- radical. Two protons split this radical into 
an H 2 0  and an O-, which abstracts an electron from the type 2 copper center. 
The resulting 0 2- unites with two additional protons to form a second water 
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Fig. 32. Postulated mechanism of  the ascorbate oxidase. From Messerschmidt et al. 1992 [36] 
with permission 
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molecule. The enzyme is now in its fully-oxidized, non-resting form. The diffe- 
rence between this fully-oxidized active and the inactive (or resting) form is 
that the type 2 copper ion of the inactive form is coordinated, in addition to the 
two histidines, by a hydroxide ion, which is missing in the active form [36] 
(Fig. 32). 

1.3.4.3 
Ceruloplasmin 

Laccase occurs in plants and fungi [264] while ascorbate oxidase is abundant in 
higher plants [267] and ceruloplasmin (EC 1.16.3.1) is found in vertebrates. The 
latter copper protein is a monomer with a chain length of 1046 amino acid 
residues (human) and a molecular mass of 132 kD. Glycosylation accounts for 
7- 8 % of its mass. Ceruloplasmin's physiological function is not yet entirely un- 
derstood. The following functions have been suggested: copper transport, ferro 
oxidase amine oxidase, and anti-oxidant, of which the ferro oxidase function 
appears the likeliest [25]. The schematic structure of ceruloplasmin's copper- 
binding center is depicted in Fig. 8. 

1.3.5 
Type 1 and 2 Copper Proteins 

1.3.5. I 
Nitrite Reductase 

Nitrite reductase (EC 1.7.99.3) is one of the two copper enzymes in the dis- 
similatory pathway of denitrifying bacteria (for example Achromobacer, 
Pseudomonas, Rhodobacter): 

NO~ -+ NO~ --~ NO ~ N20 ~ N2 [271]. 

It catalyses the single-electron reduction of nitrite (NQ) to nitrogen monoxide 
(NO) and water: 

E-Cu 2+ + e- + NO~ --~ E-Cu+-NO~ 
E-Cu+-NO~ + 2H + ~ E-Cu 2+ + NO + H20 

Although there is another nitrite reductase (EC 1.9.3.2), which contains iron 
and utilizes the redox-active cytochromes c and dl, the following will only treat 
the copper enzyme [90]. 

Nitrite reductase is a homotrimer in its native state [272]. Depending on the 
origin the chain lengths of the respective subunits vary between 340 and 379 
amino acid residues. The trimer contains three type 1 and three type 2 copper 
centers. The type i copper centers are localized within the subunits,whereas the 
type 2 copper centers are coordinated by residues from two different subunits 
[272,273] (Fig. 33). 

The physiological electron-donor of nitrite reductase is the type 1 copper 
protein pseudoazurin, which transfers a single electron to the type 1 copper 
center of nitrite reductase, from where it is transferred to the type 2 copper 
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Fig. 33. Type 1 and 2 copper centers of the trimer nitrite reductase. From Fenderson et al. 1991 
[273] with permission 

center. The type 2 copper center is the binding-site for nitrite and where it is 
reduced to nitrogen monoxide [26]. 

Structure (of nitrite reductase from Alcaligenesfaecalis). The subunits of nitrite 
reductase contain two domains. Each domain consists of a fl-barrel structure, 
similar to that in the small blue proteins [272]. The type 1 copper center is em- 
bedded in one of these fl-barrels and is coordinated by the ligands His 95 (do- 
main 1), Cys 136, His 145, and Met 150 (domain 2) [26]. The type 2 copper cen- 
ter is coordinated by a water molecule and three histidine ligands: His 100 and 
His 135 (subunit x) as well as His 306 (subunit y). It is situated at the interface 
of two subunits [272]. The water molecule is displaced from the type 2 copper 
ion upon nitrite binding (Fig. 34). Although both copper ions are coordinated 
by neighboring residues, they are located approximately 12.5.4 apart, which 
prevents a direct electron transfer [272]. 

Most proteins with type 1 copper centers are blue, although the nitrite 
reductases from Achromobacter cycloclastes, Alcaligenes faecalis, and 
Pseudomonas aureofaciens, are green [26, 27]. This is probably caused by a di- 
stortion of the type 1 copper center, although the interrelation of distortion and 
absorption properties of the copper centers have not yet been clarified [27]. 

Mechanism. The electron-transport pathway of nitrite reductase begins with 
the type i copper center of pseudoazurin, continues to the type 1 copper center 
of nitrite reductase, and from there to its type 2 copper center. This last electron 
transfer is not conducted directly from copper to copper, but via an intramole- 
cular Cys136-His135 bridge, similar to the one proposed for ascorbate oxidase 
[26, 208] (Fig. 35). 
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Fig. 34. The surrounding structure of the type 1 and type 2 copper-binding centers of nitrite 
reductase from Alcaligenes faecalis. The structure is equivalent to that of Achromobacter. 
From Averill 1996 [26] with permission 

1.3.6 
CuA-/CUB-Proteins 

CuA-/CUB-enzymes are the terminal enzymes in the respiratory chains of a mul- 
titude of organisms. In the last step of aerobic respiratory chains, cytochrome 
oxidases reduce oxygen to water. Dinitrogenoxide reductase reduces N20 to N 2 

in the last step of denitrification. The cytochrome oxidases may be subdivided 
into cytochrome c oxidases [274] and ubiquinone oxidases [275-278]. Whereas 
all cytochrome oxidases possess CUB-centers, CUA-centers only occur in cyto- 
chrome c oxidases [279]. In contrast, all known dinitrogen oxide reductases 
possess G u  A- [278, 280] but no CUB-centers. 

1.3.6.1 
Cytochrome Oxidoses 

Cytochrome oxidases occur in all three kingdoms of life [281,282]. They are the 
terminal oxidases of aerobic respiratory chains and, as such, catalyze the four- 
electron oxidation of oxygen to water, a feat only they and the blue oxidases are 
capable of. 
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Fig. 35. Electron-transfer pathway from the electron-donor pseudoazurin via the type 1 to the 
type 2 copper center, followed by the reduction of nitrite to nitrogen monoxide. From 
Kukimoto et al. 1994 [26 a] with permission 

Cytochrome oxidases are transmembrane protein complexes, which are 
localized at the inner mitochondrial membrane in eukaryotes or at the plasma 
membrane in bacteria. In addition to the reduction of oxygen, all cytochrome 
oxidases studied so far function as proton pumps as well, maintaining the pro- 
ton gradient for the production of ATP [283- 286]. While all cytochrome oxida- 
ses oxidize oxygen, they vary in their electron donors. Those receiving electrons 
from cytochrome c are called cytochrome c oxidases and those from ubiqui- 
none ubiquinone oxidases [287]. 

Cytochrome c Oxidase 
Cytochrome c oxidases (EC 1.9.3.1) are a heterogenous class of enzymes,which, 
depending upon the organism of origin, consist of 3 (in prokaryotes [288] in- 
cluding Paracoccus denitrificans [279]) to 13 (mammalian) [49] different sub- 
units. In mammalians, subunits IV to XIII are encoded autosomally, whereas 
subunits I, II, and III are encoded by mitochondrial DNA [26,283,288]. This dis- 
tribution of genes suggests, in accordance with the endosymbiont theory, a bac- 
terial origin of these three subunits I, II, and III. In fact, all studied cytochrome 
c oxidases [288] show homologies in these three subunits. As in ubiquinone oxi- 
dase, the functional unit is formed by subunits I and II [279, 285]. The various 
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Table 12. Various types of cytochrome c oxidase. The index 3 indicates a heme which trans- 
fers electrons directly to oxygen. A hyphen indicates the lack of the corresponding group. 
According to van der Oost et al. 1994 [279] 

t y p e  heme/copper species 

subunit  I subunit  II 

cbb 3 bb3/Cu B c / -  P.. den i t r i f i cans  
aa 3 a a f f C u  B - /Cu A P. den i t r i f i cans  
caa 3 aa3/Cu B c /Cu  A B. subt i l i s  
ba3 ba3/Cu B -/CuA T. thermophilus 

cytochrome c oxidases possess three or four redox-active groups, which are ar- 
ranged in sequence, to transfer the four electrons from cytochrome c to oxygen. 
These redox-active groups are cytochromes (a, b, or c) and copper centers (CuA, 
CUB) and are all located in the subunits I and II. Cytochrome c oxidases are ty- 
pitied according to the heine group utilized [279] (Table 12). 

