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ABSTRACT: The heme domain (iNOSheme) of inducible nitric oxide synthase (NOS) was expressed in
Escherichia coliand purified to homogeneity. Rapid freeze-quench (RFQ) EPR was used to monitor the
reaction of the reduced iNOShemewith oxygen in the presence and absence of substrate. In these reactions,
heme oxidation occurs at a rate of∼15 s-1 at 4°C. A transient species with ag ) 2.0 EPR signal is also
observed under these conditions. The spectral properties of theg ) 2.0 signal are those of an anisotropic
organic radical withS ) 1/2. Comparison of the EPR spectra obtained when iNOSheme is reconstituted
with N5-14N- and15N-substituted tetrahydrobiopterin (H4B) shows a hyperfine interaction with the pterin
N5 nitrogen and identifies the radical as the one-electron oxidized form (H3B‚) of the bound H4B.
Substitution of D2O for H2O reveals the presence of hyperfine-coupled exchangeable protons in the H4B
radical. This radical forms at a rate of 15-20 s-1, with a slower decay rate that varies (0.12-0.7 s-1)
depending on the substrate. At 127 ms, H3B‚ accumulates to a maximum of 80% of the total iNOSheme

concentration in the presence of arginine but only to∼2.8% in the presence of NHA. Double-mixing
RFQ experiments, where NHA is added after the formation of H3B‚, show that NHA does not react
rapidly with H3B‚ and suggest that NHA instead prevents the formation of the H4B radical. These data
constitute the first direct evidence for an NOS-bound H3B‚ and are most consistent with a role for H4B
in electron transfer in the NOS reaction.

Nitric oxide synthase (NOS,1 EC 1.14.13.39) catalyzes the
conversion ofL-arginine to citrulline and‚NO (1-3). The

overall reaction is a five-electron oxidation, withNG-hydroxy-
L-arginine (NHA) as an intermediate (4, 5), and requires
NADPH and O2 as cosubstrates. Three isoforms of NOS have

† This research was supported by the Howard Hughes Medical
Institute and NIH Grants CA 50414 (M.A.M.), GM 29433 (D.E.E.),
and GM 47295 (B.H.H.). A.R.H. was supported by NIH Grant T32-
GM07767, a Regents’ Fellowship from the University of Michigan,
and an American Foundation for Pharmaceutical Education Fellowship.

* To whom correspondence should be addressed.
‡ Division of Medicinal Chemistry, University of Michigan.
§ Department of Physics, Emory University.
| Departments of Biochemistry and Chemistry, Emory University.
⊥ Howard Hughes Medical Institute, University of Michigan.
# Department of Biological Chemistry, University of Michigan.

1 Abbreviations: NOS, nitric oxide synthase; iNOS, inducible NOS;
eNOS, endothelial NOS; nNOS, neuronal NOS; iNOSheme, heme domain
of inducible NOS; IPTG, isopropylâ-D-thiogalactopyranoside; H4B,
(6R)-5,6,7,8-tetrahydro-L-biopterin; 15N-H4B, [5-15N]-(6R,S)-5,6,7,8-
tetrahydro-L-biopterin; HEPES, 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid; DTT, dithiothreitol; Tris-HCl, tris(hydroxymethyl)-
aminomethane hydrochloride; NHA,NG-hydroxy-L-arginine;15N-NHA,
[15N]-NG-hydroxy-L-arginine (15N label only at the hydroxylamino
nitrogen); HPLC, high-performance liquid chromatography; BSA,

© Copyright 1999 by the American Chemical Society Volume 38, Number 48 NoVember 30, 1999

10.1021/bi992026c CCC: $18.00 © 1999 American Chemical Society
Published on Web 11/11/1999



been characterized: a particulate, constitutive enzyme from
vascular endothelium (eNOS), a soluble, constitutive enzyme
from neuronal cells (nNOS), and an inducible enzyme, best
characterized from murine macrophages (iNOS) (6). All of
the isoforms are homodimeric and bind an equivalent each
of FAD and FMN (7-9) as well as iron protoporphyrin IX
heme (10-12) per subunit. Full activity also requires one
H4B per monomer (9, 13, 14).

