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The cupric site in nitrous oxide reductase contains a mixed-valence 
[Cu(II),Cu(I)] binuclear center: a multifrequency electron 

paramagnetic resonance investigation 
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Multifrequency electron paramagnetic resonance (EPR) spectra of the Cu(II) site in nitrous oxide reductase (N2OR) from 
Pseudomonas stutzeri confirm the assignment of the low field g value at 2.18 consistent with the seven line pattern observed 
at 9.31 GHz, I0 K. S-band spectra at 20 K are better resolved than the X-band spectra recorded at 10 K. The features 
observed at 2.4, 3.4, 9.31 and 35 GHz are explained by a mixed-valence [Cu(l.5)..Cu(1.5)] S= 1/2 species with the un- 
paired electron delocalized between two equivalent Cu nuclei. The resemblance of the N2OR S-band spectra to the spectra 
for the EPR-detectable Cu of cytochrome coxidase suggests that the S-band spectrum for cytochrome c oxidase measured 

below 30 K may also contain hyperfine splittings from two approximately equivalent Cu nuclei. 

Nitrous oxide reductase; Cytochrome c-oxidase; Mixed-valence Cu center; EPR, multifrequency 

1. INTRODUCTION 

N2OR from the denitrifying bacterium 
Pseudomonas stutzeri is a multicopper enzyme 
(8 Cu/Mr 140 000) involved in the conversion of 
nitrous oxide to dinitrogen [1]. The N,O-bond 
which has double bond character [2] is cleaved 
upon transfer of 2e-/2H + forming 1 tool water in 
analogy to the reduction of dioxygen (4e-/4H + 
transfer) to 2 mol water catalyzed by cytochrome 
c oxidase (ferrocytochrome:O2 oxidoreductase) 
[3]. Five spectroscopically distinct forms of N2OR 
with different catalytic properties including the 
purple high-activity form I (isolated anaerobically) 
and the mutant form V (inactive, deficient in Cu 
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chromophore biosynthesis) have been prepared 
[4-6]. EPR measurements at 9.32 GHz, 10 K, of 
N2OR I reveal an axially symmetric signal of the 
Cu(II) site with gii = 2.18 and gi = 2.03. The low 
field part of the spectrum shows a seven line hyper- 
fine pattern (AII= 3.83 mT), the perpendicular 
region exhibited a narrower splitting of 2.8 mT [4]. 
The seven line EPR signal of N2OR I has a variable 
contribution of a broad, feature-less signal. This 
signal, representing up to 30°70 of the total Cu 
determined by atomic absorption spectroscopy or 
chemical methods, is most clearly seen upon reduc- 
tion of N2OR I to the blue form, III. It is also pre- 
sent in samples of aerobically prepared N2OR 
(pink form, II). Five hyperfine lines at gn have 
been resolved in the EPR spectra of such probes. 
Double integration of the EPR signals of both 
N2OR I and II and comparison to a Cu(II)SO4 
standard in HCI/NaCIO4 accounted for 20-40°70 
of the total Cu whereas in N2OR V approximately 
50°70 was EPR detectable [6]. 

Both the physical and biochemical properties of 
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N2OR obv ious ly  do  no t  fi t  p r o p e r l y  in the  
' c l ass ica l '  scheme o f  type  1, 2 and  3 Cu  p r o p o s e d  
a lmos t  two decades  ago [7]. The  existence o f  a 
b r o a d  a b s o r p t i o n  m a x i m u m  a r o u n d  800 n m  in ox-  
id ized  N2OR toge ther  wi th  the  pos i t i on  o f  g i r / A i i  

in the  Pe i sach-Blumberg  d i a g r a m  [8] cou ld  be 
t a k e n  as a first  i nd ica t ion  tha t  the  E P R - d e t e c t a b l e  
Cu  in N2OR I might  have  a s t ruc tura l  and  elec- 
t ron ic  a r r a n g e m e n t  s imi lar  to  the  CUA o f  bee f  hea r t  
c y t o c h r o m e  c oxidase .  

