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Nitric-oxide synthases (NOS) are heme-thiolate enzymes that
N-hydroxylate L-arginine (L-Arg) to make NO. NOS contain a
unique Trp residue whose side chain stacks with the heme and
hydrogen bonds with the heme thiolate. To understand its impor-
tancewesubstitutedHis forTrp188 inthe inducibleNOSoxygenase
domain (iNOSoxy) and characterized enzyme spectral, thermody-
namic, structural, kinetic, and catalytic properties. The W188H
mutation had relatively small effects on L-Arg binding and on
enzyme heme-CO and heme-NO absorbance spectra, but
increased the heme midpoint potential by 88 mV relative to wild-
type iNOSoxy, indicating it decreased heme-thiolate electronega-
tivity. The protein crystal structure showed that theHis188 imidaz-
ole still stacked with the heme and was positioned to hydrogen
bond with the heme thiolate. Analysis of a single turnover L-Arg
hydroxylation reaction revealed that a new heme species formed
during the reaction. Its build up coincided kinetically with the dis-
appearance of the enzymeheme-dioxy species andwith the forma-
tion of a tetrahydrobiopterin (H4B) radical in the enzyme, whereas
its subsequent disappearance coincided with the rate of L-Arg
hydroxylation and formation of ferric enzyme. We conclude: (i)
W188H iNOSoxy stabilizes a heme-oxy species that forms upon
reductionof theheme-dioxyspeciesbyH4B. (ii)TheW188Hmuta-
tion hinders either the processing or reactivity of the heme-oxy
species and makes these steps become rate-limiting for L-Arg
hydroxylation. Thus, the conserved Trp residue in NOSmay facil-
itate formationand/or reactivityof theultimatehydroxylating spe-
cies by tuning heme-thiolate electronegativity.

Nitric oxide (NO)4 plays an essential role in a range of bio-
logical processes (1–4). In mammals NO is produced from
L-Arg by three nitric-oxide synthase (NOS) enzymes (EC
1.14.13.39): neuronal NOS (nNOS), endothelial NOS (eNOS),
and inducible NOS (iNOS) (5, 6). All three are comprised of a
flavoprotein domain that is linked to a heme-containing oxyge-
nase domain by an intervening calmodulin binding sequence.
NOS flavoprotein domains are structurally homologous with
cytochrome P450 reductase and related dual-flavin proteins
(7–9). In contrast, NOS oxygenase domains (NOSoxy) display a
unique structure and fold among heme proteins, bind L-Arg
and tetrahydrobiopterin (H4B) in addition to heme, and inter-
act extensively to form a homodimer (10, 11).
The heme in NOS is bound by cysteine thiolate ligation (10,

11) as occurs in cytochrome P450 enzymes, and this is thought
to enable a similar oxygen activation process for the two
enzyme families (Fig. 1). However, NOS and cytochrome P450
differ regarding their proximal and distal heme environments
(10, 12–15). Some of the distal side differences enable NOS to
accommodate its substrate L-Arg, whereas the proximal side
differences appear to tune the electronic and catalytic proper-
ties of the heme. For example, the proximal heme binding loop
in NOS enzymes is 1 residue shorter than in cytochrome P450s
(supplemental Fig. 1) and contains a conserved tryptophan res-
idue (Trp409 in rat nNOS, Trp188 in mouse iNOS) that makes a
stacking interaction with the heme and provides a side chain
hydrogen bond to the cysteine heme thiolate (supplemental Fig.
1). The homologous residue in the cytochrome P450 superfam-
ily is, with a few exceptions, a phenylalanine that cannot form a
hydrogen bond (16), and so the proximal loop peptide back-
bone contributes all the hydrogen bonds to the cysteine thiolate
in cytochrome P450 (17) (supplemental Fig. 1).
Hydrogen bonding to the cysteine thiolate is thought to

impact heme reactivity in cytochromeP450 enzymes (18). Like-
wise, we previously reported that removal of the hydrogen bond
provided by Trp409 in nNOS significantly altered the properties
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and reactivity of its heme, as judged by results obtainedwith the
W409F nNOSmutant (19–21). More recently, we mutated the
analogous Trp188 residue in iNOSoxy to histidine (W188H). As
described herein, we found that W188H iNOSoxy stabilizes an
enzyme reaction intermediate during L-Arg hydroxylation that
forms downstream from the ferrous-dioxy species (I in Fig. 1)
and normally does not build up in wild-type enzyme. Further
characterization of W188H iNOSoxy suggests how specific
changes in heme-thiolate electronic properties may stabilize
heme-oxy intermediates in heme-thiolate enzymes.

