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Nitric oxide (NO) release from nitric oxide synthases (NOSs) depends on the dissociation of a ferric heme-
NO product complex (Fe"NO) that forms immediately after NO is made in the heme pocket. The NOS-like
enzyme of Bacillus subtilis (bsNOS) has 10-20 fold slower Fe'"NO dissociation rate (kq) and NO association
rate (kon) compared to mammalian NOS counterparts. We previously showed that an Ile for Val substitu-
tion at the opening of the heme pocket in bsNOS contributes to these differences. The complementary
mutation in mouse inducible NOS oxygenase domain (Val346lle) decreased the NO k,, and kq by 8 and

ﬁ?{rivio;isiije 3-fold, respectively, compared to wild-type iNOSoxy, and also slowed the reductive processing of the
NO synthesis heme-0, catalytic intermediate. To investigate how these changes affect steady-state catalytic behaviors,
Mechanism we generated and characterized the V3461 mutant of full-length inducible NOS (iNOS). The mutant exhib-
Mutation ited a 4-5 fold lower NO synthesis activity, an apparent uncoupled NADPH consumption, and formation
Catalysis of a heme-NO complex during catalysis that was no longer sensitive to solution NO scavenging. We found

that these altered catalytic behaviors were not due to changes in the heme reduction rate or in the sta-
bility of the enzyme heme-0O, intermediate, but instead were due to the slower NO ko, and k4 and a
slower oxidation rate of the enzyme ferrous heme-NO complex. Computer simulations that utilized
the measured kinetic values confirmed this interpretation, and revealed that the V3461 iNOS has an
enhanced NADPH-dependent NO dioxygenase activity that converts almost 1 NO to nitrate for every
NO that the enzyme releases into solution. Together, our results highlight the importance of heme pocket
geometry in tuning the NO release versus NO dioxygenase activities of iNOS.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Nitric oxide synthases (NOSs) are flavo-heme enzymes that cat-
alyze a stepwise oxidation of r-arginine (Arg) to form nitric oxide
NO and i-citrulline [1-3]. The overall biosynthetic reaction con-
sumes 1.5 NADPH and 2 O, and involves two steps: the first being
Arg hydroxylation to form N-hydroxy-i-Arg (NOHA), and the sec-
ond being NOHA oxidation to form citrulline and NO (Scheme 1).
NOSs are homodimeric enzymes [4,5], with each monomer being
comprised of an N-terminal oxygenase domain that binds Fe-pro-
toporphyrin IX (heme), the substrate Arg, and the cofactor 6R-tet-
rahydrobiopterin (H4B) [6,7], and a C-terminal flavoprotein domain
that binds FAD, FMN, and NADPH [8-10], with the two domains
being linked by a central calmodulin (CaM) binding motif
[5,11,12]. The heme is ligated to a cysteine thiolate and acts in con-
junction with H4B to catalyze a reductive activation of molecular
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oxygen in both steps of NO synthesis [13-15]. During catalysis,
the ferric heme is reduced to ferrous by the flavoprotein domain
and then binds O, to form a heme-superoxy species, this interme-
diate is then further reduced by H4B, which enables formation of
reactive heme-peroxo or Iron (IV)-oxo porphyrin radical cation
(often referred as Compound 1) species that react with substrate
Arg or NOHA.

In general, the slow step in NO biosynthesis is limited by the
rate of ferric heme reduction (k) as catalyzed by the NOS flavopro-
tein domain. However, NOS activity is also influenced in a funda-
mental way by a heme-NO binding event that is an intrinsic
feature of their catalysis [16-20]. Each newly-generated NO mole-
cule has a high probability of binding to the NOS heme multiple
times before it escapes from the heme pocket [21,22], and even
NO released from the enzyme can rebind to the NOS heme if suffi-
cient external concentrations are achieved (low M NO) [19,22].
Accordingly, NOS heme-NO complexes can build up both in stea-
dy-state reactions and as a transient species during NOHA oxida-
tion reactions catalyzed by NOS oxygenase domains (NOSoxy)
under single turnover conditions [16-19].
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Fig. 1. Global kinetic model for NO synthesis by NOS. During steady-state catalysis, the enzyme molecules engage in a productive cycle that releases free NO and in a futile
cycle that releases a higher oxide of nitrogen (nitrate). Reduction of ferric enzyme to ferrous (k;) enables the heme to bind O, and initiates catalytic reactions. kcar; and ke, are
the conversion rates of the Fe''O, species to products in the Arg hydroxylation and NOHA oxidation reactions, respectively. After NO is made, an immediate product of
catalysis is the ferric heme-NO complex (Fe"'NO), which can either release NO (kq) or become reduced (k.) to generate a ferrous heme-NO complex (Fe"NO). The ferrous
heme-NO complex dissociates extremely slowly and instead regenerates the active ferric enzyme by reacting with O, (kox). The Fe''O, intermediate can also undergo an

