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ABSTRACT. The heme domain (iNOQgng of inducible nitric oxide synthase (NOS) was expressed in
Escherichia coliand purified to homogeneity. Rapid freezguench (RFQ) EPR was used to monitor the
reaction of the reduced iINQ&,with oxygen in the presence and absence of substrate. In these reactions,
heme oxidation occurs at a rate-efl5 st at 4°C. A transient species with@= 2.0 EPR signal is also
observed under these conditions. The spectral properties gf+h2.0 signal are those of an anisotropic
organic radical withS = 1/,. Comparison of the EPR spectra obtained when iN@Ss reconstituted
with N5-1“N- and!®N-substituted tetrahydrobiopterin {B)) shows a hyperfine interaction with the pterin
N5 nitrogen and identifies the radical as the one-electron oxidized forsB-J+bf the bound HB.
Substitution of RO for H,O reveals the presence of hyperfine-coupled exchangeable protons inBhe H
radical. This radical forms at a rate of 420 s'1, with a slower decay rate that varies (0427 s)
depending on the substrate. At 127 mgBHaccumulates to a maximum of 80% of the total IN@Q
concentration in the presence of arginine but only~#.8% in the presence of NHA. Double-mixing
RFQ experiments, where NHA is added after the formation gB-Hshow that NHA does not react
rapidly with HsB- and suggest that NHA instead prevents the formation of ti2 dddical. These data
constitute the first direct evidence for an NOS-bourgiBHand are most consistent with a role fosB

in electron transfer in the NOS reaction.

Nitric oxide synthase (NOSEC 1.14.13.39) catalyzes the overall reaction is a five-electron oxidation, wit$-hydroxy-
conversion ofL-arginine to citrulline andNO (1—3). The L-arginine (NHA) as an intermediatel,(5), and requires
NADPH and Q as cosubstrates. Three isoforms of NOS have
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been characterized: a particulate, constitutive enzyme fromland) and were prepared either in 100 mM HEPES (pH 7.5)
vascular endothelium (eNOS), a soluble, constitutive enzymecontaining 100 mM DTT or anaerobically in 100 mM
from neuronal cells (NNOS), and an inducible enzyme, best HEPES (pH 7.5) with no DTT. Coomassie Blue R-250 and
characterized from murine macrophages (iNO&®) All of Bradford protein reagent dye were purchased from Bio-Rad.
the isoforms are homodimeric and bind an equivalent each Reaction vials and silicone/Teflon septa were obtained from
of FAD and FMN (7—9) as well as iron protoporphyrin IX  Pierce Chemical Co. Centrifugal filtration units (Ultrafree-
heme (0—12) per subunit. Full activity also requires one 15 and Ultrafree-0.5, Biomax-30K NMWL membrane) were
H,B per monomerq, 13, 14. from Millipore. NHA was purchased either from Alexis Corp.

The roles of the enzyme-bound heme angBHn the or from Cayman Chemical Co. (Ann Arbor, MI) and was
reaction mechanism are not fully understood. CO inhibition found to contain less than 2% citrulline contamination as
studies have suggested that the heme is involved in both stepganalyzed by HPLC!N-NHA (labeled only at the hydroxyl-
of the NOS reaction 10, 15. Further evidence for the amino nitrogen) was synthesized as previously described (
involvement of the heme in NHA oxidation comes from NOS Sodium dithionite was purchased from Aldrich; solutiongk(
reactions where hydrogen peroxide is substituted for NADPH mg/mL) were prepared anaerobically in 100 mM HEPES
and Q (peroxide-shunt reactions). The products of the (pH 7.5) and were standardized against potassium ferri-
peroxide-shunt reactions are consistent with a heme ferric cyanide before usep). All other reagents were purchased
peroxide nucleophile as an intermediate in the NADPH- from Sigma.
dependent oxidation of NHALG, 17. Since neither peroxide Expression of iINOS Heme Domaiithe cloning and
nor iodosobenzene supports the hydroxylation of arginine, expression of INOR@meWill be reported in detail elsewhere.
the exact function of the heme in this step of the reaction is Briefly, the iINOS heme domain expression vector
less clear. Recent results withyBtfree INOS have shown  (pCWiNOSemd Was constructed by PCR amplification from
that H4B is absolutely required for the reaction with arginine the iINOS cDNA, addition of appropriate restriction sites,
(18). Additionally, the products of NHA oxidation are and ligation into the pCW plasmid. This heme domain
different in the presence and absence gBHmplicating a construct includes amino acids-490 of the INOS sequence
role for the pterin cofactor in this step as well. and also contains a C-terminal histidine tag kds). Optimal

