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ABSTRACT Nitrous oxide reductase (N,OR) is a dimeric
copper-dependent bacterial enzyme that catalyzes the reduc-
tion of N>O to N, as part of the denitrification pathway. In the
absence of an x-ray crystal structure, the current model of the
nature of the copper sites within the enzyme is based on four
copper atoms per monomer and assigns two copper atoms to
an electron transfer center, Cu,, a bis-thiolate-bridged
dinuclear copper center found to date only in N,OR and
cytochrome ¢ oxidase, and two copper atoms to a second
dinuclear center, Cuz, presumed to be the site of catalysis.
Based on detailed analysis of the low temperature magnetic
CD spectra of N>OR, this paper revises the current model and
proposes that both Cus and Cuyz are variants of an electron
transfer center and hence that all of the observed optical
features are due to this electron transfer center. It is proposed
further that the presence of these different forms provides a
mechanism for the delivery of two electrons to an active site
comprising copper ions lacking thiolate coordination.

Nitrous oxide reductase (N,OR) catalyzes the two electron
reduction of N>O to N, as one component in the pathway of
the reduction of nitrate to N, by denitrifying bacteria (1, 2).
The enzyme has been isolated from a variety of sources,
including Pseudomonas stutzeri (3), Rhodobacter capsulatus (4),
and Paracoccus denitrificans (5). N,OR is a soluble periplasmic
enzyme, except for the enzyme from Flexibacter canadiensis,
which is membrane-bound (6). The physiological electron
donor is believed to be either a c-type cytochrome or pseudoa-
zurin (2). All of the enzymes isolated to date contain between
six and nine copper atoms per homodimer. Enzyme from
Wollinella succinogenes (7) contains two heme groups in
addition to copper.

Although no crystal structure is yet available, extensive
spectroscopic characterization has been carried out, particu-
larly on the enzyme from P. stutzeri. This has established the
presence of a dinuclear copper—thiolate chromophore called
Cua,, a Class III (8) mixed-valence (MV) [Cu(IT)Cu(I)] center
so far identified in both N,OR and subunit II of cytochrome
¢ oxidase (COX) (9, 10). The x-ray structures of a soluble
domain of subunit II from Escherichia coli quinol oxidase into
which the Cuy ligands have been introduced (11) and of COX,
from both P. denitrificans (12) and bovine heart (13), confirm
earlier spectroscopic assignments of Cup as a dimeric copper
center (9, 10) with two bridging cysteine thiolate ligands and
two terminal histidine nitrogen ligands. There is evidence of
variation in the Cup center, either in the second coordination
sphere as observed for the center in purple CyoA (14) or in the
ligands of the first coordination sphere, e.g., in a high pH form
and in site-directed mutants of the P. denitrificans Cua domain
(15). The recent synthesis of an inorganic bis-thiolate-bridged
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MV di-copper complex (16) has added to the known structural
variants of MV copper-thiolate clusters.

Although much effort has been aimed at establishing the
presence of Cuu in NoOR, relatively little attention has been
paid either to the role or to the structure of the other copper
centers present in the enzyme. A widely accepted model of the
arrangement of these copper atoms, following a proposal
based on the EPR and low temperature magnetic CD (LT-
MCD) spectroscopic characterization of P. stutzeri N;OR (17)
and assuming four copper atoms per monomer, assigns two
copper atoms to a Cua center and two copper atoms to a
second center, Cuz. Both centers were suggested to be
dinuclear with thiolate ligation but to undergo different one
electron redox cycles, namely, [Cu(IT)Cu(I)] [/] [Cu(1)Cu(1)]
for Cua and [Cu(IT)Cu(ID)] [/] [Cu(II)Cu(1)] for Cugz. In this
model, Cus was presumed to act as an electron transfer center,
by analogy with the role of this center in COX (18), and Cuz
was proposed to be the catalytic center.

The work presented in this paper is an analysis of the
electronic structure of the center designated Cuz. This leads to
the conclusion that Cuy is a nonplanar bis-thiolate bridged
dinuclear copper site. However, comparison of protein se-
quences and evidence from site-directed mutagenesis show
that only two cysteines are conserved positionally. This poses
the paradox that there are insufficient thiolate ligands to bind
two pairs of copper ions per NOR monomer. We propose a
resolution, based on spectroscopic quantification of the
amount of Cuu and Cug, concluding that both are structural
variants of a single dinuclear copper center, that this center is
the electron entry site to the enzyme, and hence that the
electron transfer center can undergo a two-electron redox
change from [Cu(I)Cu(I)] to [Cu(I)Cu(1I)]. This model then
leaves open questions about the nature of the catalytic site of
N,OR.

