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ABSTRACT: We studied the nitric oxide reductase, cytochrome P450nor, purified from a denitrifying fungus 
Fusarium oxysporum with electron paramagnetic resonance spectral and redox potential measurements. 
The EPR spectral features of P450nor in the ferric resting, the ferric cyanide-bound, and the ferrous 
NO-bound forms were the same as the corresponding ones of other general P450s such as Pseudomonas 
putidu P450cam. In contrast, the metyrapone complex of femc P450nor gave an EPR spectrum with 
significantly different g values from that of P450cam. The EPR results were explained in terms of similarity 
in the immediate configuration of the S--Fe-ligand (H20, CN-, NO) structure between P450nor and 
P450cam but a structural difference at the heme distal pocket, especially in the substrate binding domain: 
P450cam has a camphor binding domain, while P450nor does not. In spite of the same S--Fe-H20 
configuration, the redox potential of P450nor in the ferric/ferrous couple was measured to be -307 mV, 
which is much lower than those of the camphor-bound (- 140 mV) and -free (-250 mV) P45Ocam. The 
lower redox potential could be attributable to the different electrostatic interaction of the heme with its 
surroundings; e.g., the heme environment of P450nor is charged either more negatively or less positively 
than P450cam. The low redox potential of P450nor is favorable for the reductive activation of the NO 
ligand, in good consistency with its reaction mechanism which we have proposed [Shiro et al. (1995) J. 
Biol. Chem. (in press)], where the NO ligand bound to the ferric iron is reduced with two electrons from 
NADH and then reacts with another NO, yielding N20 and H20. The EPR and redox data were also 
discussed in relation to the unique properties of P450nor. 

Denitrification is an important process in the global 
nitrogen cycle, in which NO3- and/or NOz- is reduced to 
gaseous forms of nitrogen compounds, either NZ or NzO. A 
large number of bacteria (prokaryotes) perform this process, 
which consists of some consecutive chemical reactions 
catalyzed by metalloenzymes. In the denitrifying process, 
a controversy surrounded the question of whether NO is the 
chemical intermediate prior to N20, the first recognized 
species with N,N-bond antecedents to N2. Recently, enzymes 
with NO reduction activity, NOR,' were isolated from 
Pseudomonas stutzeri and Paracoccus denitrificans, provid- 
ing evidence for the principal denitrification pathway of 
N02- - NO - N20, with NO being a free and obligatory 

intermediate, and N,N-bond formation catalyzed by NOR 
(Carr & Ferguson, 1990; Carr et al., 1989; Dermastia et al., 
1991; Goretski & Hollocher, 1990; Heiss et al., 1989; Kastrau 
et al., 1994; Turk & Hollocher, 1992). 

The NORs from P. stutzeri and from Pa. denitrificans are 
complexes of two membrane-bound hemoproteins, cyto- 
chrome bc complex, having apparent molecular masses of 
-37-38 kDa (cytochrome b )  and -17-18 kDa (cytochrome 
c) .  Zumft and his co-workers have studied the molecular 
properties of NOR from P.  stutzeri with biochemical and 
spectroscopic methods (Kastrau et al., 1994; Zumft, 1993). 
Its EPR spectrum in the femc state exhibits some complexity, 
in which the high spin component (g = 6) coming from the 
five-coordinate cytochrome b together with the low win 
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chrome c is observed. Further, they measured their redox 
potentials to be +322 mV for cytochrome b and +280 mV 
for cytochrome c. On the basis of these results, several 
mechanisms for the NO reduction catalyzed by NOR have 
been proposed and discussed (Ye et al., 1994; Dermastia et 
al., 1991; Turk & Hollocher, 1992). 

