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ABSTRACT: Nitric oxide synthases (NOSs) are proposed to generate NO and citrulline_fesginine in

two steps: initial N-hydroxylation to generdig-hydroxyarginine (NOHA) followed by a three-electron
oxidation of the hydroxylated nitrogen to form products. Both steps consume NADPH and may involve
heme iron-based activation o, O Studies done under multiple-turnover conditions suggest that 0.5 mol

of NADPH is consumed to convert 1 mol of NOHA to products, implying that one electron from NADPH
may be sufficient. To test this, we studied NOHA oxidation under single-turnover conditions using neuronal
NOS (nNOS), whose heme iron reduction requires bound calmodulin. The heme iron in calmodulin-
bound NNOS was reduced with excess NADPH under anaerobic conditions, calmodulin was then dissociated
from nNOS to prevent subsequent heme iron reduction, NOHA was added, and the reaction initiated by
exposure to air. Spectra obtained at each step were consistent with buildup of NOHA-bound ferrous
nNOS prior to air exposure. Reactions containing graded amounts of nNOS praduaiedline in

linear relation (1.2t 0.1 mol of citrulline per mole of NNOS). Nitrite and nitrate also accumulated as
NO-derived products. Control reactions that contain@gginine instead of NOHA, no enzyme, or ferric
nNNOS did not generate products. Thus, supplying a single electron from NADPH to the heme iron permits
NNOS to catalyze one full round of citrulline and NO synthesis from NOHA upon exposurg tdl@se

data provide a molecular explanation for the NADPH requirement in the second step of the biosynthetic
reaction, implicate ferrousdioxy nNOS as a critical reactant in that step, and eliminate a number of
possible alternative catalytic mechanisms or products.

Nitric oxide (NOY is a widespread mediator in physiology that binds tetrahydrobiopterin (H4B), iron protoporphyrin X
and pathology [reviewed in Schmidt and Walter (1994) and (heme), and.-arginine, and a C-terminal reductase domain
Vincent (1994)]. Three NO synthase (NOS) isoforms have that binds calmodulin (CaM), FMN, FAD, and NADPH
been cloned from a variety of sources. Although the NOS (Chen et al., 1996; Masters et al., 1996; Ghosh et al., 1996;
isoforms differ regarding their primary sequence, mode of Xie et al; 1994; McMillan & Masters, 1995). During NO
expression, and post-translational control (Brenman et al., synthesis electrons from NADPH are transferred through the
1996; Nathan & Xie, 1994; Bredt & Snyder, 1994; Albakri flavins to the heme iron, whose reduction is associated with
& Stuehr, 1996), they are structurally and catalytically increased @ consumption and initiation of NO synthesis
similar. For example, all NOS are homodimers with each (Abu-Soud et al., 1994, 1995; Heinzel et al., 1992; Pou et
subunit being comprised of a N-terminal oxygenase domain al., 1992; Griffith & Stuehr, 1995). Indeed, a direct role

for the heme in oxygen binding and activation is supported
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amino-4-hydroxy-64(-erythro-1,2-dihydroxypropyl)-5,6,7,8-tetrahy-  consumed to generate 1 mol of NO frararginine. Of this,

dropteridine; MOPS, 2N-morpholino)propanesulfonic acid; nNOS, ot A
neuronal nitric oxide synthase; NO, nitric oxide; NOHX;-hydroxy- 1 mol of NADPH appears to be utilized to converarginine

L-arginine; OPA,o-phthaldialdehyde; SDSPAGE, sodium dodecyl 10 NOHA, while the remainder (0.5 mole) of NADPH is
sulfate-polyacrylamide gel electrophoresis. utilized to convert NOHA to NO and citrulline (Figure 1).
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N O N HoN. N—OH to. NH mM DTT, 10% glycerol, and 100 mM NaCl. The H4B
22 2y SR content of the dialysis fluid and enzyme was then determined
NH 4 NapPH i“ 0.5 NADPH NH o as previously described (Giovanelli et al., 1991; Baek et al.,
— . K/L o 1993).
HaN™ C00" o HaN~ ~COO " % HaN" COO Preparation of Reaction SolutionsAnaerobic reaction
solutions were prepared in a two-neck, septum-sealed, pear-
Arginine N®-Hydroxyarginine Citruliine  Nitric Oxide shaped flask that could be attached through a ground-glass