The  mul t i f r equency  E P R  d a t a  descr ibed  in the  
p resen t  c o m m u n i c a t i o n  p rov ide  new evidence for  
this  in t r iguing a s sumpt ion .  C o m p a r i s o n  o f  these 
d a t a  for  the  E P R  de tec tab le  Cu(I I )  in NzOR with  
the  results  r epo r t ed  for  cy toch rome  c oxidase  
[9,10] suggests tha t  the  E P R  signal  obse rved  at  S- 
a n d  L - b a n d  be low 30 K arises f rom a mixed-  
va lence  [Cu(II ) ,Cu(I) ]  S = 1/2 site. 

2. E X P E R I M E N T A L  

The various forms of N2OR were prepared as described [4]. 
Samples for EPR measurements were transferred to quartz 
tubes that were frozen in liquid nitrogen and stored at 77 K. 
EPR spectra at different frequencies were obtained with either 
Varian or Bruker instruments located at the National 
Biomedical ESR Center in Milwaukee. EPR parameters were 
calculated from the spectra measuring the microwave frequency 
(EIP model 548 counter) and the magnetic field (Radiopan JTM 
147 gaussmcter). The EPR-detectable Cu was determined with 

Cu(II)SO4 in HCI/NaCIO4 as the standard [11]. At 9.3 and 
35 GHz standard Varian rectangular or cylindrical cavities and 
standard microwave bridges were used. For lower frequencies 
the loop-gap resonator [12] and microwave bridges developed at 
the ESR center were used. Temperatures at approximately 125 
and 20 K were maintained with gaseous nitrogen (Varian) or 
helium (Air Products) flow systems. For the measurements at 
2.4, 3.4 and 35 GHz the resonator had to he placed into the 
quartz cold finger. 

3. R E S U L T S  

The  var ious  fo rms  o f  NeOR ( I - V )  inc luding  the 
h i g h - p H  fo rm o f  I [4] have  been inves t iga ted  by  
E P R  spec t roscopy  at  several  f requencies .  Fu r the r -  
more ,  the  effect  o f  the  t e m p e r a t u r e  in the  range  
5 - 1 2 5  K on the line shape  and  the spect ra l  resolu-  
t i on  has  been  s tudied .  The  E P R  pa ra me te r s  are 
s u m m a r i z e d  in t ab le  1, which  also includes  d a t a  for  
b inuc lea r  coppe r  complexes  and  var ious  coppe r  
p ro te ins .  

In  fig. 1, the  E P R  spec t ra  o f  N2OR I in T r i s - H C l  
bu f f e r ,  p H  7.5, 1 0 - 2 0  K, ob t a ined  at  va r ious  fre-  
quencies  over  the  range  2 . 4 - 3 5  G H z  are  com-  
pa red .  A t  35 G H z ,  the  spec t ra  resemble  d i spe rs ion  
spec t ra  o f  spec t ra  d o m i n a t e d  by  r ap id  passage .  A t  
110 K,  b o t h  N2OR I and  V show n o r m a l  first  
der iva t ive  spec t ra  with a p p a r e n t  g values  at  2.16 
a n d  1.99 [6]. There  is an  a dd i t i ona l  l ine centered at  
g = 2.02 in the  spec t rum o f  N2OR I tha t  is absent  
in the  spec t rum o f  the  mu ta n t ,  N2OR V. F o r  the  

Table 1 

Electron paramagnetic resonance parameters for Cu proteins and complexes with Cu-Cu interaction 

Sample Coupling Coupling Type of Ref. 
A m  = 1 A m  = 2 interaction 

(mT) 

Cu(II)z(carnosine)2 9.3 7.2 [Cu(II)..Cu(II)] [28] 
Cu(II)(carnosine)4 19.0 monomer [28] 
Cu(II)2(glutathione disulfide) not resolved a [Cu(II)..Cu(II)] [29] 
Cu(II)(glutathione disulfide) 17.8 - monomer [29] 
u-Acetato-Cu(II),Cu(I)/CH3CN 4.2 b - [Cu(1.5)..Cu(1.5)] [20] 
NO-hemocyanin not resolved 6.6 [Cu(II)..Cu(II)] [18] 
Cysteamine-tyrosinase 6 c - [Cu(l.5)..Cu(1.5)] [15] 
Nitrous oxide reductase (I) 3.8 (low field) 