Most recently, Shoun and his co-workers (Shoun et al., 
1989; Shoun & Tanimoto, 1991) found that a fungus 
Fusarium oxysporum exhibits a distinct denitrifying ability 
which results in the anaerobic evolution of N20 from N03- 
and NOz-. This was a first report of the denitrification by 
a eukaryote. Further, they purified an NOR from F. 
oxysporum grown in the presence of NO~-/NOZ- and 
identified it as a kind of a heme-enzyme cytochrome P450 
on the basis of its CO difference spectrum (Amax = 447 nm) 
(Nakahara et al., 1993, 1994). As identified by its name, 
cytochrome P450nor, it can be classified into the P450 
superfamily on the basis of its cDNA analysis (Kizawa et 
al., 1991; Obika et al., 1993). The enzyme showed at most 
a 40% identity in the primary structure to some bacterial 
P450s. 

In spite of these similarities, the functional property of 
P450nor is so unique that it exhibits NO reduction activity, 
but not monooxygenation activity. This is sharply contrasted 
with the general P450s, which catalyze the monooxygenation 
reaction; i.e., an oxygen atom from 0 2  is inserted into an 
organic substrate. The NO reduction reaction catalyzed by 
P450nor was established as follows: 

2 N 0  + NADH + H+ - N 2 0  + NAD' + H 2 0  

Corresponding to the lack of monooxygenation activity, the 
0 2  complex of P450nor is too unstable to be spectroscopi- 
cally detected even at -20 oC.2 These observations allow 
us to suggest that the structure of P450nor in the heme 
environment may be somewhat different from that of the 
general P450s. 

In our previous work, we carried out kinetic and thermo- 
dynamic studies of the CO binding to P450nor and showed 
that the channel for the external ligand to have access to the 
heme iron is opened more widely in P450nor than that in 
P45Ocam (Shiro et al., 1994). Further, on the basis of the 
kinetic analysis of the reaction of the enzyme with NO and 
NADH, we proposed the molecular mechansim of the 
catalytic reaction in the NO reduction to N20 (Shiro et al., 
1995). However, we have not yet obtained any information 
on the immediate structure of the heme iron and its redox 
property. Therefore, in the present study, we investigated 
the EPR spectral and the redox potential measurements of 
P450nor to characterize the iron-ligand structure and the 
heme-protein interaction. The results obtained are discussed 
with relevance to the unique functional properties of P450nor 
and its reaction mechanism in the NO reduction we have 
proposed. Further, we also compare the molecular properties 
of P450nor with those of the bacterial NOR from P. stutzeri. 

MATERIALS AND METHODS 

Enzyme. Cytochrome P450nor was isolated from F .  
oxysporum and purified according to the methods described 
previously (Shoun et al., 1983; Nakahara et al., 1993). The 
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FIGURE 1: EPR spectra of cytochrome P450nor in the ferric resting 
state at 5 and 60 K. 

enzyme was dissolved in 0.1 M potassium phosphate buffer, 
pH 7.2, and was concentrated to about 1.2 mM with a 
DIAFLO membrane (Amicon). The concentrated enzyme 
solution was diluted with the buffer to -0.1 mM for the 
EPR measurement and to -10 pM for the redox potential 
measurement. 

EPR Measurement. The EPR spectra were measured with 
a JEOL JES-RE 1X spectrometer equipped with an Air 
Products Model LTR-3 Heli-tran cryostat system, in which 
the temperature was monitored with a Scientific Instruments 
Series 5500 temperature indicator/controller. 

Redox Potential Measurement. The oxidation-reduction 
potential for the ferric/ferrous couple of P450nor was 
monitored by a combined platinum microelectrode (Ingold, 
Pt 4800). The electrode was connected to a Coming pH- 
mV meter, Model 125. The mediator used was a mixture 
of a-hydroxyphenazine, phenosafranine, safranine T, and 
benzyl viologen. The ferric P450nor was photoreduced in 
the presence of 50 mM EDTA and 1 mM proflavine sulfate 
in 0.1 M potassium phosphate buffer at 20 "C. The spectral 
change in the photoreduction was monitored with a Shimadzu 
MPS 2000 spectrophotometer. Details were described 
elsewhere (Makino et al., 1982; Shiro et al., 1993). 

