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ABSTRACT: The heme domain (iNOSheme) of inducible nitric oxide synthase (iNOS) was expressed in
Escherichia coliand purified to homogeneity. Characterization of the expressed iNOSheme shows it to
behave in all respects like full-length iNOS. iNOShemeis isolated without bound pterin but can be readily
reconstituted with (6R)-5,6,7,8-tetrahydro-L-biopterin (H4B) or other pterins. The reactivity of pterin-
bound and pterin-free iNOSheme was examined, using sodium dithionite as the reductant. H4B-bound
iNOShemecatalyzes both steps of the NOS reaction, hydroxylating arginine toNG-hydroxy-L-arginine (NHA)
and oxidizing NHA to citrulline and•NO. Maximal product formation (0.93( 0.12 equiv of NHA from
arginine and 0.83( 0.08 equiv of citrulline from NHA) requires the addition of 2 to 2.5 electron equiv.
Full reduction of H4B-bound iNOShemewith dithionite also requires 2 to 2.5 electron equiv. These data
together demonstrate that fully reduced H4B-bound iNOShemeis able to catalyze the formation of 1 equiv
of product in the absence of electrons from dithionite. Arginine hydroxylation requires the presence of a
bound, redox-active tetrahydropterin; pterin-free iNOShemeor iNOShemereconstituted with a redox-inactive
analogue, 6(R,S)-methyl-5-deaza-5,6,7,8-tetrahydropterin, did not form NHA under these conditions. H4B
has an integral role in NHA oxidation as well. Pterin-free iNOSheme oxidizes NHA to citrulline,Nδ-
cyanoornithine, an unidentified amino acid, and NO-. Maximal product formation (0.75( 0.01 equiv of
amino acid products) requires the addition of 2 to 2.5 electron equiv, but reduction of pterin-free iNOSheme
requires only 1 to 1.5 electron equiv, indicating that both electrons for the oxidation of NHA by pterin-
free iNOSheme are derived from dithionite. These data provide strong evidence that H4B is involved in
electron transfer in NOS catalysis.

The biosynthesis of•NO is catalyzed by the enzyme nitric
oxide synthase (NOS,1 EC 1.14.13.39) in a reaction that also
forms citrulline from the amino acidL-arginine (for reviews,
see refs1-3). In this five-electron oxidation,•NO is derived
from one of the terminal guanidino nitrogens of arginine.

The reaction proceeds in two steps, both of which require
NADPH and O2 as cosubstrates. The first step of the reaction
is the hydroxylation of arginine, formingNG-hydroxy-L-
arginine (NHA) as an intermediate (4-6). NHA is further
oxidized by three electrons in the second step to form
citrulline and •NO. Three isoforms of NOS have been
characterized: a particulate, constitutive enzyme from vas-
cular endothelium (eNOS), a soluble, constitutive enzyme
from neuronal cells (nNOS), and an inducible enzyme, best
characterized from murine macrophages (iNOS) (7). All of
the isoforms are homodimeric and bind an equivalent each
of FAD, FMN (8-10), and protoporphyrin IX heme (11-
13) per subunit. Full activity also requires one bound H4B
per monomer (10, 14, 15).

The roles of the enzyme-bound heme and H4B in the
reaction mechanism are not fully understood. CO inhibition
studies have suggested a catalytic role for the heme in both
steps of the NOS reaction (16, 11). 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 (17, 18). A model for the
enzymatic oxidation of NHA to citrulline and•NO, using
an FeIII porphyrin and O2, has also been reported (19). The
role of the heme in the hydroxylation of arginine has been
less clear. Crystal structures of several NOS heme domains
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have been obtained (20-23), and this structural information
supports the involvement of a heme-based oxidant in both
steps of the NOS reaction. Arginine binds in the active site
such that one of the terminal guanidino nitrogens is
positioned to undergo hydroxylation by the heme; this
nitrogen lies immediately above the plane of the porphyrin
ring and is 3.8 Å away from the heme iron. The heme-based
oxidant in this step is probably a high valent iron-oxo species
such as that proposed for P450-catalyzed hydroxylations.
NHA also binds adjacent to the heme iron (24-26),
consistent with heme-dependent catalysis in the oxidation
of NHA.

A direct role for H4B in catalysis has been suggested since
it was discovered that this redox cofactor is required for NOS
activity (27, 28, 14). However, the nature of the involvement
of H4B in the NOS reaction has been obscured by observa-
tions that H4B affects the stability of the NOS active site
and its overall structure. The binding of H4B to NOS has
been shown to influence enzyme dimerization (29-31),
binding affinity for substrate (32, 33), heme spin state
equilibrium (34, 35), and heme midpoint potential (36). All
of these observed effects can be understood by examining
the crystal structures of H4B-bound NOS (20-23). The
structural data show that H4B binds in close proximity to
the heme cofactor and interacts with one of the heme
propionate side-chains, providing a potential explanation for
the effect of pterin on the spin state and redox potential of
the heme. Similarly, the cooperativity of pterin and substrate
binding is probably mediated by interactions of both
molecules with the heme propionate. Finally, the pterin-
binding site is located near the NOS dimer interface, and
the bound pterin interacts with amino acids from both
subunits. Although the pterin cofactor stabilizes the NOS
structure, the effect of H4B on catalysis is not completely
explained by these structural effects. Several papers have
described the reactivity of NOS in the presence of 4-ami-
notetrahydrobiopterin (37-39). This pterin binds with high
affinity to NOS, effects a complete spin-state conversion of
the heme, and stabilizes the NOS dimer, but is unable to
support NOS catalysis. In fact, structures obtained with bound
4-amino-H4B or the inactive 7,8-H2B are indistinguishable
from those with H4B (26).

Recent proposals for the involvement of H4B in the NOS
reaction have focused on a role for this cofactor in electron
transfer. These proposals were based on differences in the
spectral decay of the ferrous-dioxygen complex of nNOS in
the presence and absence of H4B (40) and on the unique
structural features of the pterin-binding site (21). Both papers
speculated that a pterin radical might form in the NOS
reaction. Direct evidence for a pterin radical (H3B•) in
reactions of reduced iNOShemewith oxygen has been obtained
by rapid freeze-quench EPR (41). The pterin radical probably
arises from a one-electron reduction of the ferrous-dioxygen
complex of iNOShemeby H4B. H3B• accumulates to 80% of
the total iNOShemeconcentration in the presence of arginine,
and NHA is formed in this reaction, suggesting that H4B is
involved in electron transfer in the hydroxylation of arginine.
In the presence of NHA, H3B• only accumulates to 2.8% of
the total iNOSheme concentration, and citrulline is formed.
This small amount of H3B• observed indicates either that
H3B• is not formed in the presence of NHA, or that it reacts
rapidly in a subsequent step of the NHA reaction. These data

support an integral and novel role for the pterin cofactor in
NOS catalysis.

In this paper, we have used iNOSheme to study the
mechanism of both steps of the NOS reaction. We have
characterized the heterologously expressed iNOSheme and
show it to behave in all respects like full-length iNOS.
BecauseEscherichia colihave no endogenous H4B, iNOSheme

can be isolated without any bound pterin and subsequently
reconstituted with H4B or other pterins. Both pterin-bound
and pterin-free forms of iNOShemewere used in these studies
to investigate the role of H4B in the enzyme reaction. In the
absence of the reductase domain and its bound flavin
cofactors, iNOShemecannot accept electrons from NADPH.
Although iNOShemeis thus dependent on an alternate reduc-
tant for catalysis, tighter control over the number of electrons
delivered to the active site can be achieved. The ability of
iNOSheme to hydroxylate arginine and to oxidize NHA was
examined, using sodium dithionite as the reductant. The
dependence of these reactions on exogenous electrons and
the effect of pterin on the reaction products are reported.
These results provide additional support for the involvement
of H4B in electron transfer in both steps of the NOS reaction.

EXPERIMENTAL PROCEDURES

Materials and General Methods. Escherichia coliJM109
competent cells and T4 DNA ligase were purchased from
Promega.E. coli DH5R competent cells, DNA ladders (123
bp and 1 kb), and Terrific Broth (TB) were purchased from
Life Technologies. Bacto-tryptone, yeast extract, and bacto-
agar were obtained from Difco Laboratories. All restriction
enzymes were from New England Biolabs. Alkaline phos-
phatase (from calf intestine), ampicillin, IPTG, and the
Expand High Fidelity PCR kit were from Roche Molecular
Biochemicals. The QIAfilter Plasmid kit and QIAquick Gel
Extraction kit were purchased from QIAGEN. iNOS cDNA
(GenBank accession #92649) 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), and the pKEN2 plasmid (ampicillin resistance,
srp and T7 promoters) was a gift from Dr. Gregory L.
Verdine (Harvard University). DNA oligomers were syn-
thesized by the University of Michigan Biomedical Research
Core Facilities. Precast 10 and 10-20% Tris-glycine gels
and Mark 12 molecular weight standards were from Invit-
rogen. Coomassie Blue R-250, PVDF membrane, and
Bradford protein reagent dye were purchased from Bio-Rad.
Reaction vials and silicone/Teflon septa were obtained from
Pierce Chemical Co. Gastight syringes were purchased from
Hamilton Co. Centrifugal filtration units (Ultrafree-15 Biomax-
30K NMWL and Ultrafree-0.5 Biomax-10K NMWL mem-
brane) were from Millipore. NHA was purchased either from
Alexis Corp. or Cayman Chemical Co. (Ann Arbor, MI) and
was found to contain less than 2% citrulline contamination
as analyzed by HPLC. PCA and PCD were gifts from Dr.
David P. Ballou (University of Michigan). Sodium dithionite
was purchased from Aldrich; solutions were prepared in 100
mM HEPES (pH 7.5) in an anaerobic chamber (Coy
Laboratory Products) and were standardized against potas-
sium ferricyanide before use (42). All other reagents were
purchased from Sigma.
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Construction of iNOSheme Expression Vector.An initial
iNOShemeconstruct in the pKEN2 plasmid (MKR-iNOSheme)
was previously described (43). This heme domain construct
includes amino acids 1-490 of the iNOS sequence and also
contains a C-terminal hexahistidine tag. SDS-PAGE analysis
of iNOSheme expressed from the MKR-iNOSheme vector
showed a doublet of bands, which were confirmed by
N-terminal sequencing (A. R. Hurshman and M. A. Marletta,
unpublished results) to arise from an alternate start site at
amino acid position 28 (GTG, coding for Val, but able to
serve as an initiation codon). Further PCR was carried out
to change this codon from GTG to GTT, still coding for
valine, but no longer an alternate start site. This strategy was
carried out using two mutagenic primers and the overlap
extension method. The four primers used were as follows:
primer 1, sense outer primer TAATACGACTCACTAT-
AGGG; primer 2, sense mutagenic primer ACAACAACGT-
TAAGAAAACCC; primer 3, antisense mutagenic primer
GGGTTTTCTTAACGTTGTTGT; primer 4, antisense outer
primer TCAAAGACCTGCAGGTTGGAC. In the first round
of PCR, MKR-iNOShemewas amplified with primers 1 and
3 to yield a 241-bp fragment, and iNOS cDNA in pBluescript
II KS was amplified with primers 2 and 4 to yield a 547-bp
fragment. A second round of PCR, using the 241-bp and
547-bp fragments as the template and primers 1 and 4, gave
a fragment of the expected length (767 bp). The 767-bp PCR
product was digested withBamHI and ligated into theBamHI
sites of MKR-iNOSheme to make pKEN2iNOSheme. The
expression vector pCWiNOSheme was made by subcloning
the entire iNOSheme gene (1.5-kb fragment fromNdeI and
HindIII digestion of pKEN2iNOSheme) into the NdeI and
HindIII sites of pCW. TheE. coli strains JM109 and DH5R
were used for all DNA manipulations. Purified plasmid DNA
and PCR products were sequenced by the University of
Michigan Biomedical Research Core Facilities to confirm
the absence of mutations arising from PCR.

