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ABSTRACT: Pterin-free inducible nitric oxide synthase (iNOS) was reconstituted with tetrahydrobiopterin
(H4B) or tetrahydrobiopterin analogues (5-methyl-H4B and 4-amino-H4B), and the ability of bound
5-methyl-H4B and 4-amino-H4B to support catalysis by either full-length iNOS (FLiNOS) or the isolated
heme domain (HDiNOS) was examined. In a single turnover with HDiNOS, 5-methyl-H4B forms a very
stable radical, 5-methyl-H3B•, that accumulates in the arginine reaction to∼60% of the HDiNOS
concentration and decays∼400-fold more slowly than H3B• (0.0003 vs 0.12 s-1). The amount of radical
(5-methyl-H3B• or H3B•) observed in the NHA reaction is very small (<3% of HDiNOS). The activity of
5-methyl-H4B-saturated FLiNOS and HDiNOS is similar to that when H4B is bound: arginine is
hydroxylated to NHA, and NHA is oxidized exclusively to citrulline and•NO. A pterin radical was not
observed with 4-amino-H4B- or pterin-free HDiNOS with either substrate. The catalytic activity of 4-amino-
H4B-bound FLiNOS and HDiNOS resembles that of pterin-free iNOS: the hydroxylation of arginine is
very unfavorable (<2% that of H4B-bound iNOS), and NHA is oxidized to a mixture of amino acid
products (citrulline and cyanoornithine) and NO- rather than•NO. These results demonstrate that the
bound pterin cofactor undergoes a one-electron oxidation (to form a pterin radical), which is essential to
its ability to support normal NOS turnover. Although binding of H4B also stabilizes the NOS structure
and active site, the most critical role of the pterin cofactor in NOS appears to be in electron transfer.

Nitric oxide synthase (NOS,1 EC 1.14.13.39) catalyzes the
oxidation of L-arginine to citrulline and•NO (for reviews,
see refs1-3). Hydroxylation at one of the terminal guanidino
nitrogens ofL-arginine is the first step of the NOS reaction,
leading to the formation ofNG-hydroxy-L-arginine (NHA)
as an intermediate (4, 5). Subsequent oxidation of NHA at
the oxime nitrogen yields citrulline and•NO. The overall
reaction is a five-electron oxidation that utilizes NADPH and
O2 as cosubstrates in both steps and requires protoporphyrin
IX heme (6-8), FMN, FAD (9-11), and H4B (11-13) as
enzyme-bound cofactors. Three isoforms of NOS have been
characterized; the NOS isoforms are distinct gene products

differing in subcellular localization, tissue distribution, and
mode of regulation (1, 3). All are homodimeric and probably
share a common mechanism, although there are some
isoform-specific differences in catalysis. NOSs have a two-
domain structuresa heme (or oxygenase) domain and a
flavoprotein reductase domain (14). The enzyme active site
is contained entirely within the heme domain, which binds
substrate (arginine or NHA) and the heme and pterin
cofactors (15, 16). The reductase domain binds NADPH and
both flavin cofactors and serves to provide electrons to the
active site for catalysis. The heme domains of all three
isoforms have been expressed and characterized; these
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domains are dimeric and are catalytically active if provided
with an exogenous source of reducing equivalents, such as
sodium dithionite (17-19).

The roles of the enzyme-bound heme and H4B cofactors
in the NOS reaction mechanism have been the subject of
extensive study. The NOS heme is bound with proximal
ligation to a cysteinyl thiolate (15, 16) and has spectral
properties resembling those of cytochrome P450 (6-8). A
catalytic role for the heme in both steps of the NOS reaction
was suggested by CO-inhibition studies (6, 20), and further
evidence for a heme-based oxidant in the oxidation of NHA
was provided by the ability of hydrogen peroxide to substitute
for NADPH and O2 (the peroxide-shunt pathway of
cytochrome P450) in this step (21). The products of the
peroxide-shunt reactions are consistent with a heme ferric-
peroxide nucleophile intermediate in NHA oxidation (21, 22).
Direct biochemical evidence for the involvement of the heme
in arginine hydroxylation has been more elusive since
hydrogen peroxide does not support this reaction (21, 22).
However, information obtained from the crystal structures
of NOS heme domains supports a catalytic role for the heme
in both steps of the NOS reaction. Arginine binds in the
active site with one of the terminal guanidino nitrogens
immediately above the plane of the porphyrin ring and 3.8
Å from the heme iron (15, 16), positioned to undergo
hydroxylation by the hemesprobably by a high valent iron-
oxo species such as that proposed for P450-catalyzed
hydroxylations. NHA binds in a manner similar to arginine,
adjacent to the heme iron (23, 24), consistent with heme-
dependent catalysis in the oxidation of NHA as well.

H4B is essential for NOS catalysis with either arginine or
NHA as the substrate, and it has become clear that the
function of the pterin cofactor in NOS is fundamentally
different from that characterized for other enzymes that
utilize pterin as a substrate or cofactor. Previous work has
focused on the activity of pterin-free full-length iNOS
(FLiNOS; refs 25 and 26) or the isolated heme domain
(HDiNOS; ref19). Elucidation of a direct chemical role for
H4B from experiments with pterin-free NOS is difficult
because H4B is also important to NOS structure, stability,
and active site integrity. Specifically, binding of the pterin
cofactor influences enzyme dimerization (27-29), binding
affinity for substrate (30, 31), spin state equilibrium of the
heme (32, 25), and heme midpoint potential (33). Although
H4B clearly stabilizes the NOS structure, the effect of the
pterin cofactor is not completely explained by these structural
effects. We have examined the ability of pterin analogues,
including a redox-inactive, N5-deazapterin, to support ca-
talysis by FLiNOS (34) and HDiNOS (19). These studies
suggested that the redox properties of H4B are essential to
its function in NOS catalysis; however, interpretation of these
results is complicated by the poor binding affinity of these
analogues and the lack of structural information concerning

the mode of binding of these pterins to NOS. Recent
proposals for the involvement of H4B in the NOS reaction
have focused on a role for this cofactor in electron transfer,
which would necessitate a redox-active pterin for NOS
activity. These proposals speculated that a pterin radical
might form in the NOS reaction, on the basis of differences
in the spectral decay of the ferrous-dioxygen complex of
nNOS in the presence and absence of H4B (35) and on unique
features of the pterin-binding site of NOS (16). Direct
observation of a pterin radical (H3B•) in reactions of reduced
HDiNOS with oxygen (17) lends support to these proposals,
namely, that H4B provides the electron required to reduce
the ferrous-dioxygen complex. Subsequent studies (36-39)
have demonstrated the formation of a pterin radical in other
NOS heme domains and in full-length nNOS and have shown
that the formation of the pterin radical is kinetically coupled
to the decay of the ferrous-dioxygen complex when arginine
is the substrate (37, 40, 41).

In this paper, we have used two tetrahydrobiopterin
analogues to further probe the involvement of the pterin
radical in NOS catalysis. Both of these analogues, 5-methyl-
H4B2 and 4-amino-H4B, retain the 6-dihydroxypropyl side
chain (Scheme 1) required for high-affinity binding to NOS
(42). The 4-amino analogue is a potent inhibitor of NOS
(43-45) that binds to nNOS with 20-fold higher affinity (Ki

13.2 nM; ref43) than the natural H4B cofactor (Kd 250 nM;
ref 30). Although 4-amino-H4B is unable to support NOS
catalysis, it effects a complete spin-state conversion of the
heme and stabilizes the dimeric structure of both nNOS and
iNOS (44, 45). The structure of an iNOS heme domain with
bound 4-amino-H4B shows that this analogue binds in the
NOS active site in a manner indistinguishable from that of
H4B (24). The 5-methyl analogue can support NOS turnover
(46, 47), even though it is unreactive toward O2 in solution
(46). The binding affinity of nNOS for 5-methyl-H4B (Ki

∼5 µM; ref 47) is ∼20-fold lower than that for H4B. A recent
paper reports the structure of an iNOS heme domain with
bound 5-methyl-H4B (41), which demonstrates that the
binding of 5-methyl-H4B in the NOS active site is very
similar to that of the native H4B cofactor. Nearly all of the
hydrogen-bonding interactions to the pterin are preserved
(except with one water molecule, which hydrogen bonds to
the pterin N5), and the differences in the conformation of
the 5-methyl-H4B-bound active site are minimal, including
a slight tilt of the pterin ring to avoid collision of the N5-
methyl group with Arg375 and small shifts in the position

2 5-Methyl-H4B has a methyl substituent in place of theN5-hydrogen
of H4B and is thus actually a trihydro- rather than a tetrahydrobiopterin.
However, we use the tetrahydro- nomenclature and 5-methyl-H4B
abbreviation to indicate that this compound is at the same level of
oxidation as H4B and 4-amino-H4B. This nomenclature also serves to
distinguish the fully reduced 5-methyl analogue from the one-electron
oxidized trihydrobiopterin radicals, H3B• and 5-methyl-H3B• (formally
a dihydrobiopterin species).

Scheme 1: Structure of Tetrahydrobiopterin Analogues
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of Met114 and two active site waters. These reports
suggested that both 5-methyl-H4B and 4-amino-H4B were
good choices for mechanistic studies.

FLiNOS and HDiNOS can be expressed inEscherichia
coli and purified in the absence of exogenous H4B to obtain
preparations of protein that have no detectable bound pterin.
These pterin-free preparations can be readily reconstituted
with either H4B or tetrahydrobiopterin analogues to probe
the function of the pterin cofactor in catalysis. Since both
arginine and NHA can serve as substrates for NOS (Scheme
2), the effect of the pterin analogues on both steps of the
NOS reaction can be studied. In this work, we have examined
the ability of 4-amino-H4B and 5-methyl-H4B to form an
enzyme-bound radical, and we show that this pterin radical
is essential to NOS catalysis. These pterin analogue studies
further our mechanistic understanding of the complex reac-
tion catalyzed by NOS and more clearly define the role of
H4B in the enzyme reaction.