To further elucidate the function of these cofactors in the expression of INO@meWas obtained in JIM109 cells grown
NOS reaction, we have expressed and purified the hemein Terrific broth (47 g/L TB and 4 mL/L glycerol).
domain of INOS. The heme domain of NOS binds both the Expression cultures (1.5 L of TB containing 3@/mL
heme and BB cofactors, as well as substrafé{-21). These ampicillin) were inoculated (1:100) from an overnight culture
properties suggest an intact active site and make NGRS of IM109-pCWIiNOGemeand were grown at 37C to anAspo
useful tool for mechanistic studies. In particular, it is ideal of ~0.5. The cultures were then cooled to 25, induced
for examining the formation of intermediates that may form by the addition of IPTG (0.4 mM final concentration), and
in the NOS reaction, since there is no spectral contribution harvested by centrifugation (10 min at 1589@1 h after
from the flavins in the reductase domain that might interfere induction.
with the observation of any transient species. Furthermore, Purification of INOS Heme Domaifresh cell pellets from
although the absence of the flavins requires the use of an9 L of culture were resuspended in 200 mL of lysis buffer
alternate source of reducing equivalents, such as sodium(50 mM sodium phosphate, pH 8.0, 300 mM NacCl, 10 mM
dithionite, tighter control over the number of electrons imidazole, 10% glycerol, 1@g/mL benzamidine, xg/mL

delivered to the active site is achieved. leupeptin, and kg/mL each of pepstatin, chymostatin, and
We report here the observation of a novel EPR signal antipain) and lysed in a French pressure cell press (SLM-
during the reaction of reduced IN@®e with oxygen. Aminco, Rochester, NY). Supernatant was prepared by

Characterization of this signal suggests that it is due to ancentrifugation fo 1 h at4000@ and was loaded at 1 mL/
NOS-bound trihydropterin radical ¢B+). The possible  min on a 10 mL nickel column (Ni-NTA agarose from
involvement of this radical in the NOS reaction, particularly QIAGEN). All buffers for the nickel column step contained
in electron transfer, and the implications for NOS catalysis 50 mM sodium phosphate (pH 8.0), 300 mM NacCl, 10%

are discussed. glycerol, and various amounts of imidazole. The column was
washed with 150 mL of buffer containing 10 mM imidazole,
EXPERIMENTAL PROCEDURES and then the protein was eluted with a linear gradient of

imidazole (16-500 mM) in 125 mL. Fractions containing
iINOS,emeWere red in color and were pooled on the basis of
the Axgo/Ayog ratio (ratio of peak<1.6). The Ni-column pool
was concentrated to less than 5 mL in an Ultrafree-15 device
and was applied to a Superdex 200 gel filtration column
(HiLoad 26/60 from Amersham Pharmacia Biotech) equili-
brated with 20 mM Tris-HCI (pH 8.0), 2 mM imidazole,
and 100 mM NaCl. The major peak (elutinglah 40 min

at a flow rate of 1.7 mL/min) was iINQgn. The final
purification step was anion exchange (Q-HyperD, /i
column from Beckman). Buffers for the anion-exchange

Materials and General Methods. Escherichia cili109
competent cells were purchased from Promega. Terrific broth
(TB) was from Gibco-BRL. Ampicillin and IPTG were from
Boehringer-Mannheim. iNOS cDNA in pBluescript Il KS
was a gift from Dr. Solomon H. Snyder (Johns Hopkins
University). The pCWori plasmid (ampicillin resistance, tac-
tac promoter) was a gift from Dr. Michael R. Waterman
(Vanderbilt University). HB and*>N-H,B (labeled at N5)
were purchased from Schircks Laboratories (Jona, Switzer-