Ficure 1: NADPH utilization and oxygen incorporation during joint to a vacuum gas train. Reactions (12D) initially

NO synthesis from.-arginine. Source of oxygen in each product contained 6-20 uM nNOS, a 5-fold molar excess of CaM
is marked by a symbol. and H4B relative to nNOS, 0.6 mM EDTA, and 300/
DTT dissolved in 40 mM Hepes buffer, pH 7.4, and were

Related studies usingO, (Leone et al., 1991; Kwon etal,, 346 anaerobic by repeated cycles of evacuation and

1990). ShO.WEd th_at the oxygen atoms incorporate(_j into NO equilibration with catalyst-deoxygenated, Nvith vessels

and citrulline derive from different molecules opQFigure  gna1y maintained under positive pressure. Concentrated
1), suggesting that each step may consume 1 mobofRIs (15, stock solutions of EDTA, NADPH, G4, NOHA, or

led to propos]:alls [re\_/|ewe_d L;\fKervyln er: ‘3"' (1|99.5)] thfat L-arginine were dissolved in buffer, evacuated, and gassed
NOHA may form via mixed-function hydroxylation of '\, in separate vessels. Liquid transfers were done using
L-arginine as is typically catalyzed by the cytochrome P-450 gas-tight syringes. Final concentrations of2GaEDTA,
class of heme proteins [reviewed in Ortiz de Montellano \appH NOHA, andL-arginine in the reaction solutions
(1995)]. Such reactions require that two electrons be \,q.a 1 mM 1.8,mM 200, 150, and 150, respectively.
provided to the heme iron and consume 1 mol gf ®lixed-  poactions were initiated by exposing the solutions to air. In
function hydroxylation ot -arginine is supported by studies ¢ o cases, experiments were run in 1 mL septum-sealed

ﬁhgwmgi (_:ytochro_me P'.‘L5O,S. d(_:an ca:jry out d_slmlla(r:l N- quartz cuvettes that could be attached to the vacuum gas
ydroxylation reactions with amidines and guanidines (Clem- iy in order to collect spectra at each stage in the
ent & Jung, 1994; Clement et al., 1993). In contrast, the experiment

second step of NO synthesis is less straightforward because Optical Spectroscopy Spectra were recorded with a
it involves a three-electron oxidation of NOHA's hydroxy- 4.0 hi 3110 spectrophotometer at 16.

lated nitrogen that is apparently coupled to consumption of Enzyme and Amino Acid Analysi$alf of the contents

onl)c/j_O.S r:nol Of. NIADEZIbPﬁItzou_ghdthils Stoichi(r)]metry of each reaction were used to determine the nNOS concen-
predicts that a single -derived electron when pro- yaiinn ysing an estimated extinction coefficient at 398 nm
vided to the heme should enable NOS to convert NOHAto ¢ 25 vt eme? (Abu-Soud & Stuehr, 1993). The

NO plus citrulline, direct evidence for this transformation remaining reaction solution was immediately filtered through

has not been presented. In addition, the basis for thiSMillipore Ultrafree-MC filter units (10 000 MW cutoff) by
prediction has been questioned by reports of different centrifuging at 6500 rpm for 30 min. A small amount of 1

NADPH stoichiometries (Schmidt et al., 1996, Wang et al; ;o) was added to the filtrate to prevent slow nonenzy-
1995; Chen & Rosazza, 1994; Hevel & Marletta, 1993) and o oo oo NoMA. The Y s I 20 of y

by data suggesting that nitroxyl (NP may form as a the filtrate were A .
. ) . precolumn derivatized by adding800f
primary product of NOS catalysis (Schmidt et al., 1996). o-phthaldialdehyde (OPA) reagent solution (35 mM OPA,
To address these issues, we studied the second step of NQq \ /o, MeOH. 1 viv mercaptoethanol in 0.1 M sodium
synthesis under single-turnover conditions. We used ”NOSborate). After,z min of derivatization, a 50 éample Was
as a model, because in this particular isoform electron transferinjected onto a Hewlett-Packard ODS—’Hypersugrﬁ particle
to the heme iron is completely dependent on CaM binding ;e 2.1 % 100 mm reverse-phase HPLC column. The
(Abu-Soud & Stuehr, 1993), which in urn is ﬁzadependent column was eluted at a flow rate of 0.75 mL/min with linear
and can be rapidly reversed by adding a*Cahelator o ients of buffers A and B (buffer A 5% CHCN in 15
(Schmidtetal., 1,991; Persgch|n| et ,al" 1995). CaM control 1)\ sodium borate with 0.1 viv trifluoroacetic acid, pH 9.5;
of NNOS heme iron reduction provided a means to load a  tfer B = 50% CHCN in 8 mM sodium borate with 0.1
single NADPH-derived electron onto the heme iron and a , rifiyoroacetic acid, pH 9.5) as noted. The solvent
means to prevent subsequent electrons from transferring Ontogradient was 612% B att = 0—10 min, maintaining this