Expression of iNOSheme. Optimal expression of iNOSheme

was 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-pCWiNOSheme and
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 15 900g) 21 h after induction.

Purification of iNOSheme. Purification of iNOSheme was
achieved in three steps, as previously described (41). Briefly,
supernatant was prepared from fresh cell pellets, and
iNOSheme was purified by metal affinity chromatography
(Ni-NTA agarose from QIAGEN), followed by gel filtration
on Superdex 200 (HiLoad 26/60 from Amersham Pharmacia
Biotech) and finally by anion exchange (Q-HyperD, 10µm
column from Beckman). Fractions containing iNOShemewere
red in color and were pooled after each step on the basis of
theA280/A428 (protein to heme) ratio. Following purification,
iNOSheme was stored at-80 °C in 20 mM Tris-HCl (pH
8.0), with 2 mM imidazole and 300 mM NaCl (anion
exchange elution buffer). Protein concentration was deter-
mined in one of two ways, depending on the experiment,
and is shown as the concentration of iNOSheme monomer:
(i) Protein concentrations used for calculating the stoich-
iometry of cofactor and metal binding, as well as the

extinction coefficient at 280 nm, were determined by the
Bradford protein assay with BSA as the standard. (ii) For
all other experiments, iNOSheme concentrations were deter-
mined spectrophotometrically, using the heme Soret extinc-
tion coefficients reported below, and represent only the
fraction of protein that has bound heme.

Amino Acid Sequencing.N-Terminal amino acid sequences
were determined by Edman degradation by the University
of Michigan Biomedical Research Core Facilities, using an
Applied Biosystems sequenator. Purified iNOSheme was
loaded on a 10% precast Tris-glycine gel, electrophoresed
at 200 V for 75 min, and then transferred to a PVDF
membrane by electroblotting at 200 mA for 1 h. The
electroblot buffer was 10 mM CAPS (3-cyclohexylamino-
1-propanesulfonic acid, pH 10.5), with 0.05% DTT and 15%
methanol. The membrane was stained with Coomassie Blue
R-250 to visualize the protein bands. The bands were excised,
dried in microcentrifuge tubes, and submitted for analysis.

Subunit Molecular Weight Determination.The molecular
weight of iNOSheme monomer was determined by MALDI
mass spectrometry on a VESTEC-2000 instrument at the
University of Michigan Biomedical Research Core Facilities.

Pterin Stock Solutions.H4B and MPH4 were purchased
from Schircks Laboratories (Jona, Switzerland) and were
prepared either in 100 mM HEPES (pH 7.5) containing 100
mM DTT or in an anaerobic chamber in 100 mM HEPES
(pH 7.5) with no DTT. H4B concentrations were determined
spectrophotometrically in 100 mM HEPES (pH 8.0) from
the absorbance at 297 nm, using the published extinction
coefficient (ε297 ) 8700 M-1 cm-1; 44). MPH4 concentrations
were similarly determined in 0.1 N HCl, recording the
absorbance at 265 nm (ε265 ) 14 380 M-1 cm-1; 45). DZPH4

was synthesized as previously described (14, 46) and was
used as the monotrifluoroacetate salt. Stock solutions were
prepared by dissolving 4-6 mg of DZPH4 in 0.5 mL of 0.1
N NaOH, diluting to 4 mL with 200 mM HEPES (pH 7.4),
and adjusting the pH to 7.4 with HCl. DZPH4 concentrations
were determined in 100 mM HEPES (pH 8.0) from the
absorbance at 279 nm (ε279 ) 15 500 M-1 cm-1; 46).

Preparation of H4B-Bound iNOSheme. Expressed inE. coli,
iNOShemecontains no bound pterin, and the omission of H4B
in all purification steps results in a pterin-free iNOSheme

preparation. Furthermore, all of the purification buffers
contain at least 2 mM imidazole, so iNOShemeis purified as
the imidazole complex (λmax at 428 nm). Most of the
experiments described here were carried out with H4B-bound
iNOSheme, reconstituted as follows: iNOSheme (as purified,
50 µM) was incubated with 500µM H4B, 5 mM DTT, and
100 mM arginine for 1 h at 4°C. The spectrum of iNOSheme

following this incubation confirmed a complete conversion
to high-spin heme (λmax at 396 nm). H4B-bound iNOSheme

was concentrated to 0.1-1 mM and stored at-80 °C with
30% glycerol in aliquots of less than 300µL. Preparations
of H4B-bound iNOSheme (<300 µL) were desalted im-
mediately prior to use on Sephadex G25M (PD10 prepacked
columns from Pharmacia Amersham 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. iNOShemewas either diluted with 100 mM HEPES
(pH 7.5) or concentrated in Ultrafree-0.5 devices to the
desired concentration, depending on the experiment.
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Preparation of Pterin-Free iNOSheme. iNOShemeas purified
(imidazole complex, no bound pterin) was concentrated to
0.1-1 mM and stored at-80 °C in aliquots of less than
300 µL. These samples were desalted (<300 µL applied to
PD10 column equilibrated with 100 mM HEPES, pH 7.5)
immediately prior to use to remove the bound imidazole.
Pterin-free iNOSheme was either diluted or concentrated as
above to the desired concentration.

Determination of Bound Cofactors.Unless otherwise
specified, iNOSheme samples were desalted into 100 mM
HEPES (pH 7.5) containing 100µM arginine. The concen-
tration of iNOSheme samples applied to the PD10 columns
was 200-800µM, to give a concentration after desalting in
the range of 50-200µM. Samples were subsequently diluted
to obtain the concentration required for the various analyses.

Heme Content.Heme analysis was carried out by an HPLC
method (adapted from ref47), using a Protein C4 column
(250× 4.6 mm, 5µm, Vydac) and a Beckman System Gold
HPLC with a diode array detector. Samples (25µL of 1-5
µM iNOSheme) were applied to the column, which was
equilibrated with 0.1% aqueous TFA (solvent A) and
maintained at 40°C. Elution conditions were 0-75% solvent
B (0.1% TFA in acetonitrile) over 20 min (flow rate of 0.2
mL/min), followed by 75-100% solvent B over 2 min, 100%
solvent B for 5 min, and then a return to 100% solvent A
over the final 3 min. The retention time of heme (detected
at 400 nm) was 23 min, and myoglobin standards (0.25-10
µM) were used to determine the heme content of iNOSheme

samples.
Pterin Content.The pterin content of iNOSheme samples

was determined by HPLC on a Nova-Pak C18 column (150
× 3.9 mm, 4µm, Waters) equipped with an Alltima C18-LL
guard column (5µm, Alltech), using a Hewlett-Packard 1090
series II HPLC with a diode array detector. Standards (4-
100 µM) and protein samples (10-40 µM, with 1 mM
arginine) contained 10 mM DTT and 0.8 M guanidine HCl
and were prepared immediately prior to analysis to minimize
pterin oxidation. The column was maintained at 40°C, and
the flow rate was 0.5 mL/min. Solvent A consisted of 50
mM sodium acetate, 5 mM citric acid, and 50µM EDTA
(pH 6.0) (48, 49), and the column was equilibrated with
100% solvent A for 3 min prior to each injection (10µL of
sample). Elution conditions were 0-20% solvent B (metha-
nol) over 9 min, followed by 20-80% solvent B over 3 min,
a linear increase to 100% solvent B over 0.5 min, and then
a return to 100% solvent A over the final 0.5 min. Pterin
species were detected at 297 nm (λmax for H4B) and 280 nm
(λmax for 7,8-H2B). Retention times under these conditions
are as follows: H4B, 4.0 min; 7,8-H2B, 4.8 min; oxidized
DTT, 9.7 min. 7,8-H2B was not detected in either the
standards or protein samples; H4B standards were used to
quantify the pterin in each iNOSheme sample.

Metal Analysis. ICP/MS (Plasmaspec III, Leeman Labs,
Hudson, NH) analysis of iNOShemesamples was carried out
by Dr. Ted J. Huston (Department of Geological Sciences,
University of Michigan, Ann Arbor). All samples were
diluted into metal-free buffer (to give a metal concentration
∼1 µM) and were analyzed for iron, nickel, copper, and zinc.
Buffer controls (PD10 fraction immediately preceding that
containing protein) were also analyzed for metal content.

QuantitatiVe Amino Acid Analysis.Samples for amino acid
analysis were prepared as described above, except that the

desalting step did not include arginine, which would interfere
with the analysis. Amino acid analysis (QAA) was carried
out by the University of Michigan Biomedical Research Core
Facilities. The Bradford correction factor for iNOShemewas
determined by comparison of the protein concentration
obtained by quantitative amino acid analysis with that
obtained by the Bradford protein assay. The protein con-
centration of iNOSheme samples was determined by the
Bradford method both prior to sample submission and
following analysis (remaining sample was recovered from
the Core); in all cases, the protein concentration determined
after amino acid analysis was within 5% of that determined
beforehand.

Determination of Extinction Coefficients.The extinction
coefficients for arginine-bound (100µM arginine present)
ferric iNOSheme were determined by comparison of the
absorbance spectrum of each sample (1-5 µM) with the
heme concentration determined by the HPLC method
described above. The extinction coefficient for the protein
peak of ferric iNOSheme was similarly determined by com-
parison of the absorbance at 280 nm with the protein
concentration determined by the Bradford protein assay. The
extinction coefficients for imidazole-bound ferric iNOSheme

were determined from the spectrum recorded in the presence
of 1 mM imidazole. For reduced forms of iNOSheme, the
spectrum of the arginine-bound ferric iNOShemewas recorded
prior to reduction of the sample. Samples were reduced with
dithionite under an atmosphere of either argon (99.9999%
pure,<0.5 ppm O2, Matheson Gas Products) or CO (99.99%
pure,<0.5 ppm O2, Matheson) in an anaerobic cuvette sealed
with a rubber septum. Extinction coefficients were calculated
for the ferrous-deoxy and ferrous-CO species by comparison
of each reduced spectrum to the corresponding oxidized
spectrum, using theε396 determined above to calculate the
heme concentration of each sample.

Kd Titrations.H4B-bound iNOSheme(400µL of 0.5-1 µM)
was titrated with arginine or NHA to spectrophotometrically
determine the binding affinity (spectralKd) for each substrate.
Spectra were corrected for dilution after each addition; the
total change in volume over the course of each titration was
less than 5%. The absorbance changes in the difference
spectra (∆∆Abs ) ∆Absmax - ∆Absmin) were plotted as a
function of substrate concentration, andKd was determined
by fitting the data by a nonlinear least-squares fit to the
saturation binding equation:∆∆Abs ) (∆∆Absmax ×
[substrate])/(Kd + [substrate]) (KaleidaGraph 3.0.8, Abelbeck
Software). Similar titrations were carried out to determine
Kd for binding of DZPH4 to pterin-free iNOSheme(1-2.5µM).