uncoupled reaction that generates ferric enzyme and superoxide (kync)-

Intrinsic heme-NO binding makes NOS catalysis a blended func-
tion of the rates of heme reduction (k; or k.), reduction of the
heme-superoxy complex by H4B (kcat), ferric heme-NO dissociation
(kq), and ferrous heme-NO oxidation by O, (kox), according to the
model shown in Fig. 1 [23,24]. The model stipulates that the ki, kca;,
kq, and ko, parameters must be balanced in order for NOS enzymes
to release NO and minimize destruction of NO via a NO dioxygen-
ase reaction that generates nitrate, as described by the futile cycle
in Fig. 1. Interestingly, the set points for ki, kcat, kq, kox Vary among
NOS enzymes [23,25] and give each NOS a unique catalytic profile
probably to aid their specific functions in biology [26-28].

Some protein features that help determine set points for the ki,
Kecat, kq, and kox kinetic parameters in NOS enzymes have been iden-
tified [18,20,29,30]. Regarding kg, the variation among the mam-
malian NOS enzymes is relatively small (2 or 3-fold), but the
Bacillus subtilis NOS exhibits a 10-20 fold slower k4 compared to
the mammalian NOS enzymes [31]. We showed previously that
this difference is partly due to a Val to Ile substitution that is con-
served among bacterial NOS enzymes and restricts NO from enter-
ing or exiting the distal heme pocket [31]. When we incorporated
the complementary V346l substitution into the inducible NOS oxy-
genase domain (iNOSoxy), it decreased the NO k4 about 3-fold,
diminished the rates of solution NO or O, binding to the iNOSoxy
heme, and slowed down the reduction of the enzyme’s heme-
superoxy intermediate (kc,¢) in single turnover experiments (Ta-
ble 3), and also increased the extent of geminate or near-geminate
heme-NO binding in flash photolysis studies [22]. Because all these

studies used the V3461 iNOSoxy protein, we were unable to mea-
sure how the kinetic changes might influence the catalytic behav-
ior of iNOS. We therefore generated and characterized V3461 iNOS
regarding its steady-state catalytic activities, electron flux, k; and
kox parameters, heme-NO complex formation, and stability of its
heme-superoxy intermediate. We then utilized the measured val-
ues in computer simulations of the model in Fig. 1 [23,24] to
understand the catalytic behavior of V3461 iNOS. Our results show:
(i) the V3461 mutant has a 4-fold lower NO synthesis activity com-
pared to wild-type iNOS and (ii) the lower activity can be primarily
explained by the changes in the ky and kox kinetic parameters,
which cause a greater proportion of V3461 iNOS to cycle through
the futile pathway and function as an NO dioxygenase. This in turn
causes a greater proportion of the biosynthesized NO to be oxi-
dized to nitrate instead of being released from the enzyme as NO.

2. Materials and methods
2.1. Materials

All reagents and materials were obtained from Sigma, Aldrich,
Alexis, or sources described previously [17,30,32].

2.2. Mutagenesis

Site-directed mutagenesis of mouse A65iNOS full length DNA in
the pCWori expression plasmid (coding for amino acids 65-1269
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plus a Hisg tag at the N terminus) were performed using the Quik-
Change site-directed mutagenesis Kit from Stratagene. Forward
and reverse primers used are listed in our previous paper [31].
The mutations were confirmed at the molecular biology core facil-
ity of the Cleveland Clinic by sequencing about 500 consecutive
base pairs including the mutation sites. No other mutations were
observed. DNA isolation, restriction enzyme digestion, and trans-
formation were carried out using standard protocols [33].

2.3. Protein expression and purification

Wild-type iNOS enzymes and mutants were overexpressed in
Escherichia coli BL21 and purified using Ni**-nitrilotriacetate affin-
ity chromatography as reported previously [16,34]. NOS concentra-
tions were determined from the 444 nm absorbance of the
ferrous—CO complex, using an extinction coefficient 76 mM~! cm™!
[35]. Buffer used for all experiments in this manuscript was 40 mM
Epps (pH 7.6) containing 250 mM NacCl and 10% glycerol.

