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Abstract
The enzymes nitrous oxide reductase (N2OR) and cytochrome c oxidase (COX) are constituents of important biological 
processes. N2OR is the terminal reductase in a respiratory chain converting  N2O to  N2 in denitrifying bacteria; COX is 
the terminal oxidase of the aerobic respiratory chain of certain bacteria and eukaryotic organisms transforming  O2 to  H2O 
accompanied by proton pumping. Different spectroscopies including magnetic resonance techniques, were applied to show 
that N2OR has a mixed-valent Cys-bridged  [Cu1.5+(CyS)2Cu1.5+] copper site, and that such a binuclear center, called CuA, 
does also exist in COX. A sequence motif shared between the CuA center of N2OR and the subunit II of COX raises the issue 
of a putative evolutionary relationship of the two enzymes. The suggestion of a binuclear CuA in COX, with one unpaired 
electron delocalized between two equivalent Cu nuclei, was difficult to accept originally, even though regarded as a clever 
solution to many experimental observations. This minireview in honor of Helmut Sigel traces several of the critical steps 
forward in understanding the nature of CuA in N2OR and COX, and discusses its unique electronic features to some extent 
including the contributions made by the development of methodology and the discovery of a novel multi-copper enzyme.

Graphical Abstract
Left: X-band (9.130 GHz) and C-band (4.530 GHz, 1st harmonic display of experimental spectrum) EPR spectra of bovine 
heart cytochrome c oxidase, recorded at 20K. Right: Ribbon presentation of the CuA domain in cytochrome c oxidase and 
nitrous oxide reductase.
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Introduction

In this minireview, the road to our present picture of the 
binuclear mixed-valent copper A site,  [Cu1.5+(CyS)2Cu1.5+], 
will be discussed from a personal point of view. The topic 
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on the binuclear electron transfer center present in redox 
enzymes cytochrome c oxidase (COX) and nitrous oxide 
reductase (N2OR) seems well suited for honoring Helmut 
Sigel (University of Basel) on the occasion of his 80th birth-
day, in view of his long standing and deep interest in Bio-
logical Inorganic Chemistry [1–4]. It was Helmut Sigel who 
started the pioneering and highly regarded book series Metal 
Ions in Biological Sciences (MIBS) as early as 1973 [5], 
which is running under the title Metal Ions in Living Systems 
(MILS) since 2006 until today, with co-editors Astrid and 
Roland Sigel.

Perhaps the defining feature of the CuA center, first 
described in COX [6, 7], is its unusual electron paramagnetic 
resonance (EPR) spectrum, and for a long time a consen-
sual explanation of the EPR properties did not exist. Nota-
bly, early on most ideas involved a combination of copper 
and sulfur in the CuA site. In 1974, Peisach and Blumberg 
described in their article entitled “Structural Implications 
Derived from the Analysis of Electron Paramagnetic Reso-
nance Spectra of Natural and Artificial Copper Proteins” 
an interesting case of an EPR signal ascribed to copper in 
COX; g║ and g⊥ were resolved, but the hyperfine structure 
was not, thus the splitting must be less than 30 Gauss. This 
spectrum (measured at X-band) showed g values around 2.17 
and 2.03, both parameters being closer to g = 2 than for 
any other natural or artificial copper protein. The lack of 
hyperfine structure was suggested to arise from a specific 
stereochemical distortion of electron-accepting ligands of 
the copper, or from a significant transfer of the unpaired 
spin of the copper to sulfur. Note that the Peisach–Blum-
berg plot applies to mononuclear Cu sites, thus the value 
of the hyperfine splitting (hfs) by 63,65Cu (I = 3/2) in the 
g║-region  (A║), by a dinuclear Cu site has to be doubled. 
Thus, it is not as far away from those of type 1 Cu reported 
in the older publications, where CuA was still considered 
to be a mononuclear site. The putative sulfur-free radical in 
this instance must be bonded to a tetrahedral carbon atom 
as was found in the sulfur radical (g = 2.25, 2.00, 1.98) in 
irradiated cysteine hydrochloride [8]. The degree of transfer 
of the unpaired electron spin could vary almost up to 100% 
and still exhibit the EPR parameters ascribed to copper in 
COX. Earlier, Vänngård had pointed out that, in plots of 
the copper hfs  A║ vs g║ there was a distinct grouping of Cu 
complexes or proteins of non-blue type 2 and of blue type 1 
copper proteins, whereas the value for CuA, was lying way 
out by itself [9]. To obtain more definitive information on 
the ligands of CuA in COX, Chan and his associates exam-
ined the X-band EPR and electron nuclear double resonance 
(ENDOR) spectra of isotopically enriched (1,3-15N2-His, or 
ßß-2H2-Cys) COX. They concluded that there was at least 
one His and one Cys ligand (possibly even two of each), and 
they proposed a model in which a single Cu ion was ligated 

by two His and two Cys in tetrahedral coordination, often 
referred to as the Chan model (Fig. 1) [10–12].

In 1980, Mims et al. concluded from spin-echo studies 
and from the observation of the linear electric field effect 
(LEFE) in spin-echo detected EPR that ‘The results indi-
cate that the symmetry is not tetrahedral and that the liga-
tion pattern is unlike that for either type 1 or type 2 Cu in 
other Cu proteins’ [13]. The Chan group applied continuous 
saturation to measure the electron spin relaxation parameter 
TlT2 between 10 and 50 K for a variety of S = 1/2 species 
including type 1 and type 2 Cu centers, CuA of COX, inor-
ganic Cu(II) complexes, and sulfur radicals. Over the entire 
temperature range examined, the relaxation of the type 1 
coppers was much faster than that of type 2 copper, inor-
ganic copper, and sulfur radicals. The relaxation of CuA of 
COX exhibited an unusual temperature dependence relative 
to the other copper complexes studied, suggesting a protein 
environment of this Cu site different from that of the other 
copper centers examined, and/or that CuA is influenced by 
a magnetic dipolar interaction with another, faster-relaxing 
paramagnetic site in the enzyme [14].