MATERIALS AND METHODS

The N>OR used in this work was prepared as described (19).
Metal content was determined by atomic absorption spectros-
copy, and protein concentration was determined by the
method of Lowry et al. (20) assuming a molecular mass of 74
kDa/monomer. The analytical data for the three samples used
in this study are as follows: sample 1 3.175 copper/
monomer, [native monomer| = 1,290 uM, [native EPR] = 970
uM, [reduced monomer]| = 1,068 uM, [reduced EPR] = 275
uM; sample 2 = 3.37 copper/monomer, [native monomer]
570 uM, [native EPR] = 415 uM, [reduced monomer]| = 402
uM, [reduced EPR] = 135 uM; sample 3 = 3.89 copper/
monomer, [native monomer| = 108 uM, [native EPR] = 80
uM, [reduced monomer] = 92 uM, [reduced EPR] = 40 uM.

Abbreviations: NoOR, nitrous oxide reductase; NoOR V, inactive
mutant form of N>OR containing only Cua centers; COX, cytochrome
¢ oxidase, MV, mixed valence, S-R, semi-reduced; LT-MCD, low
temperature magnetic CD; CPM, centers per monomer.

#To whom reprint requests should be addressed. e-mail: j.farrar@
uea.ac.uk.
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X-band (9.4 GHz) EPR spectra were measured by using a
Bruker ER200D spectrometer and an Oxford Instruments
ESR-9 liquid helium flow cryostat. To determine the spin
concentration of a sample, the EPR spectrum was recorded
under nonsaturating conditions, typically 30 K and 0.2 mW,
and the area under the experimental curve was compared with
that obtained under identical conditions for a sample of
Cu(II)EDTA, according to the method of Aasa and Véanngard
(21). Absorption spectra were recorded by using either an
Hitachi U3200 spectrophotometer or an Hitachi U4001 spec-
trophotometer. MCD spectra at 4.2 K and 5 T were recorded
as described (22). LT-MCD spectra are dominated by the
contributions from paramagnetic chromophores [C-terms
(23)], and thus the Ae values (er. — er) quoted are in terms of
the paramagnetic concentration determined by EPR spectros-
copy and are not normalized for magnetic field.

Samples from three different enzyme preparations were
characterized by absorption, MCD, and EPR spectroscopies
followed by Gaussian deconvolution of the MCD data. MCD
spectra from both the native and dithionite-reduced states of
all samples were recorded and analyzed. Identification of the
nature and quantity of the different chromophores present in
N,OR followed Gaussian deconvolution of the individual
transitions within the MCD spectrum by using the ORIGIN
graphical analysis package (Microcal Software). Chromophore
concentrations are quoted relative to the monomer concen-
tration, i.e., centers per monomer (CPM) (or spins per mono-
mer for the EPR data). This method of quantifying the centers
does not depend on the maximum number of coppers per
monomer and takes no account of the analytical copper
content of individual samples. This method gives a more
reliable comparison between samples than relying on the
percentage of the copper giving rise to an EPR signal that
varies according to the analytical copper content of each
sample. For example, a single center would give a value of
between 25.7% and 31.5% of the total copper for the samples
studied in this work. The enzyme as-prepared is termed
“native enzyme,” as opposed to “oxidized enzyme,” because
the presence of a MV chromophore allows for the possibility
of higher oxidation states.