The roles of the enzyme-bound heme and H4B in the
reaction mechanism are not fully understood. CO inhibition
studies have suggested that the heme is involved in both steps
of the NOS reaction (10, 15). Further evidence for the
involvement of the heme in NHA oxidation comes from NOS
reactions where hydrogen peroxide is substituted for NADPH
and O2 (peroxide-shunt reactions). The products of the
peroxide-shunt reactions are consistent with a heme ferric-
peroxide nucleophile as an intermediate in the NADPH-
dependent oxidation of NHA (16, 17). Since neither peroxide
nor iodosobenzene supports the hydroxylation of arginine,
the exact function of the heme in this step of the reaction is
less clear. Recent results with H4B-free iNOS have shown
that H4B is absolutely required for the reaction with arginine
(18). Additionally, the products of NHA oxidation are
different in the presence and absence of H4B, implicating a
role for the pterin cofactor in this step as well.

To further elucidate the function of these cofactors in the
NOS reaction, we have expressed and purified the heme
domain of iNOS. The heme domain of NOS binds both the
heme and H4B cofactors, as well as substrate (19-21). These
properties suggest an intact active site and make iNOShemea
useful tool for mechanistic studies. In particular, it is ideal
for examining the formation of intermediates that may form
in the NOS reaction, since there is no spectral contribution
from the flavins in the reductase domain that might interfere
with the observation of any transient species. Furthermore,
although the absence of the flavins requires the use of an
alternate source of reducing equivalents, such as sodium
dithionite, tighter control over the number of electrons
delivered to the active site is achieved.

We report here the observation of a novel EPR signal
during the reaction of reduced iNOSheme with oxygen.
Characterization of this signal suggests that it is due to an
NOS-bound trihydropterin radical (H3B‚). The possible
involvement of this radical in the NOS reaction, particularly
in electron transfer, and the implications for NOS catalysis
are discussed.

EXPERIMENTAL PROCEDURES

Materials and General Methods. Escherichia coliJM109
competent cells were purchased from Promega. Terrific broth
(TB) was from Gibco-BRL. Ampicillin and IPTG were from
Boehringer-Mannheim. iNOS cDNA in pBluescript II 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). H4B and 15N-H4B (labeled at N5)
were purchased from Schircks Laboratories (Jona, Switzer-

land) and were prepared either in 100 mM HEPES (pH 7.5)
containing 100 mM DTT or anaerobically in 100 mM
HEPES (pH 7.5) with no DTT. Coomassie Blue R-250 and
Bradford protein reagent dye were purchased from Bio-Rad.
Reaction vials and silicone/Teflon septa were obtained from
Pierce Chemical Co. Centrifugal filtration units (Ultrafree-
15 and Ultrafree-0.5, Biomax-30K NMWL membrane) were
from Millipore. NHA was purchased either from Alexis Corp.
or from Cayman Chemical Co. (Ann Arbor, MI) and was
found to contain less than 2% citrulline contamination as
analyzed by HPLC.15N-NHA (labeled only at the hydroxyl-
amino nitrogen) was synthesized as previously described (5).
Sodium dithionite was purchased from Aldrich; solutions (∼4
mg/mL) were prepared anaerobically in 100 mM HEPES
(pH 7.5) and were standardized against potassium ferri-
cyanide before use (22). All other reagents were purchased
from Sigma.

Expression of iNOS Heme Domain.The cloning and
expression of iNOShemewill be reported in detail elsewhere.
Briefly, the iNOS heme domain expression vector
(pCWiNOSheme) was constructed by PCR amplification from
the iNOS cDNA, addition of appropriate restriction sites,
and ligation into the pCW plasmid. This heme domain
construct includes amino acids 1-490 of the iNOS sequence
and also contains a C-terminal histidine tag (6×His). Optimal
expression of iNOShemewas obtained in JM109 cells grown
in Terrific broth (47 g/L TB and 4 mL/L glycerol).
Expression cultures (1.5 L of TB containing 50µg/mL
ampicillin) were inoculated (1:100) from an overnight culture
of JM109-pCWiNOShemeand were grown at 37°C to anA600

of ∼0.5. The cultures were then cooled to 25°C, induced
by the addition of IPTG (0.4 mM final concentration), and
harvested by centrifugation (10 min at 15900g) 21 h after
induction.

