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In mammals, endothelial nitric oxide synthase (eNOS) has the weakest activity, being one-tenth and one-sixth as active as the inducible
NOS (iNOS) and the neuronal NOS (nNOS), respectively. The basis for
this weak activity is unclear. We hypothesized that a hinge element
that connects the FMN module in the reductase domain but is shorter
and of unique composition in eNOS may be involved. To test this
hypothesis, we generated an eNOS chimera that contained the nNOS
hinge and two mutants that either eliminated (P728IeNOS) or incorporated (I958PnNOS) a proline residue unique to the eNOS hinge.
Incorporating the nNOS hinge into eNOS increased NO synthesis
activity 4-fold, to an activity two-thirds that of nNOS. It also decreased
uncoupled NADPH oxidation, increased the apparent KmO2 for NO
synthesis, and caused a faster heme reduction. Eliminating the hinge
proline had similar, but lesser, effects. Our findings reveal that the
hinge is an important regulator and show that differences in its
composition restrict the activity of eNOS relative to other NOS
enzymes.
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itric oxide (NO) is a widespread signal molecule in biology
(1, 2). Three nitric oxide synthases (NOSs) generate NO in
mammals [inducible NOS (iNOS), neuronal NOS (nNOS), and
endothelial NOS (eNOS)]. All three are comprised of an Nterminal heme-containing oxygenase domain, an intervening
calmodulin (CaM) binding sequence, and a C-terminal reductase domain that contains FMN and FAD (3). The three NOS
enzymes have different gene expression patterns, protein interactions, posttranslational modifications, and catalytic behaviors
that enable specific roles in biology (4–8). Of note, the NO
synthesis activity of eNOS is one-10th that of iNOS and one-sixth
that of nNOS. This activity is associated with a slower heme
reduction in eNOS (9, 10). Which protein features enable these
differences, and why they evolved, are still unclear.
Studies of eNOS and nNOS chimeras established that their NO
synthesis activities and heme reduction rates are primarily a function of the reductase domain (9, 11). For example, a chimera
comprised of an eNOS oxygenase domain fused to an nNOS
reductase domain had an NO synthesis activity and heme reduction
rate that were similar to those of wild-type nNOS. This result
implies that protein structural elements within the reductase domain are largely responsible for the different catalytic behaviors of
eNOS and nNOS. While addressing this issue, we became interested in two hinge elements that connect the FMN subdomain of
NOS to the rest of the enzyme (Fig. 1A). During catalysis, these
hinge elements position the FMN subdomain to receive electrons
from the NADPH–FAD module, and then may guide its interactions with the NOS oxygenase domain for electron transfer to the
heme (12–17). In this way, the hinge elements could determine the
rate of heme reduction and NO synthesis activity.
The hinge that connects the FMN subdomain to the rest of the
nNOS reductase domain is visible in the reductase crystal structure
(12) (Fig. 1B) and has a varied composition among nNOS, eNOS,
and iNOS (Fig. 1C). Specifically, the eNOS hinge is two residues
shorter than in nNOS and contains a proline at position 728 in place
of other residues found at this position in nNOS or iNOS. To
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examine whether these differences are responsible for the slow NO
synthesis activity of eNOS, we characterized an eNOS mutant that
contained the nNOS hinge element in place of its own, and
characterized the complementary P728I eNOS and I958P nNOS
point mutants (Fig. 1C). Our results establish a primary role for the
hinge and reveal that its unique composition in eNOS represses NO
synthesis activity.
Results
A flexible hinge that connects the FMN subdomain to the rest of
the NOS reductase domain may help control electron transfer to
the oxygenase domain heme during catalysis. If the eNOS hinge
restricts this process relative to the nNOS hinge, then we may
observe increased NO synthesis activity in an eNOS chimera that
contains the nNOS hinge element (eNOS-nH), and we may also
observe greater activity in P728I eNOS, and less activity in the
corresponding I958P nNOS, if the proline residue that is present in
the eNOS hinge is a restricting factor.
Fig. 2A compares the NO synthesis activities we obtained for the
three mutants and for wild-type eNOS and nNOS. Incorporating
the nNOS hinge into eNOS significantly increased NO synthesis
activity. The eNOS-nH chimera was 4⫻ more active than eNOS and
was two-thirds as active as nNOS. This difference suggests that the
hinge is important for catalysis and reveals that hinge composition
in eNOS limits NO synthesis to a significant extent.
With regard to the proline, P728I eNOS had greater NO
synthesis activity relative to eNOS, whereas I958P nNOS had
decreased NO synthesis activity relative to nNOS. Thus, a proline
present at this hinge position restricted NO synthesis by either
enzyme, consistent with proline generally restricting peptide flexibility (18, 19). However, it is clear that the proline accounts for only
a fraction of the catalytic repression attributable to the entire eNOS
hinge. Thus, its shorter length and/or other unique residues must
also contribute to its overall repressive effect.
We also compared how the hinge mutations impact the NADPH
oxidation rates of eNOS and nNOS during NO synthesis from
L-arginine. In general, the rates of NADPH oxidation followed the
NO synthesis activity of each enzyme (Fig. 2B), consistent with the
two processes being generally coupled. However, the I958P nNOS
did show some uncoupled NADPH oxidation (4.1 NADPH per
NO) relative to nNOS (2.0 NADPH per NO). Remarkably, the
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Fig. 1. Hinge element connecting the FMN subdomain in NOS. (A) The two hinge regions (Oxy-FMN and FMN-FNR) that connect the FMN subdomain in NOS enzymes.
(B) Structure and subdomain organization of the nNOS reductase domain. The 25-residue FMN–FNR hinge (purple) links the FMN domain (yellow) to the rest of the
reductase domain. Cofactors: orange, FMN; blue, FAD; red, NADP. FNR, ferredoxin NADP-reductase; other abbreviations are as described in the text. (C) Alignment of
FMN–FNR hinge region of various NOS enzymes.

