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ABSTRACT. The neuronal NO synthase (nNOS) heme binds self-generated NO, and this negatively regulates
NO synthesis. Here we utilized the nNOS oxygenase domain and full-length nNOS along with various
spectroscopic methods to (1) study formation of the six-coordinate ferrous NO complex and its conversion
to a five-coordinate NO complex and (2) investigate the spectral and catalytic properties of the five-
coordinate NO complex following its air oxidation to a ferric enzyme. NO bound quickly to ferrous
NNOS oxygenase to form a six-coordinate NO complexdndk values of 1.25< 10 mM~ts ' and

128 st at 10°C, respectively) that was stable in the presence-aifginine or tetrahydrobiopterin (B

but was converted to a five-coordinate NO complex in a biphasic prokes®(1 and 0.01s! at 10°C)

in the absence of these molecules. Air oxidation of the ferrous six-coordinate NO complex generated an
enzyme with full activity and ferrousCO Soret absorbance at 444 nm. In contrast, oxidation of the
five-coordinate NO complex generated an inactive dimer with ferr@@@ Soret absorbance at 420 nm,
indicating nNOS was converted to a ferric P420 form. Incubation of ferric P420 nNOS wijraBiHe

or BH, and L-arginine resulted in time-dependent reactivation of catalysis and associated recovery of
P450 character. Thus, nNOS is a hertig@olate protein that can undergo a reversible P4B920
conversion. BH has important roles in preventing P420 formation during NO synthesis, and in rescuing
P420 nNOS.

Nitric oxide synthases (NOSsEC 1.14.13.39) are in- L-Arg, and tetrahydrobiopterin (BH and a C-terminal
volved in many physiologic and pathophysiologic functions reductase domain that contains binding sites for NADPH,
(1—4). NOSs catalyze the NADPH-dependent oxidation of FAD, FMN, and a central calmodulin-binding mot, (6,
L-arginine (-Arg) to form nitric oxide (NO) and.-citrulline 9, 10). Each domain can be expressed separately and can
using Q as a cosubstrate. The oxidation pfarginine function independently of the other. For example, NOS
proceeds in steps witR”-hydroxy+-arginine (NHA) being oxygenase domains can binéArg, BH,, and Q, and can
formed as an intermediat®,(6). Three isoforms of NOS  catalyze NO synthesis from NHA in an.8.-supported
have been distinguished: (i) a constitutive form with a reaction or when provided with NADPH and their respective
molecular mass of 160 kDa that was first isolated from rat reductase domaind{—17).
brain (nNOS), (ii) a cytokine-inducible form with a molecular
mass of 130 kDa that was first isolated from murine
macrophages (iNOS), and (iii) a constitutive form with a
molecular mass of 135 kDa that was first isolated from
vascular endothelium (eNOSY,(8). The enzymes are all
homodimeric, with each subunit comprised of an N-terminal
oxygenase domain that contains binding sites for heme

The NOS heme is thought to play a central role in
catalysis. Spectroscopic data show that the heme iron binds
0, (12, 17), presumably to catalyze its reductive activation
and reaction with a terminal guanidine nitrogenLefrg,
which is held in the distal pocket above the heme iron by a
conserved glutamate residuts(19). The NOS heme iron
"has a proximal thiolate ligand2Q—22), as occurs in the

" This work was supported by National Institutes of Health Grant CytOChrOme P4.505’.and the cystelng that provides the thIOIa.te
GMS51491 (D.J.S.) and a Fellowship Award from Berlex Biosciences Nas been identified in all three NOS |sqforms by mutagenesis
(L.H.). (11, 23, 24) and crystallographyl@®). Axial thiolate ligation
L ETO th?m Co”‘flslpon_dence IShOlIJ'd 39 *’Iﬂ_d_df"isse(g '_mmU”O'OQEV NI"\cli- enables NOS to function like the cytochrome P450s in
A’\I:rr&?‘;veﬁjﬁgr%Hﬂﬁt{ggj Eaex‘:'e(grllﬁ)czlmﬁggozugrf é—t:ggi'l? i?l?ehfgé catalyzing mixed function oxidation of substrates. However,
cesmtp.ccf.org. besides a common thiolate heme ligand and similar proximal

;%']e"%'ﬁndS‘i”?icu':(?“”d"?‘t“o”- heme binding loops, the heme environments in NOS and

e 10 State university. H H H

1 Abbreviations: BH, (6R,9-5,6,7,8-tetrahydra-biopterin; CO, th_e CytOChrome P4.5C.)S are quite dlffe_re]:ﬁ,(19), consistent

carbon monoxide; DTT, dithiothreitol; MOPS, 8Hmorpholino)- with them being distinct heme protein monooxygenases.