Purification of iNOS Heme Domain.Fresh cell pellets from
9 L of culture were resuspended in 200 mL of lysis buffer
(50 mM sodium phosphate, pH 8.0, 300 mM NaCl, 10 mM
imidazole, 10% glycerol, 10µg/mL benzamidine, 5µg/mL
leupeptin, and 1µg/mL each of pepstatin, chymostatin, and
antipain) and lysed in a French pressure cell press (SLM-
Aminco, Rochester, NY). Supernatant was prepared by
centrifugation for 1 h at40000g and was loaded at 1 mL/
min on a 10 mL nickel column (Ni-NTA agarose from
QIAGEN). All buffers for the nickel column step contained
50 mM sodium phosphate (pH 8.0), 300 mM NaCl, 10%
glycerol, and various amounts of imidazole. The column was
washed with 150 mL of buffer containing 10 mM imidazole,
and then the protein was eluted with a linear gradient of
imidazole (10-500 mM) in 125 mL. Fractions containing
iNOShemewere red in color and were pooled on the basis of
theA280/A428 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-HCl (pH 8.0), 2 mM imidazole,
and 100 mM NaCl. The major peak (eluting at 1 h 40 min
at a flow rate of 1.7 mL/min) was iNOSheme. The final
purification step was anion exchange (Q-HyperD, 10µm
column from Beckman). Buffers for the anion-exchange
column contained 20 mM Tris-HCl (pH 8.0), 2 mM
imidazole, and various NaCl concentrations. Following
loading of the pooled S200 fractions and washing with 100

bovine serum albumin; SDS-PAGE, sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis; RFQ, rapid freeze-quench; EPR,
electron paramagnetic resonance; EDTA, ethylenediamine-N,N,N′,N′-
tetraacetic acid; NDA, 2,3-naphthalenedicarboxaldehyde.
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mM NaCl, the heme domain was eluted with 300 mM NaCl.
Fractions containing iNOShemewere stored at-80°C. Protein
concentration (shown as the concentration of iNOSheme

monomer) was determined by the Bradford protein assay with
BSA as the standard. The purification method described here
yields∼25 mg of iNOSheme, with anA280/A428 ratio of 1.3-
1.35 and judged to be greater than 95% pure by SDS-PAGE
with Coomassie staining.

Reconstitution with H4B and Arginine.Expressed inE.
coli, iNOSheme contains no bound pterin, and the omission
of H4B in all purification steps results in a pterin-free
iNOSheme preparation. Imidazole in the purification buffers
increases the stability of iNOSheme prior to reconstitution,
and iNOShemeis therefore purified as the imidazole complex
(λmax at 428 nm). Unless otherwise specified, all of the
experiments described here were carried out with H4B-bound
iNOSheme, reconstituted as follows: iNOSheme(50 µM) was
incubated with 500µM H4B, 5 mM DTT, and 100 mM
arginine for 1 h at 4°C. The spectrum of iNOShemefollowing
this incubation confirmed a complete conversion to high-
spin heme (λmax at 396 nm). H4B-bound iNOSheme was
concentrated to 0.3-1 mM and stored at-80 °C with 30%
glycerol in aliquots of<300 µL.

Reduction of iNOS Heme Domain.iNOSheme (<300 µL,
reconstituted as described above) was desalted immediately
prior to use on Sephadex G25M (PD10 prepacked columns
from Amersham Pharmacia Biotech) into 100 mM HEPES
(pH 7.5). This desalting step removes imidazole, arginine,
glycerol, DTT, and any H4B that is not bound to iNOSheme.
Depending on the experiment, the buffer contained no
substrate, 1 mM arginine, or 1 mM NHA. iNOSheme was
concentrated in Ultrafree-0.5 devices to the desired concen-
tration (200-500 µM). A small amount (0.25 equiv of the
iNOSheme concentration) of anaerobic H4B (no DTT) was
added to ensure that all of the protein was pterin-bound. The
sample was then transferred to an anaerobic cuvette, made
anaerobic by 10 cycles of alternate evacuation and purging
with purified argon gas, and reduced with sodium dithionite.
Reduction of iNOShemewas monitored spectrophotometrically
as the decrease in absorbance at 650 nm (ε ∼5000 M-1 cm-1

for ferric iNOSheme and <1000 M-1 cm-1 for ferrous
iNOSheme) and the concomitant increase at 558 nm (ε ∼9000
M-1 cm-1 for ferric iNOSheme and∼13 000 M-1 cm-1 for
ferrous iNOSheme). Sodium dithionite was added until the
heme was completely and stably reduced; no additional
dithionite was added. The reduced heme domain sample was
transferred in an anaerobic chamber to the drive syringe of
the freeze-quench instrument.