EXPERIMENTAL PROCEDURES

Materials and General Methods.H4B, 5-methyl-H4B, and
4-amino-H4B were purchased from Schircks Laboratories
(Jona, Switzerland), and stock solutions (∼10 mM) were
prepared in 100 mM HEPES (pH 7.5) containing 100 mM
DTT. For experiments requiring high concentrations of
5-methyl-H4B, fresh stock solutions were made up in 100
mM HEPES with no DTT, to allow the addition of high
concentrations of pterin without additional DTT; 5-methyl-
H4B is stable to oxidation in aerobic solutions (46). NHA
was purchased from Cayman Chemical Co. (Ann Arbor, MI)
and was found to contain less than 2% citrulline contamina-

tion as analyzed by HPLC. 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 potassium ferricyanide before
use. All other reagents were purchased from Sigma or from
previously reported sources (19). UV-vis spectra were
recorded on a Cary 3E spectrophotometer (Varian) equipped
with a Neslab RTE-111 circulating water bath. All spectral
experiments were carried out at 25°C.

Purification of FLiNOS and HDiNOS.Expression and
purification of pterin-free FLiNOS were as described previ-
ously (34). HDiNOS was expressed in JM109 cells trans-
formed with the pCWiNOShemeexpression vector and grown
in Terrific Broth (19). Purification of HDiNOS was achieved
in three steps and was carried out in the absence of
exogenous H4B, as previously described (17). Purified pterin-
free HDiNOS was stored at-80 °C in 20 mM Tris-HCl
(pH 8.0), with 2 mM imidazole and 300 mM NaCl. The
purity of both proteins was greater than 95%, as judged by
SDS-PAGE stained with Coomassie Blue R-250. Protein
concentration was determined in one of two ways, depending
on the experiment, and is shown as the concentration of
FLiNOS or HDiNOS monomer: (1) all FLiNOS concentra-
tions and those of HDiNOS used to calculate the stoichi-
ometry of bound pterin or of product formation were
determined by the Bradford protein assay with BSA as the
standard. (2) For all other experiments, HDiNOS concentra-
tions were determined spectrophotometrically, using the
reported extinction coefficients (19).

Preparation of H4B-Bound HDiNOS.Pterin-free HDiNOS
was reconstituted with H4B as follows: HDiNOS (as

Scheme 2: Reaction Scheme for the Oxidation of Arginine and NHA by NOSa

a The hydroxylation of arginine (A) and the oxidation of NHA (B) by NOS is shown. With either substrate, the first electron (step 2) for
single-turnover experiments with HDiNOS is provided by sodium dithionite; in the NADPH-dependent reaction of FLiNOS, this electron (step 2)
is instead provided by the flavins of the reductase domain. For both HDiNOS and FLiNOS, H4B directly reduces the ferrous-dioxygen species
(steps 4A,B), resulting in the formation of a pterin radical. In the oxidation of NHA, H3B• subsequently acts as an electron acceptor (step 5B),
leading to the formation of•NO and H4B. Whereas H3B• (or 5-methyl-H3B•) is observed during arginine hydroxylation by HDiNOS, the radical is
apparently too short-lived to observe when NHA is the substrate. A complete turnover by FLiNOS starting with arginine proceeds through the
intermediates shown in panel A and continues via the dashed line on to the path in panel B, ultimately forming citrulline and•NO. An additional
electron from the reductase domain (dashed step) is required to reduce H3B• to H4B prior to NHA oxidation. In the absence of a pterin that can
participate in electron transfer, reduction of the ferrous-dioxygen complex is slow. Step 4′ then predominates, leading to essentially no product in
the arginine reaction and to products off the normal catalytic pathway in the NHA reaction.
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purified, 50µM) was incubated with 500µM H4B, 5 mM
DTT, and 100 mM arginine for 1 h at 4°C. The spectrum
of HDiNOS following this incubation confirmed a complete
conversion to high-spin heme (λmax at 396 nm). H4B-bound
HDiNOS was concentrated to 0.1-1 mM and stored at-80
°C with 30% glycerol. Preparations of H4B-bound HDiNOS
(<300 µL) were desalted immediately prior to use on
Sephadex G25M (PD10 prepacked columns, Pharmacia
Amersham Biotech) into 100 mM HEPES (pH 7.5).

Reconstitution of HDiNOS with Tetrahydrobiopterin Ana-
logues.Reconstitution with 5-methyl-H4B or 4-amino-H4B
was carried out exactly as described above, except that 500
µM appropriate tetrahydrobiopterin analogue was substituted
for H4B. For both analogues, higher concentrations of
arginine (250 mM for 5-methyl-H4B and 170 mM for
4-amino-H4B) were required to effect a complete spectral
shift. Both HDiNOS preparations were stored as described
above for H4B-HDiNOS and were desalted immediately
before use. For 5-methyl-H4B-HDiNOS, desalting into 100
mM HEPES (pH 7.5) with no substrate resulted in a
preparation of HDiNOS that was mostly low-spin (λmax∼417
nm) and that did not undergo a complete spin-state conver-
sion upon addition of saturating arginine (λmax ∼400 nm
instead of 396 nm with 1 mM arginine), suggesting that some
pterin loss might be occurring in the desalting step. The
inclusion of substrate (1 mM arginine or NHA, depending
on the experiment) in the desalting step prevented the shift
in the heme Soret (λmax ∼398 nm).

Stoichiometry of Bound Pterin.HDiNOS samples were
desalted into 100 mM HEPES (pH 7.5) containing 1 mM
arginine. The pterin content of HDiNOS samples was
determined by reverse-phase HPLC, as previously described
(19). Retention times were as follows: H4B, 4.3 min; 7,8-
H2B, 5.2 min; 5-methyl-H4B, 8.0 min; 4-amino-H4B, 5.5 min;
4-amino-H2B, 6.5 and 8.0 min; and oxidized DTT, 10.4 min.
Oxidized H4B or 5-methyl-H4B were not detected in either
the standards or the protein samples. In contrast, oxidized
species of 4-amino-H4B were readily detected in 4-amino-
H4B standards and in samples reconstituted with this
analogue. Spectrophotometric studies of stock solutions of
4-amino-H4B were carried out and showed the reduced
species to be stable for many hours in buffer at neutral pH.
However, under conditions similar to those of the chroma-
tography (stock solutions diluted into mobile phase contain-
ing guanidine, then passed through a Sep-Pak C18 cartridge),
4-amino-H4B solutions were rapidly oxidized to the dihydro-
species, with at1/2 <1 h. The spectral conversion of 4-amino-
H4B to 4-amino-H2B had isosbestic points at 296 and 312
nm; the coincidence of the isosbestic point with the
wavelength of detection (297 nm) allowed the total 4-amino-
H4B to be determined by summing the area of the reduced
and oxidized pterin peaks for the standards and samples.
Authentic standards of the appropriate pterin were used to
quantify bound pterin in each HDiNOS sample; the standard
curves obtained for the three pterins (H4B, 5-methyl-H4B,
and 4-amino-H4B) were indistinguishable.

Reconstitution of FLiNOS with H4B and Tetrahydrobiop-
terin Analogues.Pterin-free FLiNOS (5-10 µM) was
reconstituted with H4B, 5-methyl-H4B, or 4-amino-H4B (50
µM) in the presence of DTT (500µM) at 25°C. The extent
of pterin binding was monitored spectrophotometrically as
a shift in the Soret peak to∼400 nm. Spectral experiments

were also carried out with HDiNOS (5µM) under identical
conditions, to examine the kinetics and extent of pterin
binding in the absence of substrate. For these experiments,
the protein spectrum was recorded prior to and at various
times following the addition of pterin and DTT. Difference
spectra were calculated by subtracting the initial spectrum
obtained after addition of pterin and DTT (defined ast ) 0)
from the subsequent spectra (t ) 2.5-160 min). The
absorbance changes in the difference spectra (∆∆Abs )
∆Absmax - ∆Absmin) were plotted as a function of time.

Rapid Freeze-Quench Reactions of HDiNOS.The reaction
of reduced HDiNOS with oxygen was examined by rapid
freeze-quenching as previously described (17), using an
Update Instruments Model 100 unit with a custom-built
quenching bath. Desalted HDiNOS preparations (H4B-bound,
5-methyl-H4B-bound, or 4-amino-H4B-bound, containing 1
mM appropriate substrate) were concentrated to 200-300
µM, made anaerobic by 10 cycles of alternate evacuation
and purging with purified argon gas, and reduced with
sodium dithionite in an anaerobic cuvette. Sodium dithionite
was added until the heme was completely reduced, as
monitored spectrophotometrically (17); no additional dithion-
ite was added. The reduced heme domain sample was
transferred in an anaerobic chamber to the drive syringe of
the freeze-quench instrument and mixed with oxygenated
buffer (100 mM HEPES, pH 7.5, containing 1 mM arginine
or 1 mM NHA) in a 2:1 (v/v) ratio. The buffer was
oxygenated by 10 cycles of alternate evacuation and purging
with oxygen gas and was allowed to equilibrate for>30 min
on ice prior to transfer to the RFQ drive syringe, to give a
solution concentration of∼2.2 mM O2 (based on the
solubility of O2 at 0°C; ref 48). Reactions were carried out
at 4 °C and were quenched at various times (15 ms to 40
min) after mixing. Final concentrations were 150-200 µM
HDiNOS, 730µM O2, and 1 mM arginine or NHA. Oxidized
and reduced controls were prepared for each experiment, as
previously described (17).

Sample solutions remaining in the freeze-quench tubing
(between the mixing chamber and the spray nozzle of the
RFQ instrument) after each reaction were retrieved. All
retrieved samples for a particular time course were pooled
and stored at 4°C until the end of the experiment (t >4 h),
when they were frozen at-80 °C. Final concentrations were
identical to those in freeze-quenched samples. Since these
samples were not freeze-quenched, they represent very long
reaction times (t >4 h) as compared to the time course of
the RFQ experiments. These recovered samples were sub-
sequently analyzed for the formation of amino acid products.

EPR Spectral Acquisition and Kinetic Analysis.EPR
spectra were measured using a Bruker ER-200D-SRC
spectrometer equipped with an Oxford Instruments ESR 910
continuous-flow cryostat. All spectra were obtained atT )
10 K with a microwave power of 2 mW, a frequency of
9.65 GHz, a modulation amplitude of 1 mT, and a modula-
tion frequency of 100 kHz. Spin quantitations were per-
formed by double integration using a 3 mM Cu-EDTA
standard under nonsaturating conditions. Kinetic analysis of
theg ) 2.0 data was carried out by assuming two sequential
irreversible first-order steps for the formation and decay of
the radical species (Af B f C, where B is the radical).