2.4. NO synthesis and NADPH oxidation rates

Steady-state rates of NO synthesis were determined by the
spectrophotometric oxyhemoglobin assay using a difference
extinction coefficient of 38 mM~! cm™! for the oxyhemoglobin to
methemoglobin transition at 401 nm [18,36]. Sample solutions
contained 0.1 pM NOS enzyme, 20 pM H4B, 5 mM Arg, 0.3 mM
DTT, 0.1 mg/ml BSA, 10 U/ml SOD, 346 U/ml catalase, 10 uM oxy-
hemoglobin, 4 pM FMN and FAD. Reactions were initiated by add-
ing NADPH (100 uM final concentration), and the absorbance
change at 401 nm was recorded at room temperature. For the
NADPH oxidation rate measurements we used an extinction coef-
ficient of 6.22 mM ! cm ™! at 340 nm. In some cases 0.3 mM NOHA
or 1 mM L-NAME were added in the reaction solution in place of
Arg.

2.5. Rates of heme reduction

The kinetics of ferric heme reduction was determined as de-
scribed previously [20,36]. Reactions were carried out in a Hi-Tech
SF-61 stopped-flow apparatus equipped for anaerobic work and
coupled to a Hi-Tech MG-6000 diode array detector. Reactions
were initiated by rapid mixing an anaerobic ferric enzyme solu-
tions containing ~2 uM NOS, 100 uM H4B, 4 mM Arg, 1.2 mM
DTT with an anaerobic CO-saturated buffer solution containing
100 uM NADPH at 10 °C. Heme reduction was followed by the
absorbance increase at 444 nm due to formation of the ferrous-
CO complex.

2.6. Single catalytic turnover reactions

An anaerobic solution that contained the 4-5 uM dithionite-re-
duced enzyme, 0.6 mM DTT, 0.5 mM Arg or 0.4 mM NOHA and
0.2 mM H4B or H,B was transferred into the stopped-flow instru-
ment and rapidly mixed with air-saturated Epps buffer at 10 °C,
as reported previously [37,42]. Ninety-six spectral scans were ob-
tained after each mixing. Sequential spectral data were fit to differ-
ent reaction models using the Specfit global analysis program
(provided by Hi-Tech Ltd.), which could calculate the number of
different enzyme species, their spectra, and their concentrations
versus time during the single turnover reactions. In the presence
of NOHA and H,B, the spectral data best fit to an A (Fe'') > B
(Fe"0,) — C (Fe""NO) — D (Fe'") model. In all other cases, the spec-
tral data best fit to an A (Fe'') - B (Fe''0,) — C (Fe'') model. Data
from 8 to 10 sequential reactions were averaged to obtain the rates
of the various heme transitions (Fe'0,) [30,31].

2.7. Ferrous heme-NO complex oxidation

Wild-type iNOSoxy and V3461 iNOSoxy protein solutions
(~4 uM) containing 5 mM Arg and 200 uM H4B were made anaer-
obic and reduced with dithionite in an anaerobic optical cell
[13,31]. The ferrous proteins were then titrated by adding small
amounts of anaerobic NO-saturated buffer to form the ferrous
NO complex, which were transferred to the stopped-flow instru-
ment using a gastight syringe and rapid-mixed with air-saturated
or oxygen-saturated buffer at 10 °C [23,38]. Sequential spectral
scans were collected and fit to an A—B reaction model using the
Specfit global analysis program. Eight to ten scans were analyzed
and then averaged for each experimental condition.

2.8. Effect of a superoxide-generating system on the heme-NO complex
formation

The iNOS wild type or mutant proteins (2 pM) were incubated
with 40 uM H4B, 2 mM Arg and 1.2 mM hypoxanthine at room
temperature for 5 min. Thirty seconds after xanthine oxidase
(0.1 U/ml) was added to the reaction solution, 120 uM NADPH
was added to initiate NO synthesis [19]. Heme-NO complex forma-
tion was monitored at 437 nm. Control experiments were done by
replacing xanthine oxidase with equal amount of buffer.