Heme a and CUA are single-electron centers, while the antiferromagnetically 
coupled a3Cu B pair is a two-electron center. In the aa3-type cytochrome c oxi- 
dase from Paracoccus denitrificans, which is homologous to the mitochondri- 
ally encoded mammalian cytochrome c oxidases [279], the electrons from cyto- 
chrome c are initially transferred to the CUA-center [279]. They are then trans- 
ferred via a heme a to the binuclear heme a3Cua center [279], from where they 
are finally conveyed to oxygen [286, 289]. The cbb3-type cytochrome c oxidase 
has no CUA-center at all. It abstracts electrons from cytochrome c by a heme c, 
which transfers them via a heme b to the binuclear heme b3CuB center [290, 
292]. This cytochrome c oxidase has a very high affinity for oxygen and is ex- 
pressed under anaerobic or microaerobic conditions [290-293]. This may be a 
sign that it is closely related to an early form of cytochrome c oxidase created 
for conditions which had prevailed shortly after the advent of photosynthesis. 
It appears that cytochrome c oxidases also have keepsakes of the iron-to-copper 
evolution driven by the increasing oxygen concentration of the atmosphere. 

Ubiquinone Oxidase 
Ubiquinone oxidases (EC 1.10.2.2) are also terminal oxidases of aerobic respi- 
ratory chains and, as the name implies, receive their electrons from ubiquinone 
instead of cytochrome c. Consequently, the electron-acceptor site is different in 
ubiquinone reductases compared to that in cytochrome c oxidases. The most 
marked features are the lack of the CUA-center and of heme a in subunit II [278, 
294, 295]. Ubiquinone oxidases are also typified according to the redox centers 
of subunit I [279] (Table 13). 

Although ubiquinone oxidase does not possess a CUA-center, both types of 
cytochrome oxidase are so homologous in their subunit II that site-directed 
mutagenesis can restore ubiquinone oxidase's CUA-structure [278 a]. 

The heme a- and heme b-CuB clusters of the ubiquinone oxidases resemble 
the heme aCuB clusters of the cytochrome c oxidases [279, 294]. No ligand 
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Table 13. Various types of uhiquinone oxidases. A hyphen indicates the lack of the corre- 
sponding group. From van der Oost et al. 1994 [279] 

type heme/copper species 

subunit I subunit II 

aa 3 aa3/Cu B - / -  B. subtilis 
bb3 bb3/Cu B - / -  P. denitrificans 
bo3 bo3/CUB - / -  E. coli 
ba 3 ba3/Cu s - / -  A. aceti 

bridges the Cu B and Fe sites [43]. In E. coli, the CuB-center is coordinated by two 
or three histidine ligands: His 333, His 334, and - when coordinated by three 
histidines - His 284 [279,294]. This structure, in which two neighboring histi- 
dines (His 333 and 334) coordinate the same copper ion, is unique among cop- 
per proteins [279]. 

1.3.6.2 
Oinitrogenoxide Reductase 

Dinitrogenoxide reductase (N20-reductase) catalyses the last step in the dis- 
similatory pathway of denitrifying bacteria (for example P s e u d o m o n a s  s tutzeri)  
[296, 297], which is the two-electron reduction of N20 to N 2 and water [298]. 
The enzyme consists of two identical subunits which weigh 70 kD [280] and 
contain four copper ions each [299]. 

Two copper ions form the CUA-center, which is identical to that in the cyto- 
chrome oxidases [41,300, 301]. The other two copper ions also form a binuclear 
structure [42]. 

1.3.7 
Metallothioneins 

Metallothioneins occur in animals, plants, fungi, and eukaryotes as well as in 
some prokaryotes [56, 57, 302-305]. They are a heterogenous group of small 
proteins (6-7 kD), which are characterized by their high cysteine content [54]. 
Monomers have been described as well as dimers and tetramers [306]. 
Thioneins preferably bind transition metals such as cadmium, zinc, and copper 
in varying stoichiometries [54, 55]. Metallothioneins participate in metal home- 
ostasis, i. e., the storage and transportation of the essential metals zinc and cop- 
per [307, 308]. An additional function is the binding of potentially toxic doses 
of copper, which could occur during the degradation of copper proteins [56, 
309, 310]. Metallothioneins probably co-regulate the expression of genes whose 
transcription is regulated by zinc-finger proteins [311,312]. An increase in me- 
tallothionein synthesis decreases intracellular zinc concentrations, resulting in 
its reduced availability for zinc-finger proteins and, consequently, suppresses 
their binding to DNA. Thus, metallothioneins play a role in transcriptional re- 
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gulation of proteins [311,312]. Copper-thioneins possess, in addition to this 
non-catalytic function, superoxide dismutase activity [313]. A reaction mecha- 
nism was proposed for the disproportionation of superoxide radicals (O~) by 
copper-thionein from yeast, in which a thiyl radical occurs transiently. The cop- 
per ions do not alter their oxidation state during the reaction [314]: 

Cu(I)-SR + *O~ --+ Cu(I)oSR + 02- 
Cu(I).SR + .O~ ---5 Cu(I)-SR + 02 

In contrast to Cu,Zn-SOD, the copper ions remain in the oxidation state Cu(I) 
throughout the reaction cycle, the thiolate group being the redox-active site. 
This reaction mechanism is supported by the observation that none of the 
typical Cu(II)-signals occur in the ESR spectrum. The function of Cu(I) may 
simply he the stabilization of the thiolate group [314]. 

A reaction product of superoxide radicals is the reactive hydroxyl radical, 
which reacts with copper-thioneins as well [313]. However, the reaction of su- 
peroxide radicals with copper-thioneins can also create hydroxyl radicals: it 
cannot be excluded that the oxidation of copper-thioneins by superoxide radi- 
cals or by other oxidants leads to the release of reactive Cu(II) ions [313]. These 
reactive Cu(II) ions could then, in an uncontrolled manner, convert more su- 
peroxide radicals to hydroxyl radicals, a process which possibly plays a role in 
inflammations. 

The expression of the yeast gene for copper-thionein (CUP1), is inducible by 
copper ions [315 ]. The induction occurs by the copper-binding protein ACE 1, a 
transcription activator, which binds to the CUP1 promoter in the presence of 
copper. ACE1 also induces the expression of the gene for Cu,Zn-SOD (SOD1), 
although induction is weaker than in CUP1. This is possibly explained by the 
fact that CUPI's promoter possesses four binding sites for ACE1, while the pro- 
moter for SOD1 has only one. However, the distance between the promoter and 
the structural gene, as well as the synergistic interactions of several transcrip- 
tion factors, may be a factor in the varying efficacies of ACE1 binding [315]. 

Most metallothioneins occur in various isoforms which are encoded by dif- 
ferent genes, whose transcription are induced by different metal ions (Cd, Zn, 
Cu). This suggests that the various isoforms have different functions in the me- 
tal management of organisms [56]. Functional differences may also be observed 
between the various metallothionein classes. For example, the American lobster 
Homarus americanus produces two isoforms of class I and a single form of class 
II metallothionein. The latter is capable of transferring copper to hemocyanin. 
The class I metallothioneins, on the other hand, probably capture the copper 
ions, which are liberated by hemocyanin degradation [56, 309, 310]. The metal- 
lothioneins are divided into three classes according to their amino acid se- 
quence. Class I metallothioneins are those polypeptides whose amino acid 
sequence is homologous to that of equine kidney metallothionein (Fig. 36). 

In mammalians these metallothioneins normally possess chain lengths of 61 
amino acids, of which 20 are invariant cysteines residues [58, 316]. These 20 re- 
sidues participate in the binding of the up to twelve metal ions. Class II metal- 
lothioneins show little or no phylogenetic homology to the metallothioneins of 
class I, for instance, in sea urchins [317] and yeast [318]. Class III metallothio- 
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Fig. 36. Amino acid sequence of equine class I metallothioneins. From Kojima and K~igi 1979 
[316] with permission 

neins include the y-glutamyl-cysteinyl-oligopeptides of plants [319, 320] and 
the yeast Schizosaccharomyces piombe [321]. 

2 
Evolution of Copper Proteins 

The distribution of copper proteins throughout the three kingdoms of life 
(archaea, bacteria, and eukarya) reflects their phylogenetic relationship. This 
section will not only classify individual proteins phylogenetically but discuss 
the mechanisms of copper protein evolution derived from these relationships as 
well. 