3.0 (high field) - [Cu(1.5)..Cu(1.5)] this work 
Cytochrome c oxidase 2.0-2.6 - [Cu(1.5)..Cu(1.5)]? [10] 

a In frozen solution, pH 11.0; crystalline Cu(II)2(glutathione disulfide)Na4.6H20 does not 
Am = 2 transition; Azz = 17.7 mT [30]. 

b In aqueous acetonitrile, 298 K. 
c From computer simulation 

show a 
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Fig.l. Multifrequency electron paramagnetic resonance spectra 
of nitrous oxide reductase from Pseudomonas stutzeri (form I), 
0.27 mM in 25 mM Tris-HC1 buffer, pH 7.5. (A) Microwave 
frequency 35.14 GHz, 10 K; (B) 9.315 GHz, 10 K; (B') 5-fold 
increase in gain; (C) 3.480 GHz, 20 K; (D) 2.393 GHz, 20 K; 

(D') second derivative spectrum. 

dithionite-reduced enzyme, N2OR III, only the 
broad line at g = 2.02 is observed at Q-band, 110 K 
[6]. Lines split by 3.8 mT and 3.0 mT for the S- 
band spectra recorded at 20 K are better resolved 
throughout  the low and high field regions than the 
spectra recorded at 9.3 GHz (fig.l,  spectra C,D). 
For the reduced species, N2OR III, some resolution 
in the central part of  the EPR signal at 2.4 GHz is 
achieved at 20 K (spectra not shown). From the se- 
cond derivative spectrum, a splitting of  approx- 
imately 2.4 mT is derived. This coupling is 
somewhat large for a coordinated nitrogen at- 
tributed to the interaction with a Cu nucleus. 

At 9.3 GHz, 10 K, small differences between the 
signal of  N2OR I and its high-pH form (Ches buf- 
fer, pH 9.8 [4]) are detectable. This becomes more 
evident at 77 K using the second derivative spec- 
trum, i.e. lines split by 1.37 mT are resolved in the 
gx region (spectra not shown). 

No half-field signal resulting from a A m  = 2 

transition at g - 4 in the EPR spectra recorded at 
9.3, 3.4 or 2.4 GHz has been observed in the 

temperature range 10-125 K even after extensive 
signal averaging. 

4. DISCUSSION 

Our EPR experiments of  the cupric site in NzOR 
confirm the assignment of  the low field g value at 
2.18 determined at 9.3 GHz [4]. Consistent with 
the seven line hyperfine pattern observed for N2OR 
at X-band, I0 K, the fourth line in the S-band 
spectrum corresponds to the g value at 2.18. From 
the Q-band spectra taken at 110 K, 2.16, 2.02 and 
1.99 were estimated for the various transitions at 
low and high magnetic field (vs 2.18, 2.02 and 1.99 
for cytochrome c oxidase [13]). Conversion to the 
high-pH form by anaerobic dialysis of  N2OR I [4] 
seems to cause a structural rearrangement of  the 
Cu coordination sphere as indicated by the resolu- 
tion of  additional lines in the perpendicular region 
of  the X-band spectrum at 77 K. The magnitude of  
1.37 mT might be assigned to a coordinated 
nitrogen but could also result from a second Cu 
center. Note that the X-band spectrum of  N2OR I 
(pH 7.5) exhibits a splitting of  2.8 mT at g~ [4]. 