it. In this report we _describe the cataly_ti_c propertigs of composition at = 10—15 min, then increasing from 12%
ferrous NNOS under single-turnover conditions and discuss;y gcos B att = 15-20 min. This composition was

our findings in relation to the mechanism of NO synthesis. | aintained untit = 25 min. before being reduced to the

MATERIALS AND METHODS initigl Q% B compos.ition.. Under th(_ase conditions, OPA-
derivatized NOHA, citrulline, and arginine were completely
Materials and Enzyme PreparatiolNOHA was obtained  resolved and eluted at 16, 19, and 23 min, respectively, and
from Alexis. All other materials were obtained from sources were detected using a Hitachi F-2000 fluorescence spectro-
as reported previously (Presta et al., 1997). The nNOS wasphotometer set at 360 nm excitation and 455 nm emission.
purified from baculovirus-infected insect cells in the presence Citrulline was quantified by means of a calibration curve
of of H4B as described previously (Harteneck et al., 1994). prepared on the same day as sample analysis. Each filtrate
The protein was>90% pure as judged by SDFAGE and was analyzed in duplicate or triplicate.
by its specific activity of 1200 nmol of NO/min per mg in Nitrite and Nitrate MeasurementTotal nitrite and nitrate
the oxyhemoglobin NO capture assay. For some experimentsin reaction filtrates was measured simultaneously using a
0.5 mL of purified enzyme was dialyzed to remove exog- Sievers nitrogen oxide analyzer (Boulder, CO) equipped with
enous H4B against 500 mL MOPS, pH 7.4, containing 2 an in-line vanadium reflux vessel that converted nitrite and
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FIGURE 2: Strategy to study NOHA oxidation in a single-turnover
reaction. Excess NADPH was added to anaerobic, H4B-saturated
ferric NnNOS to reduce enzyme bound FAD and FMI). Excess
Ca&" was then added to promote CaM binding, which triggers
electron transfer between the nNOS flavins and heme Bpi\tter

Ficure 3: Spectroscopic confirmation of steps involved in the
single turnover reaction. Cuvettes containetl uM nNOS and a
5-fold molar excess of H4B under g tmosphere. Either NOHA
(upper panel) oc-arginine (lower panel) was added as substrate.

full heme iron reduction was achieved (determined spectrophoto- Traces were obtained sequentially under the following conditions:

; ferric nNOS under anaerobic conditions){ ferrous nNOS after
metrically), excess EDTA was added to remove bound CaM from ) h > o
nNOS Q). Excess substrate (NOHA orarginine) was added, adding 2uM NADPH and adding C# to promote CaM binding

; [aem ‘ . (- - -); ferrous nNOS 5 min after dissociating CaM with EDTA and
gﬂ?cghniereuﬁﬂgne\gss ;ndgiifgtg ){Segﬁg\?vwe to&r The predicted adding substrate—(. —), and ferric nNOS after exposing the
’ anaerobic reaction solution to air-{). The traces shown are

nitrate to NO prior to entering the instrument (Hampl et al., representative of four experiments.