2.1 
Type 1 Copper Proteins 

Small blue proteins were probably the first copper proteins to develop during 
the oxygenation of the atmosphere. As can be inferred by their occurrence in all 
three kingdoms of life, their common ancestor must have existed before the di- 
vergence of archaea, bacteria, and eukarya. Consequently, this precursor has 
remained almost completely unchanged not only during its distribution 
throughout the three kingdoms but also over a time range of more than 1.5 bil- 
lion years (the time between the divergence and the oxygenation of the atmos- 
phere). The insertion of copper into a preexisting protein must have taken 
place in an independent but similar manner in all three kingdoms. How is it 
possible for a protein to remain so well conserved over so much time and 
throughout so many species? Prior to the oxygenation of the atmosphere, evo- 
lution occurred in very small steps, a factor which possibly supported conser- 
vation of protein structures. It is, however, also possible that the precursor of 
the small blue proteins fulfilled an essential function which would also prevent 
its rapid change. An exclusive development of small blue proteins in the bacte- 
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Fig. 37. Phylogenetic family tree of the four small blue protein families. The roots as well as 
the branching points to auracyanin, rusticyanin, halocyanin, and umecyanin are currently 
not known. Plastocyanin occurs in bacteria as well as in eukaryotes. Ascorbate oxidase was 
used as reference protein in creating the diagram. The plant allergen Ra3 is a non-copper pro- 
tein. *Halocyanin is currently the only known archaeate copper protein. Adapted from Ryd4n 
and Hunt 1993 [71] 

rial kingdom is improbable. While explaining the abundance of bacterial pro- 
teins in chloroplasts, it does not explain the development of phytocyanins or 
the recently discovered occurrence of small blue proteins in archaea. 

Independent of how they evolved, the distribution of the small blue proteins 
throughout the various types of organisms mirrors their phylogenetic rela- 
tionship and their occurrence in the various families: azurin family, aura- 
cyanin, rusticyanin, plastocyanin family, and phytocyanins [71] (Fig. 37). 

Comparison of amino acid sequences shows that small blue proteins and 
blue oxidases have developed from a common precursor [71]. Whereas the for- 
mer are found in all three kingdoms, blue oxidases are only found in fungi, 
plants, and animals. In contrast to the small blue proteins, which have chain 
lengths of approximately 100 amino acid residues, blue oxidases have chain 
lengths of ca. 540 (laccase, ascorbate oxidase) and 1046 amino acid residues (ce- 
ruloplasmin) [71]. The following mechanisms were applied to increase the size 
of these proteins [71]: 

�9 duplication of domains - chain length growth from 100 to ca. 200 amino acid 
residues; 
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�9 domain expansion - chain length growth from ca. 170 to ca. 1000 amino acid 
residues; 

�9 glycosylation - increase in molecular mass; this may double the weight of the 
naked peptide chain. 

These principles not only resulted in an increase in size but in new copper cen- 
ters as well, which display, in addition to electron transport, an almost unique 
catalytic activity. The transition from protein to enzyme may be seen in the de- 
velopment of blue oxidases. 

Phylogenetically, the coagulation factor,, CF5 and CF8 [71] belong to the blue 
oxidases. While showing significant sequence homology to ceruloplasmin, they 
have lost their copper-binding centers and, consequently, all enzymatic activity 
during evolution. The distribution of blue oxidases and coagulation factors in 
the plant and animal kingdom reflects their phylogenetic relationship. A com- 
parison of the C-terminal regions of the blue oxidases and coagulation factors 
(the most highly conserved region based on the common precursor of the small 
blue proteins and blue oxidases) shows that ceruloplasmin is phylogenetically 
much more closely related to the coagulation factors than to the blue oxidases 
of plants [71] (Fig. 38). 

Laccase and ascorbate oxidase consist of three, ceruloplasmin of six, homo- 
logous domains containing approximately 170 amino acids each. Sequence 
comparisons were conducted for the individual domains of blue oxidases to 
clarify the development of the domain structure. The phylogenetic relationship 
of the individual domains of laccase and ascorbate oxidase on the one hand, 

plastocyanin 
laccase / 

ascorbate / 

/ 
C CF8 caeruloplasmin / ~ 

Fig. 38. Comparison of the C-terminal regions of b]ue oxidases and the coagulation factors 
CF5 and CF8 (reference protein: plastocyanin). According to Ryd~n and Hunt 1993 [71] 
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and ceruloplasmin on the other, proves that the development of the three 
domain structure had occurred in plant oxidases prior to the separation of 
ascorbate oxidase and laccase. The phylogenetic relationship between the six 
domains of ceruloplasmin shows that they occurred by two duplications of a 
double domain and not by the duplication of a triple domain [71] (Fig. 39). 

The C-terminal domains of laccase/ascorbate oxidase and the even-numbe- 
red domains of ceruloplasmin are most  closely related to the small blue pro- 

Lac2 Aox2. 

Aoxl Lacl ~ /  
plastocyanin Lac3 X / 

Cpn3 

Cpn5 / Cpnl Cpn4 Cpn6 , 
"-4.. J ~ / plastocyanin 

Fig. 39a, b. Phylogenetic trees of the structural domains off a laccase and ascorbate oxidase; b 
ceruloplasmin. Plastocyanin is the reference protein in both cases. Lac/Aox 1-3 N- to C-ter- 
minal domains of laccase/ascorbate oxidase. Cpn 1-6 N- to C-terminal domains of cerulo- 
plasmin. According to Ryd4n and Hunt 1993 [71] 
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Fig. 40. Development of type 1 copper proteins. Modified from Ryd6n and Hunt 1993 [71] 

teins. How did these proteins develop from the precursor of the small blue pro- 
teins and thus from the C-terminal region of the blue oxidases (Fig. 40)? 

Due to the similarity in size and structure of the small blue proteins, it may 
be concluded that their variety occurred by point mutations or small insertions 
and deletions. The original size of the precursor remained more or less un- 
changed. Laccase and ascorbate oxidase were generated by two duplications of 
the precursor's single domain. The fact that the equivalent domains of laccase 
and ascorbate oxidase are more similar to each other than the individual do- 
mains within an oxidase themselves (see Fig. 39 a) proves that the triplication of 
the original domain must have occurred before differentiation to laccase and 
ascorbate oxidase. In the case of ceruloplasmin, however, the original domain 
was duplicated and the resulting double domain duplicated twice. This mecha- 
nism explains why the odd- or even-numbered domains are more similar to 
each other than the neighboring domains [71]. 

Over which time span did the type 1 copper centers and their related copper 
proteins evolve? The origin of the small blue proteins is unknown, but their dis- 
tribution among the various organisms can be put into a phylogenetic frame- 
work. The eukaryotic cyanobacteria developed approximately 3 billion years ago 
[71]. Plastocyanin occurs solely in this group, while azurin also occurs in other 
bacteria. Consequently, the separation of the plastocyanin and azurin families 
must have occurred at roughly the same time as the development of cyanobacte- 
ria. The phylogenetic separation of chloroplasts and cyanobacteria occurred 2.1 
billion years ago [71], thus conveying plastocyanin from bacteria to plants. 
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The phylogenetic paths of plants and animals diverged approximately 1.4 bil- 
lion years ago, leading to laccase and ascorbate oxidase in the former group, and 
ceruloplasmin in the latter. Then, 500-800 million years ago, the coagulation 
factors CF5 and CF8 were created from the precursor of present day cerulo- 
plasmin. This included the loss of the copper centers and, consequently, their 
catalytic activity [71]. 

2.1.1 
Nitrite Reductase 

Nitrite reductase catalyses the reduction of NO~ to NO. The enzyme's native 
state is that of a homotrimer. The monomers have two domains (domain i and 
2) which show clear sequence homology to type 1 copper proteins [272]. Thus, 
a phylogenetic relationship can be assumed for not only type 1 copper proteins 
but also for the domains themselves. Domain 1 of nitrite reductase contains 
type 1 copper, whereas a change in the copper-binding center of domain 2 re- 
suited in its switch from a type 1 to a type 2 copper center. A similar switch from 
a type 1 to a type 2 copper center may be observed in the development of blue 
oxidases. 

All of the currently known copper proteins which contain type 1 copper cen- 
ters are derived from a common ancestor. The various characteristics of the 
small blue proteins, and the development from copper proteins to copper en- 
zymes and from there to non-catalytic, non-copper proteins are the results of a 
solely divergent evolution. 

