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Abstract
During catalysis, the heme in nitric oxide synthase (NOS) binds NO before releasing it to the
environment. Oxidation of the NOS ferrous heme-NO complex by O2 is key for catalytic cycling,
but the mechanism is unclear. We utilized stopped-flow methods to study reaction of O2 with
ferrous heme-NO complexes of the inducible and neuronal NOS enzymes. We found that the
reaction does not involve heme-NO dissociation, but instead proceeds by a rapid, direct reaction of
O2 with the ferrous heme-NO complex. This behavior is novel and may distinguish heme-thiolate
enzymes like NOS from related heme proteins.
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Introduction
Nitric oxide (NO) is a signaling and effector molecule in the neural, vascular, and immune
systems [1]. Three related NO synthases (NOS, EC 1.14.13.39) generate NO from L-
arginine in mammals; inducible NOS (iNOS), endothelial NOS (eNOS), and neuronal NOS
(nNOS) [2–5]. NOS-like enzymes also exist in some gram-positive bacteria [6;7]. All NOS
are homodimers, and each subunit consists of an N-terminal oxygenase domain that binds
iron protoporphyrin IX (heme), 6R-tetrahydrobiopterin (H4B), and L-arginine (L-Arg) and a
C-terminal reductase domain that binds FMN, FAD, and NADPH. The two domains are
connected to one another by an intervening calmodulin binding sequence [2].

An interesting feature of NOS catalysis is that the newly-synthesized NO binds to the heme
prior to release from the enzyme [8;9]. Therefore, the end product of the reaction is not NO
but heme FeIII-NO. During catalysis, this product complex can become reduced by the NOS
reductase domain to heme FeII-NO at a rate comparable to that of FeIII-NO dissociation.
This leads to two possible fates for each new NO molecule: release from the heme FeIII-NO
complex into solution (productive cycle) or oxidation through the reaction of the heme FeII-
NO complex with O2 (futile cycle). We have proposed a global mechanism for NOS
catalysis that takes these facets into account (Fig. 1) [10;11]. Kinetic measurements of the
individual steps revealed that the catalytic behavior of any NOS is primarily characterized
by the interplay of three kinetic parameters; namely kr (the rate of FeIII (or FeIII-NO)-heme
reduction by the reductase domain), kd (the dissociation rate of NO from the heme FeIII-NO
complex) and kox (the oxidation rate of the heme FeII-NO complex) [3;10;11] (Fig. 1).
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Computer simulations of the global mechanism, and characterization of various eNOS and
nNOS mutants that have altered kinetic parameters, has shown that the NO synthesis activity
and apparent KMO2 of a NOS enzyme can be significantly dependent on the kox rates [12].

Despite the importance of kox, the reaction of the NOS heme FeII-NO complex with O2 has
not been the object of specific studies, and kox rates have only been determined for NOS
enzymes at 140 µM oxygen (half air-saturated conditions). Here, we utilized stopped-flow
spectroscopy to study the oxidation reaction of the iNOS and nNOS heme FeII-NO
complexes at different O2 concentrations. Our results show: (i) NOS heme FeII-NO
complexes oxidize at much higher rates than those reported for any other heme protein, (ii)
the NOS oxidation mechanism does not involve NO dissociation from the heme, and instead
involves a direct reaction of O2 with heme-bound NO. These novel facets of heme-NO
reactivity fundamentally distinguish heme-thiolate enzymes like NOS from hemoglobins
and related enzymes.