In this contribution, I would like to present an overview of 
the results of research we have performed in my laboratory for 
over three decades, in a fruitful collaboration with two great 
scientists and colleagues, Walter Zumft, head of the Institute 
of Molecular Microbiology (University of Karlsruhe), and 
William (Bill) Antholine from the National Biomedical EPR 
Center (Medical College of Wisconsin). Our collaborative work 
involved the application of a large variety of biochemical and 
biophysical methods to unravel the CuA active site present 
in COX and N2OR. Clearly, the discussion will be narrowly 
focused to some extent, yet hopefully it will help to illustrate 
what one may learn about studying the structure and function of 
a long-embattled, biological electron transfer center. This effort 
would not have been as successful without the input by out-
standing researchers and their talented co-workers (cited in the 

Fig. 1  Structure for the CuA center in COX proposed by Chan and 
associates [10]
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references) with whom I had the privilege to interact, among 
them Helmut Beinert (University of Wisconsin), Gerhard Buse 
(RWTH Aachen), David Dooley (University of Rhode Island), 
Jürgen Hüttermann (Universität des Saarlandes), Jack Peisach 
(Albert Einstein College of Medicine), Matti Saraste (EMBL 
Heidelberg), Robert G. Scott (University of Georgia), Hans 
Thomann (ExxonMobil), Andrew Thomson (University of 
East Anglia), and William Tolman (University of Minnesota). 
Broader perspectives and more inclusive of the work of others 
in this dynamic research area are available in comprehensive 
reviews listed here [15–19].

A backward glance—early Anorganische 
Biochemie at Universities of Basel 
and Konstanz

I started my undergraduate studies at the University of Basel 
in 1962, where I met Helmut Sigel for the first time at the 
Institute of Inorganic Chemistry. Hans Erlenmeyer was the 
director of the institute, and he was not an inorganic chemist 
in the true sense of the word. He was fascinated by Warburg’s 
work on the role of metal ions in living matter [20]. Thus, 
not too surprising, Helmut Sigel did his Ph.D. thesis under 
the directorship of Prof. Erlenmeyer in an area of research 
nowadays called Bio-inspired Chemistry, or Inorganic Bio-
logical Chemistry [21, 22]. In 1968, I joined the group of 
Peter Hemmerich, another graduate student of Erlenmeyer, 
at the newly founded University of Konstanz to study Cu(I) 
complexes with nitrogen and sulfur ligands of biological inter-
est. My Ph.D. supervisor, internationally best known for his 
pioneering achievements in the field of flavin chemistry [23, 
24], was also keenly interested in the structure and function 
of catalytic groups in enzymes operating in conjunction with 
flavins such as the iron sulfur clusters or molybdenum, and in 
the binding of univalent and redox-active copper in proteins, 
especially the nature of copper in COX investigated by EPR 
spectroscopy. He strongly suggested to biochemists to con-
sider sulfur ligands to copper in copper proteins and pointed 
out the resulting ambiguity in the valency of copper in such 
systems [25]. Hemmerich collaborated with Helmut Beinert 
from the Institute for Enzyme Research in Madison, and as 
early as 1966, purple, dinuclear copper mercaptide complexes 
of the type  [Cu2(RS)2]2+ were discussed, formed from either 
 Cu2+/RS− or  Cu1+/RSSR (Eq. 1) [26], as well as binuclear 
mixed-valence copper complexes as models for Cu–Cu inter-
action in enzymes [27–32]. For further discussions of the 
sulfur non-innocence and the thiolate/disulfide-Cu(II)/Cu(I) 
redox couple (Eq. 1), more recent publications on this topic 
might be considered [33–36].

(1)2Cu2+ + 2RS− ⇌

[

Cu2(RS)2
]2+

⇌ 2Cu1+ + RSSR.

Early attempts to obtain a crystal structure of a dinuclear 
copper mercaptide,  [Cu2(RS)2]2+ [R = –CH2CH(NH2)CO2

−, 
–CH2CH2NH2] remained without success [30], 5 years later, 
the X-ray structure of the purple 

[

CuI
8
CuII

6
(RS)12Cl

]5− clus-
ter, [R = –C(Me2)CH(NH2)CO2

−], was reported, with eight 
 S3-coordinated  CuI atoms surrounding a central chloride 
ion [37]. Each  CuII atom was  N2S2– coordinated by two 
chelating  RS− ligands. It took another two decades until the 
structural characterization of the first example of a thiolate-
bridged, fully delocalized mixed-valence dicopper(I,II) 
complex was achieved by Bill Tolman and co-workers that 
modelled the CuA biological electron transfer site in COX 
and N2OR (discussed in section bio-inspired copper A com-
plexes) [38, 39].