bovine serum albumin; SDSPAGE, sodium dodecy! sulfatgoly- ; e
acrylamide gel electrophoresis; RFQ, rapid freegeench; EPR, .Co!umn contained .20 mM Tris-HCl (pH. 8.0), 2 mM
electron paramagnetic resonance: EDTA, ethylenedialjNeN',N'- imidazole, and various NaCl concentrations. Following

tetraacetic acid; NDA, 2,3-naphthalenedicarboxaldehyde. loading of the pooled S200 fractions and washing with 100
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mM NacCl, the heme domain was eluted with 300 mM NacCl.
Fractions containing iNQgnewere stored at-80 °C. Protein
concentration (shown as the concentration of INQS

Biochemistry, Vol. 38, No. 48, 19995691

at 730 nm. For these samples, reduction by sodium dithionite
was monitored by the bleaching of both the 650 and 730
nm peaks, along with the increase in absorbance at 558 nm.

monomer) was determined by the Bradford protein assay with The spectrum of reduced pterin-free iNQ& is identical
BSA as the standard. The purification method described hereto that of the HB-bound samples.

yields ~25 mg of INOSeme With anAxgd/Aszs ratio of 1.3-
1.35 and judged to be greater than 95% pure by -SPSGE
with Coomassie staining.

Reconstitution with EB and Arginine.Expressed irE.
coli, INOSeme cOntains no bound pterin, and the omission
of H4sB in all purification steps results in a pterin-free
iINOSheme preparation. Imidazole in the purification buffers
increases the stability of iINQS.e prior to reconstitution,
and iNOSemeis therefore purified as the imidazole complex
(Amax at 428 nm). Unless otherwise specified, all of the
experiments described here were carried out wifa-bound
INOSheme reconstituted as follows: iINQSne (50 uM) was
incubated with 50uM H4B, 5 mM DTT, and 100 mM
arginine fa 1 h at 4°C. The spectrum of INOgmefollowing
this incubation confirmed a complete conversion to high-
spin heme Amax at 396 nm). HB-bound iINOSeme Was
concentrated to 0-31 mM and stored at-80 °C with 30%
glycerol in aliquots 0f<300 uL.

Reduction of INOS Heme DomaiNO Sneme (<300 uL,

Preparation of RFQ Sample&apid freeze-quenching
was carried out using an Update Instrument unit with a home-
built quenching bath as previously describe2B,( 29.
Reduced iINO&me(200—300uM) was mixed with oxygen-
ated buffer (100 mM HEPES, pH 7.5, containing no
substrate, 1 mM arginine, or 1 mM NHA) in a 2:1 (v/v)
ratio. The buffer was oxygenated by 10 cycles of alternative
evacuation and purging with oxygen gas and was allowed
to equilibrate on ice for-30 min prior to transfer to the
RFQ drive syringe. On the basis of the solubility of & 0
°C (25), the concentration of ©in this solution was
calculated to be-2.2 mM. Reactions were carried out at 4
°C and were quenched at various times after mixing (43 ms
—40 s) by freezing in isopentane-atl40°C. Samples were
then packed into quartz EPR tubes and stored in liquid
nitrogen.

Three-Syringe RFQExperiments that required double
mixing were accomplished by first mixing reduced iN@S
(450 uM, no substrate) with oxygenated buffer (100 mM

reconstituted as described above) was desalted immediate\HEPES, pH 7.5, no substrate), allowing the reaction to age
prior to use on Sephadex G25M (PD10 prepacked columnsfor 127 ms, and then mixing with buffer containing either 7

from Amersham Pharmacia Biotech) into 100 mM HEPES

(pH 7.5). This desalting step removes imidazole, arginine,

glycerol, DTT, and any kB that is not bound to INOgme

mM arginine or 7 mM NHA. The solutions were mixed in
a 4:2:1 (viviv) ratio of INOSmdoxygenated buffer/buffer
with substrate. The final concentration of substrate after