Results
Heme FeII-NO Dissociation rates

We studied NO dissociation from pre-formed ferrous heme-NO complexes of iNOSoxy and
nNOSoxy, using sodium dithionite as an NO scavenger in the presence of CO. When NO
dissociates from the NOS heme, CO binds quickly [20–23] to form a heme FeII-CO
complex, which can be followed by a shift in the heme Soret absorbance from 436 nm to
445 nm. Spectral analysis of the NO dissociation reactions for nNOSoxy and iNOSoxy are
shown in Figure 2. In both cases the absorbance increase at 445 nm (Figures 2C–D) fit well
to a single exponential equation and the transitions show isosbestic points consistent with a
single step process (Figures 2A–B). The NO dissociation constants obtained were 3.9 ± 0.6
× 10−4 s−1 (nNOSoxy) and 1.0 ± 0.1 × 10−4 s−1 (iNOSoxy), similar to previously reported
values of 3.1 × 10−4 s−1 and 1.35 × 10−4 s−1 for nNOS [16] and iNOS [11], respectively.
Because the NO dissociation rates are 3 to 4 orders of magnitude slower than the kox values
reported for iNOSoxy and nNOSoxy at half-air saturation, (kox of 3.0 s−1 and 0.19 s−1 for
iNOS and nNOS, respectively) [11;12] we conclude that an NO dissociation step is not
involved in the oxidation mechanism of NOS heme FeII-NO complexes.

Oxygen dependence of kox and possible buildup of reaction intermediates
We utilized stopped-flow spectroscopy to study the oxidation reactions of pre-formed
iNOSoxy and nNOSoxy heme FeII-NO complexes at different oxygen concentrations, to
determine the oxygen dependence of kox and to observe if any heme-based reaction
intermediates would build up. Figure 3A contains representative spectral data collected
during reaction of the iNOSoxy FeII-NO complex with 170 µM oxygen in the presence of
both H4B and L-Arg. The spectral changes are consistent with conversion of the FeII-NO
complex into the FeIII high-spin form of iNOSoxy. The reaction here was well-described as
a single step process, as indicated by the several isosbestic points in the spectra (Fig. 3A)
and by the single exponential decay of the absorbance signal at different wavelengths (Fig.
3A, inset). The rate of FeII-NO complex disappearance (437 nm) was similar to the rate of
ferric enzyme product formation (396 nm) (Fig. 3A, inset). The spectral and fitting results
we obtained for replica reactions run at other O2 concentrations were highly similar. In all
cases, the reactions proceeded as single step processes with no apparent buildup of enzyme
reaction intermediates. The plot of the observed rates (kox values) versus oxygen
concentration shows a linear dependency across the entire range of experimental O2
concentrations (Figure 4A), and did not display saturation kinetic behavior. From the plot,
rate constants for the bimolecular reaction (k1 and k−1, see methods) were obtained. There
was no substantial change in the accuracy of fit when the k−1 term was not included, and
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therefore we assume that it is too small to be accurately determined by our method. A k1
value of 26500 ± 340 M−1s−1 was calculated for the reaction of the iNOSoxy heme FeII-NO
complex with O2 (Table 1). We used the same procedure to analyze the reaction of the
nNOSoxy heme FeII-NO complex with O2. Fig. 3B contains representative spectra recorded
for reaction of the complex with 170 µM O2 in the presence of both L-Arg and H4B. The
overlapped spectral traces create isosbestic points at approximately the same wavelengths as
we observed in the iNOSoxy reactions. The reactions of nNOSoxy were also single
exponential and showed no detectable buildup of enzyme intermediates in any case. When
the observed rates were plotted versus O2 concentration a linear dependency was observed
(Fig. 4B) with no saturation across the entire experimental O2 concentration range. The
calculated rate constants were k1 = 230 ± 8 M−1s−1 and k−1 = 0.047 ± 0.004 s−1 (Table 1).
Thus, reaction of the nNOSoxy heme FeII-NO complex with O2 exhibited similar behavior
to that of the iNOSoxy heme FeII-NO complex, but was about 100 times slower at any given
O2 concentration (compare Fig. 3B (inset) and Fig. 4B).