Analytical Gel Filtration.Samples (50µL of 2-20 µM)
of iNOSheme were applied to a TosoHaas QC-PAK TSK
300GL column (150× 8 mm, 5µm) equilibrated with 100
mM HEPES (pH 7.5) containing 200 mM NaCl. The flow
rate was 0.9 mL/min. Standards (1 mg/mL) used for
molecular weight determinations were thyroglobulin (669
kDa), apoferritin (443 kDa), alcohol dehydrogenase (150
kDa), bovine serum albumin (66 kDa), egg albumin (45
kDa), and carbonic anhydrase (29 kDa). The apparent native
molecular weight of iNOSheme was calculated from the
standard curve of the natural logarithm of the molecular
weight of the standards vs retention time.

NatiVe Gel Electrophoresis.Native PAGE was also used
to determine the oligomeric state of iNOSheme. Samples (10-
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20 µg) were loaded on 10-20% precast Tris-glycine gels
and were electrophoresed for 2 h (4 °C, 200 V) under
nondenaturing, nonreducing conditions.

Dithionite-Dependent Enzyme Reactions.Following de-
salting, iNOSheme (either H4B-bound or pterin-free) was
concentrated to 80µM. iNOSheme samples were made
anaerobic in sealed 3-mL reaction vials by 10 cycles of
alternate evacuation and purging with purified argon, using
an anaerobic gas-train. Reactions were carried out in sealed
0.3-mL reaction vials. iNOSheme(50 µL) was transferred to
each vial in an anaerobic chamber. Reactions contained 1
mM of either arginine or NHA, depending on the experiment.
Sodium dithionite was added to reduce each sample; the
concentration of dithionite added varied from 10 to 240µM
(to provide 0.25-6 electrons per iNOSheme). Reactions were
initiated by the addition of 50µL of oxygenated buffer (100
mM HEPES, pH 7.5, containing 1 mM of the appropriate
substrate and 100µM phenylalanine, and oxygenated by
purging with pure oxygen gas for 30 min on ice) in a gastight
syringe to each reaction vial. After mixing of the samples,
reactions contained 40µM iNOSheme, 1 mM substrate, 5-120
µM dithionite, 50µM phenylalanine, and 1.1 mM O2 in 100
mM HEPES (pH 7.5) in a total volume of 100µL. Reaction
mixtures remained at 25°C for 1 h prior to analysis to ensure
full conversion of the inorganic product of the reaction to
NO2

-/NO3
-.

Anaerobic Pterin Incubations.To examine the role of
pterin in iNOSheme, some dithionite reactions were carried
out with pterin-free iNOShemeincubated with various pterins
under anaerobic conditions. Pterin-free iNOSheme (80-100
µM) was desalted, concentrated, and made anaerobic in 3-mL
reaction vials, as described above. Experiments were carried
out in one of two ways: (i) Anaerobic pterin-free iNOSheme

(200µL of 82 µM) was incubated for 2 h on icewith buffer
alone, 200µM H4B, 500µM DZPH4, or 500µM MPH4 in
250 µL total volume. Incubations also contained 1 mM of
arginine or NHA to facilitate binding of the pterin to
iNOSheme. After 2 h, aliquots of the incubation mixture (40
µL of 66 µM iNOSheme) were transferred to 0.3-mL reaction
vials, and these samples were reduced with 16.5-132 µM
dithionite (0.5-4 electrons per iNOSheme). Reactions were
initiated with oxygenated buffer (40µL) and analyzed as
described above. (ii) Anaerobic pterin-free iNOSheme(40 µL
of 100 µM, with 1 mM arginine) was transferred to each
0.3-mL reaction vial and incubated for 2 h with buffer alone,
H4B (20-340µM), DZPH4 (50-1000µM), or MPH4 (50-
1000µM) in 50 µL total volume. Samples (80µM iNOSheme)
were reduced with 80µM dithionite (2 electrons per
iNOSheme), and reactions were initiated and analyzed as
described above.

Quantitation of Amino Acid Products.The amino acid
products of the enzyme reactions described above were
analyzed by HPLC. Amino acids were derivatized with NDA
(50) and then separated by reverse-phase HPLC on a Nova-
Pak C18 column (150× 3.9 mm, 4µm, Waters) equipped
with an Alltima C18-LL guard column (5µm, Alltech), using
a Hewlett-Packard 1090 series II HPLC with a diode array
detector. Derivatization conditions were as follows: 21µL
of sample, 9µL of 50 mM NaCN in 0.1 M potassium borate
(pH 9.5), and 3µL of 10 mM NDA in methanol were reacted
for 15 min immediately prior to injection onto the column.
The column was maintained at 40°C, and the flow rate was

0.5 mL/min. NHA and citrulline standards were used to
quantify the reaction products, with phenylalanine as an
internal standard. Two different separation methods were
used, depending on the substrate of the reaction. In both
cases, solvent A consisted of 5 mM ammonium acetate (pH
6.0) to which 20% methanol (v/v) had been added.

(A) Arginine Reactions.The column was equilibrated with
20% solvent B (acetonitrile) for 3 min prior to each injection
(25 µL of derivatized sample). Elution conditions were 20%
solvent B for 4 min, followed by a linear gradient of 20-
65% solvent B over 4.5 min, 65-100% solvent B over 0.5
min, 100% solvent B for 3 min, and a return to the initial
conditions (20% solvent B) over the final 0.5 min. Retention
times: citrulline, 3.1 min; NHA, 5.9 min; arginine, 7.2 min;
phenylalanine, 8.5 min.

(B) NHA Reactions.Arginine and NHA are well resolved
by the above method; however, it cannot be used for
reactions where NHA is the substrate, because citrulline and
CN-orn coelute under these conditions. The following
method was used instead for NHA reactions, where solvent
B is methanol. The column was equilibrated with 100%
solvent A for 3 min prior to each injection (25µL of
derivatized sample). Elution conditions were 0-35% solvent
B over 4 min, 35-50% solvent B over 3 min, followed by
a linear increase to 100% solvent B over 2 min, 100% solvent
B for 3 min, and a return to 100% solvent A over the next
0.5 min. Retention times: citrulline, 7.1 min; CN-orn, 7.9
min; NHA, 9.0 min; phenylalanine, 10.1 min.

Quantitation of Nitrite and Nitrate.Nitrite/nitrate formed
in the enzyme reactions was quantified using the NO2

-/NO3
-

colorimetric assay kit from Cayman Chemical Co. (Ann
Arbor, MI). Briefly, NO3

- was enzymatically reduced to
NO2

-, and then total NO2- plus NO3
- was determined by

the reaction of NO2- with the Griess reagent (51). Assays
were carried out in 96-well plates, and product was quantified
by comparison with authentic standards.

•NO Detection.Some dithionite-dependent reaction mix-
tures were analyzed for•NO formation. A Sievers model
270 •NO chemiluminescence detector (Boulder, CO) was
used to detect•NO, as previously described (35). For these
reactions, 100µL of headspace gas was drawn in a gastight
syringe and injected into the manifold of the•NO analyzer,
which contained 5 mL of 1 M NaOH with 0.2% antifoam
SO-25. The headspace was sampled within 1 min of the
addition of oxygenated buffer to the sealed reaction vials.
The detection limit of the instrument reported by the
manufacturer is∼10 fmol of •NO.

Dithionite Titrations.Pterin-free and H4B-bound iNOSheme

were titrated with dithionite to determine the number of
reducing equivalents necessary to fully reduce the enzyme.
Titrations were carried out in the absence of substrate or in
the presence of 1 mM arginine or NHA. iNOShemesamples
(1-1.5 mL of 20-25 µM) were made anaerobic in an
anaerobic cuvette by 10 cycles of alternate evacuation and
purging with purified argon, using an anaerobic gas-train.
PCA (250µM) and PCD (0.8 units/mL; 1 unit is the amount
of enzyme that catalyzes the disappearance of 1µmol of
substrate per min at 25°C in 100 mM HEPES, pH 7.5) were
added to consume any residual oxygen; the PCD was added
to the sidearm of the cuvette and mixed in after the final
vacuum/purge cycle. A solution of sodium dithionite was
prepared, standardized against potassium ferricyanide, and
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transferred to a titrating syringe. The titrating syringe was
attached to the top of the anaerobic cuvette through a ground-
glass joint during the last purge cycle, while maintaining
the cuvette under positive pressure. Dithionite was added to
iNOShemein substoichiometric increments, and UV-visible
spectra were recorded after each dithionite addition. The
extent of heme reduction at each dithionite concentration was
determined by deconvoluting the spectra into their oxidized
and reduced components. Dithionite was added until the
heme was completely reduced (λmax at 414 nm); further
additions of dithionite resulted in an increase in absorbance
at 314 nm, indicating the presence of excess dithionite, with
no additional changes to the heme Soret. Each spectrum was
corrected for dilution; the total change in volume over the
course of each titration was less than 3%. All dithionite
titration experiments were done at 25°C.

UV-Visible Absorbance Spectroscopy.UV-visible spec-
tra were recorded on a Cary 3E spectrophotometer (Varian)
equipped with a Neslab RTE-111 circulating water bath.
Unless otherwise specified, all spectral experiments were
carried out at 15°C.

RESULTS

Purification of iNOSheme. iNOSheme was expressed inE.
coli with a C-terminal hexahistidine tag, and thus the first
step in the purification is metal affinity chromatography,

using Ni-NTA agarose. Although this step is often sufficient
for purification of His-tagged proteins, the purity of iNOSheme

following this step is only 70-75%. Purification of iNOSheme

was accomplished in two subsequent steps, using gel
filtration and anion exchange chromatography. This purifica-
tion method yields 25-30 mg of iNOSheme from 9 L of E.
coli cell culture, with anA280/A428 ratio of 1.3-1.35 and
judged to be greater than 95% pure by SDS-PAGE with
Coomassie staining.

The purification is carried out in the absence of H4B. Since
iNOShemeexpressed inE. coli contains no bound pterin, the
omission of H4B in all purification steps results in a pterin-
free iNOShemepreparation. Furthermore, imidazole (2 mM)
is included throughout the purification because early obser-
vations indicated that the pterin-free iNOShemeis more stable
in the presence of imidazole (A. R. Hurshman and M. A.
Marletta, unpublished results). Thus, iNOShemeis purified as
the imidazole complex (λmax at 428 nm; see Table 2) and
reconstituted with H4B as needed after purification.

N-Terminal Heterogeneity of iNOSheme. The subunit mo-
lecular mass of iNOShemeis calculated from the sequence to
be 56.9 kDa (for intact iNOSheme without the N-terminal
methionine). As purified, iNOShemepreparations migrate on
SDS-PAGE as a multiplet of bands (data not shown). The
calculated molecular weight (using Mark12 protein standards)
for these bands is 57 kDa (band 1), 54 kDa (band 2), and 52
kDa (band 3). All of the bands react with iNOS polyclonal
antibodies (not shown). N-terminal sequencing of the indi-
vidual bands indicates that the heterogeneity on SDS-PAGE
is due to differences at the N-terminus. Band 1 contains a
mixture of intact iNOSheme(no N-terminal methionine,∆1,
56.9 kDa),∆6 (56.4 kDa), and∆13 (55.5 kDa) fragments.
Band 2 corresponds to a∆34 fragment (53.0 kDa), and band
3 corresponds to a∆54 fragment (50.9 kDa). MALDI mass
spectrometry of purified iNOShemeshows two broad peaks:
one corresponding to molecular masses in the range 55.0-
57.5 kDa (band 1) and the other corresponding to 52.2-
53.5 kDa (band 2). The MALDI data indicate that the
predominant form of the purified iNOSheme is the ∆13
fragment. These fragments likely arise from proteolysis,
despite the presence of a cocktail of protease inhibitors in
the initial steps of the purification.