RESULTS 

EPR Measurement of Ferric Resting State. Figure 1 shows 
the EPR spectrum of P450nor in the ferric resting state at 5 
K. In this spectrum, two sets of EPR signals are observed: 
the signals from the ferric high spin (H.S.) component (gy 
= 7.97, g, = 4.12, g, = 1.75) and from the low spin (L.S.) 
one (gz = 2.442, g, = 2.260, g, = 1.911). The H.S. signals 
were not detectable at 60 K, due to fast electron-spin 
relaxation. The spectral characteristics are basically the same 
as those of other usual P450s, such as P450cam, as is 
compared in Table 1, although the proportion of the H.S. 
component relative to the L.S. one is smaller, compared with 
that of P450cam(+) (Lipscomb, 1980; Dawson et al., 1982). 
Correspondingly, the optical absorption spectrum of P450nor 
at 77 K predominantly exhibited the ferric L.S. feature (data 
not shown). 

In Figure 2A, the L.S. region around g - 2 is expanded. 
In addition to a set of the major L.S. signals (vide supra), 
minor signals are observed at g, = 2.543, g, = 2.24, and g, 
= 1.870. The g-values are comparable to those of the 
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Table 1: Comparison of EPR Parameters between Cytochromes 
P450nor and P450cam 

coupling 
complexes g values const ref 

Shiro et al. 

Fe3+(H. S .) gx g, g: 

Fe3+(L.S.) g: s, gx 

P450nor 7.97 4.12 1.75 this work 
P450cam(+) 7.85 3.97 1.78 a 

P450nor 2.442 2.260 1.911 this work 
P450cam( +) 2.42 2.24 1.97 a 
P450cam( -) 2.45 2.26 1.91 a 

AI -0.02 -0.02 0.06 b 
A2 0.01 0.00 0.00 C 

Fe3+CN- g: g, g, 
P450nor 2.592 2.307 1.821 this work 
P450cam 2.60 2.28 1.82 a 

A 0.01 -0.03 0.00 d 

Fe3+metyrapone gr g, gx 
P450nor 2.561 2.264 1.846 this work 
P450cam 2.47 2.27 1.92 e 

A -0.09 0.01 0.07 d 

Fe2+NO(P450 type) g, g2 g, A:(mT) 
P450nor 2.082 2.007 1.97 2.00 this work 
P450cam( +) 2.073 2.009 1.976 1.92 f 

A -0.009 0.002 0.01 d 

Fe2+NO(P420 type) g, g2 g, A,(mT) 
P450nor 2.110 2.012 1.72 this work 
P450cam( &) 2.072 2.015 1.6 f 

A -0.038 0.003 d 

Lipscomb (1980). A1 = g(P450cam(+)) - g(P450nor). A2 = 
g(P450cam(-)) - g(P450nor). A = g(P450cam) - g(P450nor). 
ePeterson et al. (1971). fO’Keeffe et al. (1978). 

imidazole complex of ferric P450cam (gz = 2.56, g, = 2.27, 
g, = 1.87) (Lipscomb, 1980), suggesting the coordination 
of the nitrogenous ligand to the ferric iron at its sixth site. 
Although we cannot identify the minor component in more 
detail at the present stage, the same feature was also observed 
in the EPR spectrum of P450cam. 

EPR Measurements of Ferric Cyanide and Metyrapone 
Complexes. In the EPR spectrum of the cyanide complex 
of ferric P450nor, two sets of signals were observed (data 
not shown). A similar observation was previously reported 
for the femc CN- complex of P450cam by Lipscomb (1980), 
where more than one L.S. species was observed, possibly 
due to either a different binding geometry of the CN- ligation 
or binding of both protonated and unprotonated species. 
However, for the CN- complex of P450nor, addition of 
glycerol (finally 10%) resulted in one set of the low spin 
signals (Figure 2B). As compared in Table 1, the g-values 
of the resultant spectrum are the same as those reported for 
the P45Ocam cyanide complex (Lipscomb, 1980). 