Dithionite-Dependent HDiNOS Reactions.Desalted HD-
iNOS preparations (either pterin-bound or -free) were con-
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centrated to 80µM and made anaerobic in sealed 3 mL
reaction vials by 10 cycles of alternate evacuation and
purging with purified argon gas. Reactions were carried out
in sealed 0.3 mL reaction vials. HDiNOS (40µL) was
transferred to each vial in an anaerobic chamber. Reactions
contained 1 mM NHA and were reduced with 160µM
sodium dithionite (to provide 4 electrons per HDiNOS).
Reactions were initiated by the addition of 40µL of
oxygenated buffer (100 mM HEPES, pH 7.5, containing 1
mM NHA and 100 µM phenylalanine, oxygenated by
purging with pure oxygen gas for 30 min on ice to give a
solution concentration of∼2.2 mM O2; ref 48) in a gastight
syringe to each reaction vial. After mixing, reactions
contained 40µM HDiNOS, 1 mM NHA, 80µM dithionite,
50 µM phenylalanine, and 1.1 mM O2 in 100 mM HEPES
(pH 7.5) in a total volume of 80µL. Reaction mixtures were
analyzed for the formation of•NO and for amino acid
products.

•NO Detection.A Sievers Model 270•NO chemilumines-
cence detector (Boulder, CO) was used to detect•NO, as
previously described (25). For these reactions, 100µL of
headspace gas from each reaction was analyzed within 1 min
after 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.

Assays of FLiNOS ActiVity. (A) The initial rate of •NO
formation was measured by the oxidation of oxyhemoglobin
as previously described (49), using an extinction coefficient
(∆ε401) of 60 000 M-1 cm-1 for the appearance of met-
hemoglobin. Assays (total volume 500µL) contained 1 mM
substrate (arginine or NHA), 60µM NADPH, 4.8 µM
oxyhemoglobin, 0-8 µM pterin, 0-80 µM DTT, and 16
nM FLiNOS (1 µg) in 100 mM HEPES, pH 7.5. Reactions
were initiated by the addition of enzyme, and the increase
in absorbance at 401 nm was monitored on a Beckman DU
640 spectrophotometer at 37°C.

(B) Endpoint product analysis (amino acid and NO2
-/

NO3
-) was also carried out for a parallel set of FLiNOS

reactions. These assays (total volume 50µL) contained 0.5
mM substrate (arginine or NHA), 1 mM NADPH, 0-100
µM pterin, 0 or 100µM DTT, and 160 nM FLiNOS (1µg)
in 100 mM HEPES, pH 7.5. Reactions were initiated by the
addition of enzyme and were allowed to proceed for 2 h at
25 °C. Samples were diluted prior to analysis (3-fold for
amino acid analysis, up to 10-fold for NO2

-/NO3
-); 50 µM

phenylalanine was added as an internal standard prior to
amino acid analysis.

Quantitation of Amino Acid Products.The amino acid
products of the FLiNOS and HDiNOS reactions were
derivatized with NDA and analyzed by reverse-phase HPLC.
Two different separation methods were used, the details of
which were previously described (19). For most of the
samples in this study, derivatized amino acids were separated
using a methanol gradient, which gives optimal resolution
of citrulline and CN-orn; for reactions of HDiNOS with
arginine as the substrate (retrieved RFQ samples only), a
gradient of acetonitrile was used instead for greater resolution
of arginine and NHA. NHA and citrulline standards were
used to quantify the reaction products, using phenylalanine
as an internal standard.

Quantitation of Nitrite and Nitrate.Total NOx
- (NO2

- and
NO3

-) formed in the FLiNOS reactions was quantified using

the colorimetric assay kit from Cayman Chemical Co. (Ann
Arbor, MI), as previously described (25).

RESULTS

Reconstitution of HDiNOS with H4B and Tetrahydrobiop-
terin Analogues.As previously reported for H4B (17, 19),
HDiNOS can be reconstituted with tetrahydrobiopterin
analogues (Scheme 1). H4B binding to HDiNOS effects a
shift in the heme spin-state from low- to high-spin; conse-
quently, binding of the pterin cofactor can be monitored by
the resulting spectral changes. Reconstitution with any of
the pterins in the presence of substrate results in a complete
shift of the heme to the high-spin state (λmax 396 nm). After
desalting to remove the unbound pterin, H4B-HDiNOS and
4-amino-H4B-HDiNOS remained mostly high-spin (λmax

∼400 nm) even in the absence of substrate. For 5-methyl-
H4B-HDiNOS, the inclusion of substrate in the desalting step
was necessary to prevent conversion of the heme to low-
spin (λmax ∼417 nm). This observed spectral shift cannot be
attributed only to the dissociation of arginine since the
desalted 5-methyl-H4B-HDiNOS has a decreased binding
affinity for arginine (in the presence of saturating arginine,
only a partial spin-state conversion is obtained,λmax ∼400
nm instead of 396 nm) and also binds DTT (DTT only binds
to pterin-free iNOS; see ref50). Together, these observations
suggest that 5-methyl-H4B dissociates during the desalting
step and that the presence of arginine increases the affinity
of HDiNOS for 5-methyl-H4B, as observed for H4B (30-
32). To minimize the dissociation of pterin from reconstituted
HDiNOS samples, desalting into buffer containing either
arginine or NHA was carried out immediately prior to
experiments.

Time Dependence of Pterin Binding to HDiNOS. To
further examine pterin binding to HDiNOS, reconstitutions
were carried out in the absence of substrate, and the progress
of the reactions was monitored spectrophotometrically.
Figure 1 shows the spectra obtained following the addition
of H4B or tetrahydrobiopterin analogues to HDiNOS. For
these experiments, pterin-free HDiNOS was first desalted
to remove the bound and excess imidazole. The starting
spectrum is that of the 6-coordinate (water-bound), low-spin
ferric complex of HDiNOS (λmax ∼421 nm) and is identical
in Figure 1, panels A-C. The first intermediate in the
reconstitution reaction has a characteristic split Soret spec-
trum (λmax 378 and 458 nm) typical of a bis-thiolate complex
(51). This intermediate arises from binding of DTT to the
heme, as previously observed in the reconstitution of full-
length NOS (34, 52-54), and is observed immediately after
addition of the pterin/DTT solution to HDiNOS. At longer
time points, the split Soret of the bis-thiolate disappears
concomitantly with the appearance of high-spin HDiNOS
(λmax ∼400 nm). This conversion occurs with distinct
isosbestic points at 430, 490, 543, 620, and 670 nm. The
slow spectral conversion, complete in∼60 min, reflects a
complex process involving dissociation of DTT from the
active site, binding of the pterin cofactor, and a spin-state
conversion of the heme cofactor (34, 53, 54). The final
spectrum obtained upon addition of either H4B (Figure 1A)
or 4-amino-H4B (Figure 1C) is essentially identical and
indicates a mixture of∼85% high-spin and∼15% low-spin
heme. Complete conversion of the heme to the high-spin
state (λmax 396 nm) in either of these samples is obtained
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upon addition of 1 mM arginine (not shown). Reconstitution
of HDiNOS with 5-methyl-H4B, in contrast, appears to
require the presence of substrate. Figure 1B shows the spectra
obtained upon the addition of 5-methyl-H4B. The DTT, bis-
thiolate complex forms immediately on addition of 5-methyl-
H4B/DTT, but in this case, no further spectral changes are
observed, even after 2 h of incubation time. The addition of
arginine, however, initiates the conversion of the heme
spectrum to high-spin (spectra not shown). These observa-
tions suggest that the binding of 5-methyl-H4B to HDiNOS
is dependent on the presence of arginine; however, we cannot
exclude the possibility that the pterin analogue does in fact
bind to HDiNOS but is unable to effect a spin-state shift of
the heme once bound. A similar dependence on the presence
of arginine for the binding of 5-methyl-H4B to an iNOS heme
domain was recently reported (41). Difference spectra were
calculated for each time point (t ) 2.5-160 min). Maximal
changes in the difference spectra are observed at 400 nm
(peak) and 459 nm (trough).∆∆Abs values (∆Abs400 -
∆Abs459) represent the extent of the spectral conversion, and

when plotted as a function of time, can be used to determine
the rate of the conversion (Figure 1D). Reconstitution of
HDiNOS with H4B and 4-amino-H4B is essentially complete
within 60 min and occurs with a similart1/2, ∼15 min. In
contrast, 5-methyl-H4B appears not to bind at all to HDiNOS
in the absence of substrate; the negative∆∆Abs values
observed indicate that HDiNOS is instead further converted
to the DTT bis-thiolate complex in the first 10 min of
incubation, with no additional changes at longer time points.
Upon addition of 1 mM arginine, a fast but only partial
conversion to the high-spin state is observed; 10 mM arginine
is required to reach the same endpoint as that observed in
the presence of H4B or 4-amino-H4B with no substrate. The
simultaneous addition of 1 mM arginine and 5-methyl-H4B/
DTT also results in partial reconstitution (spectra not shown),
to the same extent as that observed when 1 mM arginine is
added after 120 min of incubation with 5-methyl-H4B/DTT
alone. The spectral conversion with 5-methyl-H4B in the
presence of 1 mM arginine has at1/2 of ∼25 min.