The same fragments and a similar distribution of iNOSheme

forms have previously been reported (52). The expression
of a truncated iNOS heme domain, lacking amino acids 1-65
(∆65 iNOSox), was also reported in that same paper (52).
This truncated mutant maintains high-affinity binding of both

Table 1: Cofactor and Metal Binding to H4B-Bound iNOSheme
a

analyte stoichiometry (per iNOShememonomer)

hemeb 0.85( 0.05 (n ) 8)
ironc 0.84( 0.09 (n ) 8)
nickel 0.03( 0.01 (n ) 8)
copper 0.006( 0.001 (n ) 8)
zinc 0.23( 0.04 (n ) 8)
H4Bd 0.86( 0.08 (n ) 7)

a Protein concentration was determined by the Bradford protein assay.
The stoichiometry in each case represents the mean of 7 or 8 different
preparations of iNOSheme, and the standard deviation for each sample
relative to the mean is shown.b Heme content was determined from
duplicate measurements of two dilutions of each sample.c Metal content
for each sample was determined in triplicate. Buffer controls contained
at most the metal concentration indicated, expressed as a percentage
of the concentration of metal in the protein samples: iron, 0.04-0.15%;
nickel, 0.6-3.4%; copper, 6-11%; zinc, 0.2-0.6%. d H4B content for
each sample was determined at least in duplicate. No H4B (or other
pterin) was detected in pterin-free iNOShemesamples, even at 100µM
concentration of iNOSheme. With a lower limit of detection for this
method of less than 0.1µM, the maximal stoichiometry of pterin bound
to pterin-free iNOSheme is 0.001.

Table 2: Spectral Characterization of iNOSheme
a

δ Soret R/â por f Fe CTb

ferric species
pterin-free ∼360 ∼421 540, 576 650
H4B-bound ∼400 514, 546c 650

arginine 396 (85.1) 514 (13.6), 546c (10.9) 650 (4.9)
NHA 396 514, 546c 650
imidazole 363 (33.2) 428 (92.3) 549 (13.3), 582c (8.1) 730 (2.0)

ferrous species
ferrous-deoxy 414 (71.1), 450c (32.6) 556 (11.5)
ferrous-CO 381d (32.2) 420c (34.0), 445 (105.4) 554 (10.9), 590c (6.5)

a The absorbance maxima (λmax) for each species are shown, with the calculated extinction coefficients (ε, in mM-1 cm-1) in parentheses. The
extinction coefficients are averages of several determinations (n ) 16 for arginine-bound andn ) 6 for all others); the standard deviation is less
than( 5% in all cases.b Porphyrin-to-iron charge-transfer band.c Shoulder.d Indicated wavelength is not the peak; actual peak position could not
be determined because of the presence of dithionite.
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arginine and the pterin cofactor. Additionally, this fragment
(residues 65-498 of iNOS) was used in crystallographic
studies to determine the structure of H4B-bound iNOSheme

(20). On the basis of these observations, the N-terminus of
the iNOS sequence (amino acids 1-75) appears not to be
essential for a native active site, consistent with sequence
alignments that show this to be a region of low homology
among the NOS isoforms.

The gel filtration step of the purification described here
partially resolves the iNOSheme bands, and thus iNOSheme

preparations can be enriched in the higher molecular weight
bands by careful pooling of the fractions from the Superdex
200 column. iNOSheme used in these studies ran on SDS-
PAGE as a mixture of the 57 kDa (85-90%) and 54 kDa
(10-15%) bands, with no detectable (<5%) 52 kDa band.
The observed N-terminal heterogeneity does not appear to
result in any functional heterogeneity in these iNOSheme

preparations.
Stoichiometry of Cofactor Binding.The ability of H4B-

reconstituted iNOSheme to bind the cofactors necessary for
catalysis was examined (Table 1).

(A) Heme and Metal Content.The heme content in all the
samples is high (0.85 per monomer). The iron content
determined by ICP/MS is 0.84 per monomer, in excellent
agreement with the heme stoichiometry, indicating that there
is no non-heme iron in these iNOSheme samples. The only
other metal species present in significant amount is zinc,
bound with a stoichiometry of 0.23 per monomer. The
presence of zinc is expected on the basis of several crystal
structures, which show a zinc tetrathiolate center at the dimer
interface of both endothelial and inducible NOS heme
domains (21-23). The exact role of the zinc in NOS is not
known, but it appears to be structural rather than catalytic
(53, 54). The stoichiometry reported here is lower (about
half) than the 0.5 per monomer predicted by the crystal-
lographic data; this low zinc content has no obvious adverse
effect on these iNOSheme preparations. A small amount of
nickel is also detected (0.03 per monomer), probably a result
of nickel binding to the His-tag during purification on the
nickel column.

(B) Pterin Content.The stoichiometry of bound H4B is
0.86 per monomer, equivalent to the heme stoichiometry.
Previous reports indicate that the pterin cofactor does not
bind to heme-free NOS (29, 55-57). We assume on the basis
of these observations that the fraction of iNOShemethat has
bound heme is able to bind the pterin cofactor, and the
remaining 15% that does not bind pterin probably represents
heme-free iNOSheme. Pterin-free preparations were also
analyzed for H4B content. No H4B (or other pterin) was
detected in these samples, even at 100µM concentration of
iNOSheme(data not shown). With a lower limit of detection
for the HPLC method of less than 0.1µM, the stoichiometry
of H4B bound to pterin-free iNOSheme is at most 0.001 per
monomer.

(C) Bradford Correction Factor.The stoichiometries
reported here were calculated using the protein concentrations
determined by the Bradford protein assay. Quantitative amino
acid analysis (QAA) was used to determine a Bradford
correction factor (protein concentration determined by Brad-
ford divided by protein concentration determined by QAA)
for iNOSheme. QAA did not detect any tryptophan (12 present
in the iNOSheme sequence) or cysteine (10 in iNOSheme)

residues, so these amino acids were excluded from the
analysis. The protein concentration by QAA was therefore
determined by summing the picomole quantities of the
individual amino acids and dividing this total by 473, the
length of iNOShemewithout the 12 tryptophans, 10 cysteines,
and the N-terminal methionine. The concentration of iNOSheme

determined by the two methods was then compared, and the
Bradford correction factor was calculated to be 1.06( 0.11
(n ) 6). This value indicates that the Bradford assay may
result in a slight overestimation of the actual iNOSheme

concentration. However, because the correction is small and
the error of both methods is∼10%, no Bradford correction
was applied.

Spectral Characterization of iNOSheme. The spectral fea-
tures of various forms of iNOShemeare summarized in Table
2. In all cases, the observed spectra are indistinguishable from
those of full-length iNOS, except for the absence of flavins
in iNOSheme.

(A) H4B-Bound and Pterin-Free iNOSheme. As is the case
with full-length NOS (34, 35), the presence of H4B has a
significant effect on the spectral properties of iNOSheme. The
spectra of both H4B-bound and pterin-free iNOShemeshow a
mixture of high- and low-spin heme, but the relative amount
of each depends on the presence of H4B. H4B-bound
iNOSheme (λmax of Soret∼400 nm) is composed primarily
(85-90%) of high-spin heme, with a small amount of low-
spin heme. In contrast, pterin-free iNOSheme(λmax ∼421 nm)
is predominantly low-spin (probably∼70%, but difficult to
estimate because the spectrum of 100% low-spin has not been
observed). Since these preparations are mixtures of heme
spin states and the relative amount of high- and low-spin
heme varies somewhat from preparation to preparation,
extinction coefficients could not be accurately determined.

(B) Effect of Substrate and Imidazole.Addition of either
arginine or NHA results in a low- to high-spin state
conversion of the heme of iNOSheme, analogous to spectral
changes caused by substrate binding to other P450 enzymes.
Upon substrate addition to H4B-bound iNOSheme, the Soret
shifts to 396 nm, indicating a complete shift to high-spin
heme. Both substrates also effect some spin-state conversion
of the heme in pterin-free iNOSheme, but to a much lesser
extent. Full conversion to high-spin heme in this case requires
the addition of H4B. Extinction coefficients were only
calculated for the arginine-bound ferric enzyme but are
expected to be similar or identical for NHA-bound iNOSheme.
The extinction coefficient for the protein absorbance at 280
nm (not shown in Table 2) is 100 600( 4 500 M-1 cm-1 (n
) 8). Imidazole binds to both H4B-bound and pterin-free
iNOSheme. The spectrum of imidazole-bound iNOSheme(λmax

428 nm) is indicative of a six-coordinate, low-spin complex,
with one of the imidazole nitrogens coordinating the heme
iron.

(C) Ferrous and Ferrous-CO iNOSheme. All of the ferric
forms of iNOSheme described above can be reduced by
dithionite, and the resulting spectrum (λmax 414 nm) is
identical in all cases. In the presence of CO, the spectrum
obtained upon addition of dithionite is that of the ferrous-
CO (P450) complex, with aλmax at 445 nm. The stability of
this complex depends to a large extent on the presence of
H4B. H4B-bound iNOSheme, in the presence or absence of
arginine, forms a stable P450 complex (unchanged after more
than 1 h), with only a shoulder at 420 nm (P420). Pterin-
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free iNOSheme, on the other hand, forms a ferrous-CO
complex with a significant P420 component that increases
over time. The exact nature of the P420 complex is not
known, but it is thought to arise from distortion or breaking
of the thiolate-heme iron bond. This effect of pterin on the
stability of the P450 complex has previously been described
(58, 59).

Substrate Binding Affinity.As described above, addition
of substrate to H4B-bound iNOShemeresults in a low- to high-
spin state conversion of the heme, as evidenced by a decrease
in absorbance at∼420 nm and an increase in absorbance at
∼382 nm in the difference spectrum. These spectral changes
are dependent on the concentration of substrate added and
were used to determine the affinity of H4B-bound iNOSheme

for both substrates. Fitting of the titration data yieldsKd

values of 5.8( 1.6µM for arginine (n ) 10) and 1.5( 0.3
µM for NHA (n ) 9). The affinity of iNOShemefor substrate
is similar to that reported for full-length iNOS, where the
Kd values were determined to be 14µM for arginine and 3
µM for NHA (33). Both substrates also bind to pterin-free
iNOSheme, but with much poorer affinity. A small spectral
change is observed on addition of 1 mM arginine, but the
resulting spectrum is still that of mostly low-spin heme.
Similar results are obtained with NHA, and aKd of 700µM
was determined for the binding of this substrate to pterin-
free iNOSheme. An effect of pterin on the binding affinity
for substrate is expected and consistent with previous
observations with full-length NOS that show cooperativity
in pterin and substrate binding and in their ability to effect
a spin-state change of the NOS heme (32-34, 60, 56).

Binding Affinity for DZPH4 and MPH4. Pterin-free iNOSheme

was titrated with the redox-stable pterin analogue, DZPH4

(Scheme 1). The addition of DZPH4 effects a low- to high-
spin shift of the heme, evidenced by a decrease in absorbance
at 423 nm and an increase at 388 nm in the difference
spectrum. In contrast to the binding of H4B (61, 62), binding
of DZPH4 to iNOSheme is complete in the time required for
mixing and does not require the presence of a thiol, as
observed for full-length iNOS (62). Fitting of the titration
data yields aKd of 80.1( 19.0µM (n ) 6). The presence
of 1 mM arginine lowers theKd about 2-fold, to 39.1( 0.4
µM (n ) 3). Arginine has previously been shown to increase
the affinity of full-length NOS for both H4B (3- to 7-fold;
32, 56) and DZPH4 (∼2-fold, 62). The lower affinity of NOS
for DZPH4 is likely due to the substitution of a methyl group
at the 6-position of the pteridine ring for the dihydroxypropyl
side-chain of H4B (58, 62).