RESULTS

Assignment of the Cuy Electronic Spectrum. A key feature
of copper dimers is the variation in spectroscopic and magnetic
properties with oxidation state. If the copper ions are strongly
exchange-coupled, only the MV [Cu(II)Cu(I)] state will be
paramagnetic and EPR active, S = 1/2. This state also will
exhibit optical absorption bands because of electronic transi-
tions into the single hole on the Cu(Il) ion. Both optical
absorption bands and paramagnetism are required to observe
an intense LT-MCD signal. The oxidized [Cu(II)Cu(II)] state
will be diamagnetic if the copper ions are anti-ferromagneti-
cally coupled but will still possess optical bands because of d-d
and CT transitions, whereas the reduced [Cu(I)Cu(I)] state
will be both diamagnetic and colorless in the visible region. In
dithionite-reduced N,OR, only Cuyz is in the MV state and
hence only this center contributes to the LT-MCD and EPR
spectra. The EPR spectrum, with g values of 2.16 and 2.05 (24),
shows little resolved hyperfine. The intense, oppositely signed
bands in the LT-MCD spectrum (Fig. 1) arise from a pair of
perpendicularly polarized transitions. The electronic spectrum
of the Cuz center has been analyzed by fitting the LT-MCD
spectrum to a sum of Gaussian curves. This procedure iden-
tifies 10 optical transitions between 26,000 and 7,000 cm ™. No
additional transitions are present to 5,000 cm ™. The simulated
spectrum together with the individual Gaussian curves are
presented in Fig. 1o for sample 1 and detailed for the three
samples in Table 1.
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FiG. 1. (a) 4.2 K of MCD spectrum of dithionite-reduced N>OR,
sample 1. (b) The solid line shows a fit of the experimental MCD data,
obtained as a sum of the individual Gaussian curves shown as dotted
lines. Full details of the curve parameters are given in Table 1.

The position and intensity of the optical bands show that the
most likely ligands to the Cuz center are thiolate. Thiolate
ligation is confirmed by identification of copper—thiolate
stretches in the resonance Raman spectrum of this state (25).
Inview of the similarity between the main features of the MCD
spectra of Cua and Cugz, we take as the starting point for the
assignment the Cu,S, rhomb used successfully to assign the
Cuy electronic spectrum (14). This has 14 copper/sulfur-based
molecular orbitals, which divide into three subsets: 6 copper-
based 3dy,, 3dy,, and 3d,. orbitals that form nonbonding
combinations with respect to the copper—sulfur interaction and
4 copper 3d,y and 3dy..,2 orbitals that overlap with the sulfur 2p
and 2p, orbitals to form 4 bonding and 4 anti-bonding com-
binations (Fig. 2). The sulfur 2p, orbitals are o bonding within
the cysteine ligand, and transitions from these orbitals to the
ground state orbital are expected to be too high in energy to
be observed here (26). In the [Cu(II)Cu(Il)] state, the highest
energy orbital is empty, whereas in the one-electron-reduced,
MV state, it is singly occupied. All other orbitals are doubly
occupied, and hence the MV ground and excited states are spin
doublets. Six electric dipole transitions are allowed within this

Table 1. The LT-MCD transitions of the Cu; center

Gaussian
band Transition™® Position, cm~ 1T Intensity ¥

1 2 8,539 — —0.064 —
2 3 11,620 = 243 —0.244 = 0.040
3 4 12,830 £ 0 —0.126 = 0.052
4 5 14,999 + 19 -1
5 6 15,875 = 32 +0.955 = 0.042
6 8 16,906 = 80 +0.323 = 0.037
7 9 18,877 = 199 +0.080 = 0.007
8 10 21,933 = 376 —0.037 = 0.009
9 11 22,944 = 95 +0.062 = 0.020

10 12 24,396 = 76 —0.030 = 0.019

*Identified in Fig. 2.

TSpread of values due to the variation within the three different
samples of N,OR.

#Relative band intensities, normalized to that of transition 5.



Biophysics: Farrar et al.

S

c/ \Cu » X
%

X
l Cu s Cu
Y
L Os — 3y, Gs. b Gs.
Cu/S anti- 1 —— 2ba md 3y md
bonding 2 — 3a, —— - 4oy —— -
3 2y — - 38 ———
4 — 2bsy F ]
Cuw/Snon- 5 — 1bw md g;: —_
bondi 6 1bs, n s
onding S lb: _—; w
8 — la, = md 2a ——— +
12 j
9 — by — + lag e 4
s o —— o * o
bonding 1 — 2a, + 28} m—
13— 1bs, F 1oy ———
1bs md Iy ——— nd
(a) (b) (©
Fi1G. 2. (a) One-electron orbitals used to assign the electronic

transitions within the Cua and Cuz centers of N,OR, formed by
combination of the copper 3d and sulfur 2px and 2py atomic orbitals.
(b) The allowed transitions for the Cua center under Dy, symmetry.
(¢) The allowed transitions when a bis-thiolate-bridged dicopper
center is distorted within the XY plane to give local C,, symmetry as
in the case of the Cuz center. F, forbidden transition; md, magnetic-
dipole allowed transition; —, electric dipole-allowed transition that
results in a negative experimental MCD band; +, electric dipole-
allowed transition that results in a positive experimental MCD band.