Depending on the experiment, the buffer contained no mixing was 1 mM. The reactions were freezguenched at

substrate, 1 mM arginine, or 1 mM NHA. iNQ&. was

concentrated in Ultrafree-0.5 devices to the desired concen-

tration (206-500 uM). A small amount (0.25 equiv of the
iINOSheme cONcentration) of anaerobic,B (no DTT) was

various times (25 ms- 40 s) following the second mixing.
RFQ Controls.Controls for each RFQ experiment were

carried out as follows. Oxidized control: A 10Q aliquot

was removed from the INQ§ne Sample immediately prior

added to ensure that all of the protein was pterin-bound. Theto making the sample anaerobic and was diluted with buffer
sample was then transferred to an anaerobic cuvette, mad€50 «L of 100 mM HEPES, pH 7.5, with 1 mM appropriate
anaerobic by 10 cycles of alternate evacuation and purgingsubstrate) in the same ratio (2:1 v/v) as the freepgenched

with purified argon gas, and reduced with sodium dithionite.
Reduction of INO&meWas monitored spectrophotometrically
as the decrease in absorbance at 650415000 M cm™t

for ferric INOS\eme and <1000 Mt cm™ for ferrous
iINOS,emg and the concomitant increase at 558 rm-000
M~ cmt for ferric INOSeme and ~13 000 M cm™? for
ferrous INOSemg. Sodium dithionite was added until the

samples. This solution was then transferred to an EPR tube
and frozen in liquid nitrogen. Reduced control: 140 of
reduced iINO&me Was transferred to an EPR tube in the
anaerobic chamber at the same time the rest of the sample
was transferred to the RFQ drive syringe. This control was
used as thé = 0 point in the time courses.

EPR Spectral Acquisition and Kinetic AnalysiBPR

heme was completely and stably reduced; no additional spectra were measured using a Bruker ER-200D-SRC
dithionite was added. The reduced heme domain sample waspectrometer equipped with an Oxford Instruments ESR 910
transferred in an anaerobic chamber to the drive syringe of continuous-flow cryostat. All spectra were obtained at

the freeze-quench instrument.

Pterin-Free INOS Heme DomaiRor pterin-free experi-
ments, INOSemeas purified (imidazole complex, no bound
pterin) was concentrated to 6:2 mM and stored at-80
°C in aliquots of<300uL. Immediately prior to use, pterin-
free INOSeme(<300uL) was desalted to remove the bound

10 K with a microwave power of 2 mW, a frequency of
9.65 GHz, a modulation amplitude of 1 mT, and a modula-
tion frequency of 100 kHz. Spin quantitations were per-
formed by double integration ugina 3 mM Cu-EDTA
standard under nonsaturating conditions. Kinetic analysis of
heme oxidation was carried out by fitting to a single

imidazole, concentrated, and made anaerobic exactly asexponential (A— B, with B being the ferric heme). Thg

described above, with the exception that ndhkivas added
to these samples. Unlike ;B-bound iINOSeme Which is

= 2.0 data were fit by assuming two sequential irreversible
first-order steps for the formation and decay of the radical

mostly high spin in the presence or absence of substrate species (A~ B — C, where B is the radical).

pterin-free INOSemeis a mixture of high- and low-spin forms.
The spectrum of pterin-free INQ&ehas absorbance maxima
at 420 nm (Soret) and 542 and 578 naiA bands). At long
wavelength, in addition to a peak at 650 nm (a ferric high-
spin marker), pterin-free INQ&nehas significant absorbance

Isotope SubstitutionsThe *N-H,B-containing iNOSeme
was obtained by incubating pterin-free iNQ& with 1°N-
H4B instead of“N-H,B in the reconstitution procedure
described above:®™N-H,B bound to iNO%eme as expected
and was able to effect a complete shift to high-spin heme,
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Ficure 1: EPR spectra of a rapid freezquenched sample (127
ms) from the reaction of reduced iINQSe with oxygen in the
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Ficure 2: Time course of the reaction of reduced IN@S with
oxygen in the presence of arginine (A, 228 INOSyemgd or NHA
(B, 215uM iINOSemg. The relative amount of radice®( left axes)

presence of arginine. Final concentrations after mixing were 225 at each time point was determined from the peak-to-peak height of

UM INOSpeme 730uM O, and 1 mM arginine. (A) Full spectrum,
showing the ferric INOS heme signa € 7.5, 4.1, and 1.8) and
the g = 2.0 radical. (B) Spectrum of thg = 2.0 region. EPR
conditions were as described in Experimental Procedures.

as observed with'“N-H,B. For the DO experiments,

iINOS,emewas desalted and concentrated as described above

The sample was then dilutedx% in deuterated buffer (100
mM HEPES, 1 mM arginine, pH 7.9, made up in 99.9%
D,0) and concentrated. The final concentration gblvas
>99.5% following four iterations of dilution/concentration.

