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Oxidation of nitroxyl anion to nitric oxide by copper ions
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1 This study made use of a nitric oxide-sensitive electrode to examine possible means of generating
nitric oxide from nitroxyl anion (NO™) released upon the decomposition of Angeli’s salt.

2 Our results show that copper ions (from CuSQ,) catalyze the rapid and efficient oxidation of
nitroxyl to nitric oxide. Indeed, the concentrations of copper required to do so (0.1-100 um) are
roughly 100-times lower than those required to generate equivalent amounts of nitric oxide from S-
nitroso-N-acetyl-D,L-penicillamine (SNAP).

3 Experiments with ascorbate (1 mM), which reduces Cu?* ions to Cu®, and with the Cu®*
chelators, EDTA and cuprizone, and the Cu™ chelator, neocuproine, each at 1 mM, suggest that the
oxidation is catalyzed by copper ions in both valency states.

4 Some compounds containing other transition metals, i.e. methaemoglobin, ferricytochrome ¢ and
Mn(III)TMPyP, were much less efficient than CuSO, in catalyzing the formation of nitric oxide
from nitroxyl, while FeSO,, FeCl;, MnCl,, and ZnSO, were inactive.

5 Of the copper containing enzymes examined, Cu-Zn superoxide dismutase and ceruloplasmin
were weak generators of nitric oxide from nitroxyl, even at concentrations (2500 and 30 u ml~!,
respectively) vastly greater than are present endogenously. Two others, ascorbate oxidase
(10 u ml~") and tyrosinase (250 u ml~") were inactive.

6 Our findings suggest that a copper-containing enzyme may be responsible for the rapid oxidation
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of nitroxyl to nitric oxide by cells, but the identity of such an enzyme remains elusive.
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Introduction

NO exists as three distinct redox forms, nitroxyl anion (NO™),
nitric oxide free radical (NO’) and the nitrosonium cation
(NO™) (Stamler et al., 1992; Hughes, 1999). Nevertheless, it is
generally accepted that it is the free radical form that is
produced endogenously through a 5-electron oxidation of L-
arginine catalyzed by nitric oxide synthase (NOS) (Bredt &
Snyder, 1990). Recently, however, it has been suggested, on the
basis of a revised estimate of the quantity of NADPH
consumed, that NOS carries out only a 4-electron oxidation,
producing nitroxyl anion, with the final step to nitric oxide
radical being carried out by superoxide dismutase (SOD)
(Schmidt et al., 1996). Others too have reported that NOS can
generate nitroxyl (Fukuto et al., 1992a). Furthermore, other
biological reactions have been shown to produce nitroxyl.
These include the decomposition of S-nitrosothiols in the
presence of thiols (Arnelle & Stamler, 1995; Wolzt et al., 1999),
and the reduction of nitric oxide radical by ferrocytochrome ¢
(Sharpe & Cooper, 1998). Indeed, it has been proposed that
this latter reduction of nitric oxide represent an important
means by which mitochondrial respiration is regulated
(Borutaite & Brown, 1996; Sharpe & Cooper, 1998).

Nitroxyl anion is a highly unstable species, making it
difficult to study, but it can be generated readily following the
decomposition of a number of N,O-diacylated-N-hydroxyar-
ylsulphonamides and Angeli’s salt (disodium trioxodinitrate)
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(Fukuto et al., 1992b; 1993). Interestingly, although nitroxyl
cannot activate soluble guanylate cyclase (Dierks & Burstyn,
1996), these nitroxyl generators are powerful relaxants of
vascular and non-vascular smooth muscle (Fukuto et al.,
1992b,c; Pino & Feelisch, 1994; Li et al., 1999). Moreover, the
relaxation they produce is associated with a rise in cyclic GMP
content (Fukuto et al., 1992¢) and is blocked by the inhibitor
of soluble guanylate cyclase, ODQ (Li et al., 1999). It is
therefore likely that nitroxyl is rapidly oxidized to nitric oxide
radical by cells. Indeed, a number of possible routes for
conversion have been proposed, including oxidation by SOD
(Murphy & Sies, 1991; Schmidt et al., 1996), flavin adenine
dinucleotide or methaemoglobin (Fukuto et al., 1993), but
others are likely to exist. Accordingly, the aim of this study was
to investigate other potential routes of oxidation of nitroxyl
anion to biologically active nitric oxide radical.