There is a striking similarity between the low fre- 
quency EPR signals of  NzOR I and beef heart 
cytochrome c oxidase [10]. For the EPR signal of  
the beef heart enzyme measured at S- and L-band, 
10 K, Froncisz et al. reported newly resolved split- 
tings ranging from 2.0 to 2.6 mT, and 5.6 to 
8.1 mT around g = 2.02. These authors claim that 
both Cu hyperfine interaction plus some other 
(with cytochrome a?) magnetic interaction could 
account for the features observed in the low fre- 
quency spectra below 30 K. The loss of  resolution 
above 40 K is similar in character to that observed 
for the M o - F e - S  interaction in xanthine oxidase. 
In the case of  N2OR the seven line pattern is not 
observed above 110 K at 9.3 GHz [6]. Although up 
to the present time, S-band spectra were only 
recorded around 20 and 125 K, it seems that the 
resolution is also best in the lower temperature 
range. In analogy to the magnetic interaction be- 
tween Cua and cytochrome a (?), or other nuclei, 
a metal -metal  interaction for the EPR-detectable 
active site of  N2OR is proposed consistent with the 
loss of  resolution at higher temperature. Both the 
hyperfine pattern observed at frequencies between 
9.3 and 2.4 GHz and the magnitude of  the splitting 
are in agreement with a mixed-valence species as 
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proposed  for  several Cu  proteins and Cu  model  
complexes (table 1). Fol lowing the nota t ion  o f  
S o l o m o n  the mixed-valence S = 1/2 state detected 
below 110 K in f rozen solutions o f  N2OR I belongs 
to  the class I I I  i.e. a [Cu(1.5) . .Cu(1.5)]  site with 
s t rong delocalization o f  the unpaired  spin between 
the metal  centers [14]. Similar structures have been 
p roposed  for  the thiol derivative o f  tyrosinase 
[15,16], or  various derivatives o f  hemocyan in  
[17-19] .  A well-resolved seven line E P R  spectrum 
is observed for  the u-acetato [Cu(1.5) . .Cu(1.5)]  
complex  in aqueous  acetonitrile solution [20]. At  
77 K, mos t  likely because o f  structural  rear- 
rangements  due to  freezing, the main  por t ion  o f  
the E P R  signal is assigned to a mononuc lea r  Cu(II )  
complex.  Features f rom the mixed-valence species 
are still detectable in f rozen solution at 77 K. In  
the case o f  N2OR I an opposi te  temperature  
behavior  is observed.  This can be explained in at 
least two different  ways: (i) above 110 K relaxation 
processes, because o f  the interaction between the 
var ious  Cu  nuclei, lead to  significant line broaden-  
ing. Note  that  for  the mul t icopper  enzymes laccase 
(4 Cu /Mr)  [21] and ascorbate  oxidase (8 Cu/Mr)  
(Kroneck,  P . M . H . ,  unpublished) the hyperf ine 
s t ructure  at gxx is still observable at r o o m  
temepra ture ;  (ii) the redox potential  o f  the various 
Cu  sites in N2OR I exhibit different  temperature  
dependences leading to a class I I I  
[Cu(1.5) . .Cu(1.5)]  S = 1/2 state at lower 
temperature .  Such differences in the temperature  
dependence o f  the redox potentials o f  the type 1 
and  type 3 Cu were found  for  ascorbate  oxidase 
[22] and  cy tochrome  c oxidase [23]. 

Unti l  now,  only C u - h e m e  interact ion but  not  
C u - C u  interact ion has been considered to be an 
impor tan t  structural  element o f  cy tochrome  c ox- 
idase [24,25]. On  the other  hand,  recent metal  
analysis da ta  demonst ra ted  the presence o f  three 
Cu  a toms  and two hemes [26]. Only  two o f  the Cu 
a toms  seem to part icipate in catalysis. Note  tha t  
less than  40% o f  the catalytic Cu  centers is accessi- 
ble to  E P R  in native cy tochrome  c oxidase. Only  
af ter  dena tura t ion  in the presence o f  mercurials do  
bo th  Cu  centers become E P R  detectable [27]. 
Thus ,  similar to  the si tuation in N2OR, a class I I I  
mixed-valence [Cu(1.5) . .Cu(1.5)]  state might  be 
fo rmed  below 40 K in the active site o f  cy tochrome  
c oxidase account ing  for  the multiline E P R  signal 
at the S- and L-band  [10]. 
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