1996). Values obtained were quantitated on the basis ofgycess NADPH followed by CaM binding caused reduction
nitrite and nitrate standards. of nNOS flavins and heme iron as indicated by a disappear-
RESULTS ance of flavin absorbance between 4280 nm, a decrease
in Soret extinction, and a shift in its maxima to 417 nm (Abu-

Figure 2 illustrates the method used to study nNOS Soud et al., 1994). Dissociating bound CaM from ferrous
catalysis under single-turnover conditions. Our strategy was nNOS with 1.8 mM EDTA did not result in a spectral change
to fully reduce the heme iron in a flavin-dependent manner for up to 60 min, confirming that our anaerobic conditions
by adding excess NADPH to CaM-bound NOS (steps 1 and were sufficient to maintain the heme iron in its reduced state.
2), then dissociate CaM from nNOS with excess EDTA to Addition of NOHA or L-arginine to the reduced nNOS
prevent subsequent heme iron reduction (step 3), add NOHAcaused a shift in Soret absorbance in both cases, confirming
or L-arginine (step 4), and initiate catalysis by exposing the that they bound to the ferrous enzyme. Exposing the solution
sample to air (step 5). Under these conditions, the moles ofto air resulted in a shift in Soret absorbance to 390 nm (
NOHA converted to citrulline should equal the moles of arginine) or 395 nm (NOHA) and a return of the flavin
ferrous hemeprotein present in the reaction, if this step truly visible absorbance peaks in both cases. Thus, air exposure
requires that only one NADPH-derived electron be provided converted nNOS to its substrate-bound ferric form, which

to the heme iron. In contrast, a reaction in whiehrginine is the expected result following single catalytic turnover in
substitutes for NOHA should yield no amino acid products, the presence of excess substrate.
because the NADPH stoichiometry suggests thatginine The experiment described above was repeated using 200

oxidation requires that either two or three NADPH-derived «M NADPH and different nNOS concentrations ranging
electrons be provided to the heme to generate NOHA or from 0 to 20 uM, and the final NOHA and citrulline
citrulline as products, respectively. concentrations in each sample were determined by HPLC
We employed light absorbance spectroscopy to monitor analysis. As shown in Figure 4, the citrulline concentration
each step in experimental sequence described in Figure 2increased in a linear manner with increasing nNOS concen-
The spectrum of ferric nNOS exhibited a broad Soret peak tration. Least-squares analysis gave a line with a slope of
centered at 400 nm with shoulders at 456 and 485 nm (Figurel.2+ 0.1 and a correlation coefficient of 0.93. We observed
3, upper and lower panels), consistent with its containing a corresponding decrease in NOHA concentration, and no
oxidized flavins and a mixture of high- and low-spin heme other amino acid products were detected (data not shown).
iron in the H4B-saturated, substrate-free state (McMillan & The concentration of nitrite plus nitrate generated in some
Masters, 1995; Abu-Soud & Stuehr, 1993). Addition of of the reactions was also measured by chemiluminescence
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Ficure 4: Citrulline formed from NOHA as a function of nNOS
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guent exposure to £enables ferrous nNOS to catalyze one
round of NO and citrulline synthesis from NOHA and
converts nNOS back to its ferric form in the process. Thus,
NNOS becomes committed to catalyzing the second step in
NO synthesis once its heme iron is reduced. Although
ferrous NNOS could clearly oxidize bound NOHA upon
exposure to air, it was completely incapable of hydroxylating
L-arginine or converting it to citrulline plus NO. This is
consistent with the original NADPH stoichiometry studies
that suggested N-hydroxylation requires two electrons be
provided by NADPH, and indicates that electron transfer
between two NNOS molecules did not occur within the time
course of the reaction in our system.

Given that ferrous nNOS converts NOHA to products upon
exposure to @ what does this tell us about the mechanism
of the second step in NO synthesis? To address this question
it is useful to review the proposed mechanism for oxygen
activation in NOS, which is thought to proceed according
to the general mechanism outlined for the cytochrome

concentration in the single turnover reaction. The reactions were P-450's [reviewed in Ortiz de Montellano (1995)]:

run as detailed in Materials and Methods and contained various

concentrations of nNOS. The points represent the citrulline

| &, £,
concentrations achieved in single reactions from three separate€me Fé o heme FEO,
experiments. The slope and standard deviation were determined

using least-squares analysis.

to determine if NO was produced along with citrulline.
Reactions containing 0.8 and 1.6 nmol of nNOS formed 0.6
and 1.4 nmol nitrite plus nitrate, respectively. To determine

the dependence on bound H4B, single turnover reactions

22" heme F¥O

heme FEO,~ 0 e

Initial reduction of the nNOS heme iron enablesiinding
and formation of the ferrousdioxy complex [). Transfer

were run in the absence of added H4B using nNOS that had®’ & Second electron is thought to form an irgueroxy

been dialyzed in H4B-free buffer. Reactions containing 20
uM nNOS generated 13.2& 3 uM citrulline (n = 5),
consistent with the dialyzed nNOS containing only &5
0.1 mol of bound H4B per mole of heme € 3). Together,
the results indicate that nNOS can quantitatively convert
NOHA to citrulline plus NO when its heme is provided with

species I{ ), which may protonate, lose water, and form a
high valence irorroxo complex (I ).