Two different Cu sites in cytochrome c 
oxidase—CuA and CuB

The history of understanding of the CuA site in COX 
from the early beginnings, when few believed that there 
was any significant Cu in COX (according to early stud-
ies by Warburg, the prosthetic group of COX, the Sauer-
stoffübertragende Ferment der Atmung, was a heme) [40, 
41], to the verification of three Cu atoms/COX monomer 
and to the final identification of the CuA site as a dinuclear, 
Cys-bridged mixed-valence  [Cu1.5+(CyS)2Cu1.5+] center 
through spectroscopy, recombinant DNA techniques, and 
X-ray crystallography was summarized in great detail by 
COX pioneer Beinert in two recent reviews [15, 16]. In his 
recollections, the critical advancements in understanding the 
nature of CuA are traced, and the contributions made by the 
development of methodology and concepts for solving the 
enigma of Cu in COX, are emphasized. Furthermore, the 
impediments, often rooted in contemporary preconceptions 
and attitudes rather than solid data, are discussed, which 
discouraged the exploitation of early valuable clues. At the 
very beginning, it was not known that there was more than 
one Cu site in COX. Notably, the presence of a second cop-
per center, CuB, turned out to be much less controversial 
than the original notion that COX contained any functional 
Cu at all [42–44]. Later, from 1960 on, chemical analyses as 
well as numerous biochemical and EPR investigations had 
shown that there must be at least two significant Cu ions/
two heme iron atoms in COX, and that one heme (a3) as 
well as one Cu atom was not detectable by EPR [16]. The 
total Cu determined by chemical analysis could be accounted 
for by EPR, when the protein was denatured, and a portion 
of the second heme became EPR detectable upon partial 
reduction [7]. Although several explanations for these find-
ings were considered, the suggestion that CuB and heme a3 
were closely linked so that the EPR signal was quenched by 
magnetic or electrostatic coupling appeared most plausible 
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and has since been verified by other approaches including 
crystallography. The CuA site, however, resisted definitive 
identification for almost 40 years, close to the days when 
the X-ray structures of several COX proteins had been pub-
lished [45–49]. As pointed out by Beinert, some of the best 
sources of detailed information on the early developments 
was often found in symposium contributions and review 
articles, which did allow space for lengthy discussions and 
most informative rebuttals, e.g., the symposium on copper 
in biological systems, held in 1965 at Arden House, New 
York [25], or the Manziana conferences on copper proteins 
[50–52], and the international meeting on the bioinorganic 
chemistry of copper, held in 1992 at Johns Hopkins Univer-
sity [53]. Needless to say, many of the conclusions presented 
in these references are now outdated and superseded by more 
advanced knowledge, however, these records document the 
many times painful progress of the problem’s maturation 
[16].

An important step forward resulted from the discovery of 
the absorption band centered around 830 nm. It turned out to 
be an optical marker for CuA in COX, as shown unambigu-
ously by Thomson and co-workers. By elucidating the main 
magnetic circular dichroism (MCD) features at 475, 525 and 
830 nm, they ascertained that the underlying chromophore 
had a spin of 1/2 and an EPR signal at g = 2 [54–56]. The 
availability of an optical marker for Cu at 830 nm helped 
to determine the capacity for electron uptake by COX. The 
reductive titrations, monitored by UV/Vis or EPR spectros-
copy, suggested that there were two  Cu2+ ions and two heme 
molecules in one monomer of oxidized COX. Remember 
that into the determination of such a stoichiometry several 
numbers are entering, of which each has a certain error 
attached to it. Consequently, it was difficult to discriminate 
between a stoichiometry of two heme: two Cu and one of 
two heme: three Cu. To demonstrate the difficulty, Chan 
et al. reported an extensive and accurate analyses of the 
Cu, Fe, Zn, and Mg contents in bovine heart COX, with 
the precision of an individual measurement within 25%, 
and a stoichiometry of 5Cu/4Fe/2Zn/2Mg per COX dimer 
[57]. Their preparations showed an “extra Cu”  (Cux) which 
was removable by either monomerization of the enzyme or 
subunit III depletion, and it was argued that  Cux played a 
structural role in enzyme dimerization. Decisive progress 
was achieved by Buse and co-workers through sequence 
analyses of the subunits of COX and in parallel by metal 
quantitation, from which it became apparent that there were 
actually three Cu atoms/two heme molecules in COX [58]. 
These authors did not just determine Fe and Cu but also Zn, 
Mg, and S by inductively coupled plasma atomic emission 
spectroscopy, so that the correlation of all these values from 
individual samples provided information on the homogene-
ity and purity of the protein. In addition, a stretch of amino 
acid sequence was identified in subunit II, which revealed a 

distinct similarity to the blue type 1 Cu sites, with two His, 
one Cys and one Met conserved at proper spacing. This led 
the authors to propose a binuclear copper site with a single 
cysteine bridge in COX subunit II (Fig. 2).

The structure of the  CuA center is homologous to the 
cupredoxin fold that includes both the blue type 1 Cu pro-
teins and the  CuA electron transfer center [59–62]. Circular 
dichroism spectra of the  CuA domain in COX documented 
the presence of the cupredoxin fold, a Greek key β-barrel 
and common structural motif in small, type1 Cu proteins 
of bacteria and plants [48]. This structural relationship was 
crucial to engineer the  CuA dinuclear center into the type 
1 Cu proteins amicyanin [63] and azurin by loop-directed 
mutagenesis [64, 65]. The observation of a sequence motif 
shared between the CuA center of N2OR and the subunit 
II of COX [66] led to the issue of a putative evolutionary 
relationship of the two enzymes [67]. The hypothesis of a 
common evolutionary origin of  O2 and N-oxide respiratory 
enzymes was formulated explicitly on recognizing that NO 
reductase has structurally conserved metal-binding centers 
and extended sequence homology with the heme–Cu-type 
oxidase family [68, 69].