In Figure 2C is illustrated the EPR spectrum of the 
metyrapone complex of ferric P450nor, in which only one 
set of absorptions is unambiguously observed. Comparing 
the g-values with those of the P450cam metyrapone complex 
(Peterson et al., 1971), the differences in the g, and g, values 
(Ag, and Agz) are 0.09 and -0.07, respectively (Table 1). 
The magnitude of the difference is significantly larger than 
those for other derivatives between P450nor and P450cam, 
which are at most 0.02. This difference probably arises from 
the different structural and/or electronic interaction of the 
heme and the ligand, which will be discussed in the 
Discussion section. 

EPR Measurements of Ferrous Nitric Oxide Complex. We 
tried to measure the EPR spectrum of the NO complex of 
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FIGURE 2: EPR spectra of the ferric low spin complexes of 
cytochrome P450nor at 35 K. (A) is the spectrum of the ferric 
resting enzyme, which was dissolved in 0.1 M phosphate buffer at 
pH 7.2. As was measured in 0.1 M HEPES buffer, the minor 
components increased in their signal intensities. (B) is the spectrum 
of the cyanide complex, which is dissolved in 0.1 M phosphate 
buffer containing 10% glycerol. The cyanide concentration is about 
10 mM. (C) is the spectrum of the metyrapone complex. This 
species gave the same spectrum independently of the buffer 
condition. 

ferrous P450nor, which was prepared by reduction of the 
ferric enzyme with Na2S204 in the presence of NaN02 under 
a N2 atmosphere. Immediately (about 1 min) after the 
preparation, we froze the sample solution in liquid N2 (77 
K) and measured its EPR spectrum at 35 K. The spectrum 
for the sample prepared in this manner shows some 
complexity, as shown in Figure 3A. We then measured the 
spectrum of the sample which was frozen about 5 min after 
the preparation (Figure 3B). On comparing these two spectra 
(Figure 3A,B), it was found that the spectrum changed with 
the passage of time; for example, the signal at g, = 2.082 
decreased in its intensity with a concomitant increase in the 
intensity of the signal at g, = 2.11. The result indicated 
that, in the P450nor NO derivative, one species (X) gradually 
converted into another species (Y). 

We then calculated the difference spectra from these two 
spectra, denoted by A for Figure 3A and B for Figure 3B, 
to obtain the pure spectra of X and Y. First, we obtained 
the spectrum of X according to the equation, X = A - kB, 
where the k value (0.85) was set to eliminate the signal at g 
= 2.11 in the spectrum of X. Similarly, we obtained the 
spectrum of Y from Y = B - k’A, in which the k‘ value 
(0.36) was set to eliminate the signal at g = 2.082. The 
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The spectral feature of X (Figure 3C) is characteristic of 
the ferrous NO complex of P450 (Ebel et al., 1975; O’Keeffe 
et al., 1978; Tsubaki et al., 1987, 1988), which exhibits EPR 
signals centered around g = 2 having rhombic symmetry 
and a well-resolved triplet hyperfine splitting with 2.00 mT 
in the absorption at g = 2.007 derived from the interaction 
of the electron spin with the nuclear spin of the nitrogen of 
the ligand NO. Therefore, we assigned X to the ferrous NO 
complex of P450nor. On the other hand, in the spectrum of 
Y, we observed a sharp triplet splitting of the g, signal (2.01 1) 
with a small hyperfine constant (1.72 mT), characteristic of 
the ferrous NO complex of a denatured form of P450, Le., 
the P420 NO complex. It is reasonable to assign Y to the 
NO complex of P420nor. Indeed, we could observe the same 
EPR spectrum as that in Figure 3D, when we measured at 
long time (’10 min) after the sample preparation (data not 
shown). 

From the above calculation, we roughly estimated the 
proportion of the P450 component in the ferrous P450nor 
NO complex; 60% and 35% for 1 and 5 min after the sample 
preparation, respectively. The result shows that the NO 
complex of ferrous P450nor is converted into the P420nor 
form in the minute time domain. Compared with other usual 
P450s (O’Keeffe et al., 1978; Tsubaki et al., 1987), the 
ferrous NO complex of P450nor is extremely unstable. 