RFQ was carried out on these samples exactly as describe

for the 1*N-H4B/H,0 iINOSeme

Quantitation of Amino AcidsSamples retrieved after
mixing in the RFQ instrument (not freezgquenchedf =
o) were analyzed for product formation. Amino acids were
derivatized with NDA and quantified by reverse-phase HPLC
as previously describedl?) with the following modifica-
tion: Elution conditions were-©50% solvent B (methanol)
in 7 min, followed by a linear increase to 100% solvent B
in 2 min, and 100% solvent B for 3 min. Retention times:
citrulline, 6.6 min; NHA, 8.7 min; arginine, 9.1 min;
phenylalanine (used as an internal standard), 10.2 min.

RESULTS

Obsewation of a g= 2.0 Signal Figure 1 shows the EPR
spectrum of INO&meafter reaction with oxygen for 127 ms

theg = 2.0 signal. These numbers were converted to concentrations
by double integration of thg = 2.0 signal at 127 ms using Cu-
EDTA as the standard. The concentrations of ferric hemeaight
axes) were determined from the peak height ofdhe 7.5 signal

at each time point relative to that in the oxidized control. The heme
concentration in the oxidized control was independently measured
by the absorbance of the Soret peak, using an extinction coefficient
of 85000 M1 cm™ at 396 nm for substrate-bound iINRGe The
calculated rates from the shown fits are (A) 1% dor heme
oxidation, 18 s! for the formation of HB-, and 0.12 s for its
decay and (B) 1573 for heme oxidation, 1573 for the formation

of H3B-, and 0.7 st for its decay.

ome hyperfine structure of the “powder” spectrum is

pparent. The saturation properties of this sigRab& 1.8
mW at 10 K) are clearly different from those of the ferric
heme signal®;, = 22 mW at 10 K) and exhibit a distinct
temperature behavioP(, increases to 14.5 mW at 80 K;
data not shown). As expected for an organic radical, no
alterations in line shape of tlgg= 2.0 signal are observed
in the temperature range of £80 K.

Time Dependence of the EPR Signahe amount of
radical observed varies with the reaction time, with the
maximum intensity observed at 127 ms (Figure 2). Further-
more, the amount of radical formed is also dependent on
substrate. In the presence of 1 mM arginine, the concentration
of the radical formed at 127 ms1880% of the concentration
of INOS.eme monomer (Figure 2A); in the absence of
substrate (data not shown) or in the presence of 1 mM NHA
(Figure 2B), the maximum concentration is lower40%

in the presence of 1 mM arginine. In addition to the expected and only~2.8%, respectively. In all cases, the rate of radical

ferric high-spin heme signalg(= 7.5, 4.1, and 1.8), an
additional signal is observed gt= 2.0 (Figure 1A). An
expanded spectrum of tlie= 2.0 region is shown in Figure
1B. The peak-to-trough line width measured0 G, and

formation is 15-20 s*. Theg = 2.0 signal decays with a
typ of ~6 s k ~0.12 s%) in the presence of arginine and
~1s k~0.7 s1) in the presence of NHA. When the radical
is formed in the absence of substrate, its decay rate is similar
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oxidation of NHA by the heme ferrouslioxygen species
to form -NHA. There is no evidence in these experiments