Methods

Measurement of nitric oxide generation

Nitric oxide generation was measured using ISO-NOP200
amperometric electrodes fitted to an ISO-NO Mark II nitric
oxide meter (World Precision Instruments Ltd, U.K.). The
signals generated were captured and displayed on a MacLab
(8e Series, AD Instruments, U.K.). The proper functioning of
each electrode was tested routinely by generating nitric oxide
according to the manufacturer’s suggested protocol. This was
performed at room temperature (22°C) by inserting the
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electrode tip into a stirring solution of CuSO, (0.1 M; 10 ml)
prepared in distilled water taken to pH 4 with sulphuric acid,
and allowing the background current to stabilize (usually 3—
5 min). S-nitroso-N-acetyl-D,L-penicillamine (SNAP) was
then added in increasing concentrations (10 nM—10 uM) to
generate nitric oxide. The rapid decline in the nitric oxide
signals generated following the addition of each concentration
of SNAP precluded the use of a cumulative protocol. As a
consequence, increasing concentrations were added on the
basis of ignoring the presence of the lower concentrations
added previously. The maximum change in current (ApA)
produced by each new addition was recorded. The threshold
concentration of SNAP found to generate a nitric oxide signal
was 3—10 nM, and the response remained linear up to the
highest concentration tested (10 uM; see Figure 3a).

Experimental protocols

Experiments involving the generation of nitric oxide from
Angeli’s salt were conducted at 22°C (except where otherwise
stated) with constant stirring in HEPES (N-[hydroxyethyl]pi-
perazine-N'-[2-ethanesulphonic acid])-buffered Krebs solution
(pH 7.4) containing (mM): NaCl 118, KCIl 4.8, CaCl, 2.5,
MgSO, 1.2, KH,PO, 1.2, NaHCO; 2.4, D-glucose 11 and
HEPES 5. Angeli’s salt was added in increasing concentrations
(10 nM—10 uM) and the generation of nitric oxide was assessed
as a function of the maximum change in current (ApA)
produced upon each new addition. As with the SNAP
calibration curves described above, the transient nature of the
signals generated dictated that each new addition was made on
the basis of ignoring the presence of the lower concentrations
added previously. When the effects of agents were to be
examined on the generation of nitric oxide, these were added
3—5 min before the addition of Angeli’s salt.
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Figure 1 Individual experimental traces showing the variable
generation of nitric oxide from Angeli’s salt (AS), measured using
a nitric oxide-sensitive electrode. (a) The signal detected by an
electrode whose responsiveness had been assessed using the SNAP/
CuSO,4 reaction mixture (see Methods) immediately prior to the
experiment with Angeli’s salt. (b) The signal detected when the
electrode had been subject to extensive washing.

As will be seen from the Results, our initial experiments
showed a highly variable generation of nitric oxide from
Angeli’s salt in HEPES-buffered Krebs solution, resulting
from contamination of the ISO-NOP200 probes by copper
ions following the routine standardization with the SNAP/
CuSO, reaction mixture. From that point on we ensured that
probes were washed thoroughly with HEPES-buffered Krebs
solution containing 30 uM EDTA in order to chelate this
contaminating copper. Moreover, all subsequent experiments
were conducted in the presence of 30 um EDTA, with the
exceptions of those in which the effects of a range of
concentrations of CuSO, were examined on the generation
of nitric oxide from SNAP or Angeli’s salt, and when the
effects of the selective Cu™ chelator, neocuproine (1 mMm), or
the selective Cu®>* chelator, cuprizone (1 mM), were to be
studied.