2.9. Nitrite and nitrate production in NADPH-driven reactions

Solutions (90 pL) containing 3 nM wild-type iNOS or 8 nM
V3461, 20 pH4B, 3 mM Arg, 0.3 mM DTT, 0.1 mg/ml BSA, 10 U/ml
SOD, 346 U/ml catalase, 4 uM FMN and FAD were added into a
96-well microplate and incubated on ice for 30 min. The reaction
was initiated by adding 10 ul 10 mM NADPH. After reacting for
30 min in 37 °C incubator, excess NADPH was consumed by addi-
tion of 10 U/ml lactate dehydrogenase (LDH) and 10 mM sodium
pyruvate. Absorbance difference at 550 and 650 nm were mea-
sured using a microplate reader after adding Griess reagent (0.1%
NED solution and 1% sulfanilamide in 4.25% HsPO,4) to each well.
Nitrite production was quantitated based on the standard curve
of nitrite solutions standard curve [39,40].

Total amount of nitrite and nitrate were determined using a
similar method except adding nitrate reductase (0.1 U/ml) and
incubating the samples for extra 2 h at 37 °C before the addition
of LDH and sodium pyruvate [41]. Nitrate production was calcu-
lated by subtracting the nitrite amount from the total amount of
nitrite plus nitrate.

2.10. Simulations of enzyme distribution during steady-state NO
synthesis

Computer simulations were based on the global kinetic model
described in Fig. 1 and were run using Mathcad 7.0 software. The
detailed equations are described in our previous papers
[23,24,27]. Simulations used constant values for O, concentration
(280 uM) and NADPH concentration (40 pM) to avoid secondary
effects due to their exhausting. Values of ferric heme reduction
(k;), ferrous heme-NO oxidation (kox), heme-NO dissociation (kq),
NO association to the ferric enzyme (k,,), catalytic rate constant
(Kcat1» kearz), Fe''O, intermediate decay rate in uncoupling reaction
(kunc) used for simulation are listed in Tables 2 and 3. O, binding
constant and NO release rate from Fe!NO are 3.5 x 10° M~ !s™!
and 1.35 x 105!, respectively. In some cases, 10 uM NO were
set for the simulations to take solution NO binding to the ferric en-
zyme into account.
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3. Results and discussion
3.1. NO synthesis and NADPH oxidation

We measured steady-state rates of NO synthesis and NADPH
oxidation at 25 °C with Arg or the intermediate NOHA serving as
the substrate (Table 1). The V3461 iNOS had a 4-5 fold lower NO
synthesis activity with either substrate as compared to the wild-
type iNOS. This was not related to poor substrate binding because
the mutant Arg binding affinity is similar to wild-type iNOS [31].
The corresponding NADPH oxidation rates were also lower in
V3461 iNOS, suggesting it has a slower electron flux through the
heme. The lower catalytic activities are similar to results published
for an analogous mutant of neuronal NOS (V567L) [43].

NO synthesis from Arg and NOHA has a theoretical minimum
stoichiometry of 1.5 and 0.5 NADPH oxidized per NO formed,
respectively [11,44]. We observed stoichiometries similar to these
minimal values for wild-type iNOS (Table 1), whereas we observed
values of 3.9 and 1.5 NADPH oxidized per NO formed from Arg and
NOHA, respectively, for V3461 iNOS. Control experiments that
substituted the heme reduction inhibitor L-NAME [45] for Arg indi-
cated that the mutant does not catalyze greater NADPH oxidation
under this circumstance (Table 1). This implies the excess NADPH
consumption in V3461 iNOS is due to some of its heme reduction
(or electron flux through its heme) being uncoupled either from
NO biosynthesis or from NO release.

3.2. Kinetics of heme reduction (k;)

To better understand the catalytic behaviors of V3461 iNOS, we
measured the kinetics of heme reduction (k;) in a stopped-flow
spectrophotometer by mixing ferric V3461 or wild-type iNOS that
contained bound Arg and H4B with excess NADPH in the presence
of CO-saturated buffer under anaerobic conditions [46,47]. Forma-
tion of the heme Fe''CO complex was followed at 444 nm. Fig. 2
contains representative spectra and absorbance kinetic traces at
444 nm. A comparison of the beginning and ending spectral traces
indicate that a similar extent of heme reduction occurred for both
V3461 and wild-type iNOS. The initial absorbance decrease in each
kinetic trace is due to flavin reduction that always takes place be-
fore electrons can transfer to the ferric heme [17,18]. The rate of
the absorbance increases fit well to a monophasic equation and
gave k; values of 0.69 +0.02 s~ ! and 0.64 +0.02 s~! for wild-type
and the V3461 iNOS, respectively (Table 2). This means the Va-

Table 1

Table 3

Calculated ke, and kyne rates (Fe''O, decay, s—') during single turnover reactions at
10 °C. Ferrous WT and V3461 iNOSoxy proteins containing substrates Arg/NOHA and
the indicated pteridine were rapid-mixed at 10 °C with air-saturated buffer to start
the reactions. Subsequent heme transitions were followed by stopped-flow rapid-
scanning spectroscopy. Rates were calculated by Specfit global analysis of diode array
spectral data. Values are the means * SD of three determinations. WT, wild type.