2.2 
Type 2 Copper Proteins 

A survey of the functions of type 2 copper proteins reveals that all are directly 
involved in oxygen metabolism (oxidases, oxygenases, superoxide dismutases). 
Many of these functions are only relevant for multicellular organisms (synthe- 
sis of connective tissue, hormone synthesis). It can therefore be assumed that 
type 2 proteins occurred after the oxygenation of the atmosphere or with the 
development of multicellular organisms. There is no phylogenetic relationship 
between type 1 and type 2 copper proteins. 

Sequence homologies are low within type 2 copper proteins. While similari- 
ties exist in protein folding or in the structure of the copper centers, they are not 
based on phylogenetic homologies in amino acid sequence. These similarities 
are solely the result of separate proteins evolving and adapting to similar func- 
tions. In contrast to type 1 copper centers, type 2 copper proteins developed 
primarily by convergent evolution. 

2.2.1 
Cu, Zn-Superoxide Dismutase 

Comparisons of amino acid sequences have revealed that some type 2 copper 
proteins are phylogenetically related to non-copper proteins of similar func- 
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tion: Cu,Zn-superoxide dismutase shows similarities to Fe- and Mn-superoxide 
dismutases [220]. As a result of the earlier biological availability of iron and 
manganese, the Fe- and Mn-superoxide dismutases are the more primordial 
forms of these enzymes. They are also more closely related to each other than 
to Cu,Zn-superoxide dismutase [322,323]. The occurrence (or non-occurrence) 
of the three superoxide dismutases in an organism appears to be characteristic 
for the organism's place on the evolutionary ladder [220]. The iron enzyme oc- 
curs primarily in anaerobic bacteria and some prokaryotes [324]. The manga- 
nese enzyme may be found in prokaryotes and in the mitochondria of eu- 
karyotes [220], whereas Cu,Zn-superoxide dismutase is found in bacteria and 
eukaryotes [325,326]. 

2.2.2 
6olactose Oxidose 

Galactose oxidase has a unique tertiary structure for a copper protein, compar- 
able with that of the non-copper protein methylamine dehydrogenase. 
Comparisons of the amino acid sequences [157] show, however, that the en- 
zymes are not phylogenetically related. The tertiary structures developed sepa- 
rately [30]. 

2.2.3 
Amine Oxidoses 

A phylogenetic relationship may be assumed for amine oxidase and diamine 
oxidase which shows distinct sequence homologies in their C-terminal regions 
[128]. Lysyl oxidase is not related to the other amine oxidases as it does not 
share any homology in structure or amino acid sequence [128] with the other 
amine oxidases. Non-copper enzymes with similar structures or sequences have 
not yet been found for any of the three enzymes. 

2.2.4 
Phenylalanine Hydroxylase 

Two phenylalanine hydroxylases have been described, one containing iron and 
one containing copper. Both are phylogenetically related to the group of en- 
zymes which hydroxylate aromatic amino acids, including tryptophane and 
tyrosine hydroxylase [187]. No phylogenetic relationship could be constructed 
to other proteins [183-186, 327]. 

2.2.5 
Other Type 2 Copper Proteins 

Amino acid sequence comparisons of the other type 2 copper proteins with va- 
rious copper and non-copper proteins did not detect any significant phyloge- 
netic relationship. 
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2.3 
Type 3 Copper Proteins 

The hemocyanins of mollusks and arthropods (M-Hc and A-Hc) vary funda- 
mentally in form, structure, and amino acid sequence. The sole similarity is 
their identical function suggesting convergent evolution. The two hemocyanins 
differ in the following ways [34]. 

�9 The subunits of A-Hc have a molecular mass of 75 kD, those of M-Hc 50 kD. 
�9 A-Hc is dissociable in individual Q-binding subunits of 75 kD. The smallest 

M-Hc unit which still binds oxygen weights 350-450 kD and consists of eight 
functional units. 

�9 The quaternary structure of A-Hc consists of single to multiple units of 
hexamers, while M-Hc is a hollow, cylindrical particle with a diameter of 
approximately 30 nm. It contains 10-20 subunits of 400 kD weight, resulting 
in up to 160 oxygen binding centers of 50 kD weight. 

�9 Ninety percent of the amino acid sequence of M-Hc is non-homologous to 
that of A-Hc. 

�9 The binuclear copper-binding center in M-Hc is closer to the surface of the 
protein than in A-Hc. 

�9 M-Hc displays tyrosinase activity, in contrast to A-Hc. 

Although 90% of the amino acid sequences of M-Hc and A-Hc are non-homo- 
logous, there is a small region of 42 amino acids which is conserved in both pro- 
teins [247]. This section encodes the CuB-binding site of the binuclear copper 
center [247]. Sequence analysis of the copper-binding site in tyrosinases reveals 
the same conserved copper-binding sequence. The discovery of a conserved 

tyros inases  

arthropod mollusk Streptomyces 
hemocyanin hemocyanin m o u s e  glaucenses neurospora 

@ copper center by addition of Development of a binuclear y ~ / ~ copper center by add 
a new CuA structure / ~ a new CuA-structure copper center, possibly by gene 

N /  

duplication of CuB. 

Precursor with a 

single copper (CUB) 

Fig. 41. Phylogenetic tree of type 3 copper proteins. According to Drexel et al. 1987 [247] 
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structure in various proteins suggests divergent evolution and would refute the 
theory of convergent evolution mentioned above. It is possible, however, that 
both evolutionary mechanisms were applied in the development of type 3 cop- 
per enzymes. The question remains, though, of how. 

The sequence homologies of the CuB-binding sites suggest that they arose 
from a common precursor. The differences in the CuA-binding sites, however, 
lead to the assumption that the type 3 copper centers were generated by diffe- 
rent means (Fig. 41). 

The origin of the phylogenetic tree is a mononuclear copper protein whose 
copper-binding site possibly became the Cub-binding site. This precursor of the 
type 3 copper proteins evolved into the hemocyanins and tyrosinases. However, 
the co-evolution of the binuclear center in these proteins occurred differently. 
The left branch consists of A-Hc, for which it is assumed that the CUA binding 
site developed by gene duplication of CuB. Not only are the histidine ligands of 
both copper atoms embedded in the sequence H-X-X-X-H-ca.30X-H, but the N- 
terminal border of the third histidine consists of a hydrophobic, special aroma- 
tic rest as well. However, this is not an unquestionable homology [247]. 

Sequence comparisons show that the CuA-binding sites of M-Hc and the ty- 
rosinases did not develop by gene duplication of CUB, but by the addition of a 
new copper-binding structure, possibly of a totally new copper protein. In this, 
M-Hc and most tyrosinases differ from the tyrosinase of Neurospora [34, 247]. 

A comparison of type 3 copper proteins with other copper proteins, for ex- 
ample, cupredoxins, SOD, or the blue oxidases, could not detect any sequence 
homologies. Consequently, the CuA-binding site of M-Hc and the tyrosinases 
was recruited from a protein which has either not yet been discovered or which 
has been lost and only survives in the form of CuA-binding sites. Again, it has 
possibly only lost its copper-binding ability. A sequence search of non-copper- 
binding proteins may yet uncover a relative of the protein which was recruited 
as the CuA-binding site. 

While the CuB-binding sites of hemocyanin and tyrosinases are clearly the 
products of divergent evolution, the binuclear type 3 copper centers and protein 
structures are the results of convergence. However, once they had been estab- 
lished, the active centers of mollusk hemocyanin and the tyrosinases switched 
to divergent paths. 

2.4 
CUA-/CuB-Proteins 

The copper enzymes cytochrome c oxidase, ubichinone oxidase, and N20-re- 
ductase contain several redox-active groups: a heme-CuB- or a binuclear CUA- 
center, as well as additional heme-groups. The metal-binding structures of 
these proteins are conserved [279]. A comparison of the protein structures and 
amino acid sequences of cbb3-type-cytochrome c oxidase and the non-copper 
enzyme NO-reductase (a bc-heme type enzyme which reduces NO to  N20 ) re- 
veals the close relationship of these enzymes and, thus, a common ancestor. The 
cbb3-type-cytochrome c oxidase also shows a high affinity to oxygen guaran- 
teeing its proper function even in regions of low oxygen content [279]. It is most 
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Table 14. Various types of cytochrome c and ubichinone oxidases. According to van der Oost 
et al. 1994 [279] 

type heme/copper species 

subunit I subunit II 

cytochrome cbb3 bb3/CUB c/no CUA P. denitrificans 
oxidases aa3 aa3/CUB no heme/CuA P. denitrificans 

caa3 aa3/CUB c/Cug B. subtilis 

ubichinone b03 bo3/CUB no heine/no CUA E. coli 
oxidase 

likely that the first terminal oxidase which developed during the oxygenation of 
the atmosphere was a variant of this type of cytochrome c oxidase which, as 
well as all other cytochrome oxidases, evolved from a common ancestor. 