14
NHB/HO for \NHA. A small amount of ag = 2.0 EPR signal is
observed upon reaction of NHA-bound, reduced iNQS
5N H B/ H.O with oxygen. This signa_l cannot be at_tributed_-NJI—|A for
Lk two reasons: (1) there is no change in the signal when we

substitute!>N-NHA for “N-NHA, and (2) the same type of
y radical is formed in the absence of NHA. Our results do not
NHB/DO rule out-NHA as an intermediate in the NOS reaction; they
do, however, indicate that if this radical is formed, the decay
rate must be faster than the rate of formation.
'*N H,B/D,0 All of the data presented here are consistent with the
assignment of thg = 2.0 signal as an NOS-bound pterin
radical. Pterin radicals have previously been generated
—— — chemically under acidic conditions, either by reaction of
335 340 345 350 355 reduced pterin with oxidants such as hydrogen peroxée (
Magnetic Field (mT) 29) or via the comproportionation reaction of tetrahydro- and
Ficure 3: Effect of isotope substitutions on tle= 2.0 radical dihydropterin 80). Both monohydro- and trihydropterin
signal. The four spectra shown are from samples quenched at 127%adicals have been described in these reactions, and simula-
ms after mixing of reduced iNQinewith oxygen in the presence  jong of the signals are consistent with both species being
of arginine. Isotope substitutions were effected as described in n + .
Experimental Procedures. protonated (IQP and HP-*, respectively), as V\_/ou_ld be
expected at acidic pH26, 29. A blue, neutral semiquinone
to that observed in the arginine samig (6 s); subsequent ~ (HsP+) has also been observed when 6,6,7,7-tetramethyltet-
addition of either 1 mM arginine or 1 mM NHA does not rahydropterin reacts with the corresponding dihydropterin
accelerate the decay of the radical signal (double-mixing (30). The relevance of pterin radicals to catalysis by pterin-
experiment; data not shown). Heme oxidation in these containing enzymes is not clear. A trihydropterin radical
experiments occurs simultaneously with radical formation, (HsP/HsP-*) has been suggested as an intermediate in pterin-
with a rate of~15 s independent of substrate. No other dependent hydroxylation reactions such as that catalyzed by
EPR-active species are observed under the reaction condiphenylalanine hydroxylase (PAHB1—34). To date, how-
tions used. N@ = 2.0 signal is observed in similar freeze ~ ever, no evidence for the formation of a pterin radical
quench experiments with pterin-free INQS& (1 mM intermediate in these enzymes has been reported. A recent
arginine,t = 127 ms-5 s). Furthermore, no ferric heme paper describes the characterization of a radical species of

signal is observed in the pterin-free samples, even after 5 sthe molybdopterin cofactor in several bacterial aldehyde

of reaction time. dehydrogenase8%). This radical is present in the enzymes
Isotope Substitutionsdentical experiments were carried as isolated and is proposed to be a molybdenum(Vi)
out with the following isotope combinationgN-H,B/H,0, trihydropterin radical, and the authors suggest that it may

15N-H4B/H.0, 1N-H,B/D,0, and'sN-H,B/D;0. The spectra  be involved in electron transfer from the molybdenum center
at 127 ms are shown in Figure 3. The spectra obtained into one of the iror-sulfur clusters.

the presence dfN-H,B differ from those with!4N-H,B in The EPR spectral properties of tlge= 2.0 signal in
their overall shape and in resolution. Small alterations in INOSheme are those of an anisotropic organic radical. The
spectral properties are also observed on comparison of spectr@€ak-to-trough line width of 40 G is independent of tem-
in D,O with those in HO. Since these are “powder pattern” perature in the range of +@0 K. This line width is broader
anisotropic spectra, the differences in total line width on than the well-studied anionic and neutral flavoprotein semi-
isotopic substitution are expected to be small. The final quinones, which exhibit line widths of 16 and 20 G,
isotope substitution we made was with NHA. No differences respectively 86). The crystal structures of NOS show that
were observed in EPR spectra obtained WAK-NHA as the bound pterin is located in close proximity to the heme
compared to those witfN-NHA (data not shown). (19-21), and the broad line width observed suggests that

Product AnalysisThe identity and stoichiometry (relative  this S= /> radical may interact magnetically with tige=
to the concentration of the iNQ&..monomer) of the amino 5/, heme. Although the different relaxation properties of the
acid products from the RFQ reactions with,Bdbound g = 2.0 (pterin radical) andy = 7.5 (ferric INOS heme)
iINOSemeare as follows: 0.78& 0.11 NHA (= 4) is formed signals indicate that they are not strongly coupled, evidence
in the arginine reactions, and 0.63 citrulline £ 1) when does exist for a weak magnetic interaction. The measured
NHA is the substrate. Pterin-free INQS.does not catalyze ~ P2 (1.8 mW at 10 K) for theg = 2.0 signal is significantly
NHA formation from arginine in these experiments. greater than that{1—10uW) of an isolated protein-bound

organic radical §7) and resembles a situation where the
DISCUSSION radical relaxation is enhanced by a nearby metal ceB&r (