Nitrate and nitrite product formation
To quantify product formation, the iNOSoxy FeII-NO complex was formed and purified
under anaerobic conditions (see Methods). Aliquots were mixed with air saturated buffer
and the amounts of NO2 − and total NO2 − + NO3 − were quantified by chemiluminescence
and photometric assays (see methods). Percent values were calculated dividing the
concentration of the nitrite/nitrate species by the initial concentration of NOS in each sample
and multiplying by 100 the resulting value. Thus, a 100% value is equivalent to 1 mole of
nitrite/nitrate produced per mole of enzyme. The results are shown in Figure 5. The detected
amounts of nitrite or total nitrite plus nitrate were: NO2 − = 17.0 ± 1.4 %; Total NO2 −/
NO3 − = 123 ± 10 % (iNOS) and NO2 − 15.7 ± 0.6 %; Total NO2 −/NO3 − = 116 ± 15%
(nNOS). Thus, the results with both enzymes were similar with approximately 1 mole of
nitrate and 0.2 moles of nitrite produced per mole of FeII-NO complex. Some possible
sources of the small amount of NO2 − can be the reaction of excess NO with O2 or reduction
of NO3 − by excess dithionite. On the other hand, NO3 − can only be formed in the
enzymatic reaction via the futile cycle (see Fig. 1). We conclude that the reaction of the
NOS ferrous-NO complexes with oxygen leads quantitatively to nitrate.

Discussion
The reaction of O2 with the ferrous heme-NO complexes of hemoglobin and myoglobin
have been closely studied and serve as a paradigm for our present study [24–26]. A central
hallmark of these reactions is that they are relatively slow and proceed at rates that basically
match their rates of heme FeII-NO dissociation (Table 1, [26]). This has led to a generally
accepted mechanism illustrated in Fig. 6 (top portion), where NO dissociation from the
ferrous heme is the initial and rate-limiting step for the overall oxidation. In these cases, NO
dissociation allows O2 to bind to the ferrous heme and form a heme FeII-O2 complex, which
then reacts rapidly with NO. This reaction appears to take place inside the heme pocket
[26;27], as indicated by the rate being pH-independent and mono-molecular, and no nitrite
being formed as product, which could otherwise result if any NO was released from the
protein into solution.

For NOS enzymes, the mechanism of heme FeII-NO oxidation by O2 does not involve an
NO dissociation step, because the observed rates of heme FeIINO dissociation are two or
three orders of magnitude slower than the observed rates of heme FeIINO oxidation. Our
results suggest two alternative reaction mechanisms that are illustrated in Fig. 6. Both have
O2 reacting directly with the NOS heme FeII-NO complex, in one case as an electrophile
that attacks the nitrogen of the bound NO (k1/k−1) and in the other case as an oxidant in an
outer-sphere electron transfer reaction (k1’/k−1’) that generates heme FeIII-NO and
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superoxide. In either case, the initial O2-dependent reaction appears to be the rate-limiting
step, and conceivably both reactions would generate an N-bound heme-peroxynitrite
complex as an immediate product (Fig. 6). Because we observed monophasic transitions for
our iNOSoxy and nNOSoxy reactions with no apparent build-up of a heme-peroxynitrite
product complex, this suggests that the immediate heme-product complex may dissociate (or
rearrange) relatively quickly to form the observed ferric enzyme product (Fig. 6). This is
consistent with the reaction rates not saturating even at the highest O2 concentrations that
were experimentally available to us. Interestingly, buildup of an observable oxo-ferryl heme
intermediate does occur when excess peroxynitrite is reacted with ferric iNOSoxy [28].
However, this reaction involves the initial formation of an O-linked heme-peroxynitrite
complex, which is not likely to form in our reactions.

