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The chemistry of nitric oxide interactions with the binuclear
center of heme-copper oxidases is of profound physiological
relevancé:? For example, the inhibition of cytochrome oxidase by
NO may play a normal role in controlling mitochondrial, O
consumption and can have significant consequences for the cell in
pathophysiological statés.Evidence for a common phylogeny of
aerobic respiration and bacterial denitrification, which was proposed
on the basis of structural similarities between #®eudomonas
stutzeriNO reductase and thebh; terminal oxidase, has been
reportec® The cbb; oxidase fromPseudomonas stutzerbntains
threec-type low-spin hemes, one low-sgirtype heme, and a heme
bs-Cug binuclear centeta? Stopped-flow studies afbhb; revealed
strong similarities of NO reductase activity with those found in
the bag and caa oxidases froniThermus thermophilus® In this

study, we have used resonance Raman spectroscopy (RR), a

technique that enables iron ligand stretching modes to be identified,
to characterize the NO-bound complex of cytochrarle; oxidase®
Although the hem&3;2"—NO should not be significantly populated

in the productive enzymatic cycle, the characterization of its
formation is important in establishing the conditions under which

the enzyme becomes locked into a dead-end species, due to the

very slow dissociation of NO from this adduct. We show simul-
taneous observation of the NO and?FeNO stretching modes at
1679 and 524 cm, respectively, in ferrous nitrosylbks. These
frequencies indicate that addition of NO to the fully reduced enzyme
causes the cleavage of the Hise#" hemebs bond producing a
five-coordinate heméz2"—NO complex.

In Figure 1 we present the RR spectra of fully reducid;
from Pseudomonas stutzeand the NO-bound form in ¥ and
D,0O. The principal bands seen in Figure 1A are assigned as
analogous to those vibrations found in reducet; from Rhodo-
bacter sphaeroide$The modes at 1362/), 1467 ¢3), and 1605
(v10) cm ! indicate the presence of five-coordinate high-spin heme
bs. Also present in this spectrum are modes at 149%dnd 1592
(v2) cm~tindicating the presence of six-coordinated low-spin hemes
b?t andc?*. In the reduced enzyme, NO ligation to high-spin heme
bs?™ produces the low-spin henig?*—NO complex. The ligation
and spin state change can be inferred by the modes at 13)73 (
1507 (3), and 1644 %10 cm L. In addition, a new mode appears
at 1679 cm?. The most reasonable assignment of the 1679cm
mode is that it arises from a five-coordinate nitrosyl helmge —

NO complex. Such an assignment is consistent wi{hlO)
frequencies observed in other five-coordinate hemé" RO
complexeg.17aFigure 1C shows the spectrum of the NO-bound
cbhs in D,O. Comparison of spectrum B with spectrum C shows
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Figure 1. High-frequency resonance Raman spectra of (A) ferahls,

(B) ferrouscbbs—NO in H,0, and (C) ferrougbb;—NO in D;O obtained
with 413.1 nm excitation. Ferrousbb; was prepared by injection of a
degassed buffer solution containing dithionite into a spinning cell containing
ferric enzyme. The NO adduct of ferroebb; was made by injection of
120uL of NO into the headspace of the spinning cell (5000 rpm) under Ar

atmosphere. The resonance Raman measurements were done as described

previously®1® Typically, several 30 s spectra were recorded and averaged.
The power incident on the samples was typically533mW. Inset: Low-
frequency resonance Raman spectra of (D) feroblis—NO and (E) ferrous
cbz—15NO in HO.

that similar results are obtained in,® and DO buffers. This
implies that there is no hydrogen bonding of the hdme—NO
complex at pH 7.4. The high-frequency spectrum of-f\O-bound
hemeb; (data not shown) shows that the vibration at 1679 tm
disappears. The’(*®>NO) is expected at 1636 crhin a very
congested region of the spectrum, preventing us from obtaining an
isotope shift to assign(*>*NO). In the low-frequency spectrum of
NO-boundcbb; (inset, Figure 1D), we observe a vibration at 524
cm! that displays nitrogen isotopic sensitivity by shifting to 518
cm~1in the 1°NO adduct (Figure 1E). This allows us to assign it
as the Fe-NO stretching vibration, as the 6 crshift is in
agreement with that expected from the two body harmonic oscillator
approximation for F&—NO, but more important it is in excellent
agreement withy(FE™—NO) frequencies observed in other five-
coordinated model- and protein heme&FeNO complexe$:16 For

an Fe-NO diatomic modela 6 cnt? frequency shift is predicted
for the 14N160 to 15N60 comparison for a linear structure, whereas
for a bent structure, a 16 crhshift is predicted. Although the RR
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reported forcbh; from Rhodothermus marini8 The nitrosyl-bound
species we have detected requires dithionite and thus a fully reduced
binuclear center. On this line, it has been recently proposed that
NO activation in Nor occurs with a fully reduced dinuclear heme
bs/non-heme Fe center, in which the binding of NO to the ferrous
hemeb; results in the dissociation of the proximal histiditZe.