In this study, we used rapid freezquench EPR to A weak interaction with the nearby heme could have a
examine the NOS reaction in INQSe This technique allows  significant effect on the EPR spectrum and likely accounts
the trapping and subsequent detection of paramagneticfor the broad line width of theg = 2.0 signal. Another
intermediates. In particular, we were interested in testing our possible explanation for the 40 G line width is the presence
proposed mechanism for the oxidation of NH2).(The of strong hyperfine couplings with protons and/or nitrogens.
initial step in this mechanism involves a one-electron Further studies are required to elucidate the contributions of
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these two mechanisms to the observed line width. (T. L. Poulos, personal communication).

We carried out experiments with various isotope substitu- The amount of HB- observed in these experiments
tions to further characterize the observed radical. The depends on which substrate is present; in the presence of
strongest evidence supporting the identification of ghe arginine the maximum accumulation of;Bt is 30-fold
2.0 signal as a pterin radical comes from nitrogen substitu- greater than that in the presence of NHA. The faster decay
tions. Substitution of ah= %/, >N for thel = 1 1*N nucleus rate of the radical in the presence of NHA (0.7 vs 0.12 s
at the N5 position of the pterin results in distinct changes in with arginine) at most would account for a 10% decrease in
the overall shape and splitting of the EPR signal. These the maximum amount of radical observed. Two possible
differences are observed both in®and in O, although explanations for the small accumulation ofB4 with NHA-
they appear more pronounced in@ Similar results are  bound heme domain are (1) that NHA reacts rapidly with
obtained when the EPR spectral properties of{#- and the pterin radical or (2) that the presence of NHA prevents
15N-substituted FMN flavodoxin neutral semiquinones are the formation of HB-. The three-syringe, double-mixing
compared (D. E. Edmondson, unpublished observations).experiment described above shows that the radical once
This observed effect of the pterin N5 on the radical signal formed does not react with either arginine or NHA. This
indicates an interaction between this nucleus and the electrorresult argues against a fast reaction of the pterin radical with
spin and suggests that there is significant spin density at N5,NHA and suggests that the presence of NHA prevents the
as observed in EPR studies on the pterin cation rad&&l ( one-electron oxidation of 8. One way this could occur is
28). Exchanging RO for H,O with either nitrogen isotope  if NHA itself reduces the ferrousdioxygen complex in a
demonstrates the presence of hyperfine-coupled exchangeablsingle electron-transfer reaction; however, we have no direct
protons, and the smaller magnetic moment of lthe 1 D evidence for the formation oNHA. We cannot rule out
nucleus results in enhanced resolution of the observed EPRhe possibility that NHA is not able to gain access to the
spectra. The exchangeable protons are presumably those active site in this experiment.
the N8 and N5 positions of the pterin. These results are  Although caution must be used in extrapolating the results
consistent only with a pterin radical. obtained here with INOgme to the full-length enzyme,