FIGURE 1: Reconstitution of HDiNOS with H4B and tetrahydrobiopterin analogues. HDiNOS (∼5 µM) was incubated at 25°C with 50µM
H4B (A), 5-methyl-H4B (B), or 4-amino-H4B (C) in the presence of 500µM DTT. No substrate was present during the reconstitution.
Pterin-free HDiNOS (shaded spectra; labeled in panel A) has aλmax around 421 nm, characteristic of a low-spin heme. The initial spectrum
obtained after the addition of pterin/DTT (dashed spectra;λmax 378 and 458 nm) is consistent with the binding of DTT to the heme to form
a bis-thiolate complex. The spectrum recorded after 2 h of incubation is shown for each sample (solid spectra). In the presence of H4B or
4-amino-H4B (A and C, respectively), the final spectrum is that of the pterin-bound, mostly high-spin heme (λmax ∼400 nm). In the presence
of 5-methyl-H4B (B), however, the bis-thiolate complex remains, even after 2 h of incubation. (D) Difference spectra were calculated by
subtracting the initial spectrum (t ) 0) from the subsequent spectra (t ) 2.5-160 min), and the absorbance changes in the difference
spectra (Abs) Abs400 - Abs359) were plotted as a function of time. Solid symbols represent reconstitutions carried out in the absence of
substrate and are derived from the experiment shown in panels A-C. The spectral changes observed with H4B (2) and 4-amino-H4B (9)
occur at a similar rate and are complete within∼60 min. The negative Abs observed in the 5-methyl-H4B incubation (b) indicates further
conversion to the bis-thiolate complex. Addition of 1 mM arginine att ) 120 min results in a partial shift of HDiNOS to a high-spin heme.
The endpoint reached is essentially the same as that obtained when 1 mM arginine is added to HDiNOS simultaneously with 5-methyl-H4B
and DTT (O, spectra not shown). Higher concentrations of arginine (10 mM arginine added att ) 150 min) are required to reach a similar
endpoint as that observed with H4B and 4-amino-H4B in the absence of substrate.
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Reconstitution of FLiNOS with H4B and Tetrahydrobiop-
terin Analogues.FLiNOS was also reconstituted with H4B,
5-methyl-H4B, and 4-amino-H4B in the absence of substrate
(Figure 2). Similar results are obtained as those described
above for HDiNOS. Although pterin-free FLiNOS is pre-
dominantly low-spin, theλmax around 417 nm indicates that
there is some high-spin heme present in this preparation prior
to reconstitution with pterin. Addition of any of the pterins
in the presence of DTT results in a spectrum consistent with
DTT binding to the heme to form a bis-thiolate complex.
This intermediate spectrum has a broad absorbance band
centered∼390 nm and aλmax at 457 nm, reflecting that only
a portion of the FLiNOS is present as the DTT-bound
species. This difference between FLiNOS and HDiNOS is
consistent with a faster rate of pterin reconstitution of the
full-length enzyme as compared to the heme domain. The
ensuing conversion of FLiNOS to high-spin involves the
dissociation of DTT and the binding of pterin. Distinct
isosbestic points are detected at∼430, 482, 552, and 620
nm. The rate and extent of reconstitution are assessed from
absorbance changes in the calculated difference spectra
(∆∆Abs; see Figure 2D). The spectral conversion is complete
within 60 min for all of the pterins studied.

The rate of reconstitution with H4B and 4-amino-H4B is
slightly faster than that with 5-methyl-H4B (t1/2 of ∼10 min,
as compared with∼15 min). More importantly, the extent
of the spectral conversion in the presence of 5-methyl-H4B
is only ∼40% of that with H4B and 4-amino-H4B. This
probably indicates that the affinity of FLiNOS for 5-methyl-
H4B is lower than that for the other pterins; however, this
result contrasts with that obtained for HDiNOS, where no
spectral shift is observed with 5-methyl-H4B in the absence
of substrate (compare with Figure 1).

Stoichiometry of Pterin Binding and Affinity for Tetrahy-
drobiopterin Analogues.The pterin content of several
preparations of H4B-, 5-methyl-H4B-, and 4-amino-H4B-
HDiNOS was determined. The stoichiometry of H4B binding
in these samples is 0.83( 0.18 (n ) 4), similar to that
previously reported (0.86( 0.08; see ref19). The stoichi-
ometry of analogue binding is 0.38( 0.19 (n ) 6) and 0.79
( 0.15 (n ) 6) for 5-methyl-H4B and 4-amino-H4B,
respectively. 4-amino-H4B apparently binds to HDiNOS to
approximately the same extent as the natural H4B cofactor,
suggesting that the affinity of HDiNOS for these two pterins
is similar. In contrast, the binding of 5-methyl-H4B to
HDiNOS is weaker and more variable. This is consistent

FIGURE 2: Reconstitution of FLiNOS with H4B and tetrahydrobiopterin analogues. FLiNOS (∼5 µM) was reconstituted at 25°C with 50
µM H4B (A), 5-methyl-H4B (B), or 4-amino-H4B (C) with 500µM DTT and no substrate. Pterin-free FLiNOS (shaded spectra; labeled in
panel A) has aλmax around 417 nm, indicative of a predominantly low-spin heme. The initial spectrum obtained after the addition of
pterin/DTT (dashed spectra) is consistent with partially DTT-bound FLiNOS (λmax 378 and 458 nm). The spectrum recorded after 2 h of
incubation is shown for each sample (solid spectra). In the presence of H4B or 4-amino-H4B (A and C, respectively), the final spectrum is
that of the pterin-bound, mostly high-spin heme (λmax ∼400 nm). In the presence of 5-methyl-H4B (B), the final spectrum is a mixture of
high-spin heme and the bis-thiolate complex. (D) Difference spectra were calculated for each time point (t ) 2.5-160 min), and the
absorbance changes (Abs) Abs400 - Abs359) were plotted as a function of time. The observed spectral changes for all three samples are
complete within∼60 min, with t1/2 of 10-15 min. The extent of the spectral conversion with 5-methyl-H4B (b) is only ∼40% of that
observed with either H4B (2) or 4-amino-H4B (9).
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with the observations reported above, that higher concentra-
tions of pterin and arginine are required to effect a complete
spectral shift of HDiNOS by 5-methyl-H4B and that the
desalting of 5-methyl-H4B-HDiNOS in the absence of
arginine results in a reversion of the heme to the low-spin
state. Even when substrate is present, desalting apparently
results in a significant loss of the bound pterin cofactor, as
reflected in the calculated stoichiometry for 5-methyl-H4B.
Further evidence for pterin loss during the desalting step is
that a bis-thiolate complex forms upon the addition of
5-methyl-H4B/DTT to desalted 5-methyl-H4B-HDiNOS. All
of these observations together suggest that the affinity of
HDiNOS for 5-methyl-H4B is decreased as compared to that
for H4B and 4-amino-H4B, consistent with the reportedKi

values for these two analogues with nNOS (43, 47). Although

the stoichiometries of pterin binding were not determined
for FLiNOS, it is likely that the affinity of FLiNOS for
5-methyl-H4B is also lower than that for H4B and 4-amino-
H4B. The smaller spectral shift observed on the addition of
5-methyl-H4B to FLiNOS (see Figure 2), as well as the
dependence of FLiNOS activity on added 5-methyl-H4B
(vide infra), support this conclusion.

Rapid Freeze-Quench Reactions of HDiNOS.Figure 3
shows EPR spectra of HDiNOS after reaction of reduced
HDiNOS with oxygen. The spectra of H4B-, 5-methyl-H4B-,
and 4-amino-H4B-HDiNOS are compared, in the presence
of either 1 mM arginine or 1 mM NHA. Features atg )
7.6, 4.1, and 1.8 are characteristic of ferric, high-spin heme.
The spectra shown are for samples quenched 127 ms after
mixing, which corresponds to the time point where the
maximum signal atg ) 2.0 is observed. This signal was
previously characterized for the reaction of H4B-HDiNOS
and was shown to arise from a pterin radical (17). As
previously observed for H4B-HDiNOS (and repeated here
for comparison), a radical species is observed with 5-methyl-
H4B-HDiNOS in the presence of arginine. Figure 4 shows
the expanded spectra of theg ) 2.0 region of the H4B- and
5-methyl-H4B-HDiNOS samples with arginine. The peak-
to-trough line width of the radical in either sample measures
∼40 G. Although the signals obtained with both proteins
are similar in overall shape and width, there are small
differences in the hyperfine structures of the radical signals.
These differences suggest an altered electronic structure of
the radical, providing further evidence that the signal does
in fact arise from the pterin cofactor. With either pterin, only
a very small radical signal is observed in the presence of
NHA. No g ) 2.0 signal was observed in reactions of
4-amino-H4B-HDiNOS with either amino acid substrate at
any time point. The spectrum at 127 ms of 4-amino-H4B-
HDiNOS in the presence of arginine is devoid of any
paramagnetic signalsno pterin radical is observed, and
furthermore, no oxidized heme signal is apparent. Oxidation
of the heme cofactor is observed at longer time points (>5

FIGURE 3: EPR spectra of rapid freeze-quenched samples. Spectra
are shown for samples quenched 127 ms after mixing of reduced
HDiNOS with oxygen. Final concentrations after mixing were 150-
200µM HDiNOS, 730µM O2, and either 1 mM arginine or 1 mM
NHA, as indicated. Each spectrum was normalized to a HDiNOS
concentration of 200µM, to allow direct comparison among the
samples. A ferric high-spin heme signal (g ) 7.5, 4.1, and 1.8) of
similar intensity is seen in all the spectra, except in that of 4-amino-
H4B-HDiNOS in the presence of arginine. Theg ) 2.0 signal is
attributed to a pterin radical (H3B•), observed only in samples of
H4B- and 5-methyl-H4B-HDiNOS in the presence of arginine. EPR
conditions were as described in Experimental Procedures.

FIGURE 4: Comparison of theg ) 2.0 signal of H4B-HDiNOS and
5-methyl-HDiNOS. Expanded spectra of theg ) 2.0 region of
samples quenched at 127 ms are shown (full spectra of same
samples in Figure 3). Final concentrations after mixing were 190-
195µM HDiNOS, 730µM O2, and 1 mM arginine. Each spectrum
was normalized to a spin concentration of 150µM for comparison.
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s; t1/2 ∼25 s, data not shown). This result is similar to that
previously described for pterin-free HDiNOS, where no heme
oxidation is observed at reaction times up to 5 s in the
presence of arginine (17). In both cases, this observation
suggests that ultimate heme oxidation in the arginine reaction
is coupled to the formation of a pterin radical. A ferric heme
signal is seen at 127 ms in the reaction of 4-amino-H4B-
HDiNOS with NHA, indicating that heme oxidation is
∼1000-fold faster (t1/2 ∼25 ms) when NHA rather than
arginine is the substrate with this protein.