Pterin-Free iNOS Heme Domain.For pterin-free experi-
ments, iNOShemeas purified (imidazole complex, no bound
pterin) was concentrated to 0.3-1 mM and stored at-80
°C in aliquots of<300µL. Immediately prior to use, pterin-
free iNOSheme(<300µL) was desalted to remove the bound
imidazole, concentrated, and made anaerobic exactly as
described above, with the exception that no H4B was added
to these samples. Unlike H4B-bound iNOSheme, which is
mostly high spin in the presence or absence of substrate,
pterin-free iNOShemeis a mixture of high- and low-spin forms.
The spectrum of pterin-free iNOShemehas absorbance maxima
at 420 nm (Soret) and 542 and 578 nm (R/â bands). At long
wavelength, in addition to a peak at 650 nm (a ferric high-
spin marker), pterin-free iNOShemehas significant absorbance

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.
The spectrum of reduced pterin-free iNOSheme is identical
to that of the H4B-bound samples.

Preparation of RFQ Samples.Rapid freeze-quenching
was carried out using an Update Instrument unit with a home-
built quenching bath as previously described (23, 24).
Reduced iNOSheme(200-300µM) 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 O2 at 0
°C (25), the concentration of O2 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 at-140°C. Samples were
then packed into quartz EPR tubes and stored in liquid
nitrogen.

Three-Syringe RFQ.Experiments that required double
mixing were accomplished by first mixing reduced iNOSheme

(450 µM, no substrate) with oxygenated buffer (100 mM
HEPES, pH 7.5, no substrate), allowing the reaction to age
for 127 ms, and then mixing with buffer containing either 7
mM arginine or 7 mM NHA. The solutions were mixed in
a 4:2:1 (v/v/v) ratio of iNOSheme/oxygenated buffer/buffer
with substrate. The final concentration of substrate after
mixing was 1 mM. The reactions were freeze-quenched at
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 100µL aliquot
was removed from the iNOShemesample immediately prior
to making the sample anaerobic and was diluted with buffer
(50 µL of 100 mM HEPES, pH 7.5, with 1 mM appropriate
substrate) in the same ratio (2:1 v/v) as the freeze-quenched
samples. This solution was then transferred to an EPR tube
and frozen in liquid nitrogen. Reduced control: 100µL of
reduced iNOSheme 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 thet ) 0 point in the time courses.

EPR Spectral Acquisition and Kinetic Analysis.EPR
spectra were measured using a Bruker ER-200D-SRC
spectrometer equipped with an Oxford Instruments ESR 910
continuous-flow cryostat. All spectra were obtained atT )
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 using a 3 mM Cu-EDTA
standard under nonsaturating conditions. Kinetic analysis of
heme oxidation was carried out by fitting to a single
exponential (Af B, with B being the ferric heme). Theg
) 2.0 data were fit by assuming two sequential irreversible
first-order steps for the formation and decay of the radical
species (Af B f C, where B is the radical).

Isotope Substitutions.The 15N-H4B-containing iNOSheme

was obtained by incubating pterin-free iNOSheme with 15N-
H4B instead of 14N-H4B in the reconstitution procedure
described above.15N-H4B bound to iNOSheme as expected
and was able to effect a complete shift to high-spin heme,
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as observed with14N-H4B. For the D2O experiments,
iNOShemewas desalted and concentrated as described above.
The sample was then diluted (5×) in deuterated buffer (100
mM HEPES, 1 mM arginine, pH 7.9, made up in 99.9%
D2O) and concentrated. The final concentration of D2O was
>99.5% following four iterations of dilution/concentration.
RFQ was carried out on these samples exactly as described
for the 14N-H4B/H2O iNOSheme.