EXPERIMENTAL PROCEDURES

Chemicals—H4B and H2B were purchased from Schircks
Laboratories (Jona, Switzerland). Other reagents were pur-
chased from sources previously reported (21–23).
Mutagenesis—Site-directed mutagenesis of the mouse �65

iNOSoxy domain (amino acids 66 to 498) and the �65 iNOS
full-length (amino acids 66 to 1144) were performed using the
QuikChange XL Site-directed mutagenesis kit (Stratagene, La
Jolla, CA). Mutations were introduced with the primers:
W188H forward, 5�-CAA GAT GGC CCA TAG GAA TGC
CCC TCG CTG CAT CGG CAG AAT CCA GTG GTC-3�;
W188H reverse, 5�-GAC CAC TGG ATT CTG CCG ATG
CAGCGAGGGGCATTCCTATGGGCCATCTTG-3�, the
mutation sites are underlined. Mutations were confirmed by
DNA sequencing at the Cleveland Clinic Genomics Core Facil-
ity. Mutated plasmids were transformed into BL21(DE3) Esch-
erichia coli cells using the TransformAid bacterial transforma-
tion kit (Fermentas, Hanover, MD).

Protein Expression and Purifica-
tion—The �65iNOSoxy W188H
mutant with a His6 tag at the C ter-
minus was overexpressed in E. coli
strain BL21(DE3) using a modified
pCWori vector. The protein was
purified in the presence of H4B and
L-Arg as previously described (24).
The modified pCWori vector
encoding the �65iNOS full-length
W188Hmutant with an N-terminal
His6 tag was transformed into
E. coli BL21(DE3) cells carrying the
pACYC plasmid encoding human
Calmodulin. The full-length protein
was overexpressed and purified as
described (25). Protein concentra-
tion was determined from the
absorbance at 444 nm of the ferrous
heme-COcomplex, using an extinc-
tion coefficient of 74 mM�1 cm�1

(��444–500 nm) (26). UV-visible
spectra of ferric, ferrous enzyme,
and complexes were recorded in
either a Cary 100 or a Shimadzu
UV-2401 PC spectrophotometer.
Redox Potentiometry—Redox titra-

tions were carried out in a glove box
(Belle Technology, Dorset, UK)

under nitrogen atmosphere as previously described (23, 27).
Protein sample (final concentration �10 �M) was made anaer-
obic by gel filtration in a Sephadex G-25 column (PD10, GE
Healthcare) equilibrated with anaerobic buffer (potassium
phosphate, 0.1 M, pH 7.0, 125 mM NaCl). After elution, the
samples were diluted to a 7-ml final volume and H4B (25 �M)
and L-Arg (2.5 mM) was added.Measurements were carried out
at 15� 1 °C.Absorption spectrawere recorded inCary 50 using
a dip probe detector, and the potentials were monitored using
an Accumet AB15 (Fisher Scientific) coupled to a silver/silver
chloride electrode saturated with 4 M KCl. Redox mediators
(Sigma) 1–5 �M anthraquinone-2-sulfonate (Em �225 mV),
phenosafranine (Em �252 mV), and benzyl viologen (Em �358
mV) (Em, midpoint redox potential) were used. A correction
factor of �209 mV at 15 °C was used as previously determined
(27). The one electron midpoint potentials were determined
from the difference spectra. Fractions oxidized for each spectra
were calculated from the maximum difference between oxi-
dized and reduced spectra (around 430 and 390 nm). Using
these data and the corresponding measured potentials (versus
SHE) the midpoint potential of the half-reaction can be deter-
mined using the Nernst equation (Equation 1),

