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ABSTRACT. The crystal structure of nitrous oxide reductase, the enzyme catalyzing the final step of bacterial
denitrification in which nitrous oxide is reduced to dinitrogen, exhibits a novel catalytic site, called Cu
This comprises a cluster of four copper ions bound by seven histidines and three other ligands modeled
in the X-ray structure as OHor H,O. However, elemental analyses and resonance Raman spectroscopy
of isotopically labeled enzyme conclusively demonstrate thatiag one acid-labile sulfur ligand. Thus,
nitrous oxide reductase contains the first reported biological cefpéfide cluster.

Nitrous oxide reductase gOR),! which catalyzes the final  ligand, OH", which makes bonding contacts to all four
step in bacterial denitrification, the reduction of nitrous oxide copper ions with distances ranging from 2.15 to 2.38 A. It
to dinitrogen ({, 2), plays a critical environmental role in s difficult to reconcile the structure of the ggenter with
preventing release into the atmosphere of the potent greenspectroscopic data that strongly suggested sulfur ligation.
house gas nitrous oxide. The enzyme-catalyzed reaction isSpecifically, in the reduced state, £generates intense
particularly challenging since nitrous oxide is both kinetically magnetic circular dichroism (MCD) transitions in the visible
inert to reduction and an extremely poor transition metal region with a pair of perpendicularly polarized bands centered
ligand @). The structure of the catalytic site has remained at 630 nm, and the EPR signals show very low unpaired
unknown until the recent report of the crystal structure of electron spin density on the copper ions, indicating substantial
nitrous oxide reductase froPseudomonas nautid8). The metal-ligand covalency&—8). These spectroscopic signa-
enzyme is a functional homodimer in which a dinucleai Cu tures are those expected of copper ions with bridging sulfur
center, similar to that found in cytochronteoxidase of ligands but would be very surprising in a copper cluster
mitochondria and bacteriat(5), transfers electrons from containing only histidine and oxygen ligatiof)(
an external electron donor to the catalytic center, designated One possible source of sulfur coordinated tg @uat might
Cu,. The latter is a copper cluster of unprecedented structurenot be unambiguously assigned in the structure at medium
in which four copper ions are liganded by seven histidine resolution is inorganic or acid-labile sulfur. We have
residues and three additional ligands (one bridging and two therefore carried out sulfide and metal analyses of native
terminal) modeled as either Otbr H,O (3). The four copper ~ N2OR isolated from two bacterial sourceBaracoccus
ions form a highly distorted tetrahedron around the bridging pantotrophus (formerly Thiosphaera pantotrophaand

Pseudomonas stutzeiTfwo mutant forms of the enzyme
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Table 1: Determination of Copper and Inorganic Sulfur of Nitrous Oxide ReductaseMeorpantotrophusandP. stutzeri

nitrous oxide reductase Cu atoms/protein dimer inorganic sulfurs/protein dimer Cu/S ratio
wild type fromPa. pantotrophus 10.5+ 2.6 (87 1.7+ 0.4 (10¥ 6.2
wild type fromP. stutzeri 9.9+ 1.7 (2) 1.6£ 0.2 (6f 6.2
N2OR V from P. stutzeri(strain MK 402) 3 0.1Gt 0.04 (4) 30

aResults+ the standard deviation (based nrsamples)® From four separate protein preparatiohSrom two separate protein preparations.

and 8 in stable ferredoxins1l). The copper content was
determined by inductively coupled-plasma emission spec-

trometry using a Thermo Jarrell Ash Polyscan 61e apparatus.