Quantitation of Amino Acids.Samples retrieved after
mixing in the RFQ instrument (not freeze-quenched,t )
∞) were analyzed for product formation. Amino acids were
derivatized with NDA and quantified by reverse-phase HPLC
as previously described (17) with the following modifica-
tion: Elution conditions were 0-50% 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

ObserVation of a g) 2.0 Signal. Figure 1 shows the EPR
spectrum of iNOShemeafter reaction with oxygen for 127 ms
in the presence of 1 mM arginine. In addition to the expected
ferric high-spin heme signal (g ) 7.5, 4.1, and 1.8), an
additional signal is observed atg ) 2.0 (Figure 1A). An
expanded spectrum of theg ) 2.0 region is shown in Figure
1B. The peak-to-trough line width measures∼40 G, and

some hyperfine structure of the “powder” spectrum is
apparent. The saturation properties of this signal (P1/2 ) 1.8
mW at 10 K) are clearly different from those of the ferric
heme signal (P1/2 ) 22 mW at 10 K) and exhibit a distinct
temperature behavior (P1/2 increases to 14.5 mW at 80 K;
data not shown). As expected for an organic radical, no
alterations in line shape of theg ) 2.0 signal are observed
in the temperature range of 10-80 K.

Time Dependence of the EPR Signal.The 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 ms is∼80% of the concentration
of iNOSheme 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 lower,∼40%
and only∼2.8%, respectively. In all cases, the rate of radical
formation is 15-20 s-1. The g ) 2.0 signal decays with a
t1/2 of ∼6 s (k ∼0.12 s-1) in the presence of arginine and
∼1 s (k ∼0.7 s-1) in the presence of NHA. When the radical
is formed in the absence of substrate, its decay rate is similar

FIGURE 1: EPR spectra of a rapid freeze-quenched sample (127
ms) from the reaction of reduced iNOSheme with oxygen in the
presence of arginine. Final concentrations after mixing were 225
µM iNOSheme, 730µM O2, and 1 mM arginine. (A) Full spectrum,
showing the ferric iNOS heme signal (g ) 7.5, 4.1, and 1.8) and
the g ) 2.0 radical. (B) Spectrum of theg ) 2.0 region. EPR
conditions were as described in Experimental Procedures.

FIGURE 2: Time course of the reaction of reduced iNOShemewith
oxygen in the presence of arginine (A, 225µM iNOSheme) or NHA
(B, 215µM iNOSheme). The relative amount of radical (b, left axes)
at each time point was determined from the peak-to-peak height of
theg ) 2.0 signal. These numbers were converted to concentrations
by double integration of theg ) 2.0 signal at 127 ms using Cu-
EDTA as the standard. The concentrations of ferric heme (O, right
axes) were determined from the peak height of theg ) 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 M-1 cm-1 at 396 nm for substrate-bound iNOSheme. The
calculated rates from the shown fits are (A) 15 s-1 for heme
oxidation, 18 s-1 for the formation of H3B‚, and 0.12 s-1 for its
decay and (B) 15 s-1 for heme oxidation, 15 s-1 for the formation
of H3B‚, and 0.7 s-1 for its decay.
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to that observed in the arginine sample (t1/2 ∼6 s); subsequent
addition of either 1 mM arginine or 1 mM NHA does not
accelerate the decay of the radical signal (double-mixing
experiment; data not shown). Heme oxidation in these
experiments occurs simultaneously with radical formation,
with a rate of∼15 s-1 independent of substrate. No other
EPR-active species are observed under the reaction condi-
tions used. Nog ) 2.0 signal is observed in similar freeze-
quench experiments with pterin-free iNOSheme (1 mM
arginine, t ) 127 ms-5 s). Furthermore, no ferric heme
signal is observed in the pterin-free samples, even after 5 s
of reaction time.

Isotope Substitutions.Identical experiments were carried
out with the following isotope combinations:14N-H4B/H2O,
15N-H4B/H2O, 14N-H4B/D2O, and15N-H4B/D2O. The spectra
at 127 ms are shown in Figure 3. The spectra obtained in
the presence of15N-H4B differ from those with14N-H4B in
their overall shape and in resolution. Small alterations in
spectral properties are also observed on comparison of spectra
in D2O with those in H2O. Since these are “powder pattern”
anisotropic spectra, the differences in total line width on
isotopic substitution are expected to be small. The final
isotope substitution we made was with NHA. No differences
were observed in EPR spectra obtained with15N-NHA as
compared to those with14N-NHA (data not shown).

Product Analysis.The identity and stoichiometry (relative
to the concentration of the iNOShememonomer) of the amino
acid products from the RFQ reactions with H4B-bound
iNOShemeare as follows: 0.78( 0.11 NHA (n ) 4) is formed
in the arginine reactions, and 0.63 citrulline (n ) 1) when
NHA is the substrate. Pterin-free iNOShemedoes not catalyze
NHA formation from arginine in these experiments.