We next compared pre-steady-state heme reduction rates in the
mutant and wild-type enzymes. Heme reduction rates were determined in stopped-flow reactions by monitoring formation of the
enzyme heme–CO complex. The reactions were initiated by mixing
either CaM-bound NOS enzymes with excess NADPH or NADPHreduced NOS enzymes with Ca2⫹ to trigger CaM binding (9). Given
the potential role for the hinge in facilitating heme reduction, and
heme reduction limiting NO synthesis by eNOS and nNOS (20, 21),
we expected that the heme reduction rates in the mutants would
reflect their different NO synthesis activities. The measured rates
in Table 1 indicate that this was true within both enzyme groups
(eNOS and nNOS). For example, the heme reduction rate was
faster in P728I eNOS and in eNOS-nH relative to eNOS, and was
slower in I958P nNOS relative to nNOS. However, the rates in the
eNOS-based enzymes remained slower than in the nNOS-based
enzymes, despite some having similar NO synthesis activities (i.e.,
I958P nNOS and eNOS-nH).

Fig. 2. Steady-state NO synthesis (A) and concurrent NADPH oxidation (B) activities of wild-type and mutant NOS proteins in the presence of CaM.
Measurements were taken at 25°C. Values represent the mean and standard deviations of three independent measurements.
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coupling in eNOS-nH (2.6 NADPH per NO) was more efficient
than in eNOS itself (4.3 NADPH per NO). This finding means that
that the nNOS hinge works efficiently in eNOS, despite its distinct
composition, and enables greater NO synthesis without an increased production of reactive oxygen species.
The apparent KmO2 for NO synthesis by nNOS is 350 M, which
is 80⫻ greater than the KmO2 of eNOS (⬇4 M) (7). Given that
eNOS-nH is two-thirds as active as nNOS, we were interested in
determining its apparent KmO2. Fig. 3 plots the NO synthesis
activities of eNOS-nH and wild-type eNOS over a wide range of O2
concentration. The apparent Vmax of eNOS-nH was 56 min⫺1. This
is 5⫻ greater than the apparent Vmax of eNOS, confirming the
results we obtained in activity assays run with air-saturated buffer
(Fig. 2 A). The apparent KmO2 of eNOS-nH was 100 M, which is
an increase of ⬎10⫻ the eNOS value. Thus, the greater NO
synthesis activity of eNOS-nH was associated with a significant
increase in its apparent KmO2 value.

Table 2. Rate of NADPH oxidation by CaM-bound wild-type and
mutant proteins
NADPH oxidation rate, min⫺1
Protein

⫹CaM,
⫹arginine

⫹CaM,
⫺arginine

⫹CaM,
⫹agmatine

112 ⫾ 7
104 ⫾ 6
39 ⫾ 2
60 ⫾ 2
96 ⫾ 9

352 ⫾ 11
225 ⫾ 12
33 ⫾ 2
44 ⫾ 4
82 ⫾ 3

367 ⫾ 28
246 ⫾ 17
41 ⫾ 3
53 ⫾ 5
94 ⫾ 8

nNOS
I958P nNOS
eNOS
P728I eNOS
eNOS-nH

The rate of NADPH oxidation was measured at 25°C as described in Materials
and Methods. The values represent the mean ⫾ SD for three independent
measurements.