On the basis of the NADPH requirement (Klatt et al., 1993;
Stuehr et al., 1991), model studies (Clement et al., 1993),
and analogy to the cytochromes P-450 (Mansuy & Renaud,
1995; Masters et al., 1996), it is generally assumed that the

a single NADPH-derived electron, and catalysis is dependentfirst Step of NO synthesis (i.e., N-hydroxylationieéirginine)

on bound H4B.

Control reactions containingarginine in place of NOHA
showed only trace or no conversion to NOHALecitrulline
(data not shown). Ferric NNOS was unable to oxidize NOHA
in the absence of an electron donor, consistent with a
previous report (Pufahl & Marletta, 1993). No amino acid
products were detected in the absence of substrate, an
NOHA was not converted to products in the absence of
nNOS (data not shown). When €avas allowed to remain
in excess of EDTA, all of the NOHA in the reaction was
converted to citrulline. This is consistent with NADPH and
O, being provided in excess relative to NOHA and with
nNOS undergoing multiple rounds of heme reduction and
catalysis when CaM remains bound to the enzyme.

DISCUSSION

We studied NO synthesis under single-turnover conditions

involves a reaction between the ironxo complex (Il ) and
L-arginine. However, formation ofil requires that two
electrons be provided to the heme iron, but neither NOHA
nor H4B can reduce ferric NNOS (Pufahl & Marletta, 1993).
Thus,lll cannot form under the single-turnover setting and
therefore cannot be the species that initially reacts with

é\lOHA. Rather, our results implicate the ferretdioxy

complex () of NNOS as a possible initial reactant because
it is the only species that could form when a single electron
is made available to the heme. Indeed, our related work
has directly demonstrated that the ferredsoxy complex
forms as a transient species upon mixing reduced (ferrous)
NNOS oxygenase domain with, QAbu-Soud et al., 1997).
Thus, we can now state that (1) provision of a single electron
to the heme iron enables formation of ferreuioxy nNOS,
and (2) a reaction between this species and bound NOHA
generates NO and citrulline.

Although the ferrousdioxy species appears to react

to better understand the mechanism of the second step. Thalirectly with NOHA in the second step of NO synthesis,

NADPH requirement in this step was suggested to be 0.5
NADPH oxidized per mole of NO formed from NOHA,

how it participates is not precisely known. Current proposals
suggest that it may remove a hydrogen atom or electron from

based on experiments done under multiple-turnover settingsNOHA (Marletta, 1993; Griffith & Stuehr, 1995; Korth et

(Klatt et al., 1993; Stuehr et al., 1991; Presta et al., 1997). al., 1994; Kerwin et al., 1995). Hydrogen atom abstraction
Our current results indicate that utilization of 0.5 NADPH from NOHA was originally proposed as one possible means
actually reflects a need to transfer a single NADPH-derived to transfer an electron back to NOS in order to satisfy the
electron to the nNOS heme iron. Once this occurs, subse-observed reaction stoichiometry of 0.5 NADPH oxidized per
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NO formed in the second step (Stuehr & Griffith, 1992). accumulated in our single turnover reactions. Finally, the
Hydrogen atom transfer to ferrougioxy nNOS would fact that ferrous nNOS catalyzed one full round of citrulline
generate a protonated iroperoxy speciedk) that is widely and NO synthesis from NOHA in a single-turnover setting
imagined to be capable of attacking the NOHA radical at its indicates that superoxide and NO were not generated
guanidino carbon, forming a tetrahedral intermediate that concurrently and thus implies that heme iron reduction and
rearranges to generate citrulline, NO, water, and ferric NNOS NO synthesis are tightly coupled when nNOS is provided
[reviewed in Kerwin et al., (1995)]. Although direct with saturating concentrations of substrate and H4B.
evidence for these reactions is not yet available, reaction of
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