The binding of MPH4 to pterin-free iNOSheme was also
examined. The binding of this pterin is slow and requires
the presence of a thiol. AKd for the binding of MPH4 to
pterin-free iNOShemewas not determined here, but a similar
decrease in affinity is expected for this 6-methyl substituted
pterin as observed for DZPH4.

NatiVe Molecular Weight of iNOSheme. The oligomeric state
of iNOShemewas examined by analytical gel filtration. The

standards had retention times of 5.75 min (thyroglobulin),
6.30 min (apoferritin), 7.21 min (alcohol dehydrogenase),
7.45 min (bovine serum albumin), 7.82 min (egg albumin),
and 8.36 min (carbonic anhydrase). Dimeric and monomeric
forms of iNOSheme can be separated by this method, with
dimer (apparent molecular mass of 113 kDa) eluting at 7.25
min and monomer (apparent molecular mass of 57 kDa)
eluting at 7.75 min. Both H4B-bound and pterin-free
iNOSheme, as well as the imidazole-bound (as purified)
iNOSheme, are primarily dimeric (data not shown). These
results indicate that the interactions between NOS subunits
that lead to dimerization are preserved in the isolated heme
domain. The addition of 25% glycerol to any of these forms
causes iNOSheme to elute at 6.52 min, corresponding to an
apparent molecular mass of 290 kDa. This may represent
tetrameric iNOSheme, but it is not clear whether this oligo-
meric form is relevant to NOS catalysis. Results on native
gels parallel those observed with gel filtration (not shown).

Dithionite-Dependent Enzyme Reactions.The ability of
iNOShemeto catalyze product formation from either arginine
or NHA was examined, using sodium dithionite as the
reductant.

(A) Arginine Reactions.Reactions of H4B-bound iNOSheme

containing 1 mM arginine were analyzed for product
formation (Figure 1). As expected, the primary product of
this reaction is NHA. The amount of NHA formed increases
linearly with the dithionite concentration and reaches a
maximum of 0.93 ( 0.12 equiv (NHA per iNOSheme

monomer,n ) 6) under these conditions. Maximal NHA
formation requires between 2 and 2.5 electrons per iNOSheme.
Citrulline is also formed in this reaction but only appears at
high dithionite concentrations. The maximum amount of
citrulline formed is 0.18( 0.04 equiv (n ) 4) with the
addition of 6 electrons per iNOSheme. Identical reactions with
pterin-free iNOShemewere also analyzed for product forma-
tion. No amino acid products were observed in these
reactions, even at the highest dithionite concentration used
(4 electrons per iNOSheme; data not shown).

The ability of other pterins (Scheme 1) to support this
reaction was examined, using pterin-free iNOSheme recon-

Scheme 1: Tetrahydropterin Structures

FIGURE 1: Dithionite-dependent reaction of H4B-bound iNOSheme
with arginine. After mixing the samples with oxygenated buffer to
initiate the reaction, assays contained 40µM H4B-bound iNOSheme,
1 mM arginine, and 0-120 µM dithionite. H4B-bound iNOSheme
catalyzes the formation of NHA (9); this reaction is linearly
dependent on the concentration of added dithionite. At high
dithionite concentrations, citrulline (b) is also observed. The
maximum amount of products formed in this representative
experiment was 0.88 equiv of NHA and 0.16 equiv of citrulline.
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stituted with pterin in the absence of thiol and oxygen.
DZPH4 lacks the N5 nitrogen and is stable to molecular
oxygen. It has previously been used to study the reaction of
phenylalanine hydroxylase, and has been shown to be unable
to participate in the hydroxylation of the aromatic amino acid
substrate (46). In studies with NOS, DZPH4 inhibited the
NADPH-dependent oxidation of arginine catalyzed by pterin-
deficient iNOS (binding a substoichiometric amount of H4B).
This inhibition was competitive with H4B (14). More recent
studies using the recombinant pterin-free iNOS fromE. coli
have shown that DZPH4 does not support citrulline formation
from arginine (63). DZPH4 has a methyl group at the
6-position, in place of the dihydroxypropyl side-chain found
in H4B. The identity of the side-chain has a significant effect
on the affinity of pterin binding to NOS (58, 62). For this
reason, parallel reactions were carried out with the redox-
active MPH4, which also has the 6-methyl substitution and
is expected to bind to NOS with similar affinity to that
determined for DZPH4.

The concentration of DZPH4 and MPH4 in the incubations
was 500µM, chosen on the basis of theKd for DZPH4

determined above (∼40 µM in the presence of arginine).
Identical reactions contained pterin-free iNOShemeor iNOSheme

reconstituted with H4B, DZPH4, or MPH4. The results from
this experiment are shown in Figure 2. Under the conditions
of the experiment, NHA is the sole product of these reactions,
and its formation is dependent on the concentration of
dithionite added. Only the redox-active pterins, H4B and
MPH4, support the hydroxylation of arginine. No reaction
was observed with pterin-free iNOShemeor with iNOShemein
the presence of DZPH4. The maximum amount of NHA
formed is greater with H4B (0.75 equiv) than with MPH4
(0.39 equiv). This difference in activity might indicate that
only a small amount of MPH4 is bound to iNOSheme under
these conditions; alternatively, MPH4 might be less effective
than H4B at supporting the hydroxylation of arginine.

To distinguish between these possibilities, the amount of
pterin in the reconstitution was varied from substoichiometric
to saturating concentrations (340µM for H4B, 1 mM for
DZPH4 and MPH4). Spectra recorded after the incubation

confirm that all of the pterins bind to iNOShemeunder these
conditions (Figure 3A). Addition of 1 mM DZPH4 to pterin-
free iNOSheme results in full conversion of the heme to the
high-spin state, even in the absence of thiol (λmax at 397 nm).
The spectra of iNOSheme incubated with 340µM H4B or 1
mM MPH4 are nearly superimposable (except for the spectral
contributions of the free pterin) and have a broad Soret peak
in the range of 400-420 nm. The observed spectral changes
are∼60% of the spectral shift observed when iNOSheme is
reconstituted aerobically in the presence of DTT (data not
shown), consistent with reports that a thiol is required for
complete pterin reconstitution of NOS (61, 62). Addition of
dithionite to each of these iNOShemepreparations results in
full heme reduction (λmax at 414 nm, not shown).

Figure 3B shows the dependence of product formation on
pterin concentration. The indicated pterin concentrations are

FIGURE 2: Ability of tetrahydropterins to reconstitute the activity
of pterin-free iNOSheme. Reactions contained 33µM iNOSheme, 1
mM arginine, and 0-66 µM dithionite. Pterin-free iNOShemewas
reconstituted under anaerobic conditions with the indicated tet-
rahydropterins. In the presence of 100µM H4B (9) or 250 µM
MPH4 ((), pterin-free iNOShemecatalyzes the formation of NHA.
No products were observed in reactions of pterin-free iNOSheme
(b) or those containing 250µM DZPH4 (2). Concentrations given
are those after mixing with oxygenated buffer.

FIGURE 3: (A) Effect of tetrahydropterins on the spectrum of pterin-
free iNOSheme. Pterin-free iNOSheme(15 µM) was incubated under
anaerobic conditions with pterin and 1 mM arginine. Spectra were
recorded after 2 h incubation time; a 0.1-cm path length cuvette
was used to avoid dilution of the samples, which might result in
dissociation of the bound pterin. Pterin-free iNOSheme incubated
with buffer alone (shaded spectrum) has aλmax at 420 nm, indicative
of mostly low-spin heme. Addition of DZPH4 (1 mM) results in
the greatest spectral change, with a full shift of the heme to high-
spin (dashed spectrum,λmax at 397 nm). Samples containing 1 mM
MPH4 or 340µM H4B have nearly identical spectra (solid spectra),
with a broad Soret peak between 400 and 420 nm. This spectrum
corresponds to∼60% high-spin heme. (B) Dependence of the
arginine reaction on pterin concentration. Pterin-free iNOShemewas
incubated under anaerobic conditions for 2 h with various concen-
trations of pterin. Reactions contained 40µM iNOSheme, 1 mM
arginine, 40µM dithionite, and 0-500µM of the indicated pterin.
DZPH4 (2) is unable to support the hydroxylation of arginine, even
at concentrations where a full spectral shift is observed. NHA is
formed in the presence of either H4B (9, 0.65 equiv) or MPH4 ((,
0.39 equiv); the reaction is dependent on the pterin concentration.
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those after mixing with oxygenated buffer, with all reactions
containing 40µM iNOShemeand 40µM dithionite (2 electrons
per iNOSheme). As reported above, no product was formed
in reactions containing DZPH4. In the presence of H4B or
MPH4, NHA formation increases with the pterin concentra-
tion before reaching saturation. Saturation with H4B is
reached at 40µM of added pterin, and the maximum product
formed is 0.65 equiv (NHA per iNOSheme). Saturation with
MPH4 requires 200µM pterin, and the maximum product
formed is 0.42 equiv. Taken together with the spectral data,
which show that H4B and MPH4 bind to the same extent in
this experiment, these results indicate that the difference in
activity between the two pterins is not due to differences in
their binding to iNOSheme.

(B) NHA Reactions.Similar dithionite-dependent reactions
were carried out in the presence of 1 mM NHA. As with
the arginine reactions, product formation in this case also
requires dithionite (Figure 4). The sole amino acid product
of NHA oxidation for H4B-bound iNOShemeis citrulline. The
amount of citrulline formed increases linearly with the
dithionite concentration and reaches a maximum between 2
and 2.5 electrons added per iNOSheme. The maximum amount
of citrulline formed under these conditions is 0.83( 0.08
equiv (citrulline per iNOSheme, n ) 8). The oxidation of NHA
catalyzed by pterin-free iNOShemeleads to different products
than those observed with H4B-bound iNOSheme. Citrulline is
formed, but it is no longer the sole amino acid product. The
predominant product of the reaction is CN-orn, and a third
amino acid is also formed. This amino acid (retention time
of 6.9 min) has previously been observed in the peroxide-
dependent oxidation of NHA catalyzed by iNOSheme(A. R.
Hurshman and M. A. Marletta, unpublished results). Its
identity has not been conclusively determined, but coupled
HPLC/MS analysis of the reaction products suggests that it
may represent a dihydroxylated arginine species (A. R.
Hurshman and M. A. Marletta, unpublished results). Al-
though the identity of the amino acid products differs in the

pterin-free reaction, the amount of product formed (sum of
the three amino acids) is similar. Maximum product forma-
tion in the pterin-free reaction is 0.75( 0.01 equiv (amino
acid product per iNOSheme, n ) 4) and requires between 2
and 2.5 electrons added per iNOSheme.