E � Em �
RT

nF
2.303 log

�Oxidized�

�Reduced�
(Eq. 1)

where E is the measured equilibrium potential at each titration
point, R is the gas constant (8.314 J�mol�1 K�1), T is the
experimental temperature in Kelvin, n is the number of elec-

FIGURE 1. Reaction scheme for the single turnover L-Arg hydroxylation of NOS enzymes. After formation
of the ferrous dioxygen complex (I) the subsequent steps are fast and none of the three putative intermediates
(II, III, and IV; dashed boxes) have been spectroscopically observed in single turnover reactions. See text for
details.
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trons in the half-reaction, F is the Faraday constant (96,485
C/mol), and [Oxidized]/[Reduced] is the ratio of oxidized to
reduced species.
Crystal Growth, Data Collection, and Structure Refinement—

Crystals of murine W188H-iNOSoxy �65 (residues 66–498)
were grown at 4 °C using the hanging dropmethod as described
in Ref. 10 with some minor modifications. The W188H
iNOSoxy concentration was 18–20 mg/ml in 40 mM EPPS (pH
7.6) containing 10% glycerol, 50 mM NaCl, 10 mM H4B, and 10
mM L-Arg. The reservoir contained 0.46–0.74 M Li2SO4, 100
mMMES (pH 4.9–5.9), and 5% �-octyl glucoside. 1.0 �l of pro-
tein was mixed with an equal volume of reservoir solution and
crystals were grown in 5–8 days. Instead of Li2SO4, we used
0.7–1.2 M (NH4)2SO4 in the reservoir solution and we found
that crystals were grown in 3–6 days. Crystals were frozen
using 30% ethylene glycol as cryoprotectant. Several iNOS
W188H crystal data sets were collected at Advanced Light
Source beamline 4.2.2, LawrenceBerkeleyNational Laboratory.
Diffraction data were indexed, integrated, and scaled using
d*TREK (28). All crystals tested were in space group P6122.
Although the crystals exhibited highly anisotropic diffraction,
one crystal diffracted with reasonable completeness to 2.75-Å
resolution. The structure of the wild-type iNOS oxygenase
�65-fragment (RCSB code 1NOD (10)) was used as a starting
model for molecular replacement in PHASER (29). Density
map interpretation and model rebuilding were carried out
using COOT (30). Refinement was carried out in PHENIX (31)
to generate a final model with an R-factor of 22.3% and a free
R-factor of 29.4%. The refined structure has no Ramachandran
violations. Crystallographic data collection and refinement sta-
tistics are summarized in supplemental Table 2.

L-Arg and Imidazole Binding—L-Arg and imidazole binding
affinity was studied at 25 °C by difference spectroscopy (32).
iNOS samples (around 5 �M) in 40 mM EPPS buffer (pH 7.6)
with 10% glycerol, and 100 �M H4B were titrated with either
L-Arg or imidazole (final concentration 400–800 �M). The Kd
of L-Arg was calculated by fitting of the absorbance difference
versus the substrate concentration.
Single Turnover Reactions—L-Arg hydroxylation experi-

ments were carried out in a Hi-Tech SF61-DX2 stopped-flow
instrument (Hi-Tech Scientific, Salisbury, UK) coupled to a
diode array detector, as previously described (33). The reaction
was studied in the presence of 50 �MH4B or 100 �MH2B, 1 mM
L-Arg, 150mMNaCl, 10%glycerol, 1mMdithiothreitol in 40mM
EPPS buffer (pH 7.6). 10 �M iNOSoxy was titrated with sodium
dithionite andmixed with air-saturated buffer at room temper-
ature ([O2] � 280 �M). Sequential spectral data were fitted to
A3 B3 C and A3 B3 C3 Dmodels using the Specfit/32
global analysis software, version 3.0 (Spectrum Software Asso-
ciates, Marlborough, MA), which calculates the spectra of the
different enzyme species and their concentration change versus
time.
Rapid-freeze Kinetic Experiments—Ferrous iNOS samples

prepared by titrating ferric protein solutions with sodium
dithionite as described above were transferred with an anaero-
bic syringe to a rapid quench instrument (RQF-63, Hi-Tech
Scientific, Salisbury, UK) maintained at 10 °C and the samples
were rapidly mixed with an O2-saturated buffer (40 mM EPPS,