Quantitation and Time Dependence of the Pterin Radical
Signal. As described above, the amount of pterin radical
varies with the identity of the bound pterin as well as the
substrate. The radical signal is also time-dependent, with
maximal intensity of the signal at 127 ms (Figure 5). With
H4B-HDiNOS in the presence of 1 mM arginine, the
concentration of pterin radical at 127 ms is∼80% of the
concentration of the HDiNOS monomer. The radical of
5-methyl-H4B-HDiNOS accumulates to a maximum of
∼60% (120 µM) of the HDiNOS concentration in the
presence of 1 mM arginine. When compared to the pterin
stoichiometry determined for these samples, these results
suggest that in both proteins all of the bound pterin is present
as the radical species at 127 ms (although the average
5-methyl-H4B stoichiometry is 0.38, this particular sample
had the highest pterin content, 0.54). The rates of formation
and decay of the 5-methyl-H4B radical were calculated from
these data. Theg ) 2.0 signal appears at a rate of∼30 s-1

and decays at a rate of∼0.0003 s-1 (t1/2 ∼2300 s or 40 min).
Although the rate of formation of the two radicals is similar
(k ∼15-20 s-1 for H3B•), the rate of decay of 5-methyl-

H3B• is ∼400-fold slower than that of H3B• (k ∼0.12 s-1 or
t1/2 ∼6 s). For both proteins, the amount of pterin radical
observed in the NHA reaction is much lower than that
observed with arginine,<3% of the HDiNOS, as previously
reported for H4B (17).

Dithionite-Dependent Reactions of HDiNOS.Samples
retrieved after mixing in the RFQ instrument (not freeze-
quenched,t >4 h; see Experimental Procedures for details)
were analyzed for product formation. NHA is formed in the
reaction of arginine with 5-methyl-H4B-HDiNOS. The stoi-
chiometry of product formed is 0.47 NHA per HDiNOS
monomer (n ) 1) for 5-methyl-H4B-HDiNOS (same sample
as in the previous paragraph, with a pterin content of 0.54),
as compared to 0.78 obtained with H4B-HDiNOS (17). In
contrast, no product was observed in the reaction of arginine
with 4-amino-H4B-HDiNOS, giving a calculated product
stoichiometry of 0 NHA per HDiNOS monomer (n ) 1). A
mixture of amino acid products is formed in the oxidation
of NHA, as previously described for the reaction of pterin-
free HDiNOS (19). The stoichiometry of total product formed
in the NHA reactions is 0.55 and 0.65 per HDiNOS monomer
for 5-methyl-H4B-HDiNOS and 4-amino-H4B-HDiNOS,
respectively (n ) 1 for each), where the total product
represents the sum of citrulline, CN-orn, and an unidentified
product in these samples. These stoichiometries are similar
to that reported for H4B-HDiNOS (0.63; ref17); however,
citrulline is the sole product of NHA oxidation by H4B-
HDiNOS.

Additional reactions, using dithionite as the source of
reducing equivalents, were carried out to determine the
identity of the inorganic product of NHA oxidation for each
of these proteins. An excess of dithionite (to provide 4
electrons per HDiNOS monomer) was included in these
reactions to ensure full reduction of HDiNOS and to
maximize product formation. Analysis of the headspace of
these reactions by chemiluminescence, a very sensitive and
specific detection method for•NO, indicates that only H4B-
HDiNOS and 5-methyl-H4B-HDiNOS form •NO in the
reaction with NHA. Reactions of 4-amino-H4B-HDiNOS and
pterin-free HDiNOS gave no detectable signal on the•NO
analyzer; the inorganic product of these reactions is probably
NO- rather than•NO, as previously discussed (19, 25). These
same reactions were also analyzed for amino acid formation.
A mixture of amino acid products is obtained in these
samples, but the relative distribution of products depends
on which pterin is bound. Although citrulline is the sole
product of NHA oxidation reported for H4B-HDiNOS (17,
19), a small amount of CN-orn (13.5( 1.5%,n ) 4) was
detected in the H4B-HDiNOS reaction here, likely reflecting
a low stoichiometry of bound H4B in this sample. Citrulline
is the predominant product of NHA oxidation in the
tetrahydrobiopterin analogue reactions, representing 44.1(
2.9% (n ) 4) and 46.1( 7.9% (n ) 4) of the total product
for 5-methyl-H4B-HDiNOS and 4-amino-H4B-HDiNOS,
respectively. In the pterin-free reaction, citrulline represents
only 20.9 ( 9.3% (n ) 4) of the total product, and the
predominant product is CN-orn, accounting for 53.4( 6.6%
(n ) 4) of the total product. Although the distribution of
products differs, the amount of product obtained in all of
the reactions is similar, with calculated product stoichiom-
etries (relative to HDiNOS concentration) of 1.12( 0.05 (n
) 4), 1.04( 0.04 (n ) 4), 1.07( 0.27 (n ) 4), and 1.01

FIGURE 5: Time course of pterin radical formation and decay.
Reactions of reduced HDiNOS and oxygen were quenched at
various times after mixing (15 ms to 40 min). The concentration
of radical present at each time point was determined by double
integration of theg ) 2.0 signal, using Cu-EDTA as the standard.
The time course of pterin radical formation and decay is shown
for reactions of H4B-HDiNOS (H3B•, 2) and 5-methyl-H4B-
HDiNOS (5-methyl-H3B•, b) in the presence of 1 mM arginine.
The final protein concentration in these reactions was 225µM for
H4B-HDiNOS and 191µM for 5-methyl-H4B-HDiNOS. The data
were fit by assuming two sequential irreversible first-order steps
for the formation and decay of the radical. The calculated rates for
the reaction of H4B-HDiNOS are∼20 s-1 for the formation of H3B•

and∼0.12 s-1 for its decay (dashed line; previously published data
(17) shown for comparison). The fit to the 5-methyl-H4B-HDiNOS
data is shown as the solid line, giving rates of∼30 s-1 for the
formation of 5-methyl-H3B• and ∼0.0003 s-1 for its decay. The
data are plotted on a doubley-axis to emphasize that the rate of
radical formation is similar in both samples.
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( 0.26 (n ) 4) for H4B-, 5-methyl-H4B-, 4-amino-H4B-, and
pterin-free HDiNOS, respectively.

ActiVity of FLiNOS Reconstituted with Tetrahydrobiopterin
Analogues.The ability of the tetrahydrobiopterin analogues
to catalyze turnover of arginine and NHA by FLiNOS was
investigated by several methods.

(A) Oxyhemoglobin Oxidation Assay for•NO.The activity
of FLiNOS as measured by the oxidation of oxyhemoglobin
is summarized in Figure 6A. Data from different experiments
were not directly comparable because of differences in
specific activity between samples; however, the data shown
are representative of the trends observed in each experiment.
H4B- and 5-methyl-H4B-FLiNOS catalyze the formation of
•NO, using either arginine or NHA as the substrate. In
contrast to these two active proteins, 4-amino-H4B- and
pterin-free FLiNOS are both essentially inactive as measured
by this assay. The activity of both H4B- and 5-methyl-H4B-

FLiNOS is increased by the inclusion of additional pterin in
the assay. For H4B-FLiNOS, the addition of 8µM H4B to
the assay results in a 10-20% increase in enzyme activity
(data not shown). The activity of 5-methyl-H4B-FLiNOS is
far more dependent on the addition of pterin to the assay,
consistent with the apparently decreased affinity of FLiNOS
for this analogue. In the absence of additional pterin,
5-methyl-H4B-FLiNOS has very little activity (Figure 6B),
and the addition of 8µM 5-methyl-H4B results in a 10-fold
increase in enzyme activity. Even when assayed in the
presence of 8µM additional pterin, the rate of product
formation by 5-methyl-H4B-FLiNOS is slower than that
observed for H4B-FLiNOS.

(B) Amino Acid Products.Parallel reactions of FLiNOS
were set up to measure endpoint product formation and to
examine the identity of the amino acid products formed under
these conditions. A representative experiment, illustrating the
amount and distribution of amino acids formed in each of
these reactions, is shown in Figure 7A. Regardless of the
substrate used, H4B is the most active pterin, followed by
5-methyl-H4B, and then 4-amino-H4B (see Table 1 for
relative activity with both substrates). Pterin-free FLiNOS
is completely inactive with respect to the hydroxylation of
arginine under these conditions but is able to catalyze the
oxidation of NHA, as previously reported (25). Catalysis by
H4B- and 5-methyl-H4B-FLiNOS results in the formation of
citrulline from either arginine or NHA. Furthermore, some
NHA is also observed as a product in the reaction with
arginine with either pterin. In contrast to both these proteins,
4-amino-H4B-FLiNOS is virtually inactive in the reaction
with arginine, forming only 1.6( 0.7% (n ) 3) of the
citrulline observed in reactions with H4B-FLiNOS. All of
the FLiNOS preparations catalyze the oxidation of NHA,
but the identity of the amino acid product depends on the
bound pterin. While H4B-FLiNOS forms only citrulline in
this reaction, CN-orn is observed with both tetrahydrobiop-
terin analogues and in the pterin-free reaction. The relative
amount of CN-orn was somewhat variable, depending on
the experiment; CN-orn represents 1-2, 10-30, and 30-
40% of the total product in the reactions with 5-methyl-H4B-,
4-amino-H4B-, and pterin-free FLiNOS, respectively (see
Table 1 for average percent citrulline formed for each
sample). The unidentified amino acid observed in some
HDiNOS reactions (vide supra) is not a product of NHA
oxidation by FLiNOS, even in the absence of pterin. Figure
7B,C shows the dependence of product formation by
5-methyl-H4B-FLiNOS on the addition of 5-methyl-H4B to
the assay. As reported above for the oxyhemoglobin assays,
the inclusion of additional 5-methyl-H4B in the enzyme
reactions results in higher activity with both arginine (Figure
7B) and NHA (Figure 7C). Furthermore, higher concentra-
tions of added 5-methyl-H4B in the reaction with NHA
decrease the fraction of CN-orn formed to essentially 0% of
the total product. DTT alone has only a small effect on the
amount or identity of the amino acid products in either
reaction. The effect of added pterin on the reaction catalyzed
by 4-amino-H4B-FLiNOS was also examined (Figure 7D).
The addition of 10µM 4-amino-H4B has a small effect on
the amount of CN-orn formed in the NHA reaction; higher
concentrations of 4-amino-H4B (up to 100 µM) had no
additional effect. Figure 7D also shows that product forma-
tion with either substrate is dependent on the concentration