The outer-sphere electron transfer mechanism depicted in Fig. 6 (k1’/k−1’) is likely to be
thermodynamically uphill based on a comparison of the midpoint potentials for the O2/O2 −
couple (−330 mV) [29] versus the NOS FeIII-NO/FeII-NO couple (−2 mV) [30]. However,
the equilibrium could be driven toward products if the subsequent reaction of superoxide
and the heme FeIII-NO complex is fast. This pathway would form the same N-bound heme-
peroxynitrite intermediate as in the mechanism proposed above. If an outer-sphere electron
transfer occurs, it opens up the possibility that NO could dissociate from the heme FeIII-NO
complex prior to reaction with superoxide (Fig. 6). However, the measured rates of NOS
heme FeIII-NO dissociation (kd) range from 2 to 60 s−1 at similar temperatures [8;11;31].
Therefore, the probability of NO escape from the enzyme would depend on the initial O2
reaction proceeding by an outer-sphere electron transfer, and the resulting superoxide
exhibiting a poor reactivity toward the heme FeIII-NO complex. We believe this
combination of events is unlikely. Instead, the heme FeII-NO complex of iNOSoxy and
nNOSoxy appears to undergo an efficient NO dioxygenase reaction to generate nitrate with
little or no NO escaping from the enzyme during the reaction.

What makes the heme FeII-NO complexes of iNOSoxy and nNOSoxy more reactive toward
O2 than the heme FeII-NO complexes of Hb or Mb? A difference in O2 access is not likely
to be involved, because each of these heme proteins evolved to bind O2, and their ferrous
forms all have fairly similar kon values for O2 and for other diatomic ligands [13;30;32].
Instead, the difference may be caused in part by the heme-thiolate bond causing the NOS
heme FeIINO complex to have a lower midpoint potential. The midpoint potential of the
FeIIINO/FeIINO couple in NOS (−2 mV) [30] is about 50 to 150 mV more negative than the
same couple in histidine-ligated heme proteins [33]. Resonance Raman data are consistent
with greater electron density in the NOS heme-NO complexes compared to globins, and
suggest the bound NO exhibits some nitroxide-like character, which should increase its
reactivity toward O2 if the mechanisms proposed in Fig. 6 are accurate. Conceivably, one
might further increase the oxidation rate of a heme FeII-NO complex by O2 by further
decreasing the heme midpoint potential. This effect may have been achieved for the W409F
mutant of nNOS, whose more negative FeIII/FeII midpoint potential is associated with a 7-
times faster kox than in wild-type nNOS [12]. In general, different heme proximal ligands
(cysteine versus histidine) or related protein modifications near the heme may enable a range
of heme midpoint potentials. At one extreme (more positive potential), this may diminish the
O2 reactivity of a protein’s heme FeII-NO complex to such an extent that consecutive NO
dissociation and O2 substitution steps dominate the oxidation mechanism (as for Hb and
Mb). At the other extreme (more negative potential), it may increase the O2 reactivity of a
protein’s heme FeII-NO complex enough to enable a direct and potentially faster oxidation
reaction (as in NOS enzymes). Layered onto this “redox” regulation are likely to be effects
from other aspects of protein structure that together will determine the mechanism and
kinetics of heme FeII-NO oxidation for any given protein.
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Recent evidence suggests that histidine-ligated heme proteins may exhibit a range of
behaviors regarding the O2 oxidation of their heme FeII-NO complexes [34]. For example,
the hexacoordinate heme proteins neuroglobin and hemopexin show interesting differences
with the aforementioned Hb and Mb. The reactions of hemopexin or neuroglobin heme FeII-
NO complexes with O2 proceed relatively fast and they form what appear to be detectable
heme-peroxynitrite intermediates that have relatively slow conversion rates to ferric enzyme
[34–36]. The reported rates are compared in Table 1. Interestingly, the heme FeIII/FeII