Substrate + cofactor (rate) Enzymes

WT V3461
H.B + Arg (Fe"0, — Fe™, keae) 12.5+0.2 3.68+0.17
H.4B + NOHA (Fe"0, — Fe"'NO, kcar2) 36.7+1.1 4.51+0.19
H,B + NOHA (Fe"0, — Fe'' + 03, kunc) 11.0+0.1 2.34+0.20
H,B + Arg (Fe'0, — Fe' + 05, kync) 0.30 +0.08 0.023 +0.001

1346lle mutation does not alter the rate or extent of heme reduc-
tion in iNOS.

3.3. Stability of the heme-superoxy intermediate

It is conceivable that the increased NADPH consumption and
lower NO synthesis activity of V3461 iNOS is due to increased decay
of its heme-superoxy intermediate in an uncoupled reaction that
generates ferric enzyme and superoxide (kync in Fig. 1). Specifically,
the relatively slow reduction of the heme-superoxy intermediate
in V3461 iNOS (as indicated by the slow k¢,;) may make it more sus-
ceptible to this uncoupled decay. We examined the stability of the
heme-superoxy intermediate by forming it in V3461 iNOSoxy in a
stopped-flow spectrophotometer and then monitoring its transi-
tion back to ferric enzyme by an established method [30] (data
not shown). The enzyme contained H,B in place of H4B so as to pre-
vent the reductive processing of the heme-superoxy intermediate
that would otherwise occur if H4B is present in the enzyme [30].
The rate measurements (Table 3) indicate that the heme-superoxy
intermediate of V3461 iNOSoxy is actually 8-13 times more stable
than that of wild-type iNOSoxy. Thus, the lower NO synthesis
activity and increased NADPH consumption of V346l iNOS is not
due to an uncoupled decay of its heme-superoxy intermediate.

3.4. Oxidation rate of the ferrous heme-NO complex (kox)

We next determined ko for the wild-type and V3461 iNOSoxy
proteins by mixing their ferrous heme-NO complexes with an
air-saturated or oxygen-saturated buffer in the stopped-flow spec-

NO synthesis and NADPH oxidation activities in the presence of different substrates and an inhibitor. Rates were measured at 25 °C as described under Section 2. The turnover
number is expressed as the moles of product formed per mole of heme per minute. Data are the mean and standard deviation of three determinations. WT, wild type.

Enzyme H4B + Arg H4B + NOHA H4B + L-NAME
NO synthesis NADPH oxidation NO synthesis NADPH oxidation NO synthesis NADPH oxidation
(min~") (min~1) (min~1) (min~") (min~") (min~1)
WT iNOS 705 119+5 1317 75t4 0 131
V3461 15+1 59+2 24 +1 36+2 0 6+1
Table 2
Kinetic parameters of iNOS and the V3461 mutant. Rates were measured at 10 °C as described under Section 2. Data are the mean and standard deviation of three determinations.
WT, wild type.
NOS Heme reduction k; (s~')* Fe''NO oxidation ko (s™')? NO dissociation kq (s~)° NO association ko (UM ~! s71)° NO Keq® (uM)
WT 0.64 +0.02 3.110.15 23+0.1 0.27 £ 0.03 8+0.3
V3461 0.69 +0.02 1.81+£0.01 0.77 £ 0.03 0.033 +0.003 23+1

2 Measured in this paper.
b Data are adapted from Ref. [31].
€ Keq = kqa/kon.



Z.-Q. Wang et al./Journal of Inorganic Biochemistry 104 (2010) 349-356

0.15

WT

o

=

H
T

Absorbance at 444 nm
o
=
w
T
Absorbance

360 480 600
wavelength (nm)
1

e

Y

N
T

1 1 1

0 2 4 6 8

Time (s)

353
014 V346l
€
c
3 013
<t
E @
o 012} g
®©
3 w
5 011t <
w
2 ‘ 0 &
360 480 600
0.10 wavelength (nm)
1 L —L- .
0 2 4 @ -
Time (s)

Fig. 2. Kinetics of ferric heme reduction. Anaerobic ferric enzyme solutions containing 100 uM H4B, 4 mM Arg, 1.2 mM DTT, and ~2 pM NOS were rapid-mixed with an
anaerobic CO-saturated buffer solution containing 100 pM NADPH at 10 °C. Heme reduction was followed by formation of the ferrous-CO complex at 444 nm. Dotted lines are
the fitted curves. Inset plots show the spectra of enzymes recorded at two different time points during the reaction, as indicated in the figure.