125 mM NaCl, pH 7.5) to initiate the reaction. The reaction
mixture was then aged for various times in the instrument fol-
lowed by rapid injection into a liquid N2/isopentane freezing
solution as described elsewhere (34, 35).
Electron Paramagnetic Resonance—EPR spectra were

recorded on a Bruker ESP 300E electron paramagnetic reso-
nance (EPR) spectrometer equipped with an EIP Model 28B
microwave frequency counter. All spectra were obtained at 150
K using a microwave power of 2 milliwatts, microwave fre-
quency of 9.45 GHz, modulation amplitude of 5.0 G, and mod-
ulation frequency of 100 kHz. Ten scans per sample were accu-
mulated to improve signal to noise ratio, and spin quantitations
were calculated by double integration.
Rapid-quench Experiments—We performed these experi-

ments as previously described (34) with some modifications.
Briefly, an anaerobic solution of 100 �M ferrous wild-type
iNOSoxy, 130�M L-Arg, 0.5mMH4B, and 0.1mM dithiothreitol
in 40mM EPPS, 10% glycerol, 150mMNaCl (pH 7.6) was mixed
at 10 °C with a syringe containing oxygen-saturated 40 mM

EPPS, 10% glycerol, 150 mM NaCl (pH 7.6), and 150 �M L-Arg.
The quenching solution was 1.0 N HCl, in all cases. ForW188H
iNOSoxy the protein and L-Arg concentrations were 150 and
200 �M, respectively. Quenched reaction samples were col-
lected and stored at �70 °C. To determine the final dilution
factors the protein samples included 200 �M L-glutamic acid as
an internal standard.
Determination of Reaction Products by HPLC—L-Arg,

NOHA, and citrulline in the rapid-quench samples were deri-
vatized with o-phthaldialdehyde and quantified by HPLC as
described previously (36, 37). A complete procedure is provided
under supplementary materials.
Stoichiometry of L-ArgHydroxylation—Asolution containing

1 mM wild-type iNOSoxy orW188H, 3 mM L-Arg, 1.0 mM H4B,
0.5 mM dithiothreitol, 10% glycerol, 150 mM NaCl in 40 mM

EPPS buffer (pH 7.6) was made anaerobic and titrated with
sodium dithionite to produce the ferrous enzyme. Different
amounts of these stock solutions weremixedwith air-saturated
buffer containing 3mM L-Arg, 10% glycerol, 150mMNaCl in 40
mM EPPS (pH 7.6) at room temperature. For completion of the
reaction, these solution mixtures were incubated for 10 min.
The reaction was quenched by adding 5 �l of 1.0 N HCl to the
reaction mixtures (total volume 100 �l) and the samples were
stored at �70 °C. NOHA formed in these samples were esti-
mated using the above described HPLC method.
Steady-state Assays—NO synthesis and NADPH oxidation

rateswere determined using the oxyhemoglobin assay (22). The
NO synthesis activity was determined by the conversion of oxy-
hemoglobin to methemoglobin using an extinction coefficient
of 38mM�1 cm�1 at 401 nm. TheNADPH oxidation rates were
determined following the absorbance at 340 nm, using an
extinction coefficient of 6.2 mM�1 cm�1. Reaction mixtures
(total volume 400 �l) contained �0.2 �M iNOS, 0.3 mM dithi-
othreitol, 4 �M FAD, 4 �M FMN, 4 �M H4B, 10 mM L-Arg, 0.1
mg/ml bovine serum albumin, 0.8 mM CaCl2, 0.2 mM EDTA, 1
�M calmodulin, 100 units/ml catalase, 60 units/ml superoxide
dismutase, 5 �M oxyhemoglobin, and 150 mM NaCl in 40 mM

EPPS buffer (pH 7.6). The reaction was initiated by adding
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NADPH to a final concentration of 250 �M. All steady-state
assays were carried out at 25 °C.