Ubichinone oxidases do not contain CuA-dimers, although they may be re- 
stored by site-directed mutagenesis of a few amino acids [278a]. This suggests 
that the CuA-binding site which, in cytochrome c oxidases, accepts electrons 
from cytochrome c, was lost. The "docking"-function for cytochrome c was no 
longer required as ubichinone is the physiological electron-donor. 

N20-reductase shows no marked sequence homology to the cytochrome oxi- 
dases [328]. They only share the CuA-dimer structure [280]. This could be the 
result of a translocation of the gene sequence encoding the binding site of the 
binuclear center, thus leading to the same sequence in two totally unrelated 
groups of proteins. 

The various types of cytochrome oxidases contain different redox-active 
groups which are responsible for electron-transport from an external donor 
(cytochrome c or ubichinone) to oxygen [279] (Table 14). NO-reductase con- 
tains b- and c-type cytochromes but no Cu A_ or CUB-Sites. 

A feasible phylogenetic tree can be compiled from a comparison of the 
amino acid sequences of various cytochrome oxidases and NO reductase [279] 
(Fig. 42). 

Although it is unknown whether the common ancestor of the two enzyme 
classes was a NO-reductase or a cytochrome oxidase [279], it can be assumed 
that it had a catalytic function. In all probability, however, copper did not be- 
come biologically available until after the two genetic paths had separated. The 
first copper center inserted into the precursor of the cytochrome oxidases was 
a CuB-heine group. This precursor protein was the starting point for several dif- 
ferent evolutionary paths, giving rise, for example, to the earliest cytochrome C 
oxidase, the ccb3-type cytochrome c oxidase. On a different evolutionary 
branch, a CuA-dimer, which probably came from an enzyme similar to N20 re- 
ductase, was inserted in the protein. However, it is possible that the CuA-dimer 
was transferred to the cytochrome oxidases and N20 reductase from yet an- 
other enzyme. This new copper center was conserved in the aa 3- and caa3-type 
cytochrome c- but lost in the development of the ubichinone oxidases. 
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u b i c h i n o n e  o x i d a s e  c y t o c h r o m  c o x i d a s e s  
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Fig. 42. Possible phylogenetic tree of bo3/aa3/caa3/cbb3-type cytochrome oxidases and related 
enzymes. The distance between branching points is not related to the temporal course of de- 
velopment but simply shows its possible sequence 

Accordingly, the cytochrome oxidases are the product of a divergent evolu- 
tion from the common precursor of the cytochrome oxidases and N20 reduc- 
tase. The only convergent evolution found in cytochrome oxidases is the com- 
mon structure shared with N20 reductase concerning the independent inser- 
tion of a copper center in these dissimilar enzymes. 

2.5 
Metallothioneins 

With few exceptions, metallothioneins consist of relatively simple amino acids, 
aromatic amino acids and histidine only being found in a small number of spe- 
cies [329]. This amino acid composition suggests that metallothioneins evolved 
early in the evolution of life, probably even before the oxygenation of the 
atmosphere. A further clue is one of their functions. As metal-transport and 
storage proteins, thioneins are capable of binding metal ions but release them 
relatively easily as well. Metallothioneins can therefore be considered a transi- 
tion from non-metal to metalloproteins. It is improbable, however, that the 
known copper proteins evolved from copper metallothioneins as there are no 
homologies between them and other copper proteins or enzymes. 

The remarkable structural feature of metallothioneins is the sevenfold repe- 
tition of the sequence Cys-X-Cys in class I metallothioneins [58]. These two cy- 
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Table 15. Distribution of copper proteins throughout the various kingdoms of life and their 
relationship to non-copper proteins 

protein class known relationship to occurrence 
non-copper proteins 

small blue proteins (+) 
blue oxidases a 
non-blue oxidases + 
oxygenases + 
Cu,Zn-SOD + 
hemocyanins a 
cytochrome oxidases + 
nitrite reductase 
N20 reductase  
copper thionein + 

archaea, bacteria, eukarya 
eukarya 
single-celled organismus, eukarya 
single-celled organismus, eukarya 
single-celled organismus, eukarya 
eukarya 
single-celled organismus, eukarya 
single-celled organismus 
single-celled organismus 
single-celled organismus, eukarya 

a These enzymes only occur in higher eukarya. 

steine residues create a metal binding site of trigonal coordinative geometry 
with a third, more distant, cysteine [54, 58]. Metallothioneins contain varying 
amounts of transition metals depending on the tissue from which they are iso- 
lated. Sequence data show, however, that this is not based on differing primary 
structures but on the different distribution of metals among the tissues [58]. 
Metallothioneins seem especially suited for the binding of copper as the Cu(I)- 
GSH complex, which is possibly the physiological copper donor for metallo- 
thioneins, can displace Zn(II) and Cd(II) from metallothioneins [54]. 

All of the copper proteins described here, which are phylogenetically or func- 
tionally related to non-copper proteins, are important for single-celled orga- 
nisms (Table 15). No statement can be made concerning the relevance of those 
non-copper proteins, for which knowledge of a functional relationship with 
copper proteins is missing, as ignorance is not equivalent to non-existence. 
Nevertheless, many copper proteins which lack a direct phylogenetic relations- 
hip or functional equivalence to phylogenetically older non-copper proteins are 
of no importance to simple organisms as they are directly related to the multi- 
cellularity of organisms. Examples of typical copper proteins of multicellular 
organisms are enzymes containing trinudear centers (blue oxidases) and he- 
mocyanins. There are, naturally, also copper proteins which are typical for 
single-celled organisms and which are of no importance to multicellular orga- 
nisms - small blue proteins (with the exception of the chloroplasts of plants) 
and denitrification enzymes. 

3 
The Evolution of Copper-Binding Centers 

The evolution of copper-binding centers is closely linked to that of copper pro- 
teins and several non-copper proteins. For, not only did the individual proteins 
and enzymes evolve, but so did the various copper-binding centers. In the fol- 
lowing, an attempt will be made to assign copper-binding centers to develop- 
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mental principles and discuss the relevance of evolutionary mechanisms and 
the occurrence of certain proteins in certain phylogenetic kingdoms. 

Some copper-binding centers evolved by mutations within non-metal pro- 
teins, while others evolved by changes to existing metal-binding sites. The fol- 
lowing will also differentiate between copper-binding sites which emerged from 
the binding sites of other metals and those which evolved by recombination and 
alteration of existing copper-binding sites. The evolution of certain copper- 
binding sites was only made possible by modifications in proteins, creating to- 
tally new catalytic properties. The fine regulation of these properties was 
achieved by alterations in the copper-binding center itself or its immediate sur- 
roundings. 

3.1 
Type 1 Copper Centers 

The earliest types of copper proteins were probably the small blue proteins, 
which occur only in single-celled organisms and the chloroplasts of plants. As 
they are at the beginning of various copper-proteins, it is not possible to decide 
whether they evolved from a metal-binding or a non-metal binding precursor. 
Nevertheless, it can be assumed that this precursor was already an essential pro- 
tein. As discussed in Sect. 2, the precursor of small blue proteins probably exi- 
sted prior to the separation of the three kingdoms of life (bacteria, archaea, and 
eukarya). It is improbable that it would have remained more or less unchanged 
throughout the large time span between the separation of the kingdoms and the 
first bio-availability of copper had it not had an essential function. 

In some organisms, small blue proteins (plastocyanin, azurin) and cyto- 
chromes (c6/c2) fulfill the same function. The evolution of these copper proteins 
occurred separately from that of the cytochromes. The distribution of the two 
types of electron-carriers throughout the various organisms shows an iron to 
copper trend which parallels the evolutionary stage of an organism. That the 
trend went from iron to copper is supported by the observation that organisms 
which are facultatively capable of producing both proteins only produce the 
cytochrome carrier during conditions of copper-deficiency, in conditions simi- 
lar to those which prevailed prior to the oxygenation of the atmosphere. The 
availability of copper results in a corresponding reduction of cytochrome syn- 
thesis. 

These iron and copper electron-carriers are not only functionally equivalent 
- they are also equivalent in the manner of their electron-transfer. 
Consequently, the utilization of different, but equivalent, electron-carriers for 
the same purpose is best explained by the bio-availability of the respective me- 
tals at the time of protein development. 