Drugs

Angeli’s salt (sodium trioxodinitrate) was obtained from
Alexis (Nottingham U.K.). Ascorbate (L-ascorbic acid),
ascorbate oxidase (from Cucurbita), ceruloplasmin (bovine),
cuprizone (bis-cyclohexanone oxaldihydrazone), ferricyto-
chrome ¢ (bovine), haemoglobin (bovine), neocuproine (2,9-
dimethyl-1,10-phenanthroline) hydrochloride, S-nitroso-N-
acetyl-D,L-penicillamine (SNAP), methaemoglobin (bovine),
Mn (III) tetrakis [1-methyl-4-pyridyl] porphyrin (MnTMPyP),
Cu-Zn superoxide dismutase (SOD; bovine erythrocytes), and
tyrosinase (from mushroom) were obtained from Sigma
(Poole, U.K.). All drugs were dissolved in 0.9 % saline except
for Angeli’s salt (0.01 M) which was dissolved in 0.01 M
NaOH, cuprizone (0.01 M) which was dissolved in 50%
ethanol, SNAP (0.01 M) which was dissolved at pH 9 in
distilled water containing EDTA (0.54 mM) and haemoglobin
(1 mMm) which was dissolved in distilled water. Moreover, any
contaminating methaemoglobin in this last solution was
reduced to haemoglobin by treatment with the reducing agent,
sodium dithionite (10 mM), and the dithionite was subse-
quently removed by dialysis against 100 volumes of distilled
water for 2 h at 4°C.

Statistical analysis

Results are expressed as the mean+s.e.mean of n separate
experiments. Comparisons were made by one-way analysis of
variance (ANOVA) followed by the Bonferroni post hoc test,
or by Student’s unpaired z-test, as appropriate. A value of
P <0.05 was considered significant.

Results

Variable generation of nitric oxide from Angeli’s salt

Prior to experimentation, the responsiveness of each probe was
checked in accordance with the manufacturer’s instructions by
generating nitric oxide by adding SNAP (10 nM—10 uM) to
solutions of CuSO, (100 mM) at pH 4 (see Figure 3a). When
Angeli’s salt (10 nMm—10 uM) was added to HEPES (5 mMm)-
buffered Krebs (pH 7.4) immediately after preparing a SNAP
calibration curve, a powerful nitric oxide signal was generated
(17,000 +2049 pA, n=75; Figure 1a). If, however, Angeli’s salt
(10 nM—10 uM) was added to HEPES-buffered Krebs follow-
ing extensive washing of the probe, a much smaller nitric oxide
signal was generated (264141125 pA, n=3, P<0.001; Figure
1b).
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Effects of copper on the generation of nitric oxide from
Angeli’s salt

The possibility that contamination of the probe by copper was
responsible for the formation of nitric oxide from Angeli’s salt
was examined. When Angeli’s salt (10 uM) was added to
HEPES-buffered Krebs containing EDTA (30 uMm) to chelate
any contaminating copper, only a small nitric oxide signal was
generated (571 +£65 pA, n=38; Figure 2). Subsequent addition
of CuSO, (100 um) led, however, to a massive generation of
nitric oxide (16,390 + 1118 pA, n="7; Figure 2). If the same
experiment was conducted at 37°C rather than at room
temperature, the signal generated was larger (22,760+ 1023
pA, n=7, P<0.005) but shorter in duration. Interestingly,
CuSO, (100 um) failed to generate nitric oxide when added to
Angeli’s salt (10 uM) stabilized in 0.01 M NaOH (data not
shown).