propanesulfonic acid; EPR, electron paramagnetic resonance; NHA, ; ; ;
N@-hydroxy+.-arginine; nNOS, neuronal nitric oxide synthase; nNOSoxy, The NOS heme environment may endow properties unigue

oxygenase domain of nNOS; NO, nitric oxide: NOS, nitric oxide t© NOS function and chemistry. Consider that during aerobic
synthase. steady-state NO synthesis, approximately-80% of NNOS
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or INOS is present as a catalytically blocked NO complex protein samples were made anaerobic by alternately evacuat-
due to them binding self-generated NZb(26). NOS—-NO ing and flushing with G-free argon. After the enzyme was
complexes are stable when formed during catalysis andreduced with excess dithionite, NO gas was introduced to
regenerate fully active ferric NOS upon @ependent the headspace in the anaerobic cuvette. Absorption spectra
breakdown of the complex§, 26). This differentiates NOS  were recorded using a Hewlett-Packard 8452A single-beam
from the cytochrome P450s which typically form unstable diode array spectrophotometer or a Hitachi 3110 spectro-
NO complexes that inactivate the enzyn2&,(28). Revers- photometer. Enzyme samples (400 were removed at the
ible NO complex formation allows NO to act as a feedback indicated times from the anaerobic cuvette using a long
inhibitor of NOS activity during the steady state, and makes needle gastight Hamilton syringe and placed in quartz EPR
the rate of NO synthesis by the enzyme proportional to the tubes which had been previously flushed withftee argon
O, concentration throughout the physiologic rangg, 30). and finally frozen in liquid nitrogen. EPR measurements were
Evidence suggests thatArg and BH,, which both bind carried out at 110 K and at the X-band microwave frequency
near the hemel@), can stabilize the six-coordinate ferreus  using a Biker ER300 EPR spectrometer equipped with a
NO and ferrous-CO complexes of both nNOS and iNOS. ERO035M gaussmeter and a Hewlett-Packard 5352B micro-
In the absence of BHand L-Arg, or under BH-deficient wave frequency counter. Experimental conditions are given
conditions, NOS forms five-coordinate ferretNO or in the appropriate figure legends. A total of twenty 40 s scans
ferrous-CO complexes31—33). In the case of cytochrome  were accumulated for each sample to improve the signal-
P450s, formation of a five-coordinate ferretiSO complex to-noise ratio. The EPR spectra for pure six- and five-
invariably occurs after reaction with NO and leads to coordinate ferrousNO complexes of NNOSoxy were cal-

formation of cytochrome P420 upon air oxidatid?B( 34, culated from EPR samples containing a majority of one
35), loss of heme in some case36), and irreversible loss  species by a method described in the legend of Figure 2.
of activity (27, 28, 34, 36). This inactivation process links Stopped-Flow ExperimentRapid kinetic measurements