Nitrous oxide reductase, a multi‑copper 
enzyme carrying a CuA site

The CuA center in COX, despite continuous efforts by many 
research groups applying a variety of different biochemical 

Fig. 2  Tentative model of a binuclear copper site in subunit II of 
COX [58]
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and biophysical techniques, resisted definitive identification 
for a long time. During this period of intense research, a 
crucial discovery was made in an apparently unrelated field, 
which soon had a decisive impact on the solution of the 
CuA problem. Walter Zumft at the University of Karlsruhe 
had identified the enzyme nitrous oxide reductase (N2OR) 
of denitrifying Pseudomonas stutzeri to be a novel copper 
protein [70, 71]. He was aware of my interest in copper pro-
teins and the EPR facilities at the University of Konstanz, 
and in 1984, we received a first purple sample of N2OR to 
study its optical and EPR properties. This turned out to be 
the start of an extremely fruitful and successful collabora-
tion for over 20 years [17], and culminated in the solution 
of the X-ray structure of the multi-copper enzyme by Anja 
Pomowski and Oliver Einsle at the University of Freiburg 
[72, 73]. The purple N2OR, isolated and purified under the 
strict exclusion of dioxygen (N2OR I), displayed an UV/Vis 
spectrum never reported before for a native copper protein, 
with an intense absorption maximum around 540 nm and a 
broadband centered around 800 nm (Fig. 3). Notably, the 
dithionite-reduced enzyme (N2OR III) was not colorless as 
expected for a diamagnetic Cu(I)  3d10 system but instead 
revealed a maximum around 650 nm and a rather feature-
less EPR signal with g values at 2.14 and 2.05. This signal 
recorded at X-band was assigned to the catalytic site for  N2O 
reduction, called CuZ, somewhat analogous to the dioxygen 
reducing site  Cub–Fea3, in COX. It was later identified to be 
a novel tetranuclear copper site with coordinated inorganic 
sulfur [72–79].

Even more interesting than the electronic spectrum 
was the EPR spectrum of the as-isolated N2OR (N2OR I) 
recorded at X-band (≈ 9.5 GHz), showing an unusual 7-line 
hyperfine pattern in the  gII region (Fig. 3). Notably, this 
highly resolved 7-line EPR signal was only seen below 20 K, 
another unusual property for a Cu center as discussed below. 
In retrospect, a true example for the key message by Fred 

Hagen in his article EPR spectroscopy as a probe of metal 
centres in biological systems: in bio EPR spectroscopy, noth-
ing compares to the returns from a standard X-band instru-
ment [82]. The apparent hyperfine coupling  A ║ vs g║ (38 
G, 120 MHz) was approximately 60% of the value expected 
for the blue type 1 Cu [83].

Choosing the right EPR frequency 
and temperature

In 1979, Froncisz and colleagues had reported a previously 
unseen hfs associated with the EPR-detectable Cu signal 
of COX, using low frequency 2–4 GHz EPR at 10 K. The 
hfs was consistent with hyperfine coupling to Cu, although 
to account for all of the observed structure, an additional 
magnetic interaction was required. The observed loss of 
resolution above 40 K had no parallel in the EPR literature 
of copper to effects seen from monomeric Cu complexes, 
suggesting an interaction with one of the other paramag-
netic centers in COX, possibly heme a [84]. It is of interest 
to make reference here to a discussion by Beinert et al. in a 
footnote of their 1962 paper, mentioning the possibility of 
an exchange coupling between a  Cu2+–Cu1+ pair in COX 
which (1) would account for the experimentally found 50% 
reduction for the integrated signal intensity, and (2) with the 
additional assumption of weak exchange coupling, would 
predict a hyperfine splitting constant, one-half of that which 
would be obtained from a  Cu2+ ion alone [7]. However, in 
those days, the Cu:heme ratio in COX was believed to be 
2:2, and not 3:2 as shown later by Buse et al. [58], and the 
multi-copper enzyme N2OR from denitrifying microorgan-
isms had not yet been identified [17]. Obviously, the physi-
cal and biochemical properties of N2OR did not fit in the 
‘classical’ scheme of type 1, 2 and 3 Cu proposed earlier 
[85], and in view of the broad absorption maximum around 

Fig. 3  UV/Vis (left) and EPR 
spectra (right) of the differ-
ent forms of N2OR from 
Pseudomonas stutzeri. N2OR 
I, enzyme as isolated in the 
absence of dioxygen; N2OR III, 
N2OR I reduced with dithionite; 
N2OR IV, apo N2OR recon-
stituted with Cu(II)(en)2SO4; 
N2OR V, catalytically inactive 
derivative, isolated from mutant 
MK 402 [80, 81]
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800 nm in oxidized N2OR together with the position of 
 A ║ vs g║ in the Peisach–Blumberg diagram, these findings 
were a first indication that the EPR-detectable Cu in N2OR 
might have a structural and electronic arrangement similar 
to CuA of beef heart COX. Consequently, Bill Antholine 
and I initiated in 1987 the first Froncisz–Hyde experiments 
at the EPR Center in Milwaukee on concentrated samples of 
N2OR provided by Walter Zumft, and of COX provided by 
Gerhard Buse, using the loop gap resonator at frequencies 
in the range 2.5–5 GHz, at 20 K [86–88].

