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Nitric oxide (nitrogen monoxide) serves important roles in Scheme 1
mammalian biology including cardiovascular regulation, and its
activity in various functions is often attributed to reactions with
metalloproteing.In the presence of nucleophiles, NO reactions with
higher valent metal centers may lead to reduction of the metal and
transfer of a NO equivalent to the nucleophile. Such “reductive Fellp) + NO —2 Fel(P)NO)
nitrosylation” has been demonstrated for several ferriheme pro-

teins? for cupric centers in cytochromeomdase. and_ Iacca§§, of added nitrite (e.g., Figure 2). The slopes of these plots give the
and for Cu(lly and Fe(IlIf” model systems. Reductive nitrosylation catalytic rate constantgyyie = 0.14+ 0.01 M- s for metHb
also received recent attention as a possible route to formation Ofand (1.1+ 0.1) x 102 M~* s-1 for metMb. Although NQ~ is
S-nitrosylateds-cys-93 hemoglobin (SNO-Hb), a proposed NO 1y to bind weakly to metHb and metMbin the absence of
carrier in mammalian blootlin homogeneous reactions of NO with NO there was no reduction of either metHb or metMb by added
met-hemoglobif(metHb), and in heterogeneous reactions with red nitrite alone.

10 . . . . .
blood cells: Scheme 2 illustrates a possible inner sphere mechanism for nitrite

NO reduces certain ferriheme proteins including metHb via & 4ta1ysis in which N@- is acting as the primary nucleophile toward
multistep mechanism in buffered aqueous solution. Kinetics studies o Fdl coordinated nitrosyl to give an FeN,O; complex as an

have demonstrated that this involves the equilibrium formation of ,iarmediate. Dissociation of the latter releasesON (which

the Fe(lll) nitrosyl con?plex, followed by pH-dependent and ndergoes hydrolysis to nitrous acid) and the ferroheme protein
-independent pathway'(= ki + kou[OH™]) to give the Fe(ll) (which is trapped by NO to produce the final nitrosyl complex).

analogue (Scheme 1; ® porphyrin)? Here, we report that NO  yg\ever, while this follows a pathway consistent with that seen
reduction of the ferriheme center of met-hemoglobin is also

catalyzed by nitrite ion and suggest such catalysis might provide 045
an alternative pathway for the cysteine nitrosation to form SNO-

Hb 0.10

Recently, we found that the water-soluble ferriheme modékFe

(TPPS)(HO), (TPPS= tetra(4-sulfonato-phenyl)porphinato) un-
dergoes slow reductive nitrosylation in weakly acidic buffered
solutions (pH 3-6).% In analogy to the ferriheme proteins, the
measured rates increased with [NO] in a manner consistent with
equilibrium formation of the PF&—NO complex Kno = 1.3 x 10° ob . . .
M~1). At these pH's, the rates were pH independent but were 300 400 500 600nm

modestly dependent on buffer concentrations indicating general base wavetength (nm)

catalysis. More surprising was the observation that nitrite jon Figure 1. Optical absorbance difference spectrum following metHb(NO)
catalyzed this reaction with a rate constdqf e = 3.1+ 0.1 M~ reduction to Hb(NO) in pH 7.0 NaiPQ/NaHPQ: buffered aqueous
L : : solution at 298 K withy = 0.15 M and [NOJ= 1.8 mM. The first spectrum

s ') several orders of magnitude larger than those measured for(showing the smallest differences) was recorded 150 s after mixing, and
the buffers® Because N@ is a product, the reaction is autocatalytic. the next three were recorded at 150 s intervals, the next four at 300 s

These observations have led us to reexamine the NO reductiondntervals, and the final scans after 600 s intervals. (The initial and final
of the ferriheme proteins metHb and met-myoglobin (metMb) spectra can be seen in the Supporting Information as Figure S1.)
studied previously by Hoshino et#to probe for possible catalysis 0.0040F
by NO,. In this context, the kinetics of these reactions in 298 K,
pH 7.0 aqueous phosphate buffer at low constant ionic strength
were evaluated at various Nab©oncentrations (620 mM for

1T, _kaD 111,
Fe''(P) + NO Fe'(P)(NO)

111 k' 11 - +
Fe'(PNO) + H,0 —> Fell(P) + NO, + 2 H
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0.0035F
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metHb, G-80 mM for metMb) and protein concentrations o7 4, 0.00251
106 M (metHb) and 2.7x 10> M (metMb). As previously * 0.0020f
demonstrateéisuch metHb or metMb solutions reacted rapidly with 0.0015}-

NO ([NO] = 1.8 mM) to generate an equilibrium mixture of the o'oml-
ferriheme protein and its nitrosyl complex. This was followed by
slow spontaneous reduction to the ferrous analogues Hb(NO) and

Mb(NO). Typical spectral changes are illustrated by Figure 1. . 2 A plot of kees for the reduction of metHb by NO versus the
. . . . e gure 2. bs ucti y Vi u
Without added nitrite, this occurred with lifetimes of about a@d concentration of added NaN@ 41 mM NaHPOy/NaHPQ, buffer at pH

10* s, respectively. Adding NaNQed to markedly increased rates 7 with x = 0.15 M and [NO]= 1.8 mM. The slopeki) is 0.14 +
as illustrated by the linear dependencegf on the concentration 0.01 M1gL

L
0 5 10 15 20

[NaNO,], mM

10510 = J. AM. CHEM. SOC. 2003, 125, 10510—10511 10.1021/ja036693bh CCC: $25.00 © 2003 American Chemical Society



COMMUNICATIONS

Scheme 2. Inner Sphere Pathway for Nitrite Catalysis of
Ferriheme Reduction by NO

0y ONO

B e e

N,O.
0 2Y3
N’ H,0
ey v
2NOy
OH, NO +2H

Scheme 3. Outer Sphere Mechanism for Nitrite Catalysis of
Ferriheme Reduction by NO
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for the activation of nitrosyl complexes by other nucleophiles,
aqueous N@ would not appear to have the unusual nucleophilicity
necessary for such a catalytic mechanism.

A markedly different mechanism leading to the same products
would be direct reduction of the ferriheme nitrosyl to the ferroneme
analogue by outer sphere electron transfer fromN@cheme 3).
This would give NQ as the second product that would then be
rapidly scavenged by reaction with excess MG=(1.1 x 10° M~1
s 1)12to give N\Os, the same intermediate proposed for the inner
sphere mechanism. Although the electron transfer is operating
against an unfavorable potentiaAE = —0.31 V), evaluation

the behavior expected for an outer sphere electron-transfer mech-
anism. Nitrite is the product of NO autoxidation in aqueous
solutior!® and must be a ubiquitous component of experiments
where aqueous NO is added to an aerobic system to study biological
effects and should not be assumed to be innocuous. Consider, for
example, the reactions of NO with red blood cells or with metHb
reported to give SNO-HB10 Nitrite may affect both the kinetics

and the products, because both proposed catalysis mechanisms
invoke the intermediacy of )Ds. If N,O3; were formed at a heme

site, subsequent reactions of this strong oxidant and nitrosating agent
could easily lead to protein modification, such gscys-93
nitrosation, in competition with hydrolysis to nitrite. The un-
expected catalysis pathway described here emphasizes the poten-
tially important roles of NQintermediates in biological transforma-
tions sometimes attributed to NO alone.
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