NO synthesis with downregulation of tissue P450 activity were carried out using a Hi-tech Ltd. stopped-flow apparatus
during inflammation 87—39). However, for nNOS it is (model SF-51). Sodium dithionite-reduced NNOSoxyk2)
unknown if formation of a five-coordinate NO complex leads in the absence or presencesfrg (2 mM) and BH (10
to changes in its composition, structure, or function, whether uM) was rapidly mixed with an anaerobic solution containing
such changes could be reversed, and how &H-Arg might different concentrations of NO at I®. The formation of
influence these processes. the ferrous-NO complex was monitored at single wave-
To address these issues, we investigated whether structuralengths as indicated in the text. Signal-to-noise ratios were
or catalytic changes would occur following air oxidation of improved by averaging 710 individual traces. The time
six- and five-coordinate ferrousNO complexes of the nNNOS ~ courses were fit using a nonlinear least-squares method
oxygenase domain (nNOSoxy) and full-length nNOS. This provided by the instrument manufacturer. Estimaigdnd
led us to characterize an inactive P420 form of nNOS, and kot values for NO were derived from plots &f,s versus
examine whether BHor L-Arg could convert this species NO concentration according to the equatlgp = Kon[NO]
back to an active P450 form. + Ko
Air Oxidation of nNOSNO Complexes and Processing
MATERIALS AND METHODS of Ferric Products Samples of nNOSoxy or nNOS full-
Chemicals NHA was obtained from Alexis. NO and CO  |ength proteins{20uM) in 2 mL of 200 mM MOPS buffer
gas were purchased from Matheson Inc.,Btés obtained  (pH 7.5) containing 1 mM DTT were placed in anaerobic
from Schircks (Jona, Switzerland). MOPS, dithionite, EDTA, cuvettes, put under an argon atmosphere, and had NO gas
L-Arg, H:0,, and 2-mercaptoethanol were purchased from injected into the headspace. The NO complexes were then
Sigma. allowed to convert to five-coordinate in the absenegrg
Protein Expression and Purificatiohe nNOSoxy (amino  and BH, or remain six-coordinate in the presence of these
acids 723 with a six-histidine tag at the C terminus) was compounds. The cuvettes were then opened to air to oxidize
expressed inEscherichia coliand purified as described the NO complexes. In some cases, CO was bubbled into the
previously (2). Full-length nNOS was expressedHn coli sample immediately after air oxidation and dithionite added
and purified as described previousiOf, except human  so we could record the spectrum of the reduced CO complex.
calmodulin was not coexpressed, and the bacterial culturesin other cases, aliquots (26300 «L) of the air-oxidized
were harvested 24 h after induction of nNOS expression. solutions were incubated at room temperature from 0to 2 h
The purity of the proteins was estimated to b85% by in the presence or absencetefrg and BH, At specified
SDS—polyacrylamide gel electrophoresis. Both of these times, the aliquots were then placed in a centricon 30,
proteins as purified were approximately-680% dimeric immediately diluted to 2 mL with chilled 40 mM MOPS
and contain no Bkl The heme protein concentration was buffer containing 1 mM DTT at 4C, and reconcentrated to
estimated from the absorbance difference at 444 and 4900.1 mL. This dilution and concentration step was repeated
nm for the ferrousCO complex using the extinction three more times. The heme concentration of each washed,
coefficient of 76 mM* cm™ (12). concentrated sample was determined spectrophotometrically
Absorption Spectral and EPR Measuremeitssorption from the Soret band absorbance using an extinction coef-
spectral measurements were performed af@Qusing an ficient for ferric NnNOS of 74 mM! cm % The washed
anaerobic cuvette. Samples containingrg or BH, were samples were then subject to spectral analysis or catalytic
generated by adding 10 mM-Arg or 500 uM BH, to assay as described.
concentrated protein samples (£8D0xM) and incubating Enzyme Actiity MeasurementaNOSoxy was assayed in
the mixtures at 4C overnight to allow equilibration. Diluted ~ 96-well microplates at 37C using NHA and HO, as
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< 05 7 Ficure 2: EPR spectra of ferroudNO complexes of nNOSoxy.
The enzyme concentration is about /¥, and the samples were
maintained under anaerobic conditions. Trace A was recorded for
] T — a sample that was frozen immediately after the addition of NO gas
300 400 500 600 700 800 to BH4- and L-Arg-free, dithionite-reduced nNOSoxy at EC.
Wavelength (nm) Trace B was recorded after the sample sat for 70 min in the presence

of NO gas prior to freezing. EPR experimental conditions for traces
A and B were as follows: microwave frequency, 9.457 GHz;
microwave power, 10 mW; modulation amplitude, 2.012 G; and
110 K. Traces C and D are calculated spectra for the pure six- and
five-coordinate ferrousNO components, respectively, derived from
traces A and B as follows. The EPR spectrum of the six-coordinate
complex was obtained according to the equation six-coordinate
spectrum= A — 0.63B. The coefficient 0.63 was set to eliminate

. . .. signals in the spectrum attributed to a residual amount of five-
substrates and measuring the extent of formation of nitrite coordinate complex. Similarly, the EPR spectrum for pure five-

under aerobic conditiond 8). Assays (10Q.L final volume) coordinate complex was calculated from the equation five-
contained 40 mM MOPS (pH 7.5), 0.5 mg/mL bovine serum coordinate spectrure B — 0.53A, in which the coefficient 0.53

; was used to eliminate signals in the spectrum attributed to residual
albumin, 1 mM NHA, 50Q:M DTT, 404M BH,, 200-500 six-coordinate complex. Trace E is for the ferred®O complex

nM enzyme, and 30 mM }D,. Reactions were initiated by ot nNOSoxy formed in the presence pfArg and BH;, and is
adding HO,, the mixtures incubated for 10 min at 3T, included for comparison.

and the reactions stopped by adding 130 units of catalase. ] S
Assays without enzyme were used as controls. One hundredoW-spin heme. When nNOSoxy was reduced with dithionite
microliters of Griess reagent was then added, and the assay/nder anaerobic conditions, the ferrous form of the enzyme
plate was read at 550 nm in a Thermomax plate reader. Thehas absorbance maxima at 412 and 558 nm (Figure 1A,
nitrite formed was quantitated using Nabl@andards. The  dotted line). The addition of NO gas to the ferrous enzyme
rate of NO synthesis by full-length nNOS was assayed using results in the formation of the six-coordinate ferreddO

(13). nm (Figure 1A, solid line), consistent with reported spectra

for the ferrous-NO complexes of full-length INOS and
NNOS obtained in the presence of BahdL-Arg (25, 26).
Immediately after addition of NO, an aliquot was removed
and frozen and its EPR spectrum was measured at 110 K.
The EPR spectrum for this sample (Figure 2A) was similar
to the spectrum for the six-coordinate ferredd¢O complex

f full-length NNOS 82) and for nNOSoxy in the presence

f BH,; and L-Arg (Figure 2E), although the comparison

Ficure 1: Optical absorption spectra for the ferrous nNOSexy
NO complex. (A) The ferric (- - -), dithionite-reduced ferrous: (

), and ferrous-NO-(9) forms in 0.2 M MOPS and 0.5 mM EDTA
(pH 7.5). (B) Spectral change vs time for the ferroddO complex
formed in the reaction depicted in panel A. Arrows indicate the
direction of spectral change. The inset shows the time course for
the change observed at 39@)(and 436 nm©) at 10°C.