manifold if the chromophore is planar (D), as is the Cua
center, Fig. 2b. Because 10 electric dipole transitions have been
identified in the MCD spectrum of the Cuz center, the
chromophore must have lower symmetry: Cy, rather than Dyj,.
This implies either that the Cuz center has undergone a
distortion about the Z-axis such that the copper ions lie below
the sulfur ligands, as shown in Fig. 2¢, or that additional ligands
are bound. Such changes must not remove the equivalence of
the two copper ions required for valence delocalization. Keep-

460 710
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ing the same ordering of excited states as observed for the Cua
center, the ground state under Cy, is ?By. All of the electric
dipole allowed transitions identified in Fig. 2c¢ have been
assigned in the LT-MCD spectrum of reduced N>OR (Table
1). The high degree of covalency within the Cu,S, chro-
mophore (14) ensures that d-d and charge-transfer transitions
are mixed heavily.

Although we propose here that Cugz is a nonplanar bis-
thiolate bridged chromophore, neither replacement of one
bridging thiol by another ligand, such as an oxo-, hydroxo-, or
an inorganic sulfido- group, nor even the presence of an
additional ligand can be excluded as possibilities to explain the
differences between the Cua and Cuz MCD spectra. To date,
there are no appropriate spectroscopic models for the prop-
erties of a MV mono-thiolate bridged dimeric copper center.
If Cuz were such a species, the maximum number of electric
dipole allowed transitions, under C,, symmetry, would be nine,
in contrast to the 10 transitions clearly identified in Fig. 1. The
broadness of the bands means that Gaussian analysis of the
absorption spectrum does not help in this matter.

Deconvolution of the Copper Centers Present in N,OR.
Three oxidation levels of the enzyme [native, semi-reduced
(S-R) and dithionite-reduced] have been studied by absorp-
tion, EPR, and MCD spectroscopies. The absorption spectra
of these oxidation states are presented in Fig. 3. Native
wild-type enzyme (Fig. 3a) is dominated by the MV Cu, center
with broad bands at 480, 540, and 800 nm (see Fig. 3b for
comparison). Additional intensity at 540 nm and 650 nm also
is observed. Reduction with excess sodium ascorbate results in
S-R enzyme (17, 27). This state is largely EPR silent. Although
no EPR active species is present, there remain relatively
intense optical bands at 540 nm and 650 nm (& ~ 1,500-2,500
M~! cm™!) characteristic of thiolate—copper transitions (Fig.
3c). LT-MCD studies confirm that this chromophore is not a
ferro-magnetically coupled (S = 1) [Cu(II)Cu(II)] center (data
not shown). Additional reduction with sodium dithionite con-
verts S-R enzyme into the “blue” form with a single broad
absorption band at 650 nm (Fig. 3d). Interconversion between
the S-R and dithionite-reduced species occurs with an isos-
bestic at 615 nm in the absorption spectrum, showing that two
chromophores are in equilibrium. Because a single chro-
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F1G6.3. The 298 K of absorption spectra of NoOR in Hepes (pH 7.2), sample 3. (a) Native enzyme, showing optical bands due to the Cua, Cuz,
and Cu} centers. (b) Absorption spectrum of the MV Cua chromophore in N;OR V. (c) S-R enzyme obtained after reduction with sodium
ascorbate, showing optical bands of the fully oxidized [Cu(IT)Cu(II)] state of the Cuz center only. (¢) NoOR obtained after reduction with excess
sodium dithionite, showing optical bands due to the MV state of Cuz only.
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F1G. 4. MCD spectrum of native N>OR (solid line), sample 1. The
individual spectra of the MV Cua center (long dash line) and the MV
Cu? center (short dash line) have been obtained by Gaussian decon-
volution of the spectrum.

mophore, MV Cuy with Ap.x = 650 nm, is present in dithio-
nite-reduced N,OR, the chromophore present in the S-R state
of the enzyme, with A,y = 540 nm and 650 nm, must be the
fully oxidized, anti-ferromagnetically coupled [Cu(II)Cu(II)]
state of the Cuy center. This is the highest oxidation state for
a copper dimer, and so oxidized Cuz also must be present in
native enzyme.