FIGURE 6: •NO formation by FLiNOS reconstituted with H4B and
tetrahydrobiopterin analogues. The initial rate of•NO formation
was measured by the oxyhemoglobin assay at 37°C, and results
are shown for a representative experiment. Reactions (500µL total
volume) contained 1 mM substrate (arginine or NHA), 60µM
NADPH, 4.8µM oxyhemoglobin, 0-8 µM pterin, 0-80µM DTT,
and 16 nM FLiNOS (1µg) in 100 mM HEPES, pH 7.5. (A)
Comparison of the activity of FLiNOS reconstituted with H4B
(H4B), 5-methyl-H4B (5 M), or 4-amino-H4B (4 N) and pterin-free
FLiNOS (PF). Bars represent the initial rate of•NO formation in
the presence of 8µM appropriate pterin (H4B for H4B-FLiNOS;
5-methyl-H4B for 5-methyl-H4B-FLiNOS, and 4-amino-H4B for
4-amino-H4B-FLiNOS) and 80µM DTT; assays of pterin-free
FLiNOS contained no exogenous pterin or DTT. Each protein was
assayed in the presence of 1 mM arginine (left panel) or 1 mM
NHA (right panel). (B) Dependence of the activity of 5-methyl-
H4B-FLiNOS on additional pterin. The rate of•NO formation by
5-methyl-H4B-FLiNOS as a function of the concentration of pterin
added to the assay is shown. All assays contained 1 mM arginine.
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of 4-amino-H4B-FLiNOS, indicating that although the amount
of product formed in the arginine reaction is small, this is
indeed an enzyme-catalyzed reaction.

(C) Inorganic Product.The inorganic product of these
reactions was quantified as NO2

-/NO3
-. All of the FLiNOS

samples formed detectable quantities of NO2
-/NO3

- with
either arginine or NHA as the substrate (data not shown).
The amount of NO2-/NO3

- observed in each case is in good
agreement with the amount of amino acid formed in these
reactions, consistent with the expected 1:1 stoichiometry of
inorganic to amino acid products. The presence of NO2

-/
NO3

- does not distinguish between•NO and NO- as the
inorganic product since both of these molecules can decom-
pose to NO2

- and NO3
- in aerobic solution. However, since

neither 4-amino-H4B- nor pterin-free FLiNOS forms•NO
as measured by the oxyhemoglobin assay, the inorganic
product in these reactions is probably NO-.

The ability of the tetrahydrobiopterin analogues to support
various aspects of catalysis by HDiNOS and FLiNOS is

summarized in Table 1, to facilitate comparison of their
activity with that of the native H4B cofactor.

DISCUSSION

Full-length enzyme (FLiNOS) and the heme domain
(HDiNOS) can be reconstituted with H4B or with tetrahy-
drobiopterin analogues (Figures 1 and 2). A complete
conversion of the heme to the high-spin state was observed
with both proteins in the presence of arginine, suggesting
complete occupancy of the pterin-binding site with either
H4B or the analogues. When reconstitution was carried out
in the absence of substrate, spectral changes representing
∼85% high-spin heme were achieved with H4B or 4-amino-
H4B, whereas the ability of FLiNOS or HDiNOS to bind
5-methyl-H4B was compromised (∼45 and 0% high-spin
heme, respectively). These observations illustrate the coop-
erative nature of the binding of substrate and the pterin
cofactor, which is well established for the native H4B cofactor
(30-32), and demonstrate the decreased binding affinity of

FIGURE 7: Endpoint product analysis of FLiNOS reactions. Reactions (total volume 50µL) contained 0.5 mM substrate (arginine or NHA),
1 mM NADPH, 0-100 µM pterin, 0 or 100µM DTT, and 160 nM FLiNOS (1µg) in 100 mM HEPES, pH 7.5. After 2 h of incubation
at 25 °C, reactions were analyzed for amino acid products (citrulline, dark gray bars; NHA, light gray bars; CN-orn, hashed bars), as
detailed in the Experimental Procedures. Results are shown for a representative experiment; each bar is the average of duplicate assays,
with error bars representing the standard deviations on the total amino acid product. (A) Comparison of the activity of FLiNOS reconstituted
with H4B (H4B), 5-methyl-H4B (5 M), or 4-amino-H4B (4 N) and pterin-free FLiNOS (PF). FLiNOS was assayed in the presence of 0.5
mM arginine (left panel) or 0.5 mM NHA (right panel). Assays contained 10µM appropriate pterin (H4B for H4B-FLiNOS; 5-methyl-H4B
for 5-methyl-H4B-FLiNOS, and 4-amino-H4B for 4-amino-H4B-FLiNOS) and 100µM DTT; assays of pterin-free FLiNOS contained no
exogenous pterin or DTT. (B and C) Dependence of the activity of 5-methyl-H4B-FLiNOS on additional pterin. Reactions contained 0.5
mM arginine (B) or 0.5 mM NHA (C). The amount of product formed is shown as a function of 5-methyl-H4B added to the assay. The
sample labeled 0µM contained 5-methyl-H4B-FLiNOS with no added pterin or DTT; all other assays contained additional 5-methyl-H4B
(10, 50, or 100µM) in the presence of 100µM DTT or 100 µM DTT alone (DTT control). (D) Dependence of the activity of 4-amino-
H4B-FLiNOS on additional pterin and on 4-amino-H4B-FLiNOS concentration. 4-amino-H4B-FLiNOS was assayed in the presence of 0.5
mM arginine (left panel) or 0.5 mM NHA (right panel). Reactions contained either no added pterin and DTT (0µM) or 10 µM 4-amino-
H4B with 100 µM DTT. Some reactions (labeled 2× NOS) contained twice as much 4-amino-H4B-FLiNOS (final concentration 320 nM,
or 2 µg).
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NOS for 5-methyl-H4B, also reflected in the low stoichiom-
etry of pterin binding in the 5-methyl-H4B-HDiNOS recon-
stituted samples. Despite the limitations associated with the
low pterin content of the 5-methyl samples (discussed below),
we examined the ability of 5-methyl-H4B- and 4-amino-H4B-
HDiNOS to form a pterin radical and to catalyze product
formation from both arginine and NHA. We also compared
the ability of these tetrahydrobiopterin analogues to support
catalysis in full-length iNOS.

The behavior of 5-methyl-H4B-HDiNOS in RFQ-EPR
experiments is similar to that of H4B-HDiNOS previously
characterized. In the presence of arginine, a radical with ag
) 2.0 signal accumulates significantly with either protein,
whereas very little radical is formed with NHA as the
substrate (Figure 3). The spectra obtained with both proteins
are similar in overall shape and width, although there are
small differences in the hyperfine structure of the signal
(Figure 4), providing additional support that the signal is
attributable to a pterin radical. The presence of a methyl
group at the N5 position of the pterin ring substitutes three
â-hydrogens for the oneR-hydrogen of H4B; the resulting
differences in the hyperfine structure indicate strong hyper-
fine coupling to theN5-methyl hydrogens. Two recent papers
have reported the formation of a radical of 5-methyl-H4B
bound to heme domains of eNOS (38) and iNOS (41).
Simulations of the observed EPR signal show hyperfine
coupling to the three equivalentN5-methyl hydrogens, with
hyperfine coupling constants in the range of 10 G. These
observations are consistent with significant spin density in

the pterin radical being localized to the N5 nitrogen, as
observed in EPR studies of pterin radical cations in solution
(55, 56), as well as in previous studies of H3B• where EPR
spectra of HDiNOS reconstituted with N5-14N- and N5-15N-
substituted H4B were compared (17). Simulations of the H3B•

signal have led to conflicting assignments of the protonation
state of the pterin radical (38, 39, 41). For simplicity, we
represent the pterin radical as H3B• or 5-methyl-H3B•,
although the relevant species may be neutral or cationic.

The kinetics of formation and decay of the two radicals
were compared (Table 1). Although the rate of radical
formation is similar in both cases, the rate of decay of
5-methyl-H3B• is much slower (∼400-fold) than that of H3B•.
The radical of 5-methyl-H4B is likely stabilized by electron
donating effects of the methyl substituent; however, the
dramatic stabilization observed is unexpected (50% of the
signal remaining att ) 40 min). Methylation at the N5
position of H4B and other tetrahydropterins makes them
resistant to autoxidation (ref46 and references therein) and
disfavors the formation of the 6,7-quinonoid dihydropterin
form that is the kinetically preferred product of pterin
oxidation. A recent report on the electrochemical properties
of 5-methyl-H4B indicates that this analogue participates in
one-electron redox cycling (between tetrahydrobiopterin and
trihydrobiopterin radical), but no electrochemically reversible
two-electron transitions (to dihydrobiopterin) were observed
(57). In the RFQ-EPR experiments with HDiNOS, the
reducing equivalents come from sodium dithionite; additions
of dithionite were carefully titrated to ensure complete

Table 1: Summary of H4B and Tetrahydrobiopterin Analogue Activitiesa

H4B 5-methyl-H4B 4-amino-H4B pterin-free

HDiNOSb

pterin stoichiometry 0.83( 0.18 (n ) 6) 0.38( 0.19 (n ) 6) 0.79( 0.15 (n ) 6) none detectedc

pterin radical formation
H3B• stoichiometry ∼0.8d ∼0.6 0 0d

H3B• kformation(s-1) ∼15-20d ∼30 n/a n/a
H3B• kdecay(s-1) ∼0.12d ∼0.0003 n/a n/a

arginine hydroxylation
NHA stoichiometry 0.78( 0.11 (n ) 4)d 0.47(n ) 1) 0 (n ) 1) 0 (n ) 1)d