DISCUSSION

In this study, we used rapid freeze-quench EPR to
examine the NOS reaction in iNOSheme. This technique allows
the trapping and subsequent detection of paramagnetic
intermediates. In particular, we were interested in testing our
proposed mechanism for the oxidation of NHA (2). The
initial step in this mechanism involves a one-electron

oxidation of NHA by the heme ferrous-dioxygen species
to form ‚NHA. There is no evidence in these experiments
for ‚NHA. A small amount of ag ) 2.0 EPR signal is
observed upon reaction of NHA-bound, reduced iNOSheme

with oxygen. This signal cannot be attributed to‚NHA for
two reasons: (1) there is no change in the signal when we
substitute15N-NHA for 14N-NHA, and (2) the same type of
radical is formed in the absence of NHA. Our results do not
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.

All of the data presented here are consistent with the
assignment of theg ) 2.0 signal as an NOS-bound pterin
radical. Pterin radicals have previously been generated
chemically under acidic conditions, either by reaction of
reduced pterin with oxidants such as hydrogen peroxide (26-
29) or via the comproportionation reaction of tetrahydro- and
dihydropterin (30). Both monohydro- and trihydropterin
radicals have been described in these reactions, and simula-
tions of the signals are consistent with both species being
protonated (H2P‚+ and H4P‚+, respectively), as would be
expected at acidic pH (26, 28). A blue, neutral semiquinone
(H3P‚) has also been observed when 6,6,7,7-tetramethyltet-
rahydropterin reacts with the corresponding dihydropterin
(30). The relevance of pterin radicals to catalysis by pterin-
containing enzymes is not clear. A trihydropterin radical
(H3P‚/H4P‚+) has been suggested as an intermediate in pterin-
dependent hydroxylation reactions such as that catalyzed by
phenylalanine hydroxylase (PAH) (31-34). To date, how-
ever, no evidence for the formation of a pterin radical
intermediate in these enzymes has been reported. A recent
paper describes the characterization of a radical species of
the molybdopterin cofactor in several bacterial aldehyde
dehydrogenases (35). This radical is present in the enzymes
as isolated and is proposed to be a molybdenum(VI)
trihydropterin radical, and the authors suggest that it may
be involved in electron transfer from the molybdenum center
to one of the iron-sulfur clusters.

The EPR spectral properties of theg ) 2.0 signal in
iNOSheme are those of an anisotropic organic radical. The
peak-to-trough line width of 40 G is independent of tem-
perature in the range of 10-80 K. This line width is broader
than the well-studied anionic and neutral flavoprotein semi-
quinones, which exhibit line widths of 16 and 20 G,
respectively (36). The crystal structures of NOS show that
the bound pterin is located in close proximity to the heme
(19-21), and the broad line width observed suggests that
this S ) 1/2 radical may interact magnetically with theS )
5/2 heme. Although the different relaxation properties of the
g ) 2.0 (pterin radical) andg ) 7.5 (ferric iNOS heme)
signals indicate that they are not strongly coupled, evidence
does exist for a weak magnetic interaction. The measured
P1/2 (1.8 mW at 10 K) for theg ) 2.0 signal is significantly
greater than that (∼1-10 µW) of an isolated protein-bound
organic radical (37) and resembles a situation where the
radical relaxation is enhanced by a nearby metal center (38).
A weak interaction with the nearby heme could have a
significant effect on the EPR spectrum and likely accounts
for the broad line width of theg ) 2.0 signal. Another
possible explanation for the 40 G line width is the presence
of strong hyperfine couplings with protons and/or nitrogens.
Further studies are required to elucidate the contributions of

FIGURE 3: Effect of isotope substitutions on theg ) 2.0 radical
signal. The four spectra shown are from samples quenched at 127
ms after mixing of reduced iNOShemewith oxygen in the presence
of arginine. Isotope substitutions were effected as described in
Experimental Procedures.
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these two mechanisms to the observed line width.
We carried out experiments with various isotope substitu-