The ability of CuSO, to generate nitric oxide from SNAP
and Angeli’'s salt was compared: 0.1-100 mM CuSO,
produced a concentration-dependent generation from SNAP
(10 nM—10 uM), but lower concentrations (1—-100 uM) were
required to produce similar amounts from Angeli’s salt
(10 nM—10 uMm; Figure 3). Figure 4 shows individual experi-
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Figure 2 An individual experimental trace showing a barely
detectable generation of nitric oxide when Angeli’s salt (AS) was
added to HEPES-buffered Krebs solution containing the copper
chelator EDTA (30 um). When CuSO4 (0.1 mM) was added
subsequently, a massive generation of nitric oxide was seen.
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mental traces demonstrating the poorer ability of CuSO,
(100 uM) to generate nitric oxide from SNAP than from
Angeli’s salt. The nitric oxide scavenger, haemoglobin (10 uMm),
inhibited by 85.6+3.2% (n=35, P<0.001) the nitric oxide
signal generated from Angeli’s salt (10 M) by CuSO, (10 uMm).
Haemoglobin was denatured by CuSO, at 100 uM, and
therefore its ability to quench the nitric oxide signal generated
by this concentration of copper could not be determined.

Effects of ascorbate and of Cu™ and Cu’" chelating
agents

Adding ascorbate (1 mM) to CuSO,4 (100 uM) to reduce the
Cu?" ions to Cu™ failed to affect its ability to generate nitric
oxide from Angeli’s salt (Figure 5a). The effects of reducing
Cu?* ions to Cu™ on the generation of nitric oxide from SNAP
could not be assessed, however, because ascorbate itself
liberated nitric oxide from this substance (Scorza et al., 1997).

The Cu?* chelators, EDTA (1 mM) and cuprizone (1 mm),
each almost abolished the ability of CuSO, (100 um) to
generate nitric oxide from Angeli’s salt (10 nM—10 uMm; Figure
5b). Neocuproine (1 mM) was less effective but still produced
substantial blockade.

Effects of copper containing enzymes

The ability of a number of copper containing enzymes to
generate nitric oxide from Angeli’s salt was investigated. Cu-
Zn SOD at 250 uml~' (~1.6 uMm) failed to generate nitric
oxide from Angeli’s salt (10 nM—10 uM), but at 2500 u ml~"
(~16 um) it produced a weak but significant signal from
Angeli’s salt at concentrations of 10—300 nM; the magnitude
of the generation did not increase when the concentration was
elevated to 1 or 10 um (Figure 6a,b). The results with
ceruloplasmin were similar: at 3 u ml~' (~0.55 uM) no nitric
oxide was generated from Angeli’s salt, but at 30 u ml~!
(~5.5 um) a weak but significant signal was generated with
Angeli’s salt at concentrations of 10 nMm—1 uM (Figure 6c).
The magnitude of the generation did not increase at higher
concentrations. Two other copper containing enzymes,
ascorbate oxidase at 10 u ml~' (~36 nM) and tyrosinase at
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Figure 3 The generation of nitric oxide from (a) SNAP and (b) Angeli’s salt stimulated by different concentrations of CuSO,.
Control experiments in the absence of CuSO4 were conducted in the presence of 30 um EDTA to chelate any contaminating copper
ions. Each point is the mean and error bars indicate the s.e.mean of 5—8 experiments. ***P <0.001 indicates a significant difference

from experiments conducted in the absence of CuSO,.
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250 uml~' (~1 um), produced almost no nitric oxide:
maximum signals of 128+9 and 134+13 pA, respectively,
n=26 for each.

Effects of compounds containing iron, manganese and
zine

FeSO,, FeCl; and MnCl, each at 100 uM failed to generate
nitric oxide from Angeli’s salt (10 nMm—10 uM), but methae-
moglobin (10 uM), ferricytochrome c¢ (10 uM) and the
porphyrin compound MnTMPyP (100 uM) each generated a
weak but significant signal (Figure 7). ZnSO, (100 uM) failed
to generate nitric oxide from Angeli’s salt (data not shown).
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Figure 4 Individual experimental traces showing the poorer ability of
CuSOy4 (0.1 mMm) to generate nitric oxide from (a) SNAP than from
(b) Angeli’s salt (AS).
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Discussion