Gel Filtration ChromatographynNOSoxy samples were
analyzed by FPLC on a 30 cm 10 cm Pharmacia Superdex
200HR column at £C. The column was equilibrated with
40 mM Tris-HCI buffer (pH 7.7) containing 1 mM DTT and
10% glycerol. Protein eluted from the column was detected
at 280 nm using a flow-through detector. The apparent
molecular masses of the protein peaks were estimated usin

gg:igltéaotj%n molecular mass standards as previously de suggests that some five-coordinate NO complex is present
' in the Figure 2A spectrum.
RESULTS In the absence af-Arg and BH,, the absorption spectrum
of the six-coordinate ferrousNO complex changed with
Absorption Spectral and EPR Studies of FerrohD time. The absorbance at 436 nm decreased while that at 392
ComplexesBecauseE. coli does not produce BH the nm increased concomitantly (Figure 1B), indicating that the
nNOSoxy is pterin-free. The protein has a Soret band at 416six-coordinate ferrousNO complex was converting to the
nm (Figure 1A, dashed line), indicating that it contains a five-coordinate complex32—34, 41). After the conversion
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appeared to be complete (about 70 min after addition of NO
gas), another EPR spectrum was obtained (Figure 2B), which
indicated that the sample contains mostly five-coordinate and
some six-coordinate complex. By comparison of the EPR
spectra taken immediately and 70 min after the addition of
NO gas (Figure 2A,B), it is evident that the spectrum changes
with time. The EPR spectra of the pure six- and five-
coordinate components were calculated by difference meth-

ods explained in the Figure 2 legend, and are shown in panels

C and D of Figure 2. Thus, both absorption spectral and EPR
results confirm that in the absence iI6Arg and BH,, the
six-coordinate ferrousNO complex of nNOSoxy is unstable
and gradually converts to the five-coordinate complex.

To determine if.-Arg (5 mM) and BH, (100 «M) could
convert the five-coordinate ferrotNO complex back to the
six-coordinate complex, anaerobic solutions of these mol-
ecules were added to the five-coordinate ferroN®
complex and the mixture was incubated in a sealed cuvette
at 4 °C overnight in the presence of NO. Spectral analysis
indicated that<30% of the five-coordinate complex was
converted to the six-coordinate ferretldO species under
these conditions (data not shown). On the other haneAify
and BH, were present in a ferrous nNOSoxy sample when
NO gas was first added, both absorption and EPR spectral
data (Figure 2E) indicate that the six-coordinate NO complex
was stable in the absence of oxygen over the same time
frame, consistent with previous reports showing thétrg
and BH, stabilize the six-coordinate NO complex of NO
(25, 32, 33).

Kinetics of FerroussNO Complex Formation and Con-
version Dithionite-reduced nNOSoxy without-Arg and
BH,4 was rapidly mixed with anaerobic solutions containing
different NO concentrations at 1C, and the formation of
the NO complex was monitored at 436 n2b). Initially,
the absorbance rapidly increased, consistent with formation

Formation Rate (s°)

Decay Rate (s7)
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Ficure 3: NO concentration dependence of the observed rate

g constants for the formation of ferroulO nNOSoxy in the absence

of L-Arg and BH,. Ferrous nNOSoxy (ZM) was rapidly mixed
with NO solutions at 10°C under anaerobic conditions, and the
reactions were monitored at 436 nm. (A) Plot of observed rate
constants for the formation of the six-coordinate ferroN®©
complex vs the final NO concentration. (B) Plots of observed rate
constants for the decay of the six-coordinate to the five-coordinate
ferrous-NO complex vs the NO concentration. The two lines in
panel B indicate that conversion of the six-coordinate to the five-
coordinate complex is biphasic.

of the six-coordinate ferrousNO complex, and subsequently €xamined their spectral and catalytic properties after incubat-
decreased more slowly, indicating conversion to the five- ing the protein samples in buffer alone or in buffer containing
coordinate complex (data not shown). The data for the L-Arg, BH4, or both molecules.
The UV—visible spectrum of an air-oxidized six-coordi-
single-exponential equation, and the observed rate constant§ate NO complex was indistinguishable from the spectrum

were plotted versus NO concentration (Figure 3A). The plot Of the as-isolated ferric NANOSoxy in the presence-éfrg
and BH,, and upon reduction in the presence of CO displayed

x 10 mM~1s !and 128 s1, respectively. These values are & Soret peak at 444 nm (data not shown), consistent with
similar to NO binding constants for the iINOS oxygenase "NOSOXy remaining in its P450 form throughout the
experiment 25). In contrast, the ferric product arising from
oxidation of the five-coordinate complex (Figure 4) displayed

formation of the six-coordinate complex were best fit to a

is linear and give&,, andk. values for NO binding of 1.25

domain obtained under identical conditiod8) The conver-
sion of the six-coordinate to the five-coordinate complex
appeared to be biphasic, and the data were best fit to a two
exponential equation. Plots for the two sets of observed rate
constants versus NO concentration (Figure 3B) show that
the rate constants for the conversion of the six-coordinate
to the five-coordinate complex (0.1 and 0.01)sare
independent of NO concentration.