Fig. 3. Oxygen activity response curves for eNOS (open diamonds) and the
eNOS-nH mutant (filled circles). The initial rates of NO synthesis were determined
at each designated O2 concentration. The solid lines are calculated lines of best fit.

Because the hinge also helps the FMN subdomain interact with
the NADPH–FAD module for FAD-to-FMN electron transfer in
NOS (12), it is possible that the hinge mutants might alter the flavin
reduction kinetics. However, our measures show that this was not
the case (Table 1) and indicate that the hinge mutations do not
impact flavin reduction in eNOS or nNOS.
We also compared how the hinge mutations impact electron flux
through the NOS heme during steady-state catalysis. This can be
done by measuring the rate of NADPH oxidation by each CaMbound enzyme in the absence of arginine substrate. Under this
condition, NADPH-derived electrons pass from the flavins to the
NOS heme and enable the enzyme to quickly reduce O2 to
superoxide or H2O2 instead of generating NO (22). Thus, the
NADPH oxidation rate will primarily reflect the electron flux
through the heme and be proportional to the rate of heme
reduction, which remains the slow step during the reaction. The
NADPH consumption rates we obtained in the absence of arginine
or in the presence of the inactive substrate analog agmatine are
listed in Table 2 and are compared with the rates of NADPH
oxidation we obtained during NO synthesis (i.e., in the presence of
arginine). Rates of electron flux measured under the arginine-free
condition (or with agmatine) generally followed the NO synthesis
activities within each enzyme group. The rate of electron flux

through eNOS-nH was well below that of nNOS, except when they
were generating NO. These results are consistent with the hinge
mutations impacting NO synthesis by changing the heme reduction
rates in eNOS and nNOS.
Finally, we tested whether the hinge mutations would alter
reductase domain activities that are independent of the NOS heme,
such as cytochrome c reductase activity, which involves direct
electron transfer from the FMN subdomain to cytochrome c (17,
23). The reductase activities are compared in Fig. 4. All mutants
had increased activity relative to wild-type enzymes in the CaMfree state. In the CaM-bound state, P728I eNOS and eNOS-nH had
increased activities relative to eNOS, whereas I958P nNOS had a
decreased activity relative to nNOS. In general, the mutations
altered the reductase activities to a lesser degree. This relationship
was particularly true for eNOS-nH, whose reductase activity remained closer to eNOS than to nNOS.
Discussion
What protein features cause the NO synthesis activity of eNOS to
be so low, and why did this circumstance evolve? Answering these
questions might broaden our understanding of NOS’s roles in
biology. Here, we show that structural differences in a common
hinge element are partly responsible for suppressing the NO
synthesis activity of eNOS relative to nNOS. It is remarkable that
the nNOS hinge, which represents only 3.3% of the entire reductase
domain, could have such a large impact when swapped into the
eNOS enzyme. Indeed, the NO synthesis activity of our hinge
chimera (eNOS-nH) came close to matching that of an eNOS
chimera that contains the entire nNOS reductase domain (9, 11).

Table 1. Heme reduction and flavin reduction of wild-type and mutant proteins
Heme reduction, s⫺1
Protein

NADPHtriggered

Ca2⫹-triggered

nNOS

4.4 ⫾ 0.4

4.4 ⫾ 0.3

I958P nNOS

3.6 ⫾ 0.2

3.4 ⫾ 0.3

eNOS

0.005 ⫾ 0.003

0.0049 ⫾ 0.002

P728I eNOS

0.009 ⫾ 0.004

0.010 ⫾ 0.01

0.25 ⫾ 0.01

0.32 ⫾ 0.02
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eNOS-nH

Flavin reduction, s⫺1
⫹CaM
k1 ⫽ 45 ⫾ 4
k2 ⫽ 5.2 ⫾ 0.3
k1 ⫽ 42 ⫾ 4
k2 ⫽ 4.8 ⫾ 0.4
k1 ⫽ 56 ⫾ 4
k2 ⫽ 4.1 ⫾ 0.3
k1 ⫽ 51 ⫾ 3
k2 ⫽ 4.7 ⫾ 0.4
k1 ⫽ 57 ⫾ 4.5
k2 ⫽ 3.4 ⫾ 0.4