The most significant, yet unexpected finding from this study is
that copper ions catalyze the one-electron oxidation of nitroxyl
anion to nitric oxide radical. This was found quite by accident
when we undertook a project to examine the means by which
nitroxyl, generated from the spontaneous decomposition of
Angeli’s salt in HEPES-buffered Krebs solution at pH 7.4,
could undergo conversion to nitric oxide radical. In some
experiments we observed the expected result, i.e. that
decomposition of Angeli’s salt at pH 7.4 to produce nitroxyl
did not lead to the spontaneous generation of nitric oxide
radical, as assessed using a nitric oxide-sensitive electrode.
Indeed, others have shown previously that nitroxyl decays to
form nitrous oxide and nitrite (Fukuto et al., 1992b; Hughes,
1999). In other experiments, however, we detected a massive
generation of nitric oxide from Angeli’s salt. We observed that
those occasions in which massive generation of nitric oxide
took place occurred immediately following standardization of
the electrode by nitric oxide generated following the
decomposition of SNAP by 0.1 M CuSO, (Dicks et al.,
1996). Consequently, we suspected that residual copper
contaminating the electrode might have catalyzed the
oxidation of nitroxyl to nitric oxide. This indeed proved to
be the case: when HEPES-buffered Krebs solution containing
the copper chelator EDTA (30 um) was used for further
experiments, almost no nitric oxide signal was generated from
Angeli’s salt. However, when CuSO, (100 uM) was subse-
quently added, an immediate massive generation of nitric
oxide was seen. The signal generated was about 40% greater in
magnitude but shorter in duration if the experiment was
conducted at 37°C rather than at room temperature. More-
over, we could be certain that the signal recorded by the
detector was indeed nitric oxide because it was quenched by
haemoglobin (Martin et al., 1985). Interestingly, CuSO, failed
to generate nitric oxide when in 0.01 M NaOH in which
Angeli’s salt does not decompose to nitroxyl. We can therefore
conclude that the action of copper is to oxidize nitroxyl to
nitric oxide, with no effect of the metal ion on Angeli’s salt
itself.

We found only one passing reference to oxidation of
nitroxyl to nitric oxide by copper in the literature (Fukuto et
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Figure 5 (a) The ability of CuSO, (0.1 mM) to generate nitric oxide from Angeli’s salt was unaffected following the reduction of
Cu?”" ions to Cu™ by ascorbate (1 mm). (b) The effects of the Cu™ chelator, neocuproine, and the Cu®" chelators, cuprizone and
EDTA, each at 1 mm, on the ability of CuSOy4 (0.1 mM) to stimulate the generation of nitric oxide from Angeli’s salt. Each point is
the mean and errors bars indicate the s.e.mean of 6—9 observations. ***P <0.001 indicates a significant difference from control.
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Figure 6 The generation of nitric oxide from Angeli’s salt stimulated
by superoxide dismutase (SOD) or ceruloplasmin. (a) An individual
experimental trace showing the generation of nitric oxide by SOD
(2500 umi~"). (b) and (c) Combined data from a number of
experiments showing the effects of SOD (250 and 2500 u ml~") and
ceruloplasmin (3 and 30 u ml '), respectively. Each point is the mean
and error bars indicate the s.e.mean of 6—10 experiments. *P <0.05,
**P<0.0l and ***P<0.001 indicate a statistically significant
generation of nitric oxide.