3.2 
Type 2 Copper Centers 

The phylogenetic origin of several type 2 copper proteins has not yet been cla- 
rified as no other proteins of similar amino acid sequence have been found. The 
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evolution of other metal-binding centers to copper-binding centers can, how- 
ever, easily be followed in the type 2 copper enzymes Cu,Zn-superoxide dismu- 
tase and phenylalanine hydroxylase. The copper-binding center of Cu,Zn-su- 
peroxide dismutase evolved after the phylogenetically older forms Fe- and Mn- 
superoxide dismutase were widely spread. Although the superoxide dismutases 
are clearly related, no phylogenetic homologies have yet been found with other 
enzymes. Phenylalanine hydroxylase also exists in phylogenetically related 
forms, which utilize different metal-binding centers - a copper- and an iron-de- 
pendent form. Additionally, phylogenetically related enzymes are the non-cop- 
per proteins tryptophane- and tyrosine hydroxylase. Of all these enzymes, the 
copper-dependent phenylalanine hydroxylase shows the least homology to the 
other members of this family. As all three hydroxylases were certainly already 
necessary and widely spread before copper became biologically available, it may 
be assumed that the copper enzymes evolved from iron-dependent precursors. 
Consequently, the occurrence of copper-dependent enzymes support the as- 
sumption of an iron to copper evolution. 

3.3 
Type 3 Copper Centers 

No proteins or enzymes have yet been found which possess any significant 
homology to the hemocyanins or tyrosinases. The development of these pro- 
teins, as shown in Sect. 2, suggests that the binuclear centers resulted from the 
combination of two mononuclear centers. 

3.4 
Trinuclear Copper Centers 

Trinuclear copper centers have only been found in blue oxidases. As shown in 
Sect. 2, the domains of the blue oxidases are the result of mukiple duplications 
of a single domain, which is phylogenetically closely related to the small blue 
proteins. These duplications arranged the type 1 copper-binding centers in such 
a manner that enabled the formation of a totally new type of copper center. 
Therefore, the copper-binding centers of the blue oxidases are products of alte- 
rations and recombinations of previously existing, fully functional copper cen- 
ters. 

3.4.1 
Ascorbate Oxidase 

The three-domain structure of ascorbate oxidase is the result of two duplica- 
tions of the original domain, which was most similar to the small blue proteins 
and the C-terminal domain (domain 3) of the blue oxidases [71]. These dupli- 
cations did not, however, lead to a protein with three type 1 copper centers ar- 
ranged in a row. The original type 1 copper center has only been retained in do- 
main 3, where it has still kept its function of transferring electrons to the active 
center [36]. The extensive alterations in the amino acid sequence of domain 2 
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Table 16. Ligand distribution in the type 1 and trinuclear copper centers of ascorbate oxidase. 
CU 1: type 1 copper center; CU2, 3, and 4 form the trinuclear center. The domains in which the 
ligand are located are listed in parentheses behind their position. From Messerschmidt et al. 
1992 [36] 

copper ligands of the mono- and trinuclear centers 

CU1 CU2 CU3 CU4 

His 445 (3) His 106 (1) His 62 (1) His 60 (1) 
Cys 507 ~ (3) His 450 (3) His 104 (1) His 448 (3) 
His 512 (3) His 506 ~ (3) His 508 ~ (3) 
Met 517 (3) 

a The type 1 copper center is coupled to the trinuclear center via the amino acid bridge His 
506Cys 507His 508. 

led to the loss of  its metal-binding center. Even domain 1 is no longer able to 
bind copper by itself. It does, however, contribute three of the eight histidine li- 
gands coordinating the trinuclear copper center of ascorbate oxidase (Table 16) 
[36]. The trinuclear center is coupled to the type 1 copper center via the pept- 
ide bridge His 506-Cys507-His508. The trinuclear center is frequently describ- 
ed as the combination of a type 2 and a type 3 copper center. This formal clas- 
sification is unfortunate and even misleading as the so-called type 2 and type 3 
copper centers are phylogenetically unrelated to other type 2 or 3 centers. The 
catalytic properties and the relative distribution of the ligands of the trinuclear 
center differ from those of type 2 or 3 centers as well. Consequently, these 
trinuclear copper centers should be recognized as a separate type of copper- 
binding center, for example as a type 4 copper center. 

3.4.2 
Ceruloplasmin 

Three type 1 copper centers were maintained in the development of the six do- 
mains of ceruloplasmin and are situated in the C-terminal regions of the 
double-domains [71] (Fig. 43). As in ascorbate oxidase, only the C- and N-ter- 
minal domains contribute ligands for the coordination of the trinuclear center. 
The sequence and positions of the histidine ligands of the trinuclear centers of 
ascorbate oxidase (CU2, 3 and 4) and ceruloplasmin (CU10, 20 and 30) are ho- 
mologous [25] (Tables 16 and 17). 

The distribution of the copper centers of ascorbate oxidase and ceruloplas- 
rain are remarkably similar: 

�9 the type i copper centers are located in the C-terminal region of the double- 
domains (see Sect. 3.1); 

�9 the coordinating histidine ligands of the trinuclear centers are contributed 
exclusively by the N- and C-terminal domains; 

�9 the histidine ligands of the trinuclear centers of ascorbate oxidase and ceru- 
loplasmin are homologous. 
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Fig. 43. Distribution of ceruloplasmin's copper centers within the six domains. Adapted from 
[25] 

The trinuclear center of ceruloplasmin is formed by ligands from domains 1 
and 6. The intermediate domains 2 - 5  possibly function as 'spacers', constitut- 
ing the three-dimensional f ramework which allows the trinuclear center to be 
formed. Domain 2 of ascorbate oxidase could possibly play an equivalent role to 
that of ceruloplasmin's domains 2 -5 .  The possible physiological function of the 
regions between the N- and C-terminal domains would, therefore, be to connect 
these two domains in such a flexible manner  that the histidines ligands are po- 
sitioned according to the geometric requirements of the trinuclear center, so- 
mething that would not be achieved without these "spacers". 

The extensive homology between the structures of the trinuclear binding 
sites of the two enzymes suggests that the organization of the copper-binding 
ligands, and thus the copper-binding site, of the first double-domain, has hardly 
changed since it was formed by duplication of the precursor of the small blue 
proteins and the blue oxidases. Only domain 2 of ascorbate oxidase and do- 
mains 3 and 5 of ceruloplasmin could afford significant changes in their pri- 
mary  structure without the enzymes suffering the loss of their essential copper- 
binding sites. 

Table 17. Ligand distribution in the type 1 and trinuclear copper centers of ceruloplasmin. 
CU2, 4, and 6 are the type 1 copper centers of domains 2, 4, and 6; CU10 is the so-called "type 
2 component", CU20 and CU30 are the "type 3 components" of the trinuclear copper center. 
The domains in which the ligand are located are listed in parentheses behind their position. 
From [25] (see also Fig. 8) 

copper ligands of the mono- and trinuclear centers 

CU2 CU4 CU6 CUIO CU20 CU30 

His 276 His 637 His 975 His 101 (1) His 103 (1) 
Cys 319 Cys 680 Cys 1021 His 978 (6) His 161 (1) 
His 324 His 685 His 1026 His 1022 (6) 
no Met Met 690 Met 1031 

His 163 (1) 
His 980 (6) 
His 1020 (6) 
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The evolution of blue oxidases from the small blue proteins clearly shows the 
transition from protein to enzyme, a result of the development of new and the 
recombination of existing copper centers. That these copper centers are essen- 
tial for the enzymes' function is demonstrated by the fact that related proteins 
which have lost their copper centers no longer show enzymatic properties. Only 
the surface structures of these proteins, i.e., the coagulation factors CF5 and 
CF8 as well as the pollen antigen Ra3, are required for their function. The evo- 
lution of this class of proteins (small blue proteins, pollen antigens, blue oxida- 
ses, and coagulation factors) is clearly a result of the evolution of their copper- 
binding centers. 