⫺CaM
k1 ⫽ 5.8
k2 ⫽ 1.2
k1 ⫽ 4.9
k2 ⫽ 1.0
k1 ⫽ 6.2
k2 ⫽ 1.3
k1 ⫽ 5.4
k2 ⫽ 0.8
k1 ⫽ 6.0
k2 ⫽ 0.8

⫾ 0.3
⫾ 0.08
⫾ 0.4
⫾ 0.1
⫾ 0.5
⫾ 0.07
⫾ 0.3
⫾ 0.06
⫾ 0.5
⫾ 0.09

Measurements were taken under anaerobic conditions at 10°C, as described in Materials and Methods. k1 and
k2 refer to the rates for biphasic reactions. The values for flavin and heme reduction in wild-type and mutant NOSs
are the mean ⫾ SD of 7–10 individual reactions and are representative of experiments done with two different
enzyme preparations.
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The apparent importance of the hinge in controlling NOS catalysis
is generally consistent with hinge elements modulating the activity
of a number of multidomain redox enzymes (24–28).
Our data suggest that the hinge modulates NO synthesis activity
by influencing the rate of NOS heme reduction and electron flux
through the heme. The hinge structure likely helps to determine an
interaction between the FMN subdomain and the NOS oxygenase
domain that allows electron transfer from the FMN hydroquinone
to the heme iron. We already know that this electron transfer step
is key for NO synthesis and is under extraordinary control. For
example, it takes place only between (not within) the subunits of a
NOS dimer and requires that CaM be bound to the NOS subunit
that provides the FMN subdomain in the electron transfer reaction
(29–31). Model-building with the available NOS crystal structures
suggests that the hinge element would allow the FMN subdomain
to place its FMN cofactor within 15 Å of the heme in the partner
oxygenase domain (12). This distance is at the long end of the range
sufficient for electron transfer (32). Domain interactions in electron
transfer proteins are also known to be dynamic, with a variety of
donor–acceptor positions being sampled in unit time (33, 34).
Apparently, the nNOS hinge enables a more probable and/or
efficient domain–domain interaction for the heme reduction step
than does the eNOS hinge. Our data suggest that both the length
and amino acid composition of the hinge may be important; this
issue requires further investigation. The fact that the hinge substitution did not completely convert eNOS to nNOS (regarding heme
reduction and NO synthesis activity) implies that other structural
elements of the eNOS reductase domain must help restrict electron
flux to the heme. Among the many potential candidates, one
contributor could be the upstream Oxy-FMN hinge element that
links the FMN subdomain to the oxygenase domain (Fig. 1 A). This
‘‘partner hinge’’ should also define the motions of the FMN
subdomain during electron transfer, and its sequence and length
differ between eNOS and nNOS.
Hinge composition appears to be less important for repressing
the cytochrome c reductase activity of eNOS. This observation is
consistent with reductase activity being regulated by distinct structural elements within the reductase domain, including the Cterminal tail, an autoinhibitory helix insert in the FMN subdomain,
and an insert in the connecting subdomain (designated CT, AH, and
CD2A in Fig. 1B) (10, 35–38). In general, deletion or exchange of
these elements in eNOS and nNOS had more prominent effects on
their reductase activities and CaM binding affinities than on their
NO synthesis activities. Thus, the hinge may be one structural
Haque et al.

Fig. 5. Global kinetic model for NOS catalysis. The biosynthesis of NO and
formation of the enzyme ferric heme–NO complex is limited by kr. This product
complex partitions between an NO-releasing (productive) cycle and an NOoxidizing (futile) cycle. Enzyme partitioning and NO release are determined by
the relative rates of kr, kox, and koff. NOHA, N-hydroxy-L-arginine. Adapted from
ref. 7.