Reaction mixtures were also analyzed for the inorganic
product of NHA oxidation.•NO was detected by chemilu-
minescence, which is very sensitive and specific for•NO.
The headspace of the reaction vials was analyzed for•NO
formation because•NO formed in these reactions rapidly
partitions to the gas phase, and injections from the aqueous
phase gave a much lower signal. Maximal•NO concentration
was detected when the headspace was sampled within 1 min
of mixing with oxygenated buffer. Analysis of the reactions
of H4B-bound and pterin-free iNOSheme is shown in Figure
5. Although•NO is easily detected in the reactions of H4B-
bound iNOSheme, the signal observed for identical reactions
with pterin-free iNOSheme is small. At most, this signal
represents 5% of that observed for H4B-bound iNOSheme. The
inorganic product of the pterin-free reaction is probably NO-

rather than•NO, as previously reported for the NADPH-
dependent oxidation of NHA by pterin-free iNOS (35).

The inorganic product was quantified as NO2
-/NO3

-, the
stable decomposition products of•NO. Previous results from
our laboratory have shown that NO- formed either in the
peroxide-dependent reaction of H4B-bound iNOS (17, 18)
or in the NADPH-dependent reaction of pterin-free iNOS
(35) can also be converted to NO2

-/NO3
-. The products of

the dithionite-dependent reactions of iNOSheme with NHA
are shown in Figure 6. The maximum amount of NO2

-/NO3
-

formed in the H4B-bound iNOShemereaction is 0.56( 0.11
equiv (NO2

-/NO3
- per iNOSheme, n ) 6), and the stoich-

iometry of amino acid to inorganic product varies from 1.5:1
to 2:1 (Figure 6A). This observed stoichiometry is higher
than the expected 1:1 for the formation of citrulline and•NO
and can be explained by escape or incomplete conversion
of gaseous•NO to its aqueous decomposition products. The
maximum amount of NO2-/NO3

- detected in the reactions
of pterin-free iNOSheme is 0.38( 0.06 equiv (n ) 2), and
the stoichiometry of amino acid to inorganic product in this
reaction ranges from 2:1 to 2.5:1 (Figure 6B). NO- is not
volatile, but it can decompose by dimerization and dehydra-
tion to form N2O (64, 65). Analysis of NO2

-/NO3
- alone is

likely to underestimate the total amount of NO- formed;

FIGURE 4: Dithionite-dependent reaction of iNOShemewith NHA.
Reaction mixtures contained 40µM iNOSheme, 1 mM NHA, and
0-80 µM dithionite. Both H4B-bound and pterin-free iNOS heme
domain catalyze NHA oxidation under these conditions, and product
formation in both cases is dependent on the concentration of added
dithionite. With H4B-bound iNOSheme (solid symbols), the sole
amino acid product is citrulline (b). Pterin-free iNOSheme (open
symbols) catalyzes the formation of a mixture of products: CN-
orn (0), citrulline (O), and an unidentified amino acid (4). The
maximum amount of amino acid product formed in this representa-
tive experiment was 0.83 equiv for the H4B-bound reaction and
0.77 equiv for the pterin-free reaction.

FIGURE 5: •NO formation from dithionite-dependent NHA oxida-
tion. Reactions containing 40µM iNOSheme, 1 mM NHA, and 40
µM dithionite were analyzed for the presence of•NO. Injections
(50-100 µL) were made from the headspace of the reaction vials
immediately after oxygenation. The upper chromatogram shows
the formation of•NO in the reaction catalyzed by H4B-bound
iNOSheme; peak 1 corresponds to a 100µL injection, and peak 2 is
a 50µL injection from the same reaction. In contrast,•NO is not
formed in the reaction of pterin-free iNOShemewith NHA (100 µL,
peak 3). The small peak observed represents at most 5% of the
signal observed with H4B-bound iNOSheme.
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reactions were not analyzed for N2O. Another factor to
consider in the pterin-free reaction is that∼25% of the amino
acid formed is an unidentified product. If this product is a
dihydroxylated amino acid, the expected stoichiometry of
products would be∼1.3:1 (assuming 1:1 stoichiometry for
the citrulline and CN-orn formed, and no inorganic product
for the unknown).

Dithionite Titrations. iNOSheme was titrated with sodium
dithionite to determine the number of electron equivalents
required to fully reduce iNOShemeunder various conditions.

(A) H4B-bound iNOSheme. Titrations of H4B-bound iNOSheme

were carried out both in the absence of substrate and in the
presence of 1 mM either arginine or NHA. Figure 7 is a
representative titration of H4B-bound iNOShemein the pres-
ence of arginine. Similar results were also obtained with
NHA and in the absence of substrate (not shown). Upon
addition of sodium dithionite, the spectrum of iNOShemeshifts
from the high-spin ferric form (λmax at 396 nm) to the ferrous
species (λmax at 414 nm). Several intermediate spectra are
shown (Figure 7A), and the arrows indicate the direction of
the spectral changes with increasing dithionite. The difference
spectra show a decrease at 383 nm and concomitant increase
at 442 nm upon reduction, and the absorbance changes at

these two wavelengths are plotted as a function of electron
equiv added (Figure 7B). Full reduction requires 2 to 2.5
electrons per iNOSheme; the addition of more dithionite results
in an increase in absorbance at 314 nm (excess dithionite
present) with no further changes in the heme Soret. Since
the heme cofactor can only be reduced by one electron, any
additional electrons must be reducing another site on the
enzyme, perhaps the pterin cofactor or a protein disulfide.
The spectral changes observed are linear over almost the
entire course of the titration, indicating that both iNOSheme

redox sites are being reduced simultaneously by dithionite
or that there is rapid equilibration between the two sites. The
number of electrons required for full reduction of H4B-bound
iNOShemevaries from 2 to 2.5, suggesting a variable amount
of oxidation of protein thiols or the pterin cofactor in different
enzyme preparations.

FIGURE 6: Stoichiometry of amino acid and inorganic product in
the dithionite reaction of iNOShemewith NHA. Reactions contained
40 µM iNOSheme, 1 mM NHA, and 0-80 µM dithionite. The sum
of amino acid products (() and NO2

-/NO3
- (1) are shown as a

function of electron equiv. (A) The stoichiometry of amino acid to
inorganic product varies from 1.5:1 to 2:1 in reactions of H4B-
bound iNOSheme. The maximum amount of NO2-/NO3

- formed is
0.56 equiv. (B) With pterin-free iNOSheme, the inorganic product
of the reaction is also detected as NO2

-/NO3
-, even though•NO

is not formed. The stoichiometry of amino acid to inorganic product
varies from 2:1 to 2.5:1, with a maximum of 0.38 equiv NO2

-/
NO3

-.

FIGURE 7: Dithionite titration of H4B-bound iNOSheme in the
presence of arginine. This representative titration contained 20.5
µM H4B-bound iNOSheme, 1 mM arginine, 250µM PCA, and 1.2
U PCD in 1.5 mL total volume. (A) Upon addition of sodium
dithionite to the sample, the spectrum of iNOShemeshifts from the
high-spin ferric form (λmax at 396 nm) to the ferrous species (λmax
at 414 nm). Several intermediate spectra are shown, and the arrows
indicate the direction of the spectral changes with increasing
dithionite. The calculated difference spectra show a decrease at 383
nm and concomitant increase at 442 nm upon reduction (not shown).
Smaller changes are also observed at 511, 566, and 650 nm. (B)
The absorbance changes at 383 and 442 nm are plotted as a function
of electron equiv added. The number of electrons required to fully
reduce the heme of iNOShemewas determined from the intersection
of two lines drawn through the data points, one line representing
the slope of the reduction curve and the second line drawn through
the absorbance value reached upon full reduction. Full reduction
in this experiment required 2.0 electrons; the addition of more
dithionite results in an increase in absorbance at 314 nm (excess
dithionite present) with no further changes in the heme Soret.
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(B) Pterin-Free iNOSheme. Figure 8 shows a titration of
pterin-free iNOShemein the absence of substrate. The initial
spectrum has an absorbance maximum at 421 nm (Figure
8A). Upon addition of dithionite, the spectrum shifts from
this predominantly low-spin ferric species to the same ferrous
form observed with H4B-bound iNOSheme(λmax at 414 nm).
Maximal changes in the difference spectra occur at 425 and
455 nm; the absorbance changes at these two wavelengths
are plotted in Figure 8B as a function of electron equiv added.
In contrast to the reduction of H4B-bound iNOSheme, full
heme reduction for pterin-free iNOSheme requires only 1 to
1.5 electrons per iNOSheme. Excess dithionite (λmax at 314
nm) is apparent in the spectra at higher dithionite concentra-
tions, and no further changes in the heme Soret are observed.
Similar results were obtained with pterin-free iNOSheme in
the presence of 1 mM arginine or NHA (data not shown).
Titrations in the presence of substrate were complicated by

the heterogeneity of these samples, since the addition of
substrate to pterin-free iNOShemeresults in only a partial shift
to high-spin, and the spectral changes upon reduction differ
depending on the spin state of the heme.

Dependence of Product Formation on Reduction of
iNOSheme. Product formation in the reactions described above
(Figures 1, 2, and 4) and reduction of iNOSheme(Figures 7
and 8) both show a linear dependence on the concentration
of added dithionite. The data from these experiments were
replotted, to directly compare product formation with iNOSheme

reduction. The amount of product formed at each concentra-
tion of dithionite was plotted vs the extent of reduction of
iNOShemedetermined from the titration curves at the corre-
sponding dithionite concentration.

(A) Arginine Reactions.The amount of NHA formed in
reactions of H4B-bound and pterin-free iNOSheme as a
function of iNOShemereduction is shown in Figure 9A. For
H4B-bound iNOSheme, there is a clear correlation between
product formation and the extent of iNOShemereduction. The
data points shown correspond to dithionite concentrations
up to 2 electrons per iNOSheme, where reduction and product
formation are substoichiometric relative to iNOSheme. Linear
regression of these data points gives a slope of 0.89( 0.01,
suggesting that the theoretical product stoichiometry is 1
equiv of NHA per reduced iNOSheme. At higher dithionite
concentrations, where iNOShemeis fully reduced but excess
reducing equivalents are present, a linear relationship is no
longer observed (product formation continues to increase
slightly, but the extent of reduction cannot be higher than
1.0). A similar plot of the pterin-free iNOShemedata is also
shown in Figure 9A. The slope of this line is 0, since no
NHA is observed in the pterin-free iNOShemereactions, even
when iNOSheme is fully reduced.

(B) NHA Reactions.Data were similarly plotted for the
reactions with NHA as the substrate. Figure 9B shows the
dependence of product formation on iNOShemereduction in
both H4B-bound and pterin-free iNOSheme. Product formation
for H4B-bound iNOSheme refers to citrulline only, whereas
that for pterin-free iNOShemerepresents the sum of the three
amino acid products. The data points shown are only those
where no excess dithionite was present. Linear regression
of the data gives a slope of 0.83( 0.03 for H4B-bound
iNOShemeand a slope of 0.53( 0.02 for pterin-free iNOSheme.
The slope of the H4B-bound data is similar to that obtained
for the arginine reaction, suggesting that the theoretical
stoichiometry of product formation in the NHA reaction is
probably 1 equiv of citrulline per reduced iNOSheme. The
significantly lower slope determined for the pterin-free
reactions indicates that the expected product stoichiometry
in this reaction is only 0.5 amino acid product per reduced
iNOSheme.