In parallel to these early EPR investigations at low 
microwave frequency, samples of N2OR I and of N2OR 
V were subjected to LEFE experiments in the laboratory 
of Jack Peisach (Albert Einstein College of Medicine) by 
his associate John McCracken. The LEFE effect is regarded 
to be a sensitive probe for mixed-valence Cu dimers and 
is expected to increase with increasing localization of the 
unpaired electron. The linear electric field effect found for 
CuA in N2OR was smaller than measured for type 1 centers 
[92]. These data were compared to LEFE data reported for 
different mixed-valence forms of the type 3 copper protein 
hemocyanin and type 1 Cu proteins [89], and supported the 
idea of a highly delocalized CuA ground state in N2OR. 
According to Mims, and Gerstman and Brill, a non-zero 
LEFE effect should only occur for molecules without a 
center of inversion [90, 91]. However, as in the case of par-
ity forbidden electronic transitions, the LEFE can also be 
induced by vibronic coupling mechanisms; thus, the LEFE 
observed for CuA in N2OR may be attributed to vibronic 
coupling as well as a slight deviation from ideal symmetry 
(McCracken J, Neese F, Zumft WG, Kroneck PMH, Peisach 
J, unpublished data).

Based on the results obtained from comparative multifre-
quency EPR spectroscopy (2.5–35 GHz) of N2OR and COX, 
g-factor analysis, and computer simulation of the EPR spec-
tra, a binuclear mixed-valence S = 1/2 site,  [Cu1.5+–Cu1.5+], 
consisting of a  2Cu1.5+2SCys,2NHis core was proposed, as 
opposed to the ‘classical’ mononuclear site found in type 
1 Cu proteins, i.e. a  Cu2+SCys,2  NHis,SMet center [93, 94] 
(Fig. 4).

This model of a mixed-valent CuA rhomb in N2OR and 
COX was refined as discussed below, and later confirmed 
by high-resolution X-ray crystallography, however, with a 
surprising result [72, 73]. In N2OR, in contrast to COX, the 
CuA center appeared to be structurally flexible. His 583 was 
not a ligand to CuA in the enzyme as isolated under exclu-
sion of dioxygen, but rotated by 130° to form a hydrogen 
bond to residue Ser 550. This led to a shortened Cu–Cu 
distance and thus likely to a sharpening of the characteristic 
7-line hyperfine pattern. Upon binding of the substrate  N2O 
to the catalytic CuZ center, the ligands of CuA rearranged 
and His 583 moved to ligate to CuA, opening an efficient 
electron transfer pathway from Asp 576, a presumed entry 

point for electrons delivered by the physiological redox 
partner of the enzyme (Fig. 5). Earlier, using a binuclear 
CuA site masterly engineered into the type 1 copper protein 
azurin by Yi Lu and co-workers [95–97] and mutagenesis 
of the equatorial His 120 ligand, multifrequency EPR and 
ENDOR experiments were carried out to understand the 
histidine-related modulation to CuA, notably to the valence 
delocalization over the  [Cu1.5+–Cu1.5+] core. According 
to the ENDOR results, the CuA core electronic structure 
remained unchanged by the His 120 mutation. On the other 
hand, multifrequency EPR indicated that the H120N and 
H120G mutations had changed the EPR hyperfine signature 
from a 7-line to a 4-line pattern, consistent with a trapped-
valence, type 1 mononuclear copper [98]. Along these lines, 
Zickermann et al. produced another interesting CuA vari-
ant, by replacing the distant Met 227 ligand of Paracoccus 
denitrificans COX with isoleucine. The EPR spectrum and 
near-infrared absorption were changed by this substitution, 
however, the Cu content and the dimeric structure were 
maintained. The variant still exhibited the mixed-valence 
feature but the Cu atoms were no longer equivalent resulting 
in a localized  [Cu2+–Cu1+] CuA site, and the e-transfer rate 
between CuA and heme a was diminished [99].

The suggestion of a binuclear copper site for CuA in COX 
based on the EPR spectroscopic properties of N2OR gener-
ated quite some controversy [100, 101]. Bo Malmström, a 
leading researcher and pioneer in the field of copper pro-
teins, pointed out that the presence of a third functional 
copper in COX, as suggested by Buse and co-workers [58], 
was difficult to accept in view of the complete lack of an 
extra Cu EPR signal. Ascribing the CuA EPR spectrum to 
a binuclear Cu site, with one unpaired electron delocalized 
between two equivalent Cu nuclei, was a clever solution to 
this dilemma, unfortunately, this proposal was undoubtedly 
wrong according to Malmström [102]. The issue of mono-
nuclear vs binuclear CuA in COX became latest settled with 
the crystallographic structure of COX [45, 46, 103], and of 
the membrane-exposed domain from a respiratory quinol 

Fig. 4  Structural model for the CuA rhomb in N2OR from Pseu-
domonas stutzeri derived from spectroscopic and mutagenesis stud-
ies, and analogy to the reported CuA crystal structures [92]
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oxidase complex with an engineered binuclear copper center 
(Fig. 6) [104].

Clearly, the X-band EPR spectra of bacterial and 
mammalian COX, as well as of engineered soluble CuA 
fragments, did not show the well-resolved 7-line pattern 
observed for N2OR I at gII = 2.18 [17, and discussion 

herein]. The second harmonic display, or pseudomodu-
lation treatment of the EPR spectra of COX helped to 
achieve some resolution enhancement (Fig. 7) [94].