NO Complexes Because air oxidation of ferrou®NO

a Soret absorbance of 416 nm in the absence or presence of

added.-Arg and BH,, and the positions of its visible bands
differed from those of the as-isolated ferric enzyme (Figure
4 and Table 1). Upon dithionite reduction and CO binding,
this protein was observed to primarily be a P420 form of
nNOSoxy (Figure 4 and Table 1), with P450 nNOSoxy
_ _ ) o present as a minor component. Thus, air oxidation of the
Spectral and Catalytic Properties of Air-Oxidized nNOSoxy  five-coordinate NO complex appeared to generate ferric P420

NNOSoxy.

cytochrome P450s often generates a cytochrome P420 form  Catalytic activities of air-oxidized nNOSoxy samples

_ S IIT€ incubated under the different conditions were measured as
air oxidation would convert NO complexes of NNOSoxy to the ability to convert NHA to nitrite in an pD,-supported

that is irreversibly inactivated3d, 35), we tested whether

an inactive P420 form, and if this process would be

reversible. We therefore generated five- and six-coordinate
ferrous-NO nNOSoxy samplesgxposed them to air, and

2 The six-coordinate ferrousNO nNOSoxy sample contained 2 mM

L-Arg and 10uM BH,.
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Ficure 4: Light absorbance spectra of the air-oxidized five-
coordinate NO complex of nNOSoxy- and its dithionite-reduced
ferrous-CO complex (- - -).

Table 1: Spectral Characteristics of P450 and P420 nNOSoxy and
P420CAM

protein Soret (nm) visible (nm) ref
P450 nNOSox¥
ferric 417 535, 572, 650 this work
ferrous 412 558
ferrous-CO 444, 429 553
P420 nNOSoxy
ferric 416 530, 567, 650 this work
ferrous-CO 420, 444 542, 565
P420CAM
ferric 422 540, 566, 651 46
ferrous 424 530, 558
ferrous-CO 420 540, 572

2 As isolated in the absence ofArg and BH. ® Generated by air
oxidation of the five-coordinate ferrous NO compléiinor component.

reaction (3). Control reactions showed that the amount of
nitrite carried over from NO gas oxidation in the washed
enzyme samples was negligible. As shown in Figure 5A,
air oxidation of the six-coordinate ferroudlO complex
generated a ferric nNOSoxy that retained activity equal to
that of the original enzyme sample. In contrast, an air-
oxidized five-coordinate ferroudNO sample displayed only
25% of the activity after being incubatedrf@ h in buffer
aloné (Figure 5A). However, when the air-oxidized five-
coordinate sample was incubated 2oh in buffer containing
L-Arg or BH,, it recovered 45 and 87% of the activity with
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FIGURE 5: Catalytic activity of and heme iron coordination in air-
oxidized NO complexes of nNOSoxy and the effect of subsequent
incubation withL-Arg and BH,. (A) Activities of the as-isolated
nNOSoxy, the air-oxidized six-coordinate ferretNdO complex,
and the air-oxidized five-coordinate ferretNO complex after
incubation with buffer alone (5-Coord.), 1 mMArg (+Arg), 200
uM BH4 (+BH4), or bothL-Arg and BH, at room temperature for
2 h. Activity was measured as the extent ofCGi-dependent
oxidation of NHA and is expressed as nanomoles of nitrite produced
per minute per mole of heme. The data are the m&a8D for
three determinations. Panel B depicts ferroG© spectra for certain
enzyme samples described in panel A. Spectra were recorded after
incubation fo 2 h under the stated conditions. Each protein sample
as bubbled with CO and reduced with dithionite and the spectrum

respect to that of the as-isolated enzyme, and when incubatec}ﬁcorded immediately.