The protein was quantified with the bicinchoninic acid
method using bovine serum albumin as the standagjl (
Protein Purification and CharacterizationN,OR was
purified fromP. stutzerizoBell (ATCC 14405) as described
previously (3). N;OR V was obtained from the mutant strain
MK402 which is defective in active site biosynthes8.(
Fully labeled f*S]N.OR was obtained from cells grown on
minimal medium containing 0.25 mM N4SQ, (90 at. %,
ICON). Incorporation in vivo of*Cu and®*Cu (99.7% pure)
into N;OR was achieved by addition of the isotope into a
growing culture ofP. stutzerias detailed previouslyld).
Double labeling of MOR with 8Cu and [°N]histidine
(racemicp,L-[**N]histidine, 99% minimum, NIH National
Stable Isotope Resource, Los Alamos, NM) was accom-
plished using an auxotrophic mutant generated by random
transposon Tn5 mutagenesiks(16). The C622D variant
was prepared and purified as described elsewh&@. (
Purification of NOR fromPa. pantotrophusvas essentially
as described previously 7) with the exception that the entire
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Ficure 1: Resonance Raman spectra of;@ibtained with 647
nm excitation (a) from dithionite-reduced®R (~1 mM) obtained
from cells grown on minimal medium wit#S (—)- or 3*S-labeled

preparation was carried out under an anoxic atmosphere af- -) sulfate. Peak frequencies are for tPRS species with*S

18 °C. Enzymatic activity was assayed spectrophotometri-
cally with dithionite-reduced methyl viologen as the electron
donor in 50 mM sodium Hepes (pH 7.517 or by
photochemical reduction of deazaflavih3]. The specific
activities were as followsPa. pantotrophus6.9-12 umol
min~! mg%; P. stutzeriWwT, 5.5 umol min~* mg%; and
C622D and MNOR V, no activity. Resonance Ramah8(
19), EPR {7), and MCD @O0) spectra were measured as
previously described.

RESULTS

The Cuy Center Contains a CuS Bond.The RR spectrum
of dithionite-reducedP. stutzeriN,OR exhibits a prominent
band at 382 cmt (Figure 1a). Since the excitation wave-
length of 647 nm corresponds to the absorption maximum
of the reduced form of Guithe 382 cm* mode is associated
with the Cuy cluster. On substitution of the natural sulfur
isotope®?S with 34S, this band undergoes an isotope shift of
—5.8 cnmrL. Substitution 0f35%Cu with 85Cu, and of histidine
with 1N (His), gives isotope shifts 0f-0.8 and 0 cm?,
respectively (data not shown). Thus, the 382 ¢RR band
arises from a stretching vibration involving coppsulfur
motion. This Cu-S vibrational mode is also detected at 384
cmtin the RR spectrum of the Gueficient mutant C622D
(Figure 1b), confirming that the sulfur atom detected is
associated with Gu

N2OR Contains Acid-Labile Sulfide When Qs Present.
Sulfide and copper analyses on nativgOR isolated from
Pa. pantotrophusand P. stutzeriboth show copper levels
close to 12 per dimer as anticipated from the crystal structure
(Table 1). Inorganic sulfur, at 1. 0.4 sulfur atoms per

frequency shifts listed above. (b) RR spectra of the C622D mutant
protein of NOR (1.2 mM).

protein dimer in one case and 146 0.2 in the other, was
also found, giving a Cu/S ratio of 6.2 in both proteins.
Therefore, the native enzyme contains one inorganic sulfur
atom per monomer. This atom can be associated with the
Cu, cluster because an insignificant amount of sulfe®, 1,
is present in the POR V, a variant which lacks Gu(8).
Furthermore, no CuS vibrational modes characteristic of
Cu; are seen in the RR spectrum of thgOR V variant
(21). The intensities of the RR, MCD, and UWis spectra
of Cuz in mutant C622D point to the presence of one;Cu
center per monometl(). However, analysis of the sulfide
content leads to greater variability and lower absolute values
(0.46-0.85 sulfur atom per dimer) than for the wild-type
protein, suggesting that the sulfide ion may be more
susceptible to handling losses in this form of the enzyme
which lacks Cuy.