data presented here suggest a linear structure for lhereNO,
X-ray crystallographic analyses of model porphyrin?FeNO
complexes demonstrate a bent geométry.

The unusual low frequency of the#e-CO stretching frequency
found incbb; was attributed to an open structure lacking the distal
interactions from the nearby @atom, thereby allowing the heme
bs-bound CO to adopt a near-straight and perpendicular conforma- The data reported here clearly demonstrate the existence of a
tion with respect to the herm€.The results reported here indicate  five-coordinate hem®; Fe€*—NO complex. The detection of the
that the distal heme pocket structure of the ferrous nitrosyl complex nitrosyl species is surprising and was not expected a priori. Such
is similar to that of the CO-bound form of the enzyme. The a species has been postulated in the past in many different NO
frequencies for(Fe*—NO) = 524 cnt! andv(NO) = 1679 cnt? reduction scheme®.However, no spectroscopic characterization
that we observe are in the same range as those observed for othesf this species or even confirmation of its existence has been
five-coordinated heme protein NO complexes. The range found for possible owing to a presumed short lifetime under turnover
the »(FEt—NO) frequency is small, 523526 cnt?, while the conditions. Future studies should allow other properties of the
v(NO) covers a range from 1667 to 1681 CimWhereas it remains  nitrosyl complex to be examined so that its complete role in the
to be clarified as to what extent the polarity of the distal heme enzymatic function of nitric oxide reductase, cytochrdmagfrom
pocket, as is in the case fo(Fe#"—CO), influences the properties T, thermophilusand cytochromebb; under physiological condi-
of the »(NO), our data demonstrate that the distal heme pocket tions may be determined. Moreover, the comparison of the five-
polarity in cbhs is similar to those of sGCy{c = 1681 cnt?) and coordinated to six-coordinated heme-bound NO complexes will
FixL (vno = 1677 cnrl) 8916 allow us to investigate structural parameters that may facilitate the

To account for the possible oxidation and ligand-binding states cleavage of the FeHis bond by NO. These experiments are in
upon addition of NO to the fully reducecbbs;, we propose the progress in our laboratory.
mechanism shown in Scheme 1. Addition of NO to fully reduced
enzyme causes the rupture of the proximal-Hte hemeb; bond
producing a five-coordinate henig?*—NO specie2. A second
NO molecule attacks the N atom of the ferrous-NO species, and
protonation occurs to transiently yield hyponitrite (HONNQand
thus the N-N bond formation. This form of the enzyme is unstable
to oxidation and with the addition of a*Hs leading to a mixed
valence form4 and the concomitant production ot® and HO.

In the presence of dithionite, this form will return to the fully
reduced forml. In our experiments on the fully reduced-NO
enzyme, we find no evidence for any oxidized components,
suggesting that sufficient dithionite is present in our samples to
prevent formation of any oxidized species. Therefore, the formation
of hyponitrite 3 from hemebz?"—NO 2, which depends on excess
NO, should be inhibited under our conditions, and the fully reduced
hemebsz?*—NO enzyme becomes the dominant species under our 1996 35, 1540-1547.

reducing conditions. This mechanism describing the generation of (9) Lukat-Rodgers, G. S.; Rodgers, K. Blochemistryl997, 36, 4178-4187.

the nitrosyl species under the conditions used here can be postulated ;) renoids, M. F.; Parks, R. B.; Burstyn, J. N.; Shelver, D.; Thorsteinsson,

to serve as a working model for future experiments. M. V.; Kerby, R. L.; Roberts, G. P.; Vogel, K. M.; Spiro, T. G.
Biochemistry200Q 39, 388-396.

(11) Choi, I. K.; Spiro, T. G.; Langry, K. C.; Smith, K. Mnorg. Chem 1991,
30, 1832-1839.
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