tions to further characterize the observed radical. The
strongest evidence supporting the identification of theg )
2.0 signal as a pterin radical comes from nitrogen substitu-
tions. Substitution of anI ) 1/2 15N for theI ) 1 14N nucleus
at the N5 position of the pterin results in distinct changes in
the overall shape and splitting of the EPR signal. These
differences are observed both in H2O and in D2O, although
they appear more pronounced in D2O. Similar results are
obtained when the EPR spectral properties of N5-14N- and
15N-substituted FMN flavodoxin neutral semiquinones are
compared (D. E. Edmondson, unpublished observations).
This observed effect of the pterin N5 on the radical signal
indicates an interaction between this nucleus and the electron
spin and suggests that there is significant spin density at N5,
as observed in EPR studies on the pterin cation radical (26,
28). Exchanging D2O for H2O with either nitrogen isotope
demonstrates the presence of hyperfine-coupled exchangeable
protons, and the smaller magnetic moment of theI ) 1 D
nucleus results in enhanced resolution of the observed EPR
spectra. The exchangeable protons are presumably those at
the N8 and N5 positions of the pterin. These results are
consistent only with a pterin radical.

The potential involvement of a pterin radical in NOS has
recently been discussed. The first proposal that H3B‚ may
function in electron transfer in NOS was based on differences
in the spectral decay of the FeIIO2 complex of nNOS in the
presence and absence of H4B (39). A second paper (20) has
compared the structural features of the NOS pterin-binding
site to those of other pterin enzymes. The authors propose
that the unique hydrogen-bonding interactions of the NOS-
bound H4B may stabilize a pterin radical. They favor a
cationic species because of their observation that arginine
binds in the pterin binding site of the pterin-free eNOS heme
domain crystallized in the presence ofS-ethylisothiourea. The
precise chemical and electronic structure of the iNOSheme-
bound pterin radical cannot be determined from the aniso-
tropic signals observed in X-band EPR spectra. The observed
radical is probably a trihydropterin radical (one-electron
oxidized from H4B), since it is unlikely that a monohydro-
pterin species (oxidized by three electrons) would form under
the experimental conditions. Although we represent the
radical as H3B‚, the relevant enzyme-bound species may be
either neutral or cationic.

The time dependence of the EPR spectra shows that heme
oxidation (∼15 s-1) occurs in the same time range as pterin
radical formation (15-20 s-1). H3B‚ is not formed in
reactions with pterin-free iNOSheme in the presence of
arginine, and heme oxidation is very slow under these
conditions (no ferric heme is observed even after 5 s of
reaction time). The presence of bound H4B in NOS is known
to influence dimerization (40-42), heme spin state (18, 43)
and redox potential (44), and affinity for substrate (45, 46).
Therefore, a similar indirect effect of H4B on the stability
and reactivity of the ferrous heme is not unreasonable.
Alternatively, these results may reflect an increased stability
of the ferrous-dioxygen complex in the absence of H4B,
consistent with a role for H4B in electron transfer to the heme.
The recently reported NOS structures (19-21) show the two
cofactors in close general proximity, with their relevant atoms
(i.e., N5 of the pterin and the iron of the heme) 14 Å apart

(T. L. Poulos, personal communication).
The amount of H3B‚ observed in these experiments

depends on which substrate is present; in the presence of
arginine the maximum accumulation of H3B‚ is 30-fold
greater than that in the presence of NHA. The faster decay
rate of the radical in the presence of NHA (0.7 vs 0.12 s-1

with arginine) at most would account for a 10% decrease in
the maximum amount of radical observed. Two possible
explanations for the small accumulation of H3B‚ with NHA-
bound heme domain are (1) that NHA reacts rapidly with
the pterin radical or (2) that the presence of NHA prevents
the formation of H3B‚. The three-syringe, double-mixing
experiment described above shows that the radical once
formed does not react with either arginine or NHA. This
result argues against a fast reaction of the pterin radical with
NHA and suggests that the presence of NHA prevents the
one-electron oxidation of H4B. One way this could occur is
if NHA itself reduces the ferrous-dioxygen complex in a
single electron-transfer reaction; however, we have no direct
evidence for the formation of‚NHA. We cannot rule out
the possibility that NHA is not able to gain access to the
active site in this experiment.