In my view, it is fair to say that it was Frank Neese, a 
brilliant Ph.D. student in my group, who developed the 
first in-depth picture of the electronic structure of CuA 
[92, 105]. The EPR spectra of either 63Cu or 65Cu-enriched 
N2OR firmly established the mixed-valence delocalized 
configuration. The EPR spectrum after insertion of both 
65Cu and 15N-histidine improved the resolution of the Cu 
hyperfine lines, but no superhyperfine lines from nitrogen 
and proton coupling were resolved (Fig. 7).

To refine the simulation of the EPR spectra mixed-
valence theory was applied. The  [Cu1.5+–Cu1.5+] center 
was treated as a dimer built from two interacting mono-
meric sites  CuA1 and  CuA2. The values obtained were 
similar to those reported earlier by [94]. The refinement 
in the simulation was achieved by treating the two Cu ions 
to be slightly inequivalent and the introduction of the non-
collinearity between the system-g and metal hyperfine ten-
sors (Figs. 7, 8).

Fig. 5  CuA site of N2OR 
from Pseudomonas stutzeri. a 
Stereo representation of CuA 
as isolated under the exclu-
sion of dioxygen. Contrary to 
all structures available for the 
conserved CuA center, His 
583 is not a ligand to a copper 
ion. b Upon binding of  N2O to 
catalytic center CuZ, His 583 
flips to ligate to CuA. PDB ID 
3SBR [72, 73]

a b

Fig. 6  Structures of the CuA centers from a E. coli Cytochrome bo 
quinol oxidase engineered to carry the CuA center. PDB ID 1CYW 
[104] b Paracoccus denitrificans COX. PDB ID 1AR1 [45]; figure 
from [92]
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In consecutive steps, the electronic picture of CuA in 
both N2OR and COX was refined by F. Neese in collabo-
ration with A. Thomson, M. Saraste, J. Hüttermann, and 
their associates. Based on X-ray structural data of the engi-
neered CuA center (Fig. 6) [104], molecular orbital cal-
culations on a sulfur-bridged [(NH3)Cu1.5+(SCH3)2Cu1.5+

(NH3)]+ core were used to interpret the EPR spectroscopic 
results. The calculated spin distribution showed an excel-
lent agreement with the values derived from the analysis of 
the Cu hyperfine structure [106, 107]. ENDOR spectra for 
the  [Cu1.5+–Cu1.5+], S = 1/2 site were obtained of the 63Cu, 
65Cu, or 65Cu, 15N-histidine enriched enzyme [108]. The 
14N/15N isotopic substitution allowed for an unambiguous 

deconvolution of proton and nitrogen hyperfine structure in 
the spectra. The anisotropy in the nitrogen hyperfine val-
ues was characteristic for imidazole bound to copper, and 
the [(NH3)Cu1.5+(SCH3)2Cu1.5+(NH3)]+ core structure was 
predicted to be similar to the CuA structure determined 
by Wilmanns et al. (Fig. 6) [104]. In the  CuA center, the 
unpaired spin is almost equally distributed over the Cu and 
S atoms in the electronic ground state, and there is only 
3–5% spin density on the nitrogen donors of  CuA. Conse-
quently,  CuA in its electronic ground state is viewed best as 
a completely delocalized radical in which the delocalization 
occurs via the in-plane σ/π framework rather than via the 
out-of-plane π framework as for delocalized organic radicals. 
This situation may be described by the resonance structures 
 [CuIIRS−RS−CuI ↔  CuIRS•RS−CuI ↔  CuIRS−RS•CuI ↔ 
 CuIRS−RS−CuII] [92]. The theoretical calculations carried 
out by Neese, Thomson, and co-workers to develop a molec-
ular orbital picture of the binuclear mixed-valent center, 
were followed by similar calculations from other groups. 
To get a deeper insight, electronic structural descriptions 
were developed for several CuA-type centers and structurally 
characterized copper thiolates. Both the Cu–Cu compres-
sion and removal of the axial ligands appeared to be critical 
determinants of the orbital ground state in these dimeric 
systems [109–112].

Fast relaxation, 1H NMR spectroscopy, 
and copper–copper bond in CuA

A characteristic physical property of the CuA site in both 
N2OR and COX is its extremely fast relaxation. The prod-
uct T1T2 of CuA in COX exhibited a stronger tempera-
ture dependence than any of the type 1 or type 2 Cu(II) 
sites, and it was proposed that CuA was influenced by a 
magnetic dipolar interaction with another, faster-relaxing 

a

b

a

b

c

Fig. 7  Left: X-band EPR spectra (second harmonic display) of a 
65Cu-enriched and b 65Cu,15N-histidine-enriched N2OR from Pseu-
domonas stutzeri. Temperature 10  K; microwave power 200  µW; 
microwave frequency 9.24128 GHz; modulation amplitude 4G. Right: 

Simulated second derivative spectra of CuA in N2OR. a Experimen-
tal spectrum of 15N-histidine/65Cu N2OR b Simulated spectrum using 
non-collinear g and  ACu tensors c Simulated spectrum using collinear 
g and ACu tensors [92, 106]

Fig. 8  Schematic representation of the relationship between the g and 
A main axes and construction of the g-tensor in a delocalized mixed-
valence  [Cu1.5+–Cu1.5+] site from hypothetical subsite g tensors of 
 CuA1 and  CuA2. The inset shows the predicted behavior of the prin-
ciple values of the g-tensor as a function of local magnetic axes tilt 
[92, 106]
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paramagnetic site [14, 84]. In collaboration with Hassane 
Mcharaourab and Susanne Pfenninger, the multiquantum 
EPR technique was applied, and pure absorption spectra 
for CuA were obtained [113]. Saturation recovery data con-
firmed that the intrinsic electron spin–lattice relaxation time, 
T1, for N2OR in the range 6–25 K was unusually short for 
copper centers. The short T1 was attributed to the vibra-
tional modes of type-1 and/or the metal–metal interaction 
in  [Cu1.5+–Cu1.5+] [114]. The unusual relaxation properties 
of the CuA center allowed extensive NMR investigations of 
CuA-containing protein fragments in solution [115–120], 
and of N2OR from P. stutzeri [121]. These experiments 
were crucial (1) to assign the NMR signals of CuA ligands 
and interaction with surrounding amino acid residues, (2) to 
advance possible mechanisms to understand the extremely 
fast electron relaxation of the CuA site and its flexibility, and 
(3) to provide further insights into the electronic structure of 
the CuA site at atomic resolution in solution at physiologi-
cally relevant temperature.