The distinctive characteristics of the MCD spectrum of
dithionite-reduced N,OR (Fig. 1a) are the two oppositely
signed bands at 625 nm (+1,440 M~ ! cm™~!) and 680 nm (—830
M~! ecm™1!). The spectrum has been assigned to the MV state
of a thiol-ligated copper dimer, section 1. Comparison of the
MCD spectra of mutant N>OR, in which only the Cu, center
is present (N,OR V) (14), and native wild-type enzyme shows
the presence of two additional oppositely signed bands cen-
tered at 645 nm in wild-type enzyme (Fig. 4). These bands arise
from a second paramagnet, previously designated Cu’. Gauss-
ian analysis has been used to show that the MCD spectrum of
native wild-type enzyme has contributions from a MV Cua
center and a MV Cug center (Fig. 4). This shows that Cu%, is
a variant of Cugz present in the MV state in native enzyme.
There is no evidence for any additional paramagnetic chro-
mophores. Thus, MV Cu¥ can be identified with the second
paramagnet observed in the EPR spectrum of native N;OR
(10). By analogy with dithionite-reduced N,OR, it may be
expected that MV Cu% will have a single broad absorption
band centered around 650 nm.

We are now in a position to assign all of the features of the
absorption spectrum of native NoOR in Fig. 3a. There are
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contributions from three centers: Cua, Cuy, and Cuz. MV Cup
has bands at 480, 540, and 800 nm, MV Cu?% has a single band
at 650 nm, and oxidized Cuz has two bands at 540 and 650 nm.
The conclusions reached are summarized in Scheme 1. Quan-
tification of these three species is presented in the next section.

Electron Transfer Centre

A Z YA
Native  cyry/Cul Cull/Cull Cull/Cul
Enzyme S=1/2 $S=0 S=1/2
A =480, 540, 800 A = 540, 650 A =650
Semi-Reduced Cul/Cul Cull/Cull Cul/Cul
Enzyme S=0 S=0 S=0
A = 540, 650
Reduced Cul/Cul Cull/Cul Cul/Cul
Enzyme S=0 S=1/2 S=0
A =650
SCHEME 1

Quantification of the Cus, Cuyz, and Cu? Centers. The
LT-MCD spectrum measures those chromophores that are
paramagnetic in a given oxidation state of the enzyme; thus,
the CPM value for each of the species (Cua, Cuz, and Cu%) in
the various oxidation states of the enzyme (native, S-R, and
reduced) can be determined based on EPR and MCD quan-
tification. The quantification of centers in nonparamagnetic
states can be deduced providing the assumptions are made that
the different forms do not interconvert as the reduction
proceeds’ and that each form undergoes only a one-electron
redox process. The existence of a diamagnetic S-R state means
that those Cu% centers that are paramagnetic in the native state
are not the same Cuz centers that are paramagnetic in
dithionite-reduced enzyme. Because no other chromophores
are present in N,OR, the total concentration of centers [Cua
+ Cugz + Cu”i] at each oxidation level of the enzyme should
be 2 CPM if Cup and Cuz/Cu¥ are distinct centers and 1 CPM
if Cua, Cuz and Cu? are variants of a single dimeric copper
center. The CPM value for Cuz in reduced enzyme is neces-
sarily the same via both MCD and EPR quantification because
the MCD intensity is based on the EPR concentration. The
CPM values for the Cup and Cu¥ centers in native enzyme are
obtained by comparison of the intensities of the individual
deconvoluted spectra (Fig. 4) with those for Cua in N;OR V
and Cuy in dithionite-reduced N,OR, respectively. The values

IThis does not imply that the distribution within the three forms is
fixed for any given enzyme preparation. Extensive redox cycling
experiments in the presence of inhibitors or substrates have not been
done.

Table 2. Average distribution of the three forms of the copper—thiolate center in NoOR based on Gaussian analysis of the MCD spectra

Contribution of each center’

CUA Cuz Cuz*

State 11/1 I/1 I1/11 11/1 11/1 1/1 Total
Native 0.521 + 0.07% 0 (0.343)8 0 0.162 + 0.04% 0 1.026
S-R 0 (0.521) (0.343) 0 0 (0.162) 1.026
Reduced 0 (0.521) 0 0.343 = 0.09% 0 (0.162) 1.026

TShown as the CPM value.