midpoint potentials of hemopexin and neuroglobin are more negative than those of Hb and
Mb, consistent with the concept of redox regulation as described above. Flavohemoglobins
are another type of histidine-ligated heme protein that catalyze an NO dioxygenase reaction
to form nitrate [37;38]. Their reaction is extremely fast with a kcat of 112–670 s−1 at 37°C
[39;40]. The bulk of evidence suggests the their mechanism involves ligand substitution on
the ferrous heme (O2 for NO) as described for reactions of the heme FeII-NO complexes of
Mb and Hb in Fig. 6 [37;41–43]. This would imply an unusually fast NO dissociation from
the flavohemoglobin heme FeII-NO complex. Recently, fast NO dissociation rates were
observed (43.5 s−1 at 20 °C) [44] for the heme FeII-NO complex of cytochrome cd1, which
appears to explain its fast steady-state activity [44;45]. Apparently, broad variations in NO
kd and/or in heme midpoint potential may help to determine the mechanism and speed by
which various heme protein FeII-NO complexes are oxidized by O2. These concepts merit
further investigation.

Concluding remarks
NOS enzymes catalyze a more rapid oxidation of their heme FeII-NO complex than any
other heme-containing protein that has been studied to date. The basis is likely related to
their heme environment, and particularly to the characteristics of the heme-thiolate bond.
Further studies are under way to test the importance of heme midpoint potenial, heme
distortion, NOS quaternary structure (dimer versus monomer), heme pocket access, active
site residues, and the influence of bound cofactor or substrate. Because NOS form a heme
FeII-NO complex during their normal catalytic cycle it may have forced them to develop a
way to efficiently oxidize these complexes, which otherwise can constitute a dead-end in
catalysis. Other heme-thiolate proteins appear to show differences in their NO reactivity
[46], and many cytochrome P450’s are inactivated by NO [47;48]. It will be interesting to
see if the reaction described here for NOS is applicable to other heme-thiolate proteins.

There is a remarkable difference between iNOSoxy and nNOSoxy in their rates of their
heme FeII-NO oxidation. The fast oxidation of the iNOS heme FeII-NO complex could be
designed to synthesize peroxynitrite. This would be in accord with a physiological role of
iNOS in host defense, and might help to explain why protein nitration is observed in some
cells upon iNOS expression [28;49;50]. In this context, it is interesting to note that the
bacterial NOS-like enzymes from Deinococcus radiodurans [51] and Streptomyces
turgidiscabies [52] have both been found to catalyze amino-acid nitration. In comparison,
the relatively slower oxidation of the nNOS heme FeII-NO complex has been suggested to
enable its function in biological O2 sensing [53;54] or to serve as a pulse source of NO in
signal transduction cascades [55]. Our current work provides a foundation to test these
possibilities.

Materials and methods
Reagents

O2 and N2 (medipure grade) gases were obtained from Praxair. NO gas was purchased from
Linde LLC. H4B was purchased from Schircks Laboratories (Jona, Switzerland). Glacial
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acetic acid was purchased from Mallinckrodt Baker. Other chemicals were obtained from
either Fisher Scientific (Pittsburgh, PA) or Sigma (St. Louis, MO).

Protein purification
The oxygenase domains of rat nNOS and mouse iNOS were overexpressed in E. coli and
purified as previously described [13;14]. Protein concentration was determined from the
absorbance at 444 nm of the ferrous-CO complex using an extinction coefficient of 74
mM−1cm−1 [15].

Ferrous heme-NO dissociation rates
The dissociation rates of NO from ferrous heme-NO complexes were studied in the presence
of CO and using sodium dithionite as an NO scavenger as described [11;16]. The rate for the
reaction of dithionite with NO is 1.4 × 103 M−1s−1 at 20 °C in 50 mM phosphate buffer at
pH 7.0 [17]. Although oxyhemoglobin is a more efficient NO scavenger, dithionite has been
successfully used when NO dissociation is a slow process, such as for ferrous-NO
complexes of hemoglobin or NOS [11;16;17]. Solutions of iNOSoxy or nNOSoxy (40–80
µM) were made anaerobic in the presence of 2.5 mM L-Arg, 20 µM H4B, 1 mM DTT in
EPPS 40 mM pH 7.6 buffer were made anaerobic and then the ferrous heme-NO complexes
were formed by adding successively sodium dithionite (final concentration 1.5 mM) and NO
from a saturated NO-solution in EPPS buffer (final concentration 200 µM, NO saturated
buffer concentration is 2.05 mM at 20 °C). The reaction was studied at 10 °C and was
started by adding 100 µl of ferrous heme-NO solution to 900 µl of CO-saturated EPPS 40
mM, pH 7.6 buffer containing 2.5 mM L-Arg, 20 µM H4B, 1 mM DTT and 1.5 mM
dithionite. The conversion of the heme FeII-NO complex to the FeII-CO complex was
monitored by UV-Visible spectroscopy and changes at 445 nm were fit to single exponential
equations using Origin Pro 7.5 software (OriginLab, Northampton, MA).