£

003

o«

<

®

o 0.02f

o

=

[1M]

£

[&]

@ 0.01F

(8]

=

1]

2

@ oo00f

el

< 1 1 1 1

0 1 2 3
Time (min)

E
B

- —— V3461-X0

™ s HE

2 003l V3461+X0

©

(0]

=2 - _

g 002t e T,

X

[&]

8

2 0.01f

©

£

2

2 0.00 -
0.0 0.5 1.0 1.5 2.0 25

Time (min)

Fig. 3. Heme-NO complex formation during catalysis and the effect of solution NO buildup. Reactions were initiated by adding 120 M NADPH to 2 uM enzyme solution
containing 40 uM H4B, 2 mM Arg, 1.2 mM hypoxanthine and in some cases 0.1 U/ml Xanthine oxidase (XO). Heme-NO complex formation was monitored at 437 nm. Solid
lines showed heme-NO complex formation in the absence of Xanthine oxidase and dotted lines are with Xanthine oxidase. The data represent at least three experiments each.

trophotometer, and following their subsequent conversion to ferric
enzyme [20,23]. The starting Fe"NO complex and ending ferric en-
zyme was observed for both proteins, and their conversion fit well
to a monophasic transition (data not shown). The calculated kqx
values under an air-saturated buffer system are listed in Table 2.
The ko of the V3461 mutant was about half that of wild-type iNOS-
oxy at both O, concentrations (data for O,-saturated buffer not
shown). This difference is consistent with the Val346lle mutation
restricting O, access into the heme pocket [31] in order to react
with the ferrous heme-NO complex. The slower k,x of V3461 iNOS
should cause it to cycle more slowly through the futile cycle
(Fig. 1). However, the ko in the mutant is still sufficiently fast rel-
ative to the k; such that significant buildup of the enzyme heme
Fe''NO complex is not able to occur during steady-state NO synthe-
sis. Thus, the slower ko, of V3461 iNOS, on its own, may not greatly
alter the distribution of the enzyme molecules during steady-state
NO synthesis.

3.5. Heme-NO complex formation during catalysis and the effect of
solution NO buildup

During steady-state NO synthesis by iNOS, the ferric form is the
predominant species and will bind solution NO if the NO concen-
tration reaches a sufficient level during the reaction [19]. Because
V3461 iNOS has a slower NO kg and k,,,, and also a slower k,y, com-
pared to wild-type iNOS (Table 2), we compared the extents of

their heme-NO complex buildup during NO synthesis under condi-
tions where NO was or was not allowed to accumulate in the reac-
tion solution. The solution NO was scavenged by inclusion of a
xanthine oxidase superoxide-generating system, as utilized previ-
ously with wild-type iNOS [19]. Enzyme heme-NO complex forma-
tion was monitored by the absorbance gain at 437 nm, which
approximates the Soret maximum for the NOS ferric and ferrous
heme-NO complexes. As shown in Fig. 3A, heme-NO complex accu-
mulated in wild-type iNOS during NO synthesis, but accumulated
to a significantly lesser extent (30% of control) when the solution
NO was scavenged during the reaction, consistent with our previ-
ous findings [19]. In comparison, a slightly lesser degree of
heme-NO complex buildup was observed in the V3461 iNOS reac-
tion, and this level did not measurably change when the solution
NO was scavenged (Fig. 3B). The difference between wild-type
and mutant is consistent with the observed changes in the NO kq
and ko, and ko parameters for V3461 iNOS. Specifically, the altered
kinetic values disfavor formation of a heme-NO complex via solu-
tion NO binding (the Keq for NO is three-times higher in V346l
iNOS, see Table 2), which otherwise is the predominant process
in the wild-type iNOS reaction and is susceptible to solution NO
scavenging. Instead, the heme-NO complex accumulates in V346l
iNOS via internal heme-NO binding reactions, as enabled mainly
by the slower dissociation of the ferric heme-NO product complex
(kq), and also by the slower oxidation rate of the ferrous heme-NO
species (kox)-
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3.6. Nitrate and nitrite production