Another intriguing feature of the CuA rhomb is related 
to its short Cu–Cu distance, as deduced from a Cu K-edge 
EXAFS study of the soluble CuA fragment from COX of 
Bacillus subtilis which indicated a directly bonded Cu–Cu 
unit, with a Cu–Cu distance of approximately 2.5 Å like in 
metallic copper [122]. Each Cu atom was coordinated to 
one histidine and two cysteine residues, and a Cu–Cu metal 
bond was suggested. Based on calculations of the electronic 
structure and spectroscopic properties of the CuA center, 
the model structure consisted of a dimer of two type 1 Cu 
centers, with no bridging ligands but a direct Cu–Cu bond 
[123, 124]. The Cu K-edge X-ray absorption spectrum of 
bovine heart COX prepared in the laboratory of G. Buse 
also provided evidence for a binuclear Cu center [125]. Cu 
K-edge EXAFS studies on mixed-valent  [Cu1.5+–Cu1.5+] 
and reduced  [Cu1+–Cu1+] species refined the structure of 
the  Cu2S2 rhomb (also called diamond), yielding a Cu–Cu 
distance of 2.43 Å for the mixed-valence, and 2.51 Å for the 
one electron reduced center in CuA fragments of COX from 
B. subtilis and Thermus thermophilus. The short Cu–Cu dis-
tance could be the result, in part, of a weak metal–metal 
bond. It was suggested that the function of the CuA cluster 
was to provide a site with minimal structural perturbation 
occurring during electron transfer, thus, offering an excel-
lent rationalization for the very low reorganizational energy 
observed for the CuA center [122].

Bio‑inspired CuA complexes

I want to come back here to remarks by Hemmerich at a 
meeting on the biochemistry of copper in 1965 [25], where 
he discussed the manifold possibilities one could expect 
in copper–thiol interactions, and where he pointed out the 

possible existence of the [Cu(μ-RS)2Cu]+ core in COX and 
as a transient species in Cu thiolate systems [26]. Early 
attempts to model the spectroscopic properties by biomi-
metic  CuS2N2 complexes [126] remained without success 
to produce model compounds with EPR, optical or MCD 
spectra similar to those of the CuA site of COX. Nelson 
and co-workers prepared a Cu(I), Cu(II) mixed-valence 
complex that was later structurally and spectroscopically 
characterized [127–129]. The complex  [Cu2(LiPrdacoS)2]+ 
was the first example of a structurally characterized thiolate-
bridged mixed-valence copper dimer, specifically designed 
to mimic the physical properties of the CuA site [38, 39]. 
More recently, a series of fully delocalized  [Cu1.5+–Cu1.5+] 
mixed-valence complexes has been assembled, having only 
oxygen donor bonds [130], a 1,8-naphthyridine-based dinu-
cleating ligand [131], two ureate bridging ligands [132], the 
novel  Cu2N2 diamond core [133], or (1,1,3,3-tetramethyl-
guanidine) benzenethiolate [134].

Outlook and concluding remarks

The redox enzymes N2OR and COX are constituents of 
important biological processes. N2OR is the terminal reduc-
tase in a respiratory chain converting  N2O to  N2 in denitrify-
ing bacteria, COX is the terminal oxidase of the aerobic res-
piratory chain of certain bacteria and eukaryotic organisms. 
Both enzymes are involved in complex multi-electron and 
multi-proton transfer reactions of kinetically inert gaseous 
molecules (Eqs. 2, 3). Notably, COX also acts as a proton 
pump [103, 135–139].

A wide array of different spectroscopies was applied to 
show that bacterial N2OR had a copper site with properties 
very similar to the CuA site of COX [17]. Fortunately, as 
there were no heme chromophores in N2OR, its spectro-
scopic features could be analyzed without interference from 
heme. Characteristic Cu hfs was observed in the EPR spec-
tra indicative for a mixed-valence Cu site. To exclude the 
interference by the tetranuclear CuZ catalytic center, Walter 
Zumft succeeded to produce a catalytically inactive N2OR 
(N2ORV) which lacked the catalytic CuZ but contained the 
electron transferring CuA. These preparations, labeled spe-
cifically with a single Cu isotope, allowed a careful study of 
the seven-line hyperfine pattern of CuA from N2OR at low 
(2.4–4.6 GHz) microwave frequencies. The 7-line pattern 
due to Cu, with an intensity ratio of 1:2:3:4:3:2:1 for indi-
vidual lines, firmly established the existence of the mixed-
valence  [Cul.5+–Cu1.5+] pair in N2OR [17]. The proposal 
that COX also contained a binuclear mixed-valent copper 