Ferrous heme-NO oxidation
Ferrous heme-NO complexes were prepared as follows: protein solutions containing 10 µM
of ferric NOS were prepared in 40 mM EPPS buffer, pH 7.6, 10% Glycerol, 150 mM NaCl,
0.5 mM EDTA, 20 µM H4B and 2.5 mM L-Arg. Samples were made anaerobic in sealed
cuvettes by several cycles of nitrogen/vacuum. Then, FeIII-heme was titrated with sodium
dithionite to produce the ferrous enzyme. Reduction of the enzyme was monitored in either a
Cary 100 or a Shimadzu UV-2401 PC spectrophotometer. Ferrous enzyme was then titrated
with a NO-saturated buffer solution. Each FeII-NO complex was then transferred to a
syringe housed in a temperature-controlled Hi-Tech SF-61 stopped-flow instrument (Hi-
Tech Scientific, Salisbury, UK) equipped with a diode array detector. The NOSoxy FeII-NO
complex was rapidly mixed with O2-containing buffer with the same composition as the
protein buffer. Reactions were carried out at 10 °C. To assess the oxygen-dependency of the
reaction, variable concentrations of oxygen were produced by mixing different amounts of
O2-saturated and N2-saturated buffers. The concentration of oxygen in the O2 saturated
buffer at 10°C was calculated to be 1.7 mM [18]. As the mixing ratio was 1:1 the final O2
concentration achieved varied from 0 to 850 µM.

Kinetic analysis
Reaction rates were calculated from the absorbance changes at the wavelength of the Soret
peaks of FeIII-heme (≈ 396nm, ferric heme recovery) or heme FeII-NO (≈ 436nm, ferrous
heme-NO decay). Data were fitted to a single-exponential equation. The oxygen dependency
of the observed rates versus O2 concentration was fit to a linear equation in the form: kobs =
k1 [O2] + k−1, were k1 and k−1 are the apparent rates of O2 association and dissociation,
respectively. For iNOSoxy the value of k−1 is too small to be determined accurately and a
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linear fit through zero in the form kobs = k1 [O2] was used. Data analysis was carried out
using Origin Pro 7.5 software (OriginLab, Northampton, MA).