The slower kq of V3461 iNOS indicates that it should enter the
futile cycle more often relative to wild-type iNOS (Fig. 1) and
therefore have a proportionally greater NO dioxygenase activity.
Because NO oxidation in solution yields nitrite, whereas the NO
dioxygenase reaction of NOS yields nitrate [48], the nitrite to ni-
trate ratio can approximately indicate what proportion of a NOS
enzyme is cycling through the productive versus futile cycles.
When we compared nitrite and nitrate production by V346l and
wild-type iNOS, we found a similar amount of nitrite and nitrate
was formed in the wild-type enzyme reaction (Table 4). This is
consistent with its k4 to k, partition ratio somewhat favoring the
productive cycle (NO dissociation and release). In contrast, nitrate
was clearly the predominant product in the V3461 iNOS reaction
(Table 4). This is consistent with its slower kq causing a greater
proportion of the mutant enzyme to not release its NO and instead
enter the futile cycle and function as an NO dioxygenase.

3.7. Simulation of steady-state catalysis and enzyme distribution

We utilized a computer simulation model based on Fig. 1 that
we developed previously [23,24] to examine how all the measured
changes in the kinetic parameters of V346l iNOS would alter the

Table 4

Nitrite and nitrate production in NADPH-driven reactions at 25 °C. Reactions were run
for 30 min prior to quenching as described under Section 2. The values are the
mean + SD of three measurements. WT, wild type.

steady-state enzyme distribution and catalytic behaviors relative
to wild-type iNOS. In addition, the simulations were run under
the condition of either having no buildup of NO in the reaction
solution (akin to having present oxyhemoglobin or the superox-
ide-generating system), or having 10 puM NO present in the solu-
tion. The results of these simulations are summarized in Fig. 4
and Table 5.

In the simulations with no solution NO buildup, the greatest dif-
ference among the enzyme distribution patterns during NO syn-
thesis is that the mutant has a greater buildup of both its ferric
and ferrous heme-NO complexes, and proportionally less ferric en-
zyme present during the steady state. This difference as indicated
by the simulation mimics what we observed for the mutant and
wild-type iNOS reactions when their solution NO was being scav-
enged by an added superoxide-generating system (see Fig. 3).
The simulations done with 10 uM solution NO indicate that the en-
zyme distributions would change significantly. The wild-type iNOS
would have much more buildup of heme-NO complexes, mostly
due to an increase in its ferric heme-NO complex. In comparison,
there would be a smaller increase in the total heme-NO complexes
in the V3461 mutant that is due to a modest increase of both its fer-
rous and ferric heme-NO complexes. This simulated result also
mimics what we observed for the two enzymes when solution
NO was allowed to accumulate in the reactions (see Fig. 3). Related
simulations that calculate the enzyme distribution patterns over a
wider range of solution NO concentrations are reported in Table S1.
Together, the simulation results confirm that the measured
changes in the kg, kon, and ke, kinetic parameters of V3461 iNOS
can explain its altered enzyme distribution pattern during NO syn-
thesis both in the absence or presence of solution NO.

The simulations can also predict the extent of productive versus

NOS NO, produced NO; produced NO, /NO3
(mol/mol NOS) (mol/mol NOS) futile cycling that occurs during steady-state NO synthesis for the
WT iNOS 11300 9300 12:1 wild-type and V3461 iNOS enzymes. These are indicated by the cal-
V3461 2400 6800 0.35:1 culated citrulline per NO, nitrate per citrulline, and nitrate per NO
ratios that are listed in Table 5. The calculations that were
a lll Fell
b I FellNO
c I FellO2
d 71 FelllNO
INOS el Felll V346l
e
e ‘\— :
d c\b a d C b a
INOS+NO V346I+NO
e
d c b

Fig. 4. NOS enzyme distribution patterns during steady-state catalytic reactions with and without 10 uM external NO build up in solution. Computer simulations were run
based on a global kinetic model (Fig. 1) as described in Section 2 assuming constant concentrations of O, (140 pM) and NADPH (40 puM).
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Table 5

Simulation of steady-state catalysis and enzyme distribution in the absence and
presence of 10 uM solution NO. Data are obtained by computer simulation based on
global kinetic model described in Section 2 and Fig 1. WT, wild type; NA, not
applicable.