with bothL-Arg and BH,, it recovered full activity. Together,

our data suggest that the ferric P420 nNOSoxy is catalytically the air-oxidized enzyme that had been incubated in buffer

inactive, but its activity can be recovered by incubation with
L-Arg and BH..
Heme Emironment. We next determined if loss and

alone contained both P420 and P450 ferre@® complexes,
with the P420 form predominating. Samples that had been
incubated in buffer containingArg, BH,4, or both molecules

recovery of enzyme activity as described above were show progressively greater proportions of the P450 ferrous

associated with changes in the nNOSoxy heme environment.co complex. Together, our results suggest that (1) air
A portion of each air-oxidized, incubated sample described gxjdation of the nNOSoxy five-coordinate ferrotlO
above was reduced with sodium dithionite under a CO complex generates a P420 form that is catalytically inactive,
atmosphere to determine the relative quantities of P450 and(2) subsequent incubation of ferric P420 nNOSoxy with
P420 nNOSoxy. As shown in Figure 5B, the spectrum of | _Arg, BH,, or both molecules leads to recovery of the P450
form, and (3) recovery of catalytic activity is associated with
®The amount of residual activity present in four replica samples recovery of P450 character.

varied from 10 to 30% of that of the as-isolated enzyme and was likely One mechanism that could explain these results has NO

due to a fraction of the ferroudNO complex still being six-coordinate I _ Hid : i
at the time of air oxidation. binding and air oxidation causing the nNOSoxy dimer to
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Ficure 6: Gel filtration profiles of NNOSoxy samples. The samples
were nNOSoxy as isolated, five-coordinate ferroll D nNOSoxy
after air oxidation, and five-coordinate, air-oxidized nNOSoxy after
subsequent incubation f@ h with L-Arg and BH,. The arrows
indicate the peak positions of the nNOSoxy dimer (left) and
monomer (right), on the basis of molecular mass standards. The
peak eluting at~7 mL contains protein aggregates. The data are
representative of two experiments.

20

dissociate into heme-containing monomers, which would be
expected to be catalytically inactive and form ferre@O
complexes that quickly convert to the P420 for&B); To
determine if NNOSoxy dimer dissociation occurred in our
system, we performed gel filtration analysis on six- and five-
coordinate ferrousNO complexes following their air oxida-
tion. The nNOSoxy samples remained primarily dimeric in
all cases (Figure 6), indicating that NO-mediated catalytic
inactivation of nNOSoxy and accompanying conversion to
the P420 form did not arise from dissociation of the enzyme
dimer.

Kinetics of Reactiation and Comersion of P420 to P450.
We next examined the kinetics of catalytic reactivation and
the conversion of P420 to P450 in an air-oxidized five-
coordinate nNOSoxy sample during incubation at room
temperature in the presence ofArg and BH, Sample
aliquots were removed at various times and washed’ét 4
as described in Materials and Methods, and activity and

spectral measurements were obtained. As shown in Figure

7A, recovery of nNOSoxy catalysis was gradual and required
2 h to achieve full recovery. The time course for NNOSoxy
conversion from P420 to P450 was similar in the same
samples (Figure 7B), and recovery of P450 character
ultimately reached a level equivalent to that of the as-isolated
enzyme. This confirms that BHandL-Arg-induced recovery
of catalytic activity is associated with recovery of P450
character.

Inactivation and Reactiation of Full-Length nNOSSo
far, all the experiments were carried out using nNOSoxy.
To determine if full-length nNOS was also susceptible to
the NO-induced inactivation and reactivation as described
above, full-length dimeric nNOS (BiHree) was reduced
with sodium dithionite and reacted with NO under anaerobic
conditions in the absence pbfArg and BH,. We observed a
similar time-dependent conversion from the six-coordinate
to the five-coordinate ferroadNO complex (data not shown).
The five-coordinate complex was then exposed to air and
incubated in buffer alone or buffer containingArg, BH,,
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Ficure 7: Kinetics of recovery of activity (A) and conversion of
nNOSoxy P420 to P450 (B) during incubation of the air-oxidized
five-coordinate NO complex with-Arg and BH,. The air-oxidized
five-coordinate ferrousNO complex was incubated at room
temperature with 5 mM.-Arg and 200uM BH,; aliquots were
removed at the indicated times and then washed in centricons at 4
°C prior to analysis. Panel A shows the activity of the washed
samples determined as the extent of NHA conversion to nitrite in
a 10 min assay. The activity of as-isolated nNOSoxy was 5 mol of
nitrite per minute per mole of heme and was set at 100% for
comparison. In panel B, conversion of nNOSoxy P420 to P450
during incubation with.-Arg and BH, was followed spectroscopi-
cally by reducing each washed enzyme sample with sodium
dithionite in the presence of CO. The experiment shown is
representative of three similar trials.

or both at room temperature for 2 h. Catalytic activity was
measured as the rate of NADPH-supported conversion of
L-Arg to NO, using the oxyhemoglobin assay. As shown in
Figure 8A, the air-oxidized five-coordinate complex was
completely inactive following incubation in buffer alone.
Incubation withL-Arg or BH, resulted in recovery of 10 and
37% of the activity, respectively, while incubation with both
L-Arg and BH, enabled full recovery of activity. A time
course of catalytic recovery for full-length nNOS under the
various incubation conditions (Figure 8B) indicates the
recovery was gradual, as seen for nNOSoxy, and achieves
either 100% recovery or intermediate recovery values
depending on whetherArg and BH, were added alone or
together.