3.5 
Cytochrome Oxidases 

The evolution of iron- to copper-dependent redox-active centers can also be ob- 
served in the development of cytochrome oxidases. Although the redox centers 
of the common precursor of NO-reductase and the cytochrome oxidases were 
solely iron cytochromes, the CuB-center was introduced during the develop- 
ment of the cbb3-type cytochrome oxidase (see also Sect. 2.4). This center reve- 
als the convergent evolution of blue oxidases and the cytochrome oxidases, 
which separately developed structures capable of reducing oxygen to water by 
the transfer of four electrons. The origin of the CUB-center has not yet been 
solved. The second copper center of the cytochrome oxidases, the CuA-dimer, 
also occurs in N20-reductase. Another similarity to the blue oxidases may be 
observed in the evolution of ubiquinone oxidases from cytochrome oxidases. In 
both instances a copper-binding center was lost, which in the latter case, how- 
ever, did not result in a loss of the catalytic activity of the enzyme. This cataly- 
tic activity was maintained as the copper-binding site was not the active centre 
but only a redox-active center, which transferred electrons to the active center. 

Amino acid sequence and structure comparisons of the region surrounding 
the CuA-dimer with the small blue proteins reveal marked homologies. The cop- 
per ion ligands are one histidine, two cysteines, and a methionine, which may 
be replaced by a glutamate residue. Both cysteines coordinate both copper ions 
[43, 44]. These ligands are very reminiscent of the type 1 copper-binding cen- 
ters of plastocyanin and stellacyanin. The CuA-dimer could, therefore, have re- 
sulted from the connection of two different type 1 copper centers, or from a 
type 1 structure which was supplemented by additional ligands so that two cop- 
per ions could be coordinated by six ligands. 

Structural analogies may be seen when comparing the enzymes of the deni- 
trification pathway with cytochrome oxidases. The question arises, in which 
manner the evolution of the NO-reductases and that of the cytochrome oxida- 
ses are chronologically and correlatively linked. Both enzyme classes may have 
evolved from a common precursor, although it has still not been resolved, 
whether this precursor was a NO-reductase or a terminal oxidase [279]. If the 
precursor was a terminal oxidase, what was its substrate? Probably not oxygen, 
for if it had been oxygen, the precursor would have had to be capable of a four- 
electron reduction. This would require, though, that the CUB-center had com- 
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pletely supplanted a functionally equivalent structure. The cases of the small 
blue proteins and some type 2 copper enzymes demonstrate, however, that fun- 
ctionally equivalent proteins evolve but are never completely able to supplant 
their functionally equivalent structures. No life-form has yet been described 
possessing a terminal oxidase which is capable of reducing oxygen, which is 
phylogenetically related to the cytochrome oxidases, but does not have a CUB- 
center. However, if the substrate of the potential terminal oxidase was not oxy- 
gen, why did this enzyme simple disappear from all life-forms following the in- 
troduction of the CUB-structure? 

Provided the precursor of the NO-reductases and the cytochrome oxidases 
was a NO-reductase, it is possible that other enzymes of the denitrification 
pathway existed. Were this the case, however, it would be possible that the cyto- 
chrome oxidases are the product of a combination of various enzymes of this 
metabolic pathway. The basic structure of the cytochrome oxidases would then 
have originated from an earlier NO-reductase, in which the CUB-structure of 
unknown origin had been added. The CuA-dimer could have been added to the 
cytochrome oxidases later by translocation of a gene. The origin of this gene 
would probably be that of N20-reductase. If these assumption are correct, aer- 
obic respiration evolved in organisms which were already capable of denitrifi- 
cation. 

4 
Copper Proteins and Ozone 

The first pure oxygen compound which confronted organisms following oxyge- 
nation of the atmosphere was dioxygen. Its extremely high oxidative properties 
were, then, fatal for most of the anaerobic organisms. The high redox potential 
was a large but dormant source of energy, which required appropriate proteins 
and enzymes for its utilization. The redox potential of the reaction 

02 + 4e- + 4H § -~ 2H20 

is +815 mV. Copper proteins and enzymes were and are unrivaled in coping 
with these high redox potentials as their own redox potentials are high enough 
to catalyze a controlled reaction of oxygen, controlled reactions which are ne- 
cessary to harness the oxidative energy of oxygen into useful energy. Thus, the 
use of the appropriate enzymes not only detoxicated the initially toxic com- 
pound but guided its energy into useful channels. 

The occurrence of ozone in the lower atmosphere has brought land-bound 
organisms into contact with an oxygen compound whose oxidative potential 
exceeds that of dioxygen by far. The standard reduction potential of the reac- 
tion 

03 + 2H § (10 -7 mol/1) + 2e- --~ 02 + 2H20 

is + 1.65 V [330]. In the search for proteins capable of coping with such a high 
reduction potential, copper proteins appear to be the best candidates. This sec- 
tion will treat the question whether ozone-metabolizing enzymes are practical 
or even possible. 
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4.1 
Generation and Decomposition of Ozone 

Ozone is produced by the reaction of short-waved, high-energy solar radiation 
with dioxygen. Light quanta with wavelengths < 242 nm split O2-molecules into 
two oxygen atoms which react with further oxygen molecules to produce ozone 
[4]: 

02 + hv ~ O: + :O (A < 242 nm) 
0:  + O 2 + M---) 03 + M* 

M is an inert impact partner which, by acquiring some of the kinetic energy, 
slows the oxygen atom and, thus, enables the generation of ozone. The whole re- 
action is accordingly the photochemical reaction of three dioxygen molecules 
to two molecules of ozone: 

302 + hv ~ 203. 

Ozone decomposes following the absorption of ultraviolet radiation with 
wavelengths between 220 and 320 nm [4]. 

03 + hv -~ O: + O2 (220 _< .~ < 320 nm) 

This leads to an equilibrium between generation and decomposition of 
ozone in the stratosphere, preventing the harsh solar radiation from reaching 
the earth's surface. Nitrogen oxides and halogenated hydrocarbons catalyze the 
decomposition of ozone, thus, shifting this equilibrium [4]: 

NO + 03 ---) NO 2 + 02 
NO 2 + :O --~ NO + 0 2 

"C1 -{- 03 "---) .C10 + O 2 
�9 C10 + :O ~ .C1 + 02 

4.2 
Physical and Chemical Properties of Ozone 

Ozone is a pale blue gas with a boiling point of - 111 ~ and a melting point of 
- 193 ~ It consists of three oxygen atoms which are aligned in a binding angle 
of 117 ~ The distances between the inner and the outer atoms is 128 pm, which 
suggests a delocalized n -bond  [331]. 

- _ O +  

' j  _ot 

The ozone molecule is paramagnetic as it lacks unpaired electrons. Its oxi- 
dative potential is almost as high as that of atomic oxygen and is only excee- 
ded by few other compounds such as F 2, $2 O2-, H4XeO 6, and KrF 2 [331]. This is 
reflected in the standard reduction potential, E ~ + 1.65 V for the reduction of 
ozone [330]: 
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0 3 q- 2H + (10 -7 mol/e) + 2e- --)  02 -F 2H20 

which is much higher than that of the four-electron reduction of oxygen to 
water (E ~ = 0.815 V). Ozone is also an extremely unstable and short-lived com- 
pound, which decomposes through physical as well as chemical processes. 

4.3 
Ozone's Effect on Organisms 

As explained in Sect. 1, the high oxygen concentration in the atmosphere and 
stratosphere, as well as the high-energy solar radiation, favor the production of 
ozone. The resulting ozone layer protects the earth's surface very effectively 
from the harmful effects of the sun's short-wave radiation. Due to the artificial 
reduction in the volume of the ozone layer, ukraviolet light can penetrate al- 
most unobstructed to the earth's surface. This, in addition to the immediately 
damaging effects, increases the concentration of ozone in the atmosphere. 
Ozone is as harmful to organisms in direct exposure as it is advantageous in the 
stratosphere. The effects of ozone on various regions of the respiratory tract are 
of special interest. Ozone is less soluble in water than the irritants HC1, NH 3, C12, 
and SO2, and is, consequently, not absorbed in the upper section of the respira- 
tory tract. It penetrates deeply into the lungs where it reacts with the double 
bonds of unsaturated fatty acids [332-339] and with proteins [340-348]. The 
reaction products of fatty acids are aldehydes, carbonic acids, and H202 [349], 
as well as secondary ozonides [338], whose decomposition results in radicals 
[338]. The reaction products of the proteins are the various oxidation products 
of the amino acids [339, 350]. The reaction of ozone with tertiary amines, sulfi- 
des, sulfoxides, phosphites, sterically hindered olefins, certain ethers, and alde- 
hydes [351-354] may even liberate singlet oxygen [350]. In aqueous solutions, 
ozone even produces hydroxyl radicals and superoxide anions via radical chain 
reactions [355-357]. 