Redox Potential Measurement. We measured the redox 
potential of P450nor by the potentiometric titration method. 
In Figure 4A is illustrated the visible absorption spectral 
change of ferric P450nor on photoreduction by proflavine 
sulfate and EDTA in the presence of the redox mediators 
under anaerobic conditions, where the electrode potential was 
monitored simultaneously. The difference spectral change 
corresponded to the reduction of ferric P450nor to its ferrous 
high spin form. In Figure 4B, the percent reduction of the 
enzyme estimated from the absorbance change was plotted 
against the electrode potential, showing that the potentio- 
metric titration curve for the Fe3+/Fe2+ couple conformed 
to a one-electron oxidation-reduction equilibrium with a 
midpoint potential (Eln) of -307 mV. It must be noted that 
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FIGURE 4: Oxidation-reduction potential measurement of P450nor. (A) The difference spectra of ferric P450nor against its ferric form 
was recorded during the photoreduction in the presence of proflavine sulfate and EDTA. During the reduction, electrode potentials were 
monitored simultaneously. (B) The degree of reduction (% Reduction) was calculated from the spectral change in (A). From the plot of 
the % Reduction against the electrode potential, the midpoint potential of P450nor (E1,*) was computed to be -307 mV versus NHE. 
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the redox potential is much lower that those of P450cam- 
(+) (-140 mV) and P450cam(-) (-250 mV) (Gunsalus et 
al., 1974; Makino et al., 1982). The difference may reflect 
the structural difference in the heme environment of these 
enzymes and may directly relate to the difference in their 
functional properties, which are discussed in the Discussion 
section. 

Shiro et al. 

DISCUSSION 

Immediate Configuration of Iron-Ligand Structure and 
Iron-Redox Property. The EPR spectra of P450nor in 
various spin/oxidation/ligation states are basically the same 
in their spectral features as those of other general P450s 
(Figures 1-3, Table 1). The high rhombicity (gl - 8 and 
g, - 4) in the H.S. component of the ferric resting enzyme 
(Figure 1) and the triplet-splitting in the central resonance 
(g7 = 2.00) in the ferrous NO complex (Figure 3C) are both 
characteristically seen in the EPR spectra of many P450s 
(Lipscomb, 1980; Ebel et al., 1975; O'Keeffe et al., 1978; 
Tsubaki et al., 1987, 1988). It is also notable that the 
hyperfine constant, A:, in the spectrum of the ferrous NO 
complex (Figure 3C) is the same between P450nor and 
P45Ocam (Table 1). Likewise, the EPR spectral feature of 
the ferric CN- complex is also indistinguishable between 
these two enzymes (Figure 2B). All these EPR results are 
consistent with the ligation of the Cys thiolate anion at the 
heme fifth site and the same configuration in the S--Fe-L 
(L: NO, CN-) structure between P450nor and P450cam. 

In the spectrum of P450nor in the ferric resting state, the 
g-values of the L.S. component are similar to those of 
P450cam(-), rather than those of P450cam(f) (Figure 2 and 
Table 1). The result is suggestive of similarity of the Fe- 
ligand structure of P450nor to that of P450cam( -), rather 
than that of P450cam(+). The difference in the heme 
coordination structure between P450cam(+) and P450cam- 
(-) has been unambiguously evaluated by X-ray crystal- 
lographic studies (Poulos et al., 1985, 1986, 1987); in 
P450cam(-), the sixth coordination site of its heme iron is 
occupied by either a water molecule or a hydroxide ion, while 
the site of P450cam(+) is vacant. Therefore, it is likely that 
either a water molecule or a hydroxide ion is present at the 
sixth site of the heme iron of P450nor in the L.S. component 
of the ferric resting state. Possibly, the distal pocket of 
P450nor is more hydrophilic than that of P450cam(+) but 
less than that of P450cam(-), in agreement with the EPR 
observation that the H.S. component is present in ferric 
resting P450nor, but its population is much less than that in 
P450cam(+) (Figure 1). 