NHA oxidation
product identity citrulline, CN-orn citrulline, CN-orn, unknown citrulline, CN-orn, unknown citrulline, CN-orn, unknown
% citrulline 86.5( 1.5 (n ) 4) 44.1( 2.9 (n ) 4) 46.1( 7.9 (n ) 4) 20.9( 9.3 (n ) 4)
product stoichiometry

RFQ-EPR samplese 0.63 (n ) 1)d 0.55 (n ) 1) 0.65 (n ) 1) n/a
dithionite reactionsf 1.12( 0.05 (n ) 4) 1.04( 0.04 (n ) 4) 1.07( 0.27 (n ) 4) 1.01( 0.26 (n ) 4)

•NO formation yes yes no no

FLiNOSg

oxyhemoglobin assaysh

arginine (%) 100 33.7( 1.5 (n ) 3) 0.1( 0.1 (n ) 2) 0.4 (n ) 1)
NHA (%) 100 38.0( 7.1 (n ) 3) 0.8( 0.6 (n ) 2) 0.4 (n ) 1)

endpoint assaysi

arginine
amino acid products citrulline, NHA citrulline, NHA citrulline none detected
relative activity (%) 100 53.5( 8.5 (n ) 3) 1.6( 0.7 (n ) 3) 0 (n ) 3)

NHA
amino acid products citrulline (CN-orn) citrulline, CN-orn citrulline, CN-orn citrulline, CN-orn
% citrulline 99.9( 0.2 (n ) 4) 98.6( 0.6 (n ) 4) 84.3( 10.3 (n ) 4) 62.8( 1.9 (n ) 3)
relative activity (%) 100 48.4( 7.5 (n ) 4) 25.5( 5.9 (n ) 4) 19.9( 5.6 (n ) 3)

a The ability of H4B and tetrahydrobiopterin analogues to support various aspects of NOS catalysis was examined, as detailed in Experimental
Procedures.b All HDiNOS samples were reconstituted with the indicated pterin, then desalted to remove any unbound pterin; no excess pterin was
present in any of these experiments.c Data from ref19. d Data from ref17. e Samples were titrated with dithionite until the heme was completely
reduced (1-2.5 electrons per HDiNOS).f Samples were reduced with a slight excess of dithionite to maximize product formation (4 electrons per
HDiNOS). g FLiNOS samples were reconstituted with the indicated pterin then assayed in the presence of additional pterin. Activities for each
assay are reported relative to that of H4B-FLiNOS with the indicated substrate.h Assays contained 1 mM substrate and 8µM appropriate pterin;
the rate reported is the initial rate of•NO formation at 37°C. i Assays contained 0.5 mM substrate and 10µM appropriate pterin; the activity
reported is the relative amount of product formed in 2 h of reaction at 25°C.
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reduction of HDiNOS without excess reducing equivalents
present. Under these conditions, the pterin radical once
formed must decay via oxidation to the dihydro-oxidation
state. The electrochemical data suggest that this is an
unfavorable reaction for 5-methyl-H3B• and likely account
for the exceptional stability of this radical. Consistent with
our observations, a slower rate of decay of 5-methyl-H3B•

as compared to H3B• has recently been reported (41);
however, the magnitude of the stabilization reported was
much smaller (∼3-fold instead of 400-fold) than what we
observe. The stability of 5-methyl-H3B• is probably not
relevant under conditions of multiple turnover by full-length
NOS; if it were, the slow rate of decay of the pterin radical
would result in apparent inhibition of NOS activity by this
analogue, which is not observed (vide infra and refs46 and
47). Instead, NADPH provides the electrons required to
reduce the radical via the flavoprotein reductase domain,
allowing facile and rapid regeneration of the tetrahydro- form
of 5-methyl-H4B.

In contrast to the results obtained with H4B- and 5-methyl-
H4B-HDiNOS, no radical signal was observed with 4-amino-
H4B-HDiNOS at any time point with either substrate (Figure
3). The inability of 4-amino-H4B to undergo one-electron
oxidation when bound to HDiNOS is consistent with reports
that this analogue does not support NOS catalysis, and in
fact, inhibits H4B-dependent activity (43-45). However, it
is not clear why this analogue does not form a radical species
under these conditions. Two potential explanations for this
observation can be eliminated. (1) The lack of pterin radical
formation is not due to poor binding affinity of 4-amino-
H4B to HDiNOS. The stoichiometry of 4-amino-H4B binding
is comparable to that of H4B in these samples, and the affinity
of NOS for 4-amino-H4B is reported to be even higher than
that for H4B (43). Furthermore, despite the low stoichiometry
of 5-methyl-H4B binding, a radical is observed in that case.
(2) The inactivity of 4-amino-H4B is not explained by
electrochemical data. The solution one-electron oxidation
potentials of H4B and the two analogues used here have been
reported (57). The potential of 4-amino-H4B is ∼60 mV
higher (more positive) than that of H4B, a difference probably
too small to explain the inactivity of this analogue. Further-
more, the oxidation potential of 5-methyl-H4B is the highest
of the three pterins,∼130 mV higher than that of H4B and
∼70 mV higher than that of 4-amino-H4B. Clearly, the
solution electrochemistry of 4-amino-H4B alone does not
account for our observations. Instead, it appears that the
inability of 4-amino-H4B to form a radical in these experi-
ments reflects unique properties of this analogue when bound
to NOS. Structures of the iNOS heme domain with H4B or
4-amino-H4B bound reveal that both pterins bind in an
essentially identical manner (24). The hydrogen-bonding
interactions that characterize the H4B-binding site are
preserved with 4-amino-H4B, including bonds between the
heme propionate and the N3 nitrogen and the 2-amino
substituent of the pteridine. A key difference between H4B
and the 4-amino analogue is the preferred tautomeric form
of these two pterins. With 4-amino-H4B, the 4-amino
tautomer is favored over the 4-imino form that corresponds
to the preferred 4-oxo tautomer of H4B (see Scheme 1). To
maintain the same hydrogen bonding with the heme car-
boxylate as that observed with H4B, the N3 nitrogen of
4-amino-H4B would have to be protonated. Protonation of

the pterin ring is more favorable for 4-amino-H4B than H4B
since the substitution of an amino group at the 4 position
raises the pterin pKa by ∼1.1 pH units in solution (6.7 for
4-amino-H4B vs 5.6 for H4B; ref 24). This difference in the
protonation state of 4-amino-H4B and its implications for
the redox properties and reactivity of the pterin and heme
cofactors has been extensively discussed (24). A net positive
charge on 4-amino-H4B when bound to NOS would likely
stabilize the tetrahydro- form, increasing its oxidation
potential and possibly precluding the formation of the radical
species.

To address the relevance of the pterin radical to NOS
turnover, we examined the ability of these tetrahydrobiopterin
analogues to support catalysis by HDiNOS and FLiNOS.
Product formation by HDiNOS in the RFQ-EPR experiments
and under similar, single-turnover conditions shows that the
activity of the heme domain reconstituted with 5-methyl-
H4B is similar to that when H4B is bound (Table 1). Like
H4B, 5-methyl-H4B supports the conversion of arginine to
NHA and catalyzes the formation of•NO from NHA.
However, the amino acid products of NHA oxidation by
5-methyl-H4B-reconstituted HDiNOS include CN-orn, a
product characteristic of the pterin-free reaction previously
described for FLiNOS (25) and HDiNOS (19). The inter-
pretation of these results is complicated by the low binding
affinity of NOS for the 5-methyl analogue. HDiNOS samples
reconstituted with 5-methyl-H4B contain contaminating
pterin-free HDiNOS; in fact, the stoichiometry of bound
5-methyl-H4B (0.38 ( 0.19) indicates that there is more
pterin-free than 5-methyl-H4B-bound HDiNOS in these
samples. Since pterin-free HDiNOS also catalyzes the
oxidation of NHA, the identity of the amino acid product of
NHA oxidation by 5-methyl-H4B-bound HDiNOS is ob-
scured in these experiments. Additional experiments with
full-length enzyme were carried out to elucidate the intrinsic
reactivity of 5-methyl-H4B. The activity of 5-methyl-H4B-
FLiNOS was assessed by several methods (Figures 6 and
7). Activity is observed with both arginine and NHA in the
oxyhemoglobin assay (Figure 6A), which measures the rate
of •NO formation, and the rate is somewhat faster with NHA.
Endpoint amino acid analysis shows that citrulline is the
product of the 5-methyl-H4B-FLiNOS reaction with either
substrate (Figure 7A), with a small amount of NHA observed
in reactions where arginine is the substrate. The activity
profile of 5-methyl-H4B-FLiNOS is qualitatively similar to
that of H4B-iNOS, although the rate of product formation
and the amount of product are decreased with 5-methyl-H4B-
FLiNOS. In part, this decrease is due to the poor binding
affinity of FLiNOS for this analogue, as evidenced by the
effect of added pterin in the assays. Whereas the inclusion
of 8 µM H4B in the oxyhemoglobin assay results in a slight
increase (10-20%) in the activity of H4B-FLiNOS (data not
shown), the activity of 5-methyl-H4B-FLiNOS is nearly
completely dependent on the addition of pterin to the assay,
with 8 µM 5-methyl-H4B causing a 10-fold increase in the
rate of•NO formation (Figure 6B). The activity of 5-methyl-
H4B-FLiNOS in endpoint assays with arginine (Figure 7B)
and NHA (Figure 7C) is also dependent on the concentration
of added pterin, although the effect is much less pronounced
in this case (∼25% increase in total amino acid product from
arginine and∼20% from NHA in the presence of 100µM
5-methyl-H4B). A direct comparison of these results is
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difficult, however, since•NO formation is measured as an
initial rate (t <2 min), and the amino acid products are
quantified at long reaction times (t ) 2 h). Although some
CN-orn is observed in the reaction of 5-methyl-H4B-FLiNOS
with NHA, higher concentrations of added 5-methyl-H4B in
the assay decrease the fraction of CN-orn formed to
essentially 0% of the total product, suggesting that CN-orn
formation in these samples is catalyzed by the fraction of
the protein that does not have bound pterin. Additional
support for this conclusion comes from reactions of 5-methyl-
H4B-FLiNOS where arginine is the substrate (Figure 7B).
In these assays, the only amino acid products detected are
citrulline and NHA (no CN-orn) even in the absence of added
pterin. The likely explanation for this result is that NHA in
these samples can only be formed at the active site of
FLiNOS that has bound pterin since pterin-free FLiNOS does
not hydroxylate arginine, and the subsequent oxidation of
NHA in this case (to citrulline with no CN-orn) represents
only the activity of the pterin-bound fraction of the 5-methyl-
H4B-FLiNOS preparation. These data together suggest that
the reactivity of 5-methyl-H4B-FLiNOS is identical to that
of H4B-FLiNOS with regard to the identity of the products
formed in both steps of the NOS reaction: arginine is
hydroxylated to NHA, and NHA is oxidized exclusively to
citrulline and •NO when the protein is saturated with this
pterin analogue.