Although caution must be used in extrapolating the results
obtained here with iNOSheme to the full-length enzyme,
characterization of iNOSheme shows that it behaves nearly
identically to native iNOS. Purified iNOSheme is dimeric
(H4B-bound or pterin-free, analytical gel filtration on a
TosoHaas QC-PAK TSK 300GL column in 100 mM
HEPES, pH 7.5, with 200 mM NaCl), and the spectral
features of the heme are identical to those of full-length NOS
(A. R. Hurshman and M. A. Marletta, unpublished observa-
tions). Arginine and NHA bind to iNOSheme with similar
affinity as to iNOS and convert the heme completely to the
high-spin form. Furthermore, iNOShemecatalyzes the oxida-
tion of both substrates. Together with the EPR data, product
formation in the RFQ experiments (NHA from arginine;
citrulline from NHA) suggests that H3B‚ is formed in the
hydroxylation of arginine and that H3B‚ formation is not
required for the oxidation of NHA. The lack of reactivity of
arginine with pterin-free iNOShemeis also consistent with the
involvement of H4B in this step. These observations support
a catalytic role for the pterin radical in NOS.

The results reported here can be explained by the model
shown in Scheme 1 (47). H3B‚ is formed in step 1 by
reduction of the ferrous-dioxygen (FeIIO2) complex. Sub-
sequent heterolytic cleavage of the ferric-peroxide (FeIII -
OOH) species then generates a high-valent iron-oxo com-
plex [(FeO)3+], which can hydroxylate arginine as in P450-
catalyzed reactions. In step 2, H3B‚ does not form because
the second electron for FeIII -OOH formation is derived from
NHA. This model is consistent with a mechanism that we
have previously proposed for the oxidation of NHA (2) and
for which there is additional support from peroxide-shunt
experiments (16, 17). The fact that we do not see‚NHA in
the EPR spectra indicates that if this proposed intermediate
is formed, it must have a fast decay rate. Since the electron
to reduce the FeIIO2 complex derives either from H4B or from
NHA, we also expect to see H3B‚ formed in reactions where
there is no substrate, as observed. There is no evidence in
our EPR spectra for the formation of FeIII -OOH; the only
heme species we observe is the oxidized FeIII heme. The
FeIII -OOH intermediate once formed can decay in one of
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three ways, depending on the experimental conditions:
heterolytic cleavage to the high-valent iron-oxo complex
in the hydroxylation of arginine, nucleophilic attack on
‚NHA to form citrulline and‚NO, or release of H2O2 in the
absence of substrate. Oxidation to the FeIII heme occurs with
the same rate as radical formation (15-20 s-1) regardless
of which substrate is present. This observation suggests that
the decay of FeIII -OOH by any of these three pathways is
much faster than 15 s-1.

The simplest model for electron transfer that takes into
account the formation of H3B‚ is that electrons derived from
NADPH proceed through the flavins in the reductase domain
to the bound pterin and then finally to the heme. Redox
potential differences between arginine and NHA may explain
the difference in the source of the second electron for each
step. Our ability to observe an apparently stable H3B‚ is
probably due to the fact that we have used the isolated heme
domain and have strictly controlled the number of reducing
equivalents in the reaction. In the full-length enzyme, any
pterin radical generated during turnover would be rapidly
reduced by NADPH-derived electrons from the flavoprotein
reductase domain. This role for H4B in electron transfer in
NOS explains the absolute requirement for bound H4B in
the oxidation of arginine (18), but it fails to answer two key
questions about the NOS mechanism. (1) Why is arginine
not a substrate in the peroxide-shunt reaction? If this step is
a heme-dependent hydroxylation, hydrogen peroxide is
expected to support this reaction, especially since it does
support NHA oxidation by NOS (16, 17). (2) What is the
role of H4B in the oxidation of NHA? The products of NHA
oxidation have been shown to differ in H4B-bound and H4B-
free iNOS (18). The data presented here do not address these
questions.

There has been much discussion about the role of H4B in
NOS, particularly concerning the involvement of this cofactor
in the hydroxylation of arginine. Recent results, primarily
from the crystal structures of NOS, indicate that the role of
the pterin in NOS is different from that in the aromatic amino
acid hydroxylases. Two recent papers speculate on the
involvement of a pterin radical in the NOS reaction, on the
basis of the spectral decay of the FeIIO2 complex (39) or the
structural features of the pterin binding site (20). Our results
provide the first evidence that a pterin radical is formed in
NOS and are most consistent with H4B being involved in
electron transfer in NOS. Specifically, H4B would reduce

the heme ferrous-dioxygen complex, and the resulting H3B‚
would subsequently be reduced by the NOS flavins. This is
an unprecedented chemical role for this cofactor.
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