The potential involvement of a pterin radical in NOS has characterization of iINO@me Shows that it behaves nearly
recently been discussed. The first proposal thg®-Hnay identically to native iINOS. Purified iNQgne is dimeric
function in electron transfer in NOS was based on differences (HsB-bound or pterin-free, analytical gel filtration on a
in the spectral decay of the '8, complex of nNOS inthe ~ TosoHaas QC-PAK TSK 300GL column in 100 mM
presence and absence of8H39). A second paper2Q) has HEPES, pH 7.5, with 200 mM NaCl), and the spectral
compared the structural features of the NOS pterin-binding features of the heme are identical to those of full-length NOS
site to those of other pterin enzymes. The authors propose(A. R. Hurshman and M. A. Marletta, unpublished observa-
that the unique hydrogen-bonding interactions of the NOS- tions). Arginine and NHA bind to iNO@me With similar
bound HB may stabilize a pterin radical. They favor a affinity as to INOS and convert the heme completely to the
cationic species because of their observation that argininehigh-spin form. Furthermore, iNQSneCatalyzes the oxida-
binds in the pterin binding site of the pterin-free eNOS heme tion of both substrates. Together with the EPR data, product
domain crystallized in the presenceSéthylisothiourea. The  formation in the RFQ experiments (NHA from arginine;
precise chemical and electronic structure of the iINQS citrulline from NHA) suggests that 4B- is formed in the
bound pterin radical cannot be determined from the aniso- hydroxylation of arginine and that 8- formation is not
tropic signals observed in X-band EPR spectra. The observedrequired for the oxidation of NHA. The lack of reactivity of
radical is probably a trihydropterin radical (one-electron arginine with pterin-free INO@meis also consistent with the
oxidized from HB), since it is unlikely that a monohydro- involvement of HB in this step. These observations support
pterin species (oxidized by three electrons) would form under a catalytic role for the pterin radical in NOS.
the experimental conditions. Although we represent the The results reported here can be explained by the model
radical as HB-, the relevant enzyme-bound species may be shown in Scheme 14{). HsB- is formed in step 1 by
either neutral or cationic. reduction of the ferrousdioxygen (F&0O,) complex. Sub-

The time dependence of the EPR spectra shows that hemesequent heterolytic cleavage of the fertjfzeroxide (F# -
oxidation (~15 s') occurs in the same time range as pterin OOH) species then generates a high-valent-raxo com-
radical formation (1520 s1). HsB- is not formed in plex [(FeO¥'], which can hydroxylate arginine as in P450-
reactions with pterin-free iINQgne in the presence of  catalyzed reactions. In step 2Bt does not form because
arginine, and heme oxidation is very slow under these the second electron for feOOH formation is derived from

conditions (no ferric heme is observed even rafies of NHA. This model is consistent with a mechanism that we
reaction time). The presence of boungBHn NOS is known have previously proposed for the oxidation of NH& énd
to influence dimerization40—42), heme spin statelg, 43 for which there is additional support from peroxide-shunt
and redox potentiakd), and affinity for substrate4b, 46. experiments 16, 17). The fact that we do not se®lHA in

Therefore, a similar indirect effect of ;B on the stability the EPR spectra indicates that if this proposed intermediate
and reactivity of the ferrous heme is not unreasonable. is formed, it must have a fast decay rate. Since the electron
Alternatively, these results may reflect an increased stability to reduce the F€, complex derives either from4B or from

of the ferrous-dioxygen complex in the absence ofB{ NHA, we also expect to seesB- formed in reactions where
consistent with a role for iB in electron transfer to the heme. there is no substrate, as observed. There is no evidence in
The recently reported NOS structurd®9{-21) show the two our EPR spectra for the formation of 'l=®OH; the only
cofactors in close general proximity, with their relevant atoms heme species we observe is the oxidized Peme. The
(i.e., N5 of the pterin and the iron of the heme) 14 A apart Fe"-OOH intermediate once formed can decay in one of
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Scheme 1: Model for the Oxidation of Arginine and NHA by NOS

Arginine NHA
3+ in
H,0 (FeO) Fe o
. Y
Fe"'OOH Fe'
HSB. /\02
H4B

Fe''0,s == Fe”Ozl

Step 1: Arginine to NHA

*NHA

Citrulline + eNO

Fe!
*NHA

Fe'"OOH

[ FemOz; —~ Fe”O2]

Step 2: NHA to Citrulline and eNO

three ways, depending on the experimental conditions: the heme ferrousdioxygen complex, and the resultingBt

heterolytic cleavage to the high-valent ireoxo complex

would subsequently be reduced by the NOS flavins. This is

in the hydroxylation of arginine, nucleophilic attack on an unprecedented chemical role for this cofactor.

*NHA to form citrulline and-NQO, or release of kD, in the
absence of substrate. Oxidation to thé' Beme occurs with
the same rate as radical formation 420 s %) regardless

of which substrate is present. This observation suggests thah

the decay of P&-OOH by any of these three pathways is
much faster than 157&.

The simplest model for electron transfer that takes into
account the formation of #B- is that electrons derived from
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