RESULTS

Protein Expression, Spectroscopic Properties, and Substrate
Binding—The expression level ofW188H iNOSoxy was similar
to wild-type and the mutant contained bound heme, which is
remarkable because another substitution at this site in
iNOSoxy (W188F) was reported to generate a predominantly
heme-free protein (38). UV-visible spectra ofW188H iNOSoxy
are shown in Fig. 2. In the absence of H4B and L-Arg themutant
enzyme had a 417-nm Soret band, indicating a low-spin ferric
heme.Addition ofH4B and L-Arg shifted the Soretmaximum to
396 nm, indicating a predominant high-spin character as
occurs in wild-type iNOSoxy (39). Spectra of the FeII-CO, FeII-
NO, and FeIII-NO complexes of W188H iNOSoxy are similar
but not identical to wild-type (Fig. 2 and Table S1). The Kd for
L-Arg in W188H iNOSoxy was determined using a spectro-
scopic assay to be 29 � 3 �M, which is roughly 20 times greater
than the wild-type Kd value of 1.3 � 0.9 �M determined under
identical conditions. Together, this indicates that the heme-
thiolate ligation is intact inW188H iNOSoxy, but its heme elec-
tronic environment and substrate binding affinity have some
detectable differences compared with wild-type.
Crystal Structure ofW188H iNOSoxy—Weobtained a crystal

structure of W188H iNOSoxy at 2.8-Å resolution. Parameters
are reported in supplemental Table S2. Overall, the structure of
the mutant is highly similar to wild-type iNOSoxy. Fig. 3
focuses on the heme structural environments of W188H and
wild-type iNOSoxy. In the mutant, the His188 imidazole side
chain is positioned below the heme and in the space that is
normally occupied by the Trp188 side chain in native iNOSoxy.
The imidazole ring of His188 makes a stacking interaction with
the porphyrin ring, and its N� atom is positioned within a sim-
ilar H-bonding distance to the heme thiolate as is the indole
nitrogen of Trp188 in wild-type iNOSoxy. The porphyrin ring
appears to be bent in a similar manner in both mutant and
wild-type structures, although the iron atom appears to lie

more in-plane with the porphyrin ring in the mutant enzyme.
These structural features are consistent with our biochemical/
biophysical measurements on W188H iNOSoxy.
Redox Potentiometry—One possible impact of the W188H

mutation is an effect on the heme midpoint potential. We
therefore compared the ferric/ferrous heme midpoint poten-
tials of ourW188Handwild-type iNOSoxy proteins in the pres-
ence of H4B and L-Arg. Data from representative spectroelec-
trochemical titrations are shown in Fig. 4. The calculated Em
value for the wild-type iNOSoxy was �261 � 2 mV, in good
agreement with previous values (�263 mV (40) and �270 mV
(41)) obtained at 25 °C. The W188H mutant had a heme mid-
point potential of �173 � 2 mV, which is an �88 mV increase
over wild type. Thus, substituting His for Trp188 in iNOSoxy
caused a significant increase in the ferric/ferrous heme mid-
point potential.
Stopped-flow Analysis of a Single Turnover L-Arg Hydro-

xylation—We next studied heme transitions that occur in
W188H iNOSoxy during catalysis of Arg hydroxylation under
single turnover conditions. The W188H iNOSoxy protein was
saturated with L-Arg and H4B, reduced with dithionite under
anaerobic conditions, and thenmixed in a stopped-flow instru-
ment with air-saturated buffer containing L-Arg and H4B to
start the reaction. Replica reactions with wild-type iNOSoxy
were run for comparison. Diode array spectra were collected
over the course of each reaction, and subject to global analysis.
We found the L-Arg hydroxylation reaction of W188H

FIGURE 2. Spectral properties of the W188H iNOSoxy mutant in the pres-
ence of H4B and L-Arg. Representative spectra for the enzyme in the oxidized
and reduced states, as well as the FeII-CO, FeII-NO, and FeIII-NO complexes are
shown.

FIGURE 3. Comparison of wild-type and W188H mutant iNOSoxy. Struc-
tures of wild-type (green, PDB 1NOD (10)) and W188H iNOSoxy (magenta)
exhibit similar structures in the heme region. The orientation of the wild-type
Trp188 indole nitrogen and W188H � nitrogen are consistent and both point
toward the Cys194 sulfide. Hydrogen bonds are shown between the Cys194

sulfide and the