This result allows us to expect that the redox potential of 
P450nor in the Fe3+/Fe2+ couple might fall between those 
of P450cam(-) (-270 mV) and P450cam(+) (-140 mV), 
because the H20 ligation at the heme sixth site is considered 
to be one of the factors modulating the redox potential of 
P450cam, as was manifested in the difference in the iron 
coordination structures of the P450cam derivatives by the 
X-ray crystallography (Raag & Poulos, 1989). However, 
the potential of P450nor we obtained in the present work 
was -307 mV, which is much lower than those of P450cam- 
(+) and P450cam(-). Thus, another factor must be respon- 
sible for the lower redox potential. As one of the possibili- 
ties, it is likely that the heme environment of P450nor is 
charged either more negatively or less positively than that 

of P450cam, because such electrostatic interaction of the 
heme with its surroundings significantly controls the redox 
potential of the heme iron (Shiro et al., 1993). For example, 
replacement of Va168(Ell) of myoglobin by another amino 
acid residue having a carboxylate group causes the redox 
potential to shift to a more negative value (from +57 mV 
for wild-type Mb to - 138 mV for Mb(V68E)) (Varadarajan 
et al., 1989). 

The extremely low redox potential is possibly related to 
the instability of the ferrous 0 2  complex of P450nor, which 
is readily autoxidized to its ferric form even at -20 "C. This 
is possibly the reason that P450nor does not exhibit mo- 
nooxygenation activity (Nakahara et al., 1993). 

In the initial step of the monooxygenation reaction 
catalyzed by P450cam, which is a model of general P450s, 
the camphor-bound ferric enzyme (- 140 mV) is reduced to 
its ferrous form with one electron transferred from NADH 
(--3 10 mV) through putidaredoxin reductase (flavoprotein; 
--250 mV) and putidaredoxin (Fe-S protein; -215 mV). 
The resultant ferrous enzyme combines with 02, followed 
by a reductive activation of the bound 0 2  with one more 
electron and the monooxygenation reaction. In contrast, the 
redox potential of P450nor is comparable to that of NADH, 
but the electrons are not transferred from NADH to the ferric 
resting enzyme. This fact may relate to no other redox 
cofactors such as flavin- and Fe-S proteins. However, 
upon the NO binding to the ferric P450nor, the electrons 
are directly transferred from NADH to the enzyme to initiate 
the NO reduction. Most probably, the NO binding causes 
the protein conformation to change into one which can accept 
electrons from NADH. 

Distal Pocket Structure. In the EPR spectral features, the 
most prominent difference in the g-value was seen in the 
ferric metyrapone complex, where the magnitude in the 
difference between P450nor and P450cam is 0.07-0.09 
(Table 1). On the basis of their g-values, we estimated the 
ligand field parameters, VIA, A/A and VIA,  to be 3.55, 4.74, 
and 0.75, respectively, and compared them with those of 
P450cam (4.53, 5.20, and 0.87), where V ,  A, and A represent 
rhombicity, tetragonality, and the spin-orbital coupling 
constant, respectively (Taylor, 1977). All these values 
decrease on going from P450cam to P450nor, indicating an 
increase in symmetry around the iron-ligand structure. 
However, in the case of the enzyme combined with a small 
molecule such as NO, CN-, or H20, the immediate config- 
uration of the Fe-ligand structure is essentially the same 
between P450nor and P450cam, as was manifested in their 
EPR spectral features. This is not the case for the metyrapone 
complex, suggesting that another specific factor may influ- 
ence the structural and/or electronic state in the Fe-ligand 
moiety of the metyrapone complex. 

The crystallographic data of the metyrapone complex of 
ferric P450cam (Poulos & Howard, 1987) showed that the 
nitrogen atom of one pyridine ring of metyrapone coordinates 
to the heme iron at the iron sixth site. In spite of binding 
such a large molecule at the heme sixth site, the structural 
difference in the heme distal pocket is surprisingly small 
between the metyrapone-bound and -unbound P450cam, 
because another pyridine ring fits well to the camphor 
binding site. The hydroxyl group of Tyr96 in P450cam is 
in position to donate a hydrogen bond to the nitrogen atom 
of another pyridine ring of metyrapone, which is very similar 
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to the camphor oxygen and Tyr96 hydrogen bond in 
P450cam(+). 