(2)N2O + 2H+ + 2e− → N2 + H2O,

(3)4 cyt2+ + 8H+

i
+ O2 → 4cyt3+ + 4H+

o
+ 2 H2O.
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site was initially opposed by leading researchers in the field, 
among them COX pioneers Sunney Chan, Bo Malmström, 
and not to forget Helmut Beinert. He once pointed out to me 
that CuA in COX had been the graveyard for many splendid 
ideas, and that we, Antholine, Kroneck, and Zumft, should 
be cautious to contribute not another one. However, his input 
was crucial to reply to the criticism brought forward by Chan 
and Malmström [100]. Helmut Beinert also helped to get 
a sample of COX from shark, which was known to be a 
monomer in the native state contrary to the enzyme from 
bovine heart [140]. To our relief, this sample also exhibited 
the characteristic multiline EPR spectrum found in dimeric 
COX [see discussion about  Cux [57]; Antholine WE, Zumft 
WG, Kroneck PMH, Beinert H, unpublished results]. In this 
context, one should remember that the stoichiometry of three 
Cu atoms/COX monomer was not generally accepted. How-
ever, when it became clear that the amino acid sequences of 
N2OR and COX showed a pattern of two similarly spaced 
His, Cys and a Met residue, the proposal by Antholine, Kro-
neck, and Zumft [17] seemed to be the best interpretation of 
all analytical and spectroscopic data. In addition, the uptake 
of a maximum of four electrons by one COX monomer could 
also be understood. In other words, the CuA center shuttled 
between redox states  [Cu1.5+–Cu1.5+]3+ and  [Cu1+–Cu1+]2+, 
consuming one electron per two Cu, leaving three electrons 
for heme a and the dioxygen-reducing center hemea3–CuB.

Once the mixed-valent, binuclear nature of CuA in COX 
and N2OR had gained general acceptance (see remarks 
about “When a thing is new…” by William James, known 

as the ‘nitrous oxide philosopher’ [17]), an impressive num-
ber of important contributions to our understanding of CuA 
has been published by prominent researchers in the field of 
copper biochemistry, among them Ivano Bertini (CERM, 
Florence), Ninian Blackburn (Oregon Health and Science 
University), Gerard Canters (Leiden University), Daniella 
Goldfarb (Weizmann Institute of Science), Ole Favre (Uni-
versity of Copenhagen), Jim Fee (The Scripps Research 
Institute), Yi Lu (University of Illinois), Israel Pecht (Weiz-
mann Institute of Science), Edward (Ed) Solomon (Stanford 
University), and AlejandroVila (Instituto de Biología Molec-
ular y Celular de Rosario), to name a few. In first place, in 
my view, comes the Stanford group under the lead of Ed 
Solomon. Thanks to the work by Ed and his associates, the 
major geometric and electronic features of the CuA rhomb, 
including metal–ligand covalency, Cu–Cu metal bond, redox 
potentials, reorganization energies, valence delocalization, 
and the weakened axial bonding interactions in relation to 
its electron transfer function, and specific potential electron 
transfer pathways can be analyzed at the sub-atomic level 
[19 and references therein]. In this context, I want to bring 
up the fourth commandment of A. Kornberg remembering 
the late Efraim Racker: “Do not waste clean thinking on 
dirty enzymes” [141]. Over many years, we received large 
quantities of high-quality enzyme samples from either Wal-
ter Zumft (bacterial N2OR), or from Gerhard Buse (beef 
heart COX), to perform advanced biochemical and biophysi-
cal experiments. In a similar way, the Stanford group had 
the privilege to collaborate with two outstanding scientists, 

Fig. 9  The active site of 
Pseudomonas stutzeri N2OR 
with bound substrate  N2O. The 
stereo image shows CuA of the 
cupredoxin subunit (blue) inter-
acting closely with CuZ from 
the β-propeller subunit (green) 
in the N2OR head-to-tail dimer. 
 N2O binds in a side-on orienta-
tion on the face of the CuZ 
cluster, oriented by conserved 
amino acid residues from the 
cupredoxin domain. This bind-
ing mode most likely allows for 
direct electron transfer from the 
CuA site to the substrate, mak-
ing the complex arrangement of 
two metals sites plus the inter-
vening protein residues from 
two subunits a single, intricate 
active centre for  N2O reductase. 
PDB ID 3SBR [72, 73]
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on the one hand Yi Lu, the bioengineer of complex metal 
centers [18, 142], and on the other hand Bill Tolman, who 
promised to synthesize a mixed-valent Cu(I), Cu(II) mercap-
tide complex at a time, when the binuclear nature of CuA 
was still under debate [143, 144].

Admittedly, not all our experiments with high-quality 
N2OR were successful, such as the extensive pulse radioly-
sis studies on electron transfer reactions between CuA and 
the catalytic CuZ site together with Ole Farver and Israel 
Pecht at the Weizmann Institute of Science. It took an engi-
neered purple CuA azurin to demonstrate that the binuclear 
purple CuA center was a more efficient electron transfer 
agent than the mononuclear blue type 1 Cu center because 
reactivity of the former involved lower reorganization energy 
[145]. Finally, the positioning of the substrate  N2O observed 
in the X-ray structure of N2OR between the two metal sites, 
CuA and CuZ, points towards a reaction mechanism where 
the substrate, precisely oriented by the protein, becomes 
activated by the tetranuclear CuZ cluster. Only after bind-
ing of  N2O is electron transfer from CuA to CuZ observed, 
consequently, rather than being a mere electron transfer site, 
CuA of N2OR appears to be an integral part of the enzyme’s 
catalytic center (Fig. 9).
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