The most important antioxidants in coping with ozone stress are vitamin E 
[358], ascorbate, and uric acid [359]. These antioxidants are, however, only sui- 
table for scavenging the products arising from ozone but is not useful against 
ozone itself. Circumventing protective measures, these products can, conse- 
quently, exhibit their cytotoxic effects between the site of their production and 
that of their detoxification by the antioxidants, resulting in inflammations, im- 
pairments in immunological and respiratory status [360, 361] and even cancer 
[362,363]. 

4.4 
Structural and Functional Criteria for Ozone-Metabolizing Enzymes 

Although equipped with several antioxidants, land-bound organisms have 
practically no protection against ground-level ozone, as the antioxidant do not 
protect against ozone itself but only its degradation products. A specific anti- 
ozonant is as yet unknown. In any case, it has not yet been necessary, as the or- 
ganisms' antioxidants were able to cope with the prior ozone concentrations. 
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Current ozone concentrations have changed to such a degree that ozone-meta- 
bolizing enzymes would be a distinct selective advantage. 

Which properties would such an enzyme require? The copper proteins and 
enzymes discussed so far cover a potential range of + 0.17 to + 0.785 V, switching 
between copper's Cu(I) and Cu(II) oxidation states. The redox potential of the 
two-electron reduction of ozone to oxygen and water is, however, 1.65 V. A di- 
rect reaction of ozone with one of these copper enzymes would probably lead 
to irreversible oxidation and damage of the enzyme. The redox potential of 
Cu(III)/Cu(II)-couples with various copper-glycine complexes, utilizing the N- 
atom of the peptide bond as a ligand for the central ion, are in the range of 0.5 
to 1.0 V [364]. Coordination of copper by even "harder" ligands would, accord- 
ing to the HSAB concept, increase the redox potentials. As ligands, the amino 
acid tyrosine, as well as "hard" hydroxyl ions, phosphate groups (for example 
from ATP, ADP, or AMP), sulfate groups (3"-phosphoadenosine-5 "-phosphosul- 
fate), and even ethers, anhydrides, siliciumdioxide, or silicates (SiO 4-) would ap- 
pear suitable. The utilization of a copper center which alternates between the 
oxidation states Cu(II) and Cu(III) seems most appropriate for the direct meta- 
bolism of ozone. The geometric arrangement of the ligands should support the 
alternation between the two redox states. As Cu 3+ is isoelectronic to Ni >, it ac- 
cordingly prefers the same ligand geometry [365, 366]. While Cu 2+ prefers a 
square planar geometry with four ligands, Ni 2+ [17], and thus Cu 3+, accept 
square planar as well as tetrahedral geometries. Consequently, copper ligands in 
an ozone-metabolizing enzyme should be arranged in a geometry which is si- 
tuated between tetrahedral and square planar. The occurrence of the oxidation 
state Cu(I), which is promoted by a tetrahedral geometry, would be prevented 
by the "hard" ligands (tyrosine, hydroxyl ions). The binding site of an ozone- 
metabolizing enzyme should, independent of its copper ion, possess the follow- 
ing properties: 

�9 'hard' ligands such as tyrosine and hydroxyl ions; 
�9 tetrahedral geometry of the coordinating ligands; and 
�9 a free binding site for ozone. 

Various reaction pathways are conceivable for the conversion of ozone into 
less reactive oxygen species. Ozone could be reduced by two electrons to water 
(or a hydroxyl ion) and oxygen, by four electrons to hydrogen peroxide and wa- 
ter, or by six electrons to three equivalents of water: 

a) 03 + 2e- + 2H + --> 02 + H20 E ~ = + 1.65 V [330] 
b) 03 + H20 + 2e- ---> 02 + 2OH- E ~ = + 1.24 V [330] 
c) 03 + 4e- + 4H + --+ H202 + H20 
d) 03 + 6e- + 6H + ---> 3H20 

If the oxidation states of copper during its reaction with ozone are limited to 
Cu(II) and Cu(III), there are various ways in which ozone can bind to mono- or 
oligonuclear copper centers (Fig. 44). These structures are based on the as- 
sumption that copper is, initially, present in its Cu(II) oxidation state and is oxi- 
dized to Cu(III) following the binding of ozone. Ozone itself is reduced with one 
or two electrons, facilitating its further reaction to water and oxygen. 
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Fig. 44. Hypothetical models for the binding of ozone to Cu(II)/Cu(III)-centers appropriate 
for the two-electron reduction of ozone to water and oxygen. See the text for a description 

In example I (Fig. 44), the enzyme only transfers one electron to the bound 
ozone, necessitating the transfer of a second electron in the reduction of ozone 
to water and oxygen. The binding type resembles that of the copper-binding 
center of Cu,Zn-superoxide dismutase. In example II, ozone is bound in a man- 
ner reminiscent of hemocyanins or tyrosinases. The third oxygen atom elonga- 
tes ozone so much that its binding would require a reduction of the angle for- 
med by its three oxygen atoms. The reduction would increase ozone's intra- 
molecular tension, assisting the decomposition of ozone to water and oxygen. 
Example III represents a binding type, which did not occur in the proteins treat- 
ed here. The copper ions display differing oxidation states after ozone binding, 
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which would require different ligands and environments for the individual cop- 
per ions. The manner of electron distribution in example IV is modeled on that 
of the CuA-center in cytochrome c oxidases, in which electrons are delocalized 
over two copper ions. This would require that the ligand environments are ap- 
propriately similar to each other. Examples II-IV allow the direct reaction of 
the, formally, double negatively charged ozone with two protons. The protons 
would be taken from, e.g., closely situated histidine residues or from the solvent 
itself. External or internal electron-donors, such as histidine residues, could 
then reduce the Cu(III) ions back to Cu(II). A mechanism similar to that of 
Cu,Zn-superoxide dismutase is not very probable for an ozone-metabolizing 
enzyme. Ozone could be reduced to water and oxygen in the first step, but in the 
second step a different ozone molecule would be required to donate two elec- 
trons. The redox potential of this step would be prohibitively high, as well as 
producing additional reactive oxygen species. 

5 
Conclusion 

A great number of active centers in proteins and enzymes contain one or more 
transition metals. Each metal imposes specific catalytic properties on the pro- 
tein, which could not be achieved when employing a different metal. The special 
role and characteristic reactivity of coordinated copper is illustrated by looking 
at the evolutionary aspects of copper proteins. 

The evolution of copper-binding centers in biology occurred in three distinct 
manners. The copper-binding centers of metallothioneins and type 1 copper 
centers developed in non-metal proteins. The transformation of the metal- 
binding centers of iron or manganese proteins led to the development of the 
type 2 copper centers. The trinuclear copper-binding centers of the blue oxida- 
ses were formed by alterations and recombinations of type 1 copper centers. 
Simple, although as yet unknown, mononuclear copper centers gave rise to the 
type 3 copper-binding sites of hemocyanins and tyrosinases, as well as to the 
CUA- and CuB-centers of the cytochrome oxidases and N20-reductase. 
According to this assignment, copper proteins containing either type 1 copper, 
type 3 copper, CUA-centers, or CuB-centers share a common ancestor. They 
developed at least in part by divergent evolution. Type 2 copper proteins are the 
product of convergent evolution and, consequently, show little or no phylo- 
genetic homology. 

All copper proteins which are known to be phylogenetically related to non- 
copper proteins - i.e., the small blue proteins, metallothioneins and some type 
2 copper proteins - are found in single-celled organisms. Hemocyanins, blue 
oxidases, and those type 2 copper proteins whose functions are essential for 
multicellular life-forms are not phylogenetically related to non-copper proteins 
and do not occur in single-celled organisms. 

For an enzyme to be suitable for the metabolism of ozone, its copper-binding 
site would have to catalyze redox reactions at very high redox potentials. The re- 
dox couple Cu(II)/Cu(III) seems to be suitable for this purpose. The stabiliza- 
tion of Cu(III) requires hard ligands, such as tyrosines, hydroxyl anions, phos- 
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phate-  and  su lpha te -groups ,  ethers,  anhydr ides ,  s i l icon dioxide,  or  silicates. To 
avoid preference  of  the Cu(II)  ox ida t ion  state, which  would  be  a c c o m p a n i e d  by  
a r educ t ion  of  the r edox  potent ia l ,  the  copper  l igands  should  be a r r a n g e d  in a 
t e t r ahedra l  or  d i s to r t ed  t e t r ahedra l  geometry .  These guide l ines  allow the for- 
mu la t ion  of  bo th  m o n o -  and  o l igonuclear  coppe r -b ind ing  centers.  
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