Figure 9 shows results from a replica experiment with full-
length nNOS in which the relative P420 and P450 character
of samples incubated under the different conditions was
investigated. The sample incubated in buffer alone was
predominantly P420. The sample incubated wihrg was
a mixture with the P450 form predominating, and the samples
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Ficure 9: Heme iron coordination in full-length nNOS after air

80 f oxidation of the five-coordinate ferrouNO complex and the effect

o of subsequent incubation withArg and BH,. Air-oxidized samples
were incubated fio2 h with buffer alongfive-coordinate) or buffer
containing 1 mML-Arg, 200uM BH,, or both. The samples were

60 | o ° washed in centricons, and spectra of the dithionite-reduced CO-
P A bound forms were then recorded. The data are representative of
two similar trials.

Activity %
0

40 a indicates that the reductase domain electron-transfer function

remained intact in the NO-inhibited nNOS.

20 : DISCUSSION
0 100 200

Formation and Stability of the nNOSoxy Ferret$O
Time (min) Complex. Our stopped-flow data indicate that ferrous
FiGURE 8: Catalytic activity and heme iron coordination in full-  NNOSoxy and NO combine to form a complex that is initially
length NNOS after air oxidation of the five-coordinate ferreus  six-coordinate even when the reaction occurs in the absence
NO complex and the effect of subsequent incubation withrg of L-Arg and BH,. However, under these conditions the six-

and/or BH,. (A) Activities of the as-isolated nNOS and the air- ; : ; :
oxidized five-coordinate ferrousNO complex after incubation with coordinate complex is unstable and it converts to a species

buffer alone (5-coordinate), 1 mMArg (+arginine), 20Q«M BH,4 whose light absorbance and EPR spectra identify it as the
(+BH4), or bothL-Arg and BH, at room temperature for 2 h. The  five-coordinate ferrousNO complex. Conversion from a Six-
activity of the as-isolated enzyme determined at room temperature coordinate to a five-coordinate ferrouslO complex in the
using the oxyhemoglobin assay (118 nmol of NO per minute per ghsence of-Arg and BH; has also observed for iNOSoxy
milligram of enzyme) was set as 100%. The error bars represent
the mean+ SD for three determinations. (B) Time course of (39) and for full-length NANOS32), and for the cytochromes
catalytic recovery of the five-coordinate ferretlSO nNOS fol- P450CAM, P450LM, P450SCC, and P450NC#,(34, 35,
lowing air oxidation and incubation with 1 mM-Arg (a), 200 43), suggesting NNOSoxy behaves like a typical heme
#M BH, (O), or both @) at room temperature. Aliquots were  thiglate protein in this regard. However, the stability of the
:jemoved and washed as described for nANOSoxy in Figure 7. The iy _~oordinate ferrousNO complex varies widely among
ata are representatlve of two experlments. . .
these proteins, taking from seconds to hours to convert to

incubated with BH alone or in combination with-Arg were five-coordinate. In most but not all cases, the conversion is
almost completely in their P450 form. Thus, as was observedslowed by the presence of substrate. For ferrous nNOSoxy,
for nNOSoxy, NO-mediated loss of catalytic activity in full-  conversion to the five-coordinate form was slowed when
length nNOS was associated with formation of a ferric P420 either L-Arg or BH, was present, and conversion was
form, recovery of catalytic activity was promoted by completely prevented in the presence of both molecules.
subsequent incubation with BtandL-Arg, and reactivation AlthoughL-Arg is known to stabilize the six-coordinate NO
was associated with recovery of P450 character. complex of full-length nNOSZ5, 32), a role for BH, had

Reductase Domain CatalysiBo examine if NO inactiva- not been previously demonstrated. Our data indicate that both
tion of full-length NNOS also involved the nNOS reductase L-Arg and BH, can stabilize the ferrous heméhiolate bond
domain, we compared air-oxidized five-coordinate nNOS and in the NO complex, although they bind at different locations
as-isolated enzyme samples with regard to their ability to relative to the hemelQ).

transfer electrons from NADPH to cytochromgwhich is Properties of the Air-Oxidized NO Complex&d. oxida-
a reductase domain-specific reactiofi?)( The rates of tion of the ferrous NnNOS five-coordinate NO complex
calmodulin-stimulated cytochronmeereduction for two air- generated a P420 form of the enzyme which although

oxidized five-coordinate nNOS samples were 90 and 97% remaining dimeric did not exhibit the typical immediate
of that of the as-isolated enzyme (data not shown). This spectral response towardArg and BH, addition (Soret
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However, air oxidation of this P420 yields a ferric enzyme
that is catalytically active and regenerates a P450 CO
complex upon subsequent reduction. For the nNOSoxy five-
coordinate ferrousNO complex, we did not observe sig-
nificant conversion to the six-coordinate NO complex even
after prolonged incubation with-Arg and BH, under
anaerobic conditions. Furthermore, the air-oxidized product
(ferric P420 nNOS) was inactive, did not respond spectrally
to L-Arg and BH,, and required prolonged incubation with
these molecules to recover its P450 character and catalysis.
Thus, although a P420 NOS can form by several different
routes, the properties of each protein may differ depending
on the conditions under which it formed.