DISCUSSION

We have used iNOShemeto examine the mechanism of both
steps of the NOS reaction. The heme domain of iNOS was
expressed inE. coli and purified by a three-column proce-
dure. Characterization of the heterologously expressed
iNOShemeshows it to behave in all respects like full-length
iNOS. In particular, the heme environment is indistinguish-
able from that of iNOS, the substrate- and pterin-binding
sites appear intact, and the domain is able to form a stable

FIGURE 8: Dithionite titration of pterin-free iNOShemein the absence
of substrate. This representative titration contained 23.1µM H4B-
bound iNOSheme, 250 µM PCA, and 1.2 U PCD in 1.5 mL total
volume. (A) Upon addition of dithionite, the spectrum shifts from
the predominantly low-spin ferric species (λmax at 421 nm) to the
same ferrous form observed with H4B-bound iNOSheme(λmax at 414
nm). Several intermediate spectra are shown, and the arrows indicate
the direction of the spectral changes with increasing dithionite. The
calculated difference spectra show a decrease at 425 nm and
concomitant increase at 445 nm upon reduction (not shown).
Smaller changes are also observed at 355, 560, and 650 nm. (B)
The absorbance changes at 425 and 445 nm are plotted as a function
of electron equiv added. The number of electrons required to fully
reduce the heme of iNOShemewas determined from the intersection
of the line representing the initial slope of the reduction curve and
the line drawn through the absorbance value reached upon full
reduction. Full reduction in this experiment required 1.3 electrons;
the addition of more dithionite results in an increase in absorbance
at 314 nm (excess dithionite present) with no further changes in
the heme Soret.
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dimer. BecauseE. coli have no endogenous H4B, iNOSheme

is isolated without any bound pterin but can be readily
reconstituted with H4B or other pterins. Both pterin-bound
and pterin-free forms of iNOShemewere used in these studies
to investigate the role of H4B in the enzyme reaction.

We examined the ability of iNOSheme to catalyze the
hydroxylation of arginine and the oxidation of NHA. In the
absence of the reductase domain and its bound flavin
cofactors, iNOShemecannot accept electrons from NADPH,
so reactions were carried out with sodium dithionite as the
reductant. The rapid reaction of dithionite with oxygen
precludes studying the dithionite-dependent reactions of

iNOSheme under normal assay conditions, since both the
oxygen and the dithionite necessary for catalysis would be
depleted. Instead, the dithionite-dependent reactions of
iNOShemeare effectively single turnover experiments, where
iNOShemeis reduced anaerobically and subsequently oxygen-
ated to initiate the reactions. H4B-bound iNOShemecatalyzes
both steps of the NOS reaction under these conditions,
hydroxylating arginine to NHA, and converting NHA to
citrulline and •NO. Both reactions are dependent on the
addition of dithionite, requiring between 2 and 2.5 electron
equivalents to form 1 equivalent of product.

Hydroxylation of arginine by iNOShemeshows an absolute
dependence on the presence of a bound, reduced pterin. This
requirement for pterin is consistent with previous reports that
pterin-free iNOS does not catalyze an NADPH-dependent
reaction with arginine (35). Furthermore, it appears that the
function of H4B in this step of the NOS reaction is dependent
on the redox properties of the pterin. Only the redox-active
pterins used in this study (H4B and MPH4) are able to support
catalysis. DZPH4, which is stable to molecular oxygen, does
not support the reaction with arginine. Several alternative
explanations for these data can be ruled out. Although the
affinity of binding of both biopterin analogues is significantly
lower than that of H4B for NOS, the spectral studies indicate
that all of the pterins used are able to bind to iNOShemeunder
the experimental conditions. In fact, the extent of binding
of the pterins following anaerobic reconstitution does not
correlate with their ability to support the hydroxylation of
arginine. DZPH4 binding to iNOSheme is fast and effects a
complete shift of the heme to the high-spin state, but the
DZPH4-bound iNOShemedoes not form any NHA. In contrast
to that result, H4B and MPH4 cause a smaller spectral change
upon binding to iNOSheme, suggesting that the pterin-binding
site is not fully occupied in these samples. However, both
H4B- and MPH4-bound iNOShemecan hydroxylate arginine.
A second concern is the effect of each pterin on the redox
potential of the heme cofactor. H4B is reported to cause an
increase of 52 mV in the midpoint potential of the heme of
iNOSheme(36), and other pterins may have a similar effect.
Modulation of the heme potential by the various pterins was
not directly examined in these experiments, but full reduction
of all of the iNOShemesamples was observed in the presence
of dithionite (2 electrons per iNOSheme). It is thus unlikely
that effects of the pterin on heme reduction are responsible
for the observed differences in activity.

A comparison of the binding and activity of the three
pterins examined here gives some clues regarding the
essential features of the pterin structure required for NOS
catalysis. The substituent at the 6-position is important for
high-affinity binding of the pterin cofactor to NOS. Replace-
ment of the native dihydroxypropyl side-chain present in H4B
with a methyl group (MPH4 and DZPH4) causes a significant
decrease in binding affinity, consistent with earlier reports
(58, 62). Additionally, MPH4 has lower activity (∼ 65%)
than H4B in the arginine reactions, even when each pterin is
present at saturating concentrations. This result suggests that
the dihydroxypropyl side-chain is required for efficient
function of the pterin cofactor, perhaps by optimally orienting
the pterin in the active site. However, the key determinant
of pterin activity in these reactions is the presence of a
nitrogen atom at the 5-position of the pterin ring. This
nitrogen is essential for the redox properties of the pterin

FIGURE 9: Dependence of product formation on iNOShemereduction.
Dithionite assays and titrations were carried out as described in
the Experimental Procedures. Product formation at a given dithionite
concentration (from dithionite assays) was plotted vs the extent of
reduction calculated from spectra obtained at the corresponding
dithionite concentration (from titrations). (A) Arginine reactions.
NHA formation in reactions containing 1 mM arginine is shown
for either H4B-bound (b) or pterin-free (O) iNOSheme at various
fixed concentrations of dithionite (corresponding to 0, 0.6, 1.1, 1.5,
and 2.1 electron equiv for H4B-bound reactions and 0, 0.5, 1.0,
and 1.5 electron equiv for pterin-free reactions). NHA formation
in reactions of H4B-bound iNOSheme shows a linear dependence
on iNOSheme reduction; the slope of the line is 0.89( 0.01. The
identical plot for pterin-free iNOShemehas a slope of 0, because no
NHA is formed in these reactions, even when iNOSheme is fully
reduced. (B) NHA reactions. Reactions of H4B-bound (b) or pterin-
free (O) iNOSheme contained 1 mM NHA and various fixed
concentrations of dithionite (corresponding to 0, 0.5, 1.0, 1.5, and
2.0 electron equiv for H4B-bound reactions and 0, 0.5, 1.0, and 1.5
electron equiv for pterin-free reactions). Product formation in both
of these reactions shows a linear dependence on iNOShemereduction.
The product of NHA oxidation by H4B-bound iNOShemeis citrulline;
linear regression of the data points gives a slope of 0.83( 0.03.
Product in the pterin-free reactions is plotted as the sum of the
three amino acid products; the slope of the line through these data
is 0.53( 0.02.
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cofactor, and replacement of N5 with a methylene group (as
in DZPH4) results in a pterin that is stable to molecular
oxygen. This substitution also completely abolishes activity
of the pterin in the arginine reaction of iNOSheme, suggesting
that this reaction requires a redox-active pterin. There is no
structural information available to date concerning the
binding of either MPH4 or DZPH4 to NOS, so it is not clear
how these substitutions may affect the hydrogen bonding
interactions and the overall structure of the NOS active site.
Although the redox properties of the pterin appear to be
essential for NOS catalysis, conclusive interpretation con-
cerning the importance and the function of N5 of the pterin
requires additional structural data.

The stoichiometry of product formation relative to dithion-
ite-derived electrons (0.93 equiv of NHA formed in the
presence of 2 to 2.5 electron equiv) in the arginine reaction
of H4B-bound iNOSheme is lower than expected. The hy-
droxylation of arginine requires two electrons, but if the
pterin cofactor provides any reducing equivalents in this
reaction, as suggested by the requirement for a redox-active
tetrahydropterin, the number of dithionite-derived electrons
required for one turnover should be less than 2. Reductive
titrations of H4B-bound iNOShemewith dithionite indicate that
2 to 2.5 electrons are apparently required to fully reduce the
heme. The heme cofactor itself can only be reduced by one
electron, so any additional electrons must be reducing another
site on the enzyme. Full reduction of pterin-free iNOSheme

only requires 1 to 1.5 electrons; therefore, it seems likely
that some pterin oxidation occurs during preparation of H4B-
bound iNOSheme samples. However, pterin oxidation alone
cannot explain the titration results, since reduction of pterin-
free samples also requires more than 1 electron. The most
likely explanation for these observations is provided by
crystallographic data of the NOS heme domain in the absence
of any bound zinc (26, 23). These structures show an
intersubunit disulfide bond between two of the cysteine
ligands from the zinc tetrathiolate site. Our iNOShemesamples
are zinc deficient (0.46 per dimer). If cysteine oxidation
occurs in the absence of bound zinc to form an intersubunit
disulfide bond, this could account for up to 0.5 electron equiv
per iNOSheme monomer (up to 0.5 disulfide per dimer, or
0.5 electron per monomer). There is no difference in catalytic
activity between zinc-bound and zinc-free NOS preparations
(53, 54). However, variable oxidation of the bound pterin
cofactor and of protein thiols in different enzyme preparations
may account for differences in the stoichiometries (0.2-0.8
equiv of NHA formed in the presence of 1 electron equiv)
previously reported for dithionite-dependent reactions (41,
66). In this study, we have directly compared product
formation in the dithionite-dependent reactions with the
titration data to determine the product stoichiometry. The
observed dependence of NHA formation on iNOShemereduc-
tion (see Figure 9A) clearly demonstrates that fully reduced
H4B-bound iNOSheme (pterin cofactor as H4B and heme
cofactor as FeII) can catalyze the formation of 1 equiv of
NHA in the absence of any additional electrons from
dithionite.

These results suggest that the pterin cofactor does indeed
provide reducing equivalents for the hydroxylation of argi-
nine. One possible role for the reduced pterin is that it directly
catalyzes the hydroxylation of arginine to NHA in a reaction
analogous to that proposed for the aromatic amino acid

hydroxylases (see refs67-70). Although this type of pterin-
dependent reaction has been proposed for NOS (27, 28, 14),
the ability of several N5-substituted H4B analogues to support
NOS turnover suggests that the role of H4B in NOS is
different from that in other pterin-utilizing enzymes (71, 72).
There is evidence that H4B is involved in single electron
transfer to the NOS heme, leading to the formation of a pterin
radical (41, 73, 74). The involvement of the pterin in electron
transfer in NOS was first proposed on the basis of differences
in the spectral decay of the FeIIO2 complex of nNOS in the
presence and absence of H4B (40). Furthermore, a compari-
son of the structural features of the pterin-binding site of
NOS to those of other pterin-dependent enzymes reveals
unique hydrogen-bonding interactions that may stabilize a
pterin radical (21). A pterin radical (H3B•) has been directly
observed upon reaction of reduced iNOSheme with oxygen
in the presence of arginine, using rapid freeze-quench EPR
techniques (41). The radical forms under conditions where
arginine hydroxylation also occurs; in fact, 0.8 NHA was
formed per iNOSheme in reactions where the radical ac-
cumulated to 80% of the total iNOSheme, suggesting that H3B•
may be an integral part of NOS catalysis. Two other reports
have since appeared, confirming the formation of a pterin
radical in reactions with the heme domain of nNOS (73)
and iNOS (74). The latter paper further demonstrates that
H3B• formation precedes the appearance of NHA in these
reactions.