¥This variation represents the spread of values obtained for the three enzyme preparations studied, and thus the distribution of the different forms

depends somewhat on the enzyme preparation.

§Values in parentheses are for diamagnetic or spectroscopically silent oxidation states whose presence is deduced from data on paramagnetic

oxidation states.
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obtained by this method are in agreement with that deter-
mined by EPR quantification, which gives an average value of
0.743 spins per monomer in native enzyme, due to both Cup
and Cu%. The results based on MCD quantification are
presented in Table 2 and show that the total number of centers
is one per protein monomer. This is an unexpected finding, the
implications of which are discussed below.

DISCUSSION

Three conclusions can be drawn from the spectroscopic data
presented here. First, the MV Cuz chromophore observed in
dithionite-reduced N>OR is a thiolate-bridged dinuclear cop-
per center that can undergo the redox cycle [Cu(II)Cu(II)] to
[Cu(IT)Cu(I)]; second, N>OR contains three forms of copper—
thiolate center, Cua, Cuz, and Cu?, each form being restricted
to a single one-electron redox cycle either [Cu(II)Cu(I)] [/]
[Cu(IT)Cu(1)] for Cuz or [Cu(II)Cu(I)] [/] [Cu(X)Cu(I)] for
Cuya and Cu7; and, finally, that the sum of the total concen-
trations of these three forms is never more than one center per
protein monomer. The conclusions do not depend on the
presence of two bridging thiolates in every form of the center.

Support for the presence of only one thiolate—copper center
comes from study of the published amino acid sequences. Fig.
5 shows an alignment of nosZ sequences [for P. stutzeri (28),
Ralstonia eutrophus (formerly Alcaligenes eutrophus) (29),
Pseudomonas aeruginosa (29), P. denitrificans (30), Sinorhizo-
bium meliloti (formerly Rhizobium meliloti) (31), and Achro-
mobacter cycloclastes (EMBL databank accession no.
X94977)]. A Cupx binding domain, analogous to that in subunit
IT of COX, can be identified in the C-terminal region with
strictly conserved cysteine and histidine residues, Cys 618, Cys
622, His 583, and His 626 (P. stutzeri numbering). A third
cysteine, Cys 165 in P. stutzeri, is not conserved in A. cyclo-
clastes, although the latter has a cysteine only five residues
removed. Residue 193 is Ala in P. stutzeri and a cysteine in the
other 5 sequences. It is important that mutation of Cys 165 in
P. stutzeri to glycine results in a specific activity in vivo similar
to that of the WT enzyme (32). Therefore, it would seem that
there are insufficient positionally conserved cysteines to en-
able two bis-thiolate-bridged dinuclear copper centers to be
formed.

These conclusions raise intriguing questions about the cop-
per centers of NoOR. The first concerns the functional roles of
the three forms of the copper—thiolate dimer, Cua, Cuz, and
Cu%. By analogy with the role established for Cu in COX and

(a) Histidine rich region
114
P. stutzeri

A. cycloclastes
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because of the relative insensitivity of the spectra to the
addition of substrate (24) and exogenous ligands (24, 27), they
appear to have a role as an electron transfer/electron storage
center. The observed oxidation states, summarized in Scheme
1, serve to emphasize that, in these variants, it is possible to
access all three oxidation states available to a dimeric copper
center. Thus, this center could provide a two-electron storage
site, being in effect analogous to quinone. However, it is to be
expected that there will be difficulty in transferring two
electrons from a single center at similar potentials. For exam-
ple, the potentials for the [Cu(II)Cu(1I)] to [Cu(II)Cu(I)] and
[Cu(IT)Cu(I)] to [Cu(I)Cu(I)] couples are separated by >500
mV in Cup (33). But, by switching structure to stabilize the
[Cu(II)Cu(11)] state, the delivery of a second electron at a
similar potential to that of the first could occur. One way of
stabilizing the higher, [Cu(II)Cu(II)] oxidation state would be
to increase the coordination number of each copper ion, for
example, so as to become more nearly tetrahedral. We have
suggested that nonplanarity of the Cu,S, rhomb could account
for the spectroscopic differences between Cuz/ Cu’ and Cua.
This distortion could be induced by additional ligation to the
copper ions, possibly an hydroxide ion or a p-oxo bridge.
Because the delocalization of the MV state is retained, the
copper sites must have similar geometries. We note that a
model compound with a stable [Cu(IT)Cu(II)] state (34) has
been reported with a tetrahedral geometry at each copper ion.