Although we did not deteat-Arg or BH, binding to P420

absorbance shift toward high-spin). Its light absorbance nNOS, the fact that these molecules promote conversion to
spectrum was similar but not identical to that of cytochrome the P450 form means that they either bind to P420 nNOS
P420CAM, consistent with their heme environments being without causing spectral changes or stabilize P450 nNOS if

somewhat distinct18, 19). P420 ferric nNOS was almost
completely inactive when assayed either byoHsupported
NHA oxidation (nNOSoxy) or by NADPH-supportedArg
oxidation to NO (full-length nNOS). Inactivation required
formation of the five-coordinate NO complex, because air
oxidation of either the six-coordinate ferrotO complex

or ferrous nNOSoxy control samples did not inhibit their
catalysis. Inactivation was also not due to dissociation of
the nNOS dimer, and appeared to only involve changes

the two forms are in equilibrium. In pressure-generated
cytochrome P420CAM, alterations occur in the distal pocket
of the enzyme that affect ligand access to the heme and the
ability of the enzyme to respond to substraté)( Whether
similar changes occur in NO-generated P420 nNOS will
require additional study.

Relevance to NOS BiologyJnderstanding the properties
of NOS—NO complexes is important because a major portion
of INOS and nNOS convert to their six-coordinate NO

within the heme domain of nNOS, because a reductasecomplexes during steady-state catalyss, (26), and this

domain-specific reaction (NADPH-dependent cytochrame
reduction) remained unaffected.

Reactvation of nNOS P420NO-mediated conversion of
cytochrome P450s to their P420 forms typically results in
irreversible inactivation. Thus, it is remarkable that nNOS
P420 could recover most or all of its activity when incubated

conversion affects their activity versus @sponseZ9, 30).
Since six-coordinate NO complexes of NOS are stable in
the presence of saturating Bldnd L-Arg concentrations,
cells that maintain sufficient concentrations of these mol-
ecules would be expected to avoid formation of five-
coordinate NOSNO complexes and subsequent enzyme

with BH, alone or with BH andL-Arg, respectively. Indeed, inactivation as described in this report. However, ;BH
the nNOS system described here may be the clearest examplginding to the nNOS dimer exhibits negative cooperativity
to date of a heme thiolate protein undergoing P420 to P450(47), and this allows the enzyme to be subsaturated with BH
conversion with associated recovery of catalysis. over a fairly broad concentration range. Under such condi-
Catalytic recoveries of P420 nNOSoxy or P420 full-length tions, purified NANOS was shown to undergo NO-dependent
nNOS were similar in being relatively slow and only inactivation during catalysigtg, 49). Curiously, activity was
achieving partial reactivation in the case of incubation with restored by incubation with BHbut not with L-Arg (49).
BH, or L-Arg alone. In both proteins, BHpromoted greater  Our current work suggests that NO synthesis undek-BH
recovery of catalysis thanArg when added alone, and the |imiting conditions likely caused the NNGINO complex
catalytic recovery was associated with conversion from ferric to convert to five-coordinate during the steady state, which
P420 to P450 in all cases. However, the recovery of P450 |ed to accumulation of inactive ferric P420 nNOS. Whether
character appeared to precede catalytic reactivation (comparehis type of NO-based inactivation occurs in cells has not
panels A and B of Figure 7), and the level of P450 character been investigated. However, it is important to consider given

achieved in certain circumstances (i.e., witArg alone; see
Figures 8A and 9) appeared to exceed the proportion of
activity recovered in the sample. Thus, the P420 to P450
conversion may reflect an essential but singularly insufficient
change in protein structure that leads to catalytic reactivation.
A model consistent with the data is illustrated in Scheme 1.
It is important to note that a ferrousCO P420 complex
of NOS can form in several other settings independent of
NO. For example, a P420 complex is formed when CO binds
to ferrous iNOS containing BHanalogues tetrahydroneop-
terin or 6-(hydroxymethyl)tetrahydrobiopterid4) or con-
taining the NOS inhibitor 2-amino-5,6-dihydrd441,3-
thiazine @5). However, in these cases addition 6fArg
caused rapid conversion to the P450 CO complex. In the
absence of-Arg and BH,, the P450 CO complex of INOS
also converts spontaneously to a P420 forh3, (33).

that the BH level in some cells and tissues appears to be
low enough to limit NO synthesiS0—52).
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