Optical and Magnetic Properties Indicate a Bridging
Sulfur Ligand in Cg. The crystal structure of the “blue” form
of the enzyme fronfP. nauticawas determined in which both
Cus and Cuy are reduced??). In this state, Cyis EPR
silent and lacks optical absorption, whereas the €anter
is paramagnetic, giving a88= ¥, EPR signal, and has broad
absorption maxima at 630 and 760 nm typical of reduced
N2OR. The crystal absorption spectrum of this form of the
enzyme frozen at 100 K exhibited a prominent absorption
peak at 635 nm and a broad shoulder at ca. 750 3)mn (
demonstrating the similarity of the @wluster between
proteins from different sources, and also proving that the
crystalline form that was studied contained the redu&d,
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so0| @ P. pantotrophus WT | OH— Cu/
0 OH-//,I"' l "_“\\\\ His
- .Cu=S=~Cu.,
-500 His W “U His
[ Cu
-1000
1000 | P. stutzeri WT His His
= sool 1 Ficure 3: Schematic diagram of Gibased on the crystal structure
'g [ (3) and spectroscopic data found in the work presented here.
= 0
4 00| spectroscopic studies, strongly suggest that the bridging

ligand in the Cu cluster, which has been modeled in the
2000 L ‘ ] 2.4 A resolution crystal structure as an oxygen atom, is
[ © P. stutzeri mutant C622D | inorganic sulfide. The large total RR isotope shift-el7
1000 J cmtin the RR spectrum upon substitution 96 for %2S
points to a bridging sulfide with two or more €& bonds
(21). The vibrational frequency of 382 crhfor v(Cu—S)
] can be compared with values ofFe—S) in Fe-S clusters.
L These lie in the range of 333145 cn1? for the symmetric
40 600 800 1000 1200 usz-S stretch in [3Fe-4S] and [4Fe-4S] cores and in the range

Wavelength (nm) f 280-290 and 396-39 1f h S hi
Fume 2. MCD specira of Cufrom (2 0,067 m dimer hOR o an 5 cm- for the u,-S stretching

from Pa. pantotrophuseduced with dithionite, (b) 0.5 mM JOR modes in [2Fe-2S]29). Analysis of the Cu K-edge EXAFS

-1000

from P. stutzerireduced with dithionite, and (c) 0.036 mMOIR suggested a contribution from sulfur to the backscattering
from P. stutzerimutant C622D as isolated. Spectra were recorded from Cu; (10). A schematic model of Guis given in Figure
at 4.2 K and a field strength of 5 T. 3 in which the sulfide ion is proposed to bridge the four

. ) ) copper ions. Curepresents the first example in biology of
= I form, of Cu. Hence, reduced Gun the crystalline 5 copper-sulfide cluster, although a synthetic coppeulfide
form has the same molecular structure as the solution formsg,ster made by insertion of Cu(l) into a [3Fe-4S] core cluster
of the enzyme fronPa. pantotrophusindP. stutzeri to form [3FeCu-4S] cubane cluster has been repodéj (

Magnetic circular dichroism (MCD) spectra measured at ¢y, is a copper-based analogue of the i@ulfur clusters
4.2 K detect optical transitions only from paramagnets. The commonly encountered in biological redox proteins. It
broad absorption spectrum of reduced,Q& = ) is remains to be seen what role a coppsulfide cluster plays
resolved into at least nine optical transitions in the 1ow- jy the catalytic reduction of 0. One can speculate that
temperature MCD spectrun) This provides a diagnostic  the pridging sulfide ion could accept the oxygen atom from

fingerprint of the reduced Gucenter, showing it to be  n,0, forming a sulfoxide intermediate prior to reduction to
structurally similar in the native enzyme froRa. pantotro- water, and releasing N

phusandP. stutzeriand in mutant C622D (Figure 2). The
MCD signals are intense and likely arise from sulfide
copper(ll) and copper(fcopper(ll) intervalence charge
transfer (CT) transitions2@8—26). The oppositely signed
MCD bands c_entered at 650. hm come from two perpen- Bouchard, R. Jones, and C. Robinson for assistance with
dicularly polarized transitions into excited states lying close protein purification, M. L. Alvarez, J. Ai, and H. Seward
in energy. The near degeneracy of these excited states may help with spect,roscopy and J_’ Farra,r R. R. Eady, and
arise from the high symmetry of the metalulfur cluster. C. Andrew for helpful discﬁssions. ' '
Since only one labile sulfide per has been detected, the

sulfur ligand must occupy a bridging position between at

least two copper ions to meet the symmetry requirement. REFERENCES
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