Thus, it is envisaged that during turnover there is intercon-
version between the Cua and Cuyz forms to access all three
oxidation states. This conversion of Cua-type centers into
Cuz-type centers may be part of a control mechanism to
prevent the delivery of reducing equivalents to the catalytic
center in the absence of substrate. It remains to be shown why
the modified Cuz/Cu¥ form of the electron transfer center is
only observed in wild-type N,OR and not in either NOR V or
in copper-reconstituted No,OR. Neither N OR V nor recon-
stituted N,OR have enzymatic activity, presumably because of
the absence of the catalytic site, and it may be that the changes
at the electron transfer center that gives rise to the Cuyz
structural variant only take place when the catalytic center is
present. The samples studied here show rather little variation
in the Cua:Cuyz:Cu¥ ratio, and it remains to be seen whether
conditions can be found that trap this electron transfer center
entirely in one form.

The Nature of the Catalytic Center. The proposal that N,OR
possesses only one thiolate-bridged center per monomer that
is involved in electron storage and transfer raises questions

—————— GDCHHPHISMTDGKYDGKYLFINDRANSRV
TNESIRIHQRTMTEKTKKQLAANGKKIHDNGDLHHVHMS FTDGKYDGRYLFMNDRKANTRV

Consensus sequence TNES L DHHHS G YDG NDK N R
(b) Highly conserved cysteines
165 193

P. stutzeri ARTRIDIMKCDKMITVPNVOATHGLRLOK -~ ~—~—- VPHTKYVFANAEFIIPHPNDGKVFE
A. cycloclastes GAVRCDVMKTDAILEIPNAKGTHGMRPQR-~-———- WPRSNYVFEFCNGEDEAPLVNDGSTM
Consensus sequence RD CD PN K VFC E P
(c) Cua binding domain

583 618 626

P. stutzeri
A. cycloclastes
D HGF

Consensus sequence

EDVSHGFVVVNHGVSMEISPQOTSSITEFVADKPGLEWYYCswFCHALHMEMVGCRMMVE
DDLTHGFTMGNHGVAMEVGPQOT SSVIFVAANPGVYWYYCOWFCHALHMEMRGRMEVE
POTSTFA PG WYC FCHAHEM RMVE

F1G.5. Selected regions of NosZ sequence showing (@) the histidine-rich region, (b) the third highly conserved cysteine, and (c) the Cua binding

domain.
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about the nature of the catalytic center. If N;OR contains four
copper ions per monomer, maximally, then two copper ions
remain unaccounted for. There are nine histidines strictly
conserved, in addition to the histidine ligands of Cua. Three
are found in a histidine-rich region (Fig. 5a), and one, which
is not present in COX, is found within the Cux binding domain
of NbOR (Fig. 5¢). This high number of conserved histidines
leads to the proposal that the catalytic site may be a copper—
histidine center with magnetic interaction between a pair of
copper ions to render it EPR and optically silent, as with a type
III-like [Cu(II)Cu(II)] center (35). However, the total number
of copper ions in fully active N,OR is still uncertain, and the
difficulty in reconstituting active enzyme from apo-protein
may suggest a more complex active center than a simple
binuclear type III site. The distribution of conserved histidines
does not follow a structurally characterized copper binding
motif. However, His 621 conserved within the Cu, domain is
a candidate for a ligand to the catalytic site. A motif of adjacent
cysteine and histidine residues is reminiscent of the copper-
containing nitrite reductases (36, 37) and ascorbate oxidase
(38) in which histidine ligand(s) to the catalytic site are
adjacent to the cysteine ligand of the electron transfer site. This
may provide a mechanism for cooperativity between the
electron transfer site and the catalytic site and hence allow the
switch in structure at the electron transfer site to be deter-
mined by events at the catalytic site.

In conclusion, we have presented spectroscopic analysis and
quantification that lead to a new model of the metal centers of
N,OR. This model proposes the presence a single bis-thiolate-
bridged, dinuclear copper center that can undergo a two-
electron oxidation from the [Cu(I)Cu(I)] state, both electrons
being delivered into a catalytic site at approximately the same
potential gated by a structural “switch.” It is further proposed,
on the basis of the analytical copper content, that the catalytic
site contains two copper ions ligated primarily by histidine
residues.
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