al., 1993), but this paper presented no experimental data. We
therefore proceeded to characterize more fully the ability of
copper to catalyze the oxidation of nitroxyl to nitric oxide. For

comparison, parallel experiments were conducted with SNAP,
since the ability of copper to release nitric oxide from S-
nitrosothiols is well characterized (Dicks er al., 1996; Al-
Sa’doni et al., 1997). We in fact found that CuSO, was more
that 100 times more potent in generating nitric oxide from
nitroxyl than from SNAP. A likely explanation for this large
difference is that the copper ions are in the wrong valency state
to promote decomposition of SNAP: the Cu®* ions in solution
must first be reduced to Cu™ before the reaction can proceed,
and this is achieved through a redox reaction with the parent
thiol which almost always contaminates preparations of S-
nitrosothiols (Al-Sa’doni et al., 1997). Interestingly, with
CuSO, at 0.1 uM, the nitric oxide signal generated by Angeli’s
salt at 10 uM was less than at 1 uM (Figure 3b). This might be
explained by the ability of nitroxyl to react rapidly with nitric
oxide (Hughes, 1999). Thus, when nitric oxide is being
generated at low levels, there is the possibility that it will be
scavenged by excess nitroxyl in solution.

Having established that Cu®* ions promote the oxidation of
nitroxyl to nitric oxide, the effects of Cu™ ions were examined
by reducing solutions of CuSO, with ascorbate. Our results
suggest that Cu® and Cu?" ions are equally effective at
catalysing the oxidation of nitroxyl to nitric oxide, perhaps
according to reactions 1 and 2 below:

Cw>* + NO~ - Cu® + NO' [1]
Cu® + NO™ - Cu* + NO" [2]

In support of this scheme, we found that copper metal was
seen to precipitate from solution when a very high
concentration of Angeli’s salt (0.1 M) was added to an equal
volume of CuSO, (0.1 M) (data not shown). It could be argued,
however, that the copper metal was produced by the
disproportionation of Cu™ (i.e 2Cu* — Cu+Cu?"), and that
the generation of nitric oxide resulted solely from the actions
of Cu?". We think this unlikely, however, on the basis of the
actions of chelators that discriminate between the two valency
states of copper ions. Specifically, EDTA and cuprizone which
selectively chelate Cu?* (Peterson & Bollier, 1955) almost
abolished the ability of CuSO, to generate nitric oxide from
nitroxyl, and neocuproine which selectively chelates Cu™® (Al-
Sa’doni et al., 1997) produced powerful blockade. If reactions
1 and 2 above are correct, one would expect that reduction by
ascorbate would half the oxidizing capacity of the copper ions
in solution, thereby reducing the amount of nitric oxide
formed. The relationship between copper concentration and
oxidation of nitroxyl shown in Figure 3 indicates, however,
that a 50% reduction in the copper concentration would have
a negligible effect — around a 10 fold reduction would be
required to attain a significant effect.

Compounds containing a number of other transition metals
were examined for their ability to oxidise nitroxyl to nitric
oxide. Fe(I)SO, and Fe(IIT)Cl; were inactive. We acknowl-
edge that our experiments even with our freshly prepared
solutions of Fe(III)Cl; were not ideal because of visible
formation of insoluble ferric oxides (rust). We overcame this
particular problem and retained the ferric ion in solution by
the use of citrate (15 mM) (Peterson & Bollier, 1955) but still
no nitric oxide signal was generated (data not shown). In fact,
even if the ferric ion did possess the ability to generate nitric
oxide from Angeli’s salt, its chelation by citrate would have
abolished this effect since we found that citrate abolished the
activity of CuSO, (data not shown). In spite of these
difficulties, we are confident that the ferric ion is not
powerfully active, since metalloproteins containing this ion,
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Figure 7 The generation of nitric oxide from Angeli’s salt stimulated by (a) methaemoglobin (MetHb 10 um), ferricytochrome c
(Cyt. C 10 um), ferric chloride (FeCl; 0.1 mMm), or ferrous sulphate (FeSO4 0.1 mM) and (b) manganese chloride (MnCl, 0.1 mMm) or
MnTMPyP (0.1 mMm). Each point is the mean and error bars indicate the s.e.mean of 5—9 observations. *P <0.05, **P <0.01 and
***P<0.001 indicate a statistically significant generation of nitric oxide.