In contrast, the activity of HDiNOS and FLiNOS when
4-amino-H4B is bound resembles that of pterin-free NOS
(Table 1). In single-turnover experiments with the heme
domain, the 4-amino analogue does not catalyze the hy-
droxylation of arginine. NHA is oxidized by 4-amino-H4B-
HDiNOS, but the reaction leads to a mixture of amino acid
products as previously described for pterin-free HDiNOS.
The relative fraction of citrulline formed in the 4-amino-
H4B-HDiNOS reaction is substantially higher (∼50% of total
amino acid product) than that observed for pterin-free
HDiNOS (<25% citrulline), suggesting that there are some
differences in NOS reactivity that result from binding of the
4-amino analogue. Despite these differences, the most notable
feature of NHA oxidation by 4-amino-H4B-HDiNOS is that
no •NO is detected in this reaction. As previously discussed
for the reaction of pterin-free FLiNOS (25) or pterin-free
HDiNOS (19), the product of the 4-amino-H4B-HDiNOS
reaction is probably NO-, a product that is one-electron
reduced as compared to•NO. All of the observations with
4-amino-H4B-HDiNOS are paralleled in reactions of the full-
length enzyme with bound 4-amino-H4B. By the oxyhemo-
globin assay, 4-amino-H4B-FLiNOS is essentially inactive
irrespective of substrate (Figure 6A), indicating that no•NO
is formed. A very small amount of amino acid product (<2%
that observed with H4B-FLiNOS) is observed at long reaction
times with arginine as the substrate (Figure 7A); this reaction
is enzyme-catalyzed since the activity is dependent on the
concentration of 4-amino-H4B-FLiNOS in the assay (Figure
7D). The oxidation of NHA by 4-amino-H4B-FLiNOS leads
to a mixture of citrulline and CN-orn, although the fraction
of CN-orn is substantially less than that observed with pterin-
free FLiNOS (∼10 vs 35% in this particular experiment).
Although 4-amino-H4B-HDiNOS and 4-amino-H4B-FLiNOS
have some catalytic activity, it resembles that of pterin-free
NOS: the hydroxylation of arginine to NHA is very
unfavorable, and the products of NHA oxidation indicate that

this reaction is a two-electron oxidation rather than the three-
electron oxidation observed with bound H4B or 5-methyl-
H4B. Since the affinity of iNOS for 4-amino-H4B is high,
these results represent the intrinsic reactivity of the enzyme
when this analogue is bound.

A comparison of the RFQ-EPR results with the activity
data obtained with HDiNOS and FLiNOS reveals a require-
ment for the pterin radical in NOS catalysis (Table 1). In
the first step of the NOS reaction, the hydroxylation of
arginine, there is essentially no reaction in the absence of a
redox-active bound pterin that is able to undergo one-electron
oxidation. H4B and 5-methyl-H4B are able to support the
conversion of arginine to NHA; pterin radicals are observed
with these two pterins. In contrast, the 4-amino analogue is
virtually inactive with respect to NHA formation, and no
pterin radical is observed. The tight coupling of radical and
product formation is further evidenced by comparing the
stoichiometry of the bound pterin radical to that of NHA
formed in the RFQ-EPR HDiNOS samples (0.8 radical: 0.8
NHA for H4B-HDiNOS; 0.6 radical: 0.5 NHA for 5-methyl-
H4B-HDiNOS; and 0 radical: 0 NHA for 4-amino-H4B- and
pterin-free HDiNOS). The pterin cofactor is proposed to
provide the electron to reduce the ferrous-dioxygen complex
in the hydroxylation of arginine (step 4 in Scheme 2A; refs
17 and 35). Decay of the ferrous-dioxygen complex is
accelerated in the presence of H4B (58, 59); furthermore,
the rate of pterin radical formation and that of decay of the
ferrous-dioxygen complex are comparable (37, 40, 41),
suggesting that these represent a single chemical step.
Delivery of the second electron to the NOS heme (step 4) is
essential for the formation of the proposed oxidant in the
hydroxylation of arginine, the high-valent iron-oxo species
([FeO]3+; see Scheme 2A) implicated in hydroxylations
catalyzed by cytochrome P450. Without this second electron,
the enzyme undergoes autoxidation (step 4′), releasing
superoxide and regenerating the resting ferric heme without
any product formation. The requirement for the pterin as an
electron donor is argued to be a kinetic one in preventing
this uncoupled dissociation of superoxide (26); in iNOS
mutants (Trp457Phe and Trp457Ala) where the rate of
electron transfer from the pterin is decreased, there is a
corresponding decrease in the stoichiometry of NHA formed
(40, 41). In the absence of pterin, the importance of this
kinetic effect is apparently sufficient to either completely
prevent the reaction with arginine (pterin-free FLiNOS or
HDiNOS; this paper and refs19and25) or result in a highly
uncoupled reaction where 32 electron equiv are required to
form 1 equiv of citrulline (and NO-) from arginine (pterin-
free nNOS; ref26). The ability of 4-amino-H4B-FLiNOS to
support some arginine hydroxylation (<2% of H4B-FLiNOS
activity) may be attributable to indirect effects of pterin
binding on the reactivity of the heme, allowing reduction of
the ferrous-dioxygen complex directly by the flavins of the
reductase domain rather than by the pterin cofactor. Alter-
natively, an undetectable amount of 4-amino-H3B• may form
and account for the small amount of product observed here.
In either case, the hydroxylation of arginine is clearly very
unfavorable in the presence of this analogue. The role of
H4B in electron transfer to the ferrous-dioxygen complex
is reminiscent of that of cytochromeb5 in some P450
reactions (60, 61). The requirement for the pterin in NOS is
much more specific, however, since the addition of this
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second electron directly from the reductase domain is
apparently too slow to support catalysis.

The dependence of the second step of the NOS reaction,
the oxidation of NHA, on the formation of a pterin radical
is less clear. All of the FLiNOS and HDiNOS samples,
including pterin-free FLiNOS and HDiNOS, are able to
catalyze this reaction, although the products of NHA
oxidation depend on the identity of the bound pterin (Table
1). The distribution of amino acid products appears to be
influenced both by the direct involvement of the pterin
cofactor in catalysis and by indirect effects of the pterin on
the NOS structure and active site. The redox properties of
the bound pterin, however, are essential to the formation of
•NO as the inorganic product. Only H4B and 5-methyl-H4B,
the two pterins that form radicals in the arginine reaction,
support•NO formation in the NHA reaction. These results
suggest that the most important role of H4B in the oxidation
of NHA is also in electron transfer to the ferrous-dioxygen
complex (step 4 in Scheme 2B). In this reaction, as described
above for the arginine reaction, dissociation of superoxide
(step 4′) can also occur if the second electron is not delivered
to the heme at the proper time. In contrast to arginine,
however, NHA can react with superoxide (62-66), resulting
in oxidized products. Our experiments do not distinguish
between free superoxide (constrained to the active site or in
solution) and a heme-superoxide species (the ferrous-
dioxygen complex, which can also be described as a ferric-
superoxide complex; see Scheme 2) as the oxidant in this
reaction; however, it is clear that chemistry can take place
even without the addition of the second electron. This
reaction differs from the normal catalytic pathway most
notably in that it represents a two-electron oxidation rather
than the three-electron oxidation observed with bound H4B
or 5-methyl-H4B, compelling evidence for a one-electron
redox role of the pterin in NHA oxidation. Differences in
the amino acid products between pterin-free and 4-amino-
H4B-FLiNOS/HDiNOS likely reflect the effects of pterin
binding on the structure of the NOS active site (one
possibility is that the presence or absence of bound pterin
dictates whether NHA reacts with a heme-bound superoxide
or superoxide in solution; the steric constraints of the
substrate binding site may lead to more normal products than
a solution reaction). Although a pterin radical is presumed
to form in step 4 of the NHA reaction, it does not accumulate
to a significant extent when NHA is the substrate. To account
for this observation and for the ultimate formation of•NO
(rather than NO-) from nucleophilic attack of the ferric-
peroxide species on NHA (step 5 in Scheme 2B), the pterin
cofactor is proposed to act as an electron acceptor in this
step, becoming re-reduced to the tetrahydro- form (19, 26,
36, 67, 68). Tight coupling of steps 4 and 5 would preclude
the accumulation of a pterin radical in NHA oxidation. Taken
together, our results implicate a pterin radical in catalysis
with both arginine and NHA as substrates; furthermore, they
suggest that H4B has the same rolestransfer of the second
electronsin both steps of the NOS reaction. The additional
involvement of the pterin as an electron acceptor in NHA
oxidation ensures that•NO rather than NO- is the ultimate
product of the NOS reaction.

In conclusion, the ability of tetrahydrobiopterins to support
product formation by NOS and to undergo one-electron
oxidation when bound to NOS has been compared in these

studies. Our data presented here imply a strong correlation
between catalysis and formation of an enzyme-bound pterin
radical. The correct products of the NOS reactions
hydroxylation of arginine to NHA and subsequent oxidation
of NHA to citrulline and •NOsare only obtained when a
redox-active pterin capable of forming a pterin radical is
bound to HDiNOS or FLiNOS. Although the inability of
4-amino-H4B to be oxidized to the radical species is
surprising based on its binding affinity and solution elec-
trochemistry, this result explains the lack of activity observed
with this analogue. The involvement of H4B in electron
transfer in NOS, evidenced by the formation of a pterin
radical as an intermediate in the reaction, is an integral part
of NOS catalysis and would appear to be the most critical
function of this cofactor.
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