Determination of end products
iNOSoxy and nNOSoxy samples (approx 80 µM) were prepared in 40 mM EPPS buffer, pH
7.6, 10% Glycerol, 150 mM NaCl, 0.5 mM EDTA, 200 µM H4B and 2.5 mM L-Arg. The
ferrous-NO complex was formed by successive titrations with sodium dithionite (to form
ferrous enzyme) and NO-saturated buffer as described above. In order to minimize
generation or carryover of oxidized nitrogen species from the excess dithionite and NO, the
cuvettes were next transferred to a glove-box (Belle Technology, Portesham, Dorset, UK)
that was kept below 10 ppm O2 and the ferrous-NO proteins were run through a Sephadex
G-25 column (PD-10, GE Healthcare) equilibrated in anaerobic EPPS buffer 40 mM, pH
7.6, 10% Glycerol, 150 mM NaCl. The eluted fractions were transferred again to an
anaerobic cuvette to determine their final concentrations (20–30 µM) and to insure that NO
had remained bound to ferrous heme. Then the ferrous-NO complexes were mixed with
different amounts of air-saturated buffer (final protein concentrations 5–25 µM). Nitrite and
total nitrite plus nitrate (NOx) concentrations in the samples were measured using
chemiluminescence as previously described [19]. Before measurement, samples were
pretreated with 10% w/v ZnSO4 and 0.5 N NaOH and centrifuged to remove protein. Nitrite
was converted to NO in line during the measurement by a solution containing an excess of
potassium iodide in glacial acetic acid. Total NOx was converted to NO by a saturated
solution of VCl3 in 1 M HCl. NO generated was detected by the Sievers NOA 280i (GE
Analytical Instruments, Boulder, CO). All samples were measured at least in triplicate and
the nitrite and NOx concentrations were determined by interpolation using authentic
standards of nitrite and nitrate, respectively. Additional measurements of nitrite and total
nitrite and nitrate (NOx) concentrations were carried out photometrically using the Griess
assay on the same samples. The protein was removed from the samples by centrifugation
through Amicon Ultra centrifugal devices with a 10 kDa MW cut-off (Millipore). In this
case, to estimate the total amount of nitrite plus nitrate the samples were reduced by a
cadmium-copper catalyst (Nitralyzer II, World Precision Instruments, Sarasota, FL, USA)
and assayed following the procedure provided by the supplier.

Abbreviations

EDTA ethylene diamine tetraacetic acid

EPPS 4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid

FeII-NO ferrous heme-NO complex

FeIII-NO ferric heme-NO complex

FAD flavin dinucleotide

FMN flavin mononucleotide

H4B (6R)-5,6,7,8-tetrahydro-L-biopterin

kr reduction rate of the heme by the reductase (flavoprotein) domain of NOS

kd dissociation rate of NO from the ferric heme-NO complex of NOS

kox oxidation rate of the ferrous heme-NO complex of NOS

NADPH nicotinamide adenine dinucleotide phosphate, reduced form

NOS nitric oxide synthase
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nNOS neuronal nitric-oxide synthase

nNOSoxy oxygenase domain of the neuronal nitric-oxide synthase

iNOS inducible nitric-oxide synthase

iNOSoxy oxygenase domain of the inducible nitric-oxide synthase

WT wild-type.
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Tejero et al. Page 13

FEBS J. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
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Table 1

Rates of Ferrous Heme-NO dissociation and oxidation for NOSoxy and other heme proteins.

Protein NO
dissociation NO oxidation a References

iNOSoxy 1.0 × 10−4 s−1 k1 = 2.65 × 104 M−1s−1 Present study

nNOSoxy 3.9 × 10−4 s−1 k1 = 2.30 × 102 M−11s−1 k−1 = 4.7 × 10−2 s−1 Present study

Neuroglobin 2.0 × 10−4 s−1 k1 = 1.6 × 101 M−1s−1 k2 = 5.0 × 10−4 s−1 [36;56]

Hemopexin 9.1 × 10−4 s−1 k1 = 2.4× 101 M−1s−1 k2 = 1.4 × 10−3 s−1 [35]

Myoglobin 0.9 × 10−5 s−1 k1 = 1.3 × 10−4 s−1 k2 = 2.6 × 10−4 s−1 [26;57]

Hemoglobin 3.2 × 10−4 s−1 b k1 = 2.0 × 10−4 s−1 k2 = 1.0 × 10−4 s−1 [27]

Guanylate cyclase 7.0 × 10−4 s−1 [57]

Cytochrome c oxidase 1.0 × 10−2 s−1 [58]

Cytochrome cd1 4.35× 101 s−1 [44]

a
The second kinetic parameters are referred to as k−1 and k2 because in the case of nNOS it reflects an apparent equilibrium and in the other

proteins refers to a subsequent reaction.

b
This is the fast rate; bi-exponential fit gave values of: k1=3.2 × 10−4 s−1; k2 = 0.7 × 10−4 s−1 [27].
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