i.e. methaemoglobin and ferricytochrome ¢ produced weak,
although statistically significant nitric oxide signals. The ability
of methaemoglobin to generate nitric oxide from nitroxyl has
previously been reported (Fukuto et al, 1993), and
ferrocytochrome ¢ is known to catalyze the reverse reaction
efficiently, i.e. the reduction of nitric oxide to nitroxyl anion
(Sharpe & Cooper, 1998). We also found Mn(II)Cl, to be
inactive but the metalloporphyrin superoxide dismutase
mimetic, Mn(III)TMPyP (Faulkner ez al., 1994; MacKenzie
& Martin, 1998), was weakly effective. Zn(II)SO,, was,
however, completely inactive. Thus, of the transition metal
ions tested, copper was clearly the most active. Consequently,
it is worth considering the possibility that endogenous copper
is responsible for the oxidation of nitroxyl anion to nitric oxide
which underlies the ability of Angeli’s salt and other nitroxyl
generators to relax smooth muscle (Fukuto et al., 1992b,c;
Pino & Feelisch, 1994; Li et al., 1999). Moreover, such an
oxidation may be physiologically important if nitric oxide
synthase produces nitroxyl rather than nitric oxide per se
(Schmidt ez al., 1996). Indeed, the ability of the intracellular
copper chelator, diethyldithiocarbamate, to inhibit the relaxa-
tion of rat aorta induced by the endothelium-dependent
relaxant acetylcholine (MacKenzie & Martin, 1998) or by
nitroxyl donors (Pino & Feelisch, 1994) supports this
possibility. By analogy, experiments with the selective Cu™
chelator, neocuproine, have already provided evidence that
endogenous copper contributes to the generation of nitric
oxide from S-nitrosothiols in blood vessels and blood platelets
(Al-Sa’doni et al., 1997; Gordge et al., 1996). Accordingly, on
the basis that free copper is unlikely to exist in cells, we
examined the ability of a number of copper containing
enzymes to catalyze the oxidation of nitroxyl to nitric oxide.
In keeping with previous reports (Schmidt ez al., 1996; Murphy
& Sies, 1991), we found that Cu-Zn SOD can indeed generate
nitric oxide from nitroxyl, but the concentration required
(2500 u ml~") to produce even a weak signal is some 100-times

greater than is present in cells (Halliwell & Gutteridge, 1989).
Thus, Cu-Zn SOD is unlikely to be a physiologically relevant
generator of nitric oxide from nitroxyl. Similar findings were
obtained with ceruloplasmin: it too generated a weak nitric
oxide signal from nitroxyl, but the concentration required to
do so (30 uml~") is vastly greater than that found in the
plasma (0.12 u ml~") (Iskra & Majewski, 1999). Indeed, for
Cu-Zn SOD (2500 u ml~") and ceruloplasmin (30 u ml~"), the
nitric oxide signals generated from Angeli’s salt were some-
what smaller that those expected on the basis of their copper
content (~16.5 and 5.5 uM, respectively). Their enzymic
nature therefore conferred no benefit in the generation of
nitric oxide from Angeli’s salt. Furthermore, two other copper
containing enzymes, ascorbate oxidase (Gromov et al., 1999)
and tyrosinase (Oetting et al., 1998), failed to generate nitric
oxide from nitroxyl. Thus, although it remains possible that a
copper-containing enzyme is responsible for the oxidation of
nitroxyl to nitric oxide by cells, none of those tested so far
appears to be a suitable candidate.

In conclusion, our findings show that copper ions catalyze
the rapid and efficient oxidation of nitroxyl anion to nitric
oxide free radical. It is therefore possible that a copper
containing enzyme may be responsible for the endogenous
conversion of nitroxyl to nitric oxide which underlies the
smooth muscle relaxant properties of nitroxyl anion generators
such as Angeli’s salt (Fukuto et al., 1992b,c; Pino & Feelisch,
1994; Li et al., 1999), and which may even contribute to the
formation of the nitric oxide from nitric oxide synthase
(Schmidt et al., 1996). The identity of such a copper-containing
enzyme remains elusive.
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