component of the reductase domain that primarily impacts NOS
heme reduction and NO synthesis rather than reductase activity.
Our measurements of electron flux in the absence of arginine
showed that nNOS and I958P nNOS have significantly greater flux
than does eNOS-nH. How, then, could eNOS-nH have an NO
synthesis activity that is two-thirds that of nNOS and greater than
that of I958P nNOS? The key point is that electron flux through all
three enzymes becomes similar during NO synthesis (i.e., in reaction mixtures containing arginine). Indeed, NO synthesis by nNOS
and I958P nNOS was associated with a 2- to 3-fold decrease in
electron flux, whereas electron flux through eNOS-nH remained
essentially unaffected by NO synthesis. These different behaviors
arise because nNOS and eNOS have different settings for three
kinetic parameters (kr, kox, and koff; see Fig. 5) that together
determine the NO synthesis behavior of any NOS (Fig. 5). Specifically, the kox value, which is determined by NOS oxygenase domain
identity (7), is ⬇6⫻ slower in nNOS than in eNOS (7, 21). A slow
kox causes a majority of nNOS molecules to build up as an inactive
ferrous heme–NO species during NO synthesis (Fig. 5), which
diminishes the electron flux and NO release rate in that system (7,
39). In contrast, the faster kox of eNOS means that far fewer enzyme
molecules will build up as the ferrous heme–NO species during NO
synthesis at any given rate of heme reduction. Thus, a faster kox
blunts the impact of NO synthesis on electron flux through
eNOS-nH and enables this mutant to achieve a steady-state NO
synthesis activity that is close to nNOS while having a slower rate
of heme reduction. A similar situation explains the NO synthesis
activities of iNOS (21) and the W409F mutant of nNOS (7) because
both of these enzymes have slower heme reduction rates than nNOS
but have equivalent or greater NO synthesis activities because of
their faster kox values.
Given the above, it is puzzling why eNOS would evolve to have
such a slow heme reduction and NO synthesis activity. After all,
there is no obvious downside to an eNOS that is more active, and
this would be advantageous regarding the efficiency of cellular
protein synthesis. The only sacrifice a NOS enzyme makes when it
increases its NO synthesis activity by increasing its heme reduction
rate is a shift in its oxygen concentration–activity response, which
becomes blunted with regard to d(% activity change)/d[O2], as
indicated by a shift in apparent KmO2 to higher values. This
relationship is explained by the global model (Fig. 5), which
stipulates that faster heme reduction enables greater NO production but also causes more enzyme molecules to partition into the
ferrous heme–NO complex during NO synthesis. This, in turn,
increases the influence of kox on the overall oxygen response of the
PNAS 兩 May 29, 2007 兩 vol. 104 兩 no. 22 兩 9257
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Fig. 4. Steady-state cytochrome c reductase activities of wild-type and mutant
NOS proteins in the absence and presence of CaM. Activities were measured at
25°C in the presence of superoxide dismutase. Values are representative of three
measurements taken under identical conditions, using two different enzyme
preparations.

system and shifts the apparent KmO2 to a higher value (7, 21, 40).
Thus, faster heme reduction in eNOS-nH causes its apparent KmO2
to increase and makes its oxygen concentration–activity response
become more like nNOS than eNOS. In this regard, eNOS has the
steepest oxygen concentration–activity response, given that its
near-total percentage change in activity takes place across a smaller
range of oxygen concentrations than does either iNOS or nNOS. It
is tempting to speculate that the unique oxygen response profiles of
eNOS, iNOS, and nNOS are matched in some way to their specific
biological functions. For example, eNOS and nNOS both function
in tissues where oxygen tension can change dramatically during
ischemia or high mitochondrial activity. Their unique oxygen
response profiles would dictate widely different NO release patterns under these circumstances. How this may relate to their
biological functions is worthy of further investigation.
The activity of eNOS is increased upon serine phosphorylation
of its reductase domain (41) or when eNOS interacts with dynamin-2 or HSP-90 (42, 43). Although the mechanisms of activation
are unknown, the global model (7) and previous results (40, 44)
predict that they likely involve an increase in eNOS heme reduction
rate. Boosting eNOS activity through these means is expected to
add to the increase we observed through hinge substitution. These
strategies can now be used to create a ‘‘super-eNOS’’ with enhanced
NO synthesis activity for use in gene replacement therapies involving eNOS (45–49).
Materials and Methods
Reagents. All reagents and materials were obtained from Sigma (St.
Louis, MO) or from sources previously reported (50, 51).
Molecular Biology. Restriction digestions, cloning, and bacterial
growth were performed using standard procedures. Transformations were performed using a TransformAid bacterial
transformation kit (Fermentas, Hanover, MD). Oligonucleotides used to construct site-directed mutants in nNOS were
obtained from Integrated DNA Technologies (Coralville, IA).
Site-directed mutagenesis was performed using a QuikChange
XL site-directed mutagenesis kit (Stratagene, La Jolla, CA).
Mutations (bold) and their corresponding oligonucleotides
were as follows: I958PnNOSFl (sense), ACTCCCTCCCTAGCAATGATCGATCCTGGAAGAGGAAC; I958PnNOSFl
(antisense), GT TCCTCT TCCAGCT TCGGTCAT TGCTAGGGAGGGAGTT; P728I eNOSFl (sense), GATATCTTCAGCATCAAACGGAGC; and P728IeNOSFl (antisense),
GCTCCGT T TGATGCTGA AGATATC. To replace the
eNOS hinge with the corresponding residues of nNOS, we used
PCR oligonucleotides containing a Bsm1 (5⬘ oligonucleotide)
and a KpnI (3⬘ oligonucleotide) site to amplify nNOS between
bases corresponding to amino acids 943 and 967 (5⬘ oligonucleotide-T T T TA AGGCGGCAT TCCAGGCCTCCTGCGAGACGTTCTGCGTGGGGGATGAC; 3⬘ oligonucleotide
TTCCGGTACCTGTTCCTCTTCCAGCTTCGGTC; restriction sites are shown in bold and sequence corresponding to
nNOS are underlined). Both the PCR product and the pCWeNOS vector were digested with Bsm1 and KpnI and the PCR
fragment then inserted into the vector replacing the eNOS
hinge region. The hybrid constructs were confirmed by DNA
sequencing at the Cleveland Clinic Genomics Core.
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Expression and Purification of Wild-Type and Mutant Proteins. Wild-