WT V3461 WT + 10 uM NO V346 + 10 uM NO
Fe''% 83.9 67.7 46.4 58.8

Fe''NO% 2.2 5.4 10.8 11.1

Fe''% 1.2 0.9 0.5 0.6

Fe'0,% 3.0 10.7 1.9 7.9

Fe''NO% 9.7 15.4 40.4 216

Cit/NO 13 1.8 NA NA

NOj3 [Cit 0.23 0.45 8.65 1.83

NO3 /NO 0.30 0.81 NA NA

performed assuming no solution NO buildup provide the mini-
mum nitrate per citrulline (or nitrate per NO) ratios that are pos-
sible for either enzyme. These simulations indicate that V346l
iNOS would generate a minimum of 0.8 nitrate per NO, much
greater than the 0.3 nitrate per NO generated by wild-type iNOS.
This suggests that at least 44% of the mutant enzyme cycles
through the futile pathway during the steady state, as compared
to 23% of wild-type iNOS.

When the simulations assume there is 10 phM NO present in
solution, there is an additional pathway for nitrate formation that
involves solution NO binding to the iNOS ferric heme and then
being oxidized to nitrate in the futile cycle. Because this pathway
consumes NADPH reducing equivalents in order to reduce the fer-
ric heme-NO complex to ferrous (see Fig. 1), it will contribute to
uncoupled NADPH oxidation. The general concept of iNOS gener-
ating and consuming its own NO has been previously proposed
and discussed [19,23,27]. At 10 uM solution NO, the simulation
indicates that wild-type iNOS would have a five-times greater
NO dioxygenase activity than the V3461 mutant (Table 5). This
is because the wild-type ferric iNOS has an estimated 3-fold
greater binding affinity toward solution NO (Table 2). Because
NO typically builds up in solution during iNOS NO synthesis reac-
tions in the absence of NO scavengers [19], and the solution NO
can be consumed by iNOS in this manner, probably helps to ex-
plain why the wild-type iNOS generated more nitrate in its reac-
tions (see Table 4) than the minimum amount of nitrate that was
expected to form based on calculations done assuming no buildup
of solution NO.

4. Conclusions

By virtue of having a fairly similar k; and kq and a relatively fast
kox, INOS is configured to have the greatest NO dioxygenase activ-
ity among the three mammalian NOS enzymes [23]. In the wild-
type enzyme, this allows about one-quarter of the NO it generates
to be destroyed in the NO dioxygenase reaction of the futile cycle,
at least when O, concentrations are half-air saturating (about
140 UM 0O,). An even greater NO dioxygenase activity is possible
if the NO released by iNOS is able to accumulate in the solution.
Constricting the opening to the heme pocket in iNOS via the Va-
13461le mutation alters several key kinetic parameters. This en-
ables iNOS to form a more stable heme-superoxy intermediate,
but also restricts its NO release and causes iNOS to have an almost
equivalent NO release and NO dioxygenase activity. Our study
highlights an important role for heme pocket geometry in balanc-
ing multiple kinetic parameters in iNOS, which in turn balance its
different catalytic activities. Our results also imply that the bacte-
rial NOS enzymes, which typically conserve the Val to Ile mutation,
might in some way take advantage of the consequent Kkinetic
changes to function in various biological settings [49].

5. Abbreviation

NOS nitric oxide synthase

iNOS inducible nitric oxide synthase

iNOSoxy the oxygenase domain of inducible nitric oxide synthase
Arg L-arginine

DTT dithiothreitol

NO nitric oxide

EPPS 4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid
NOHA  N“-hydroxy-L-arginine

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

H,B 7,8-dihydro-L-biopterin

NED N-1-naphthylethylenediamine dihydrochloride

LDH lactate dehydrogenase

X0 xanthane oxidase

L-NAME NG-nitro-L-arginine methyl ester
Fe!l ferrous heme species

Fe'" ferric heme species

Fe''0,  ferrous oxy species

Fe'!NO ferric NO species

Fe''NO  ferrous NO species

k. ferric heme reduction rate

kox ferrous heme-NO oxidation rate

kq ferric heme-NO dissociation rate

kon NO association to the ferric enzyme

Keat1 catalytic rate constant of Arg hydroxylation

ka2 catalytic rate constant of NOHA oxidation

kunc rate of Fe''0, decay to ferric enzyme and superoxide in the
uncoupling reaction
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