The results presented here provide additional support for
the involvement of H4B in electron transfer in the hydroxyl-
ation of arginine (Scheme 2). In this model, the first electron
to reduce iNOSheme comes from dithionite. Following the
reaction of reduced heme with oxygen, a second electron is
required to form the ferric-(hydro)peroxo species. In the
reactions described here with iNOSheme, the second electron
would come from the pterin, forming a pterin radical that
subsequently requires reduction prior to the next turnover.
Protonation of the FeIIIOO(H) complex followed by O-O
bond scission leads to the formation of the FeVdO species,
which can hydroxylate arginine. This model explains the
absolute dependence of arginine hydroxylation on H4B,
particularly for full-length NOS. If H4B is in the electron
transfer pathway from the flavins to the heme, reduction of
the heme may not occur efficiently in the pterin-free enzyme.
This would account for the lack of reactivity of pterin-free
iNOS with arginine, as well as the slow rate of NADPH-
dependent heme reduction observed in pterin-free iNOS (35).
However, the model does not fully explain why pterin-free
iNOShemeis unable to catalyze the hydroxylation of arginine

Scheme 2: Model for the Hydroxylation of Arginine by
NOS
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in the presence of dithionite. It might be expected that
dithionite should be able to provide both electrons to directly
reduce the heme cofactor of iNOSheme, even in the absence
of H4B. A recent paper reports the formation of citrulline
and NO- from arginine in an NADPH-dependent reaction
of pterin-free nNOS (75). This reaction is highly uncoupled,
requiring 16 mol of NADPH to form 1 mol of citrulline (or
32 electron equiv for 1 equiv of citrulline). The authors argue
that the observed uncoupling results from inefficient electron
transfer to the FeIIO2 complex in the absence of H4B. Electron
transfer from dithionite to the FeIIO2 complex of iNOSheme

may also be slow or inefficient and may account for the
observed lack of reactivity of pterin-free iNOSheme with
arginine.

Dithionite reactions with NHA as the substrate demonstrate
a role for pterin in this step as well. While the products of
NHA oxidation by H4B-bound iNOSheme are citrulline and
•NO, pterin-free iNOSheme instead catalyzes the formation
of citrulline, CN-orn, an unidentified amino acid, and NO-.
This reaction is similar to that previously characterized for
pterin-free iNOS, where the products of NADPH-dependent
NHA oxidation are citrulline, CN-orn, and NO- (35). The
stoichiometry of product formation relative to the dithionite

concentration (0.83 equiv of citrulline in the presence of 2
to 2.5 electron equiv) for H4B-bound iNOShemeis similar to
that reported above for the arginine reactions. Reductive
titrations with dithionite in the presence of NHA indicate
that full reduction of the heme of iNOShemealso requires 2
to 2.5 electrons. Together these data clearly demonstrate that
product formation is dependent on iNOShemereduction (see
Figure 9B) and that 1 equiv of citrulline is formed by fully
reduced H4B-bound iNOSheme(with H4B and FeII heme) in
the absence of any additional electrons from dithionite.

This observation is consistent with our proposal that the
ferrous-dioxygen complex catalyzes the oxidation of NHA
to citrulline and•NO (2). In this proposed mechanism, the
second electron for heme reduction comes (perhaps as a
hydrogen atom) from NHA, forming•NHA and FeIIIOOH
(Scheme 3A). The resulting FeIIIOOH undergoes a nucleo-
philic reaction with•NHA to form a tetrahedral intermediate
that decomposes to citrulline and•NO. To date,•NHA has
not been detected in any reactions of NOS with NHA, so
there is no direct evidence for this mechanism. Alternatively,
the second electron might come from H4B (Scheme 3B), as
it does in the arginine reaction. This possibility has recently
been discussed in several papers (73, 76, 75), which propose
a role for H4B in electron transfer in both steps of the NOS
reaction. In rapid freeze-quench EPR experiments, H3B• only
accumulated to 2.8% of the total iNOSheme in the presence
of NHA; under these same conditions 0.6 citrulline was
formed per iNOSheme (41). Although only a small amount
of H3B• was observed in the oxidation of NHA to citrulline,
we cannot exclude the possibility that H3B• forms transiently
as an intermediate in this reaction. If H3B• does form in this
reaction, it must undergo a subsequent 1-electron reduction
for the reaction to yield the correct products (•NO rather
than NO-) with the observed stoichiometry. Scheme 4 shows
two pathways by which this might occur. A tetrahedral
intermediate is formed by nucleophilic reaction of FeIIIOOH

Scheme 3: Models for the Oxidation of NHA by NOSa

a Alternative models are shown for the oxidation of NHA, involving
either (A) NHA or (B) H4B as the source of the second electron for
the reaction

Scheme 4: Proposed Electron Transfer Role for H4B in the Oxidation of NHA
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with NHA. Path (i) shows one-electron oxidation of the
tetrahedral intermediate by H3B•, regenerating the reduced
pterin (H4B). Subsequent collapse of the oxidized intermedi-
ate releases•NO and citrulline. In path (ii), the products of
the reaction are citrulline and NO- (shown as HNO), which
is then oxidized by H3B• to form •NO. This second pathway
requires that NO- be efficiently trapped by H3B• before it
leaves the active site and seems less likely than path (i). A
third pathway (not pictured in Scheme 4) involves oxidation
of NO- to •NO by the heme cofactor (73, 76, 75). The
resulting FeIINO complex would then be oxidized by H3B•
to FeIIINO, accounting for the observation of an FeIIINO
species in NHA reactions of nNOS (66, 73, 75) and eNOS
(76). However, the FeIIINO complex is not observed in
similar stopped-flow experiments with iNOSheme (A. R.
Hurshman and M. A. Marletta, unpublished results), and it
is therefore not clear whether this species is an intermediate
in the NOS reaction. Any of these three pathways regenerates
the reduced pterin cofactor (H4B) and leads to the same
products, citrulline and•NO. The data presented here do not
distinguish among these three possibilities.

The products of the pterin-free reaction are reminiscent
of the peroxide-dependent oxidation of NHA (17, 18). In
both cases, the formation of NO- coincides with a mixture
of amino acid products. NO- is one-electron reduced as
compared with the normal NOS reaction product,•NO. Its
formation in this reaction indicates that pterin-free iNOSheme

catalyzes a two-electron oxidation of NHA rather than the
three-electron oxidation observed in reactions of H4B-bound
iNOSheme. Another difference between the reactions in the
presence and absence of H4B is evident in the stoichiometry
of product formation. The maximal amount of product
formed in both reactions is similar (0.75 equiv of amino acid
product for the pterin-free reaction and 0.83 equiv of
citrulline for the H4B-bound reaction) and requires the
addition of 2 to 2.5 electron equiv. However, titrations of
pterin-free iNOShemeindicate that full reduction of the enzyme
only requires 1 to 1.5 electrons. Product formation by pterin-
free iNOShemehence shows a linear dependence on the extent
of reduction (see Figure 9B), but only 0.5 equiv of product
is formed when iNOShemeis fully reduced. Additional product
can be formed when excess dithionite is present in these
reactions, but the stoichiometry of product formation relative
to the extent of reduction provides evidence that both
electrons for the oxidation of NHA by pterin-free iNOSheme

come from dithionite. These results are consistent with the
involvement of H4B in electron transfer in NHA oxidation,
as shown in Scheme 3B. The second electron, normally
provided by the pterin cofactor in H4B-bound iNOSheme,
would instead come from dithionite in the pterin-free
iNOSheme reaction. The same tetrahedral intermediate pro-
posed in Scheme 4 would result in both cases, but in the
absence of H4B, it would decompose to products without
undergoing the proposed 1-electron oxidation by H3B•. The
overall reaction would thus be a two-electron oxidation of
NHA, with NO- as the inorganic product. The observed
products can also be explained by an indirect role for pterin
in modulating whether the second electron comes from NHA
(when H4B is bound) or from dithionite or the reductase
domain (in the absence of H4B). This could be attributed to
indirect effects of H4B on the active-site structure, heme
environment, or substrate binding. In particular, disruption

of NHA binding would likely prevent electron transfer from
NHA to the heme, thereby explaining the formation of NO-.

The identity of the amino acid product of NHA oxidation
is also different in the pterin-free reaction. The mixture of
urea and cyanamide amino acid products is similar to what
is observed for oxidation reactions ofN-hydroxyguanidines
catalyzed by cytochrome P450 (77-79). In these reactions,
where the substrate may not be well positioned to react with
FeIIIO2• directly, oxidation is proposed to occur by reaction
with superoxide dissociated from the P450 heme (80, 81).
The possible involvement of superoxide in the reaction of
pterin-free iNOShemewas not investigated here, although there
are conflicting reports in the literature concerning whether
superoxide is involved in the oxidation of NHA catalyzed
by pterin-free NOS (75, 82). The active oxidant in the pterin-
free reaction could also be either the FeIIIOOH proposed for
the reaction of H4B-bound NOS with NHA or the FeVdO
species involved in arginine hydroxylation. Mechanisms to
account for the formation of CN-orn have involved FeVdO,
with oxygen atom insertion into the CdN bond of NHA to
form an oxaziridine intermediate (18). However, the same
oxaziridine intermediate can also be obtained following a
nucleophilic reaction of FeIIIOOH with NHA. This interme-
diate could subsequently break down to form citrulline, CN-
orn, and NO-, as well as a dihydroxylated product. Although
the details of this reaction are not well understood, a
comparison of the NHA oxidation reactions catalyzed by
pterin-free iNOShemeand H4B-bound iNOShemesuggests that
they proceed by different mechanisms.

The data presented here support a role for H4B in both
steps of the NOS reaction. The absolute dependence of the
first step on a redox-active, reduced pterin suggests a redox
role for H4B in the hydroxylation of arginine. Stoichiometric
product formation in reactions of iNOShemeunder conditions
where a pterin radical has been directly observed provides
strong evidence that H4B is involved in electron transfer.
Specifically, H4B would provide the second electron to
reduce the ferrous-dioxygen complex in the arginine reac-
tion. This proposal is further supported by the observation
that fully reduced iNOShemecatalyzes the formation of one
equivalent of NHA in the absence of additional electrons
from dithionite. H4B is also required in the oxidation of NHA
and determines the reaction products. The nature of the
involvement of H4B in this reaction is less clear, since only
a small amount of pterin radical signal has been observed in
the presence of NHA. The influence of H4B on the heme
redox potential, reactivity of the ferrous-dioxygen complex,
NHA binding affinity and perhaps orientation, and active-
site stabilization might all contribute to the effect of pterin
on the reaction products. However, the role of pterin in this
step is likely to also be in electron transfer, since the identity
and stoichiometry of the products of the pterin-free reaction
indicate that a two-electron oxidation has taken place rather
than the three-electron oxidation observed when H4B is
bound. Experiments are underway to further characterize the
involvement of the pterin in both steps of the NOS reaction.
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SUPPORTING INFORMATION AVAILABLE

A gel showing the purification of iNOSheme (Figure S1),
UV-visible spectra of oxidized and reduced forms of H4B-
bound and pterin-free iNOSheme(Figures S2-S4), determi-
nation ofKd values for the binding of arginine and NHA to
H4B-bound iNOSheme(Figures S5-S6), determination ofKd

values for the binding of arginine, NHA, and DZPH4 to
pterin-free iNOSheme (Figures S7-S9), and analytical gel
filtration of iNOSheme(Figure S10). This material is available
free of charge via the Internet at http://pubs.acs.org.
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