type and mutant proteins had a His6 tag attached to their N termini
to aid purification. They were overexpressed in Escherichia coli
strain BL21(DE3) and purified by sequential chromatography on
Ni2⫹-NTA and CaM-Sepharose resin (16). The ferrous heme–CO
adduct absorbing at 444 nm was used to measure heme protein
content with an extinction coefficient of 444 ⫽ 74 mM⫺1䡠cm⫺1
(A444–A500).
NO Synthesis, NADPH Oxidation, and Cytochrome c Reduction. Steadystate activities of wild-type and mutant proteins were determined
separately at 25°C by using spectrophotometric assays that were
described in detail in refs. 50 and 51. For the electron flux
measurement through the NOS heme during steady-state catalysis,
we measured the rate of NADPH oxidation by each CaM-bound
enzyme in the absence of arginine substrate or in the presence of
2 mM agmatine (22).
Measurement of Apparent KmO2. Apparent Km and Vmax values were
calculated by fitting the initial rates of NO synthesis measured at
various oxygen concentrations (52) to a hyperbolic equation (53) by
using Origin software (OriginLab, Northampton, MA). Reactions
were run in septum-sealed cuvettes that contained 0.2 M nNOS,
40 mM 4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid
(EPPS) (pH 7.6), 150 mM NaCl, 0.3 mM DTT, 4 M FAD, 4 M
FMN, 10 M (6R)-tetrahydrobiopterin, 10 mM L-arginine, 1 mg/ml
BSA, 0.8 mM CaCl2, 0.6 mM EDTA, 0.9 M CaM, 100 units/ml
catalase, 25 units/ml superoxide dismutase, and 5 M oxyhemoglobin diluted in various ratios of N2-, air-, or O2-saturated buffer
solutions. The reaction was initiated with 300 M NADPH (final
volume, 1 ml). The initial O2 concentration in each reaction was
calculated based on the solution mixing ratio and the O2 concentration of air- or O2-saturated buffer at 25°C (⬇0.26 and 1.26 mM,
respectively).
Heme and Flavin Reduction. The kinetics of heme reduction were
analyzed at 10°C as described previously (9, 40, 50, 51), by
using a stopped-f low apparatus and diode array detector
(Model SF-61 Hi-Tech Scientific, Bradford, U.K.) equipped
for anaerobic analysis. Ferric heme reduction was followed by
formation of the ferrous heme–CO complex at 444 nm.
Reactions were initiated by rapidly mixing an anaerobic,
buffered, CO-saturated solution containing either 50 M
NADPH or 5 mM CaCl2 with an anaerobic, buffered, COsaturated solution containing wild-type or mutant NOS (2
M), 100 mM 4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid (pH 7.6), 100 mM NaCl, 10 M (6R)-tetrahydrobiopterin, 2 mM L-arginine, 0.3 mM DTT, 6 M CaM, and either
1 mM CaCl2 when triggered with NADPH or 50 M NADPH
when triggered with Ca2⫹. Signal-to-noise ratios were improved by averaging 8 –10 individual mixing experiments.
Flavin reduction was monitored under the same conditions at
485 nm. The time course of the absorbance change was fit to
single or multiple exponential equations by using a nonlinear
least-squares method provided by Hi-Tech Scientific.
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