On the other hand, the catalytic reaction of P450nor allows 
us to suppose that this enzyme does not have a binding site 
for organic substrates in its heme distal pocket. Further, in 
alignment of the primary structure of P450nor with that of 
P450cam, the Tyr96 is replaced with Ala80 (Kizawa et al., 
1991), showing no interaction site for the metyrapone 
pyridine ring. Thus, it seems reasonable that the metyrapone 
ligand could interact with the protein part in the heme distal 
pocket of P450nor in a different manner from that in 
P450cam. It is likely that no hydrogen bonding interaction 
of one pyridine ring with the surroundings may cause the 
metyrapone to bind the heme iron in a different manner, 
probably resulting in higher symmetry around the iron. In 
other words, the difference in the EPR spectral features 
between the metyrapone complexes of P450nor and P450cam 
reflects their structural difference in the heme distal pocket. 

Support for the different structure at the heme distal side 
was recently provided from our kinetic and thermodynamic 
study of the CO binding to P450nor (Shiro et al., 1994). 
The CO association rate constant increases in the order of 
P450cam(+), P450nor, and P450cam( -), suggesting that the 
ligand binding pocket is opened more widely for P450nor 
than for P450cam(+) but more narrowly than for P450(-). 
The activation entropy change in P450nor, AS", upon the 
CO binding, which is much smaller than that of P450cam- 
(k), can be accounted for in terms of no substrate binding 
site in P450nor. The difference in the heme distal side 
possibly relates to the unique function of P450nor. 

Relation to Reaction Mechanism. It is interesting to 
compare the molecular properties of P450nor such as EPR 
and redox properties with those of the bacterium NOR from 
P. stutzeri, cytochrome bc complex (Kastrau et al., 1994; 
Zumft, 1993). The redox potentials of cytochrome b and c 
components in the Fe3+/Fe2+ couple were measured to be 
+322 and +280 mV, respectively. Judging from the values, 
it is true that the electron is transferred from cytochromes c 
to b and that cytochrome b provides the reaction center in 
the NO reduction reaction. The EPR and absorption spectral 
data of cytochrome b support that the heme iron is a five- 
coordination complex having a nitrogenous ligand at its fifth 
site. All these observations for the cytochrome bc complex, 
NOR of P. stutzeri, are sharply contrasted to those for 
P450nor: the Fe-S- structure and the negative value (-307 
mV) of E112 in the Fe3+/Fe2+ couple. Therefore, we can 
reasonably suggest that the reaction mechanism of the NO 
reduction is not necessarily similar between P450nor and 
the cytochrome bc complex. 

The NO reduction mechanism catalyzed by the cytochrome 
bc complex remains unclear and controversial. One of the 
most possible mechanisms was proposed by Hollocher et 
al. (Dermastia et al., 1991; Turk & Hollocher, 1992), where 
NO- produced in the one-electron reduction of NO by NOR 
is nonenzymatically dimerized to yield N20. However, some 
investigators have criticized this mechanism, because the one- 
electron reduction of NO by cytochrome b having a highly 
positive redox potential (+322 mV) is thermodynamically 
difficult (Ye et al., 1994). 

In contrast, P450nor having an extremely negative value 
of its redox potential (-307 mV) has the possibility of 
reductive activation of the NO ligand at the heme sixth site. 
Most recently, we proposed a reaction mechanism of the NO 
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reduction to N20 catalyzed by P450nor on the basis of the 
spectroscopic and kinetic results of its femc NO complex 
with NADH (Shiro et al., 1995). In that study, we spectro- 
photometrically found a characteristic intermediate during 
the catalytic cycle and assigned it as a two-electron reduced 
species of the ferric P405nor NO complex; Le., Fe3+N0 + 
2e- - (Fe3+N0)*-. Subsequently, the Fe-bound NO in the 
intermediate species reacts with another free NO on the iron 
center to yield N20. Although the characterization of the 
intermediate has not been completed yet, it is likely that the 
heme iron of P450nor with the low redox potential can 
support its formation in the reaction of its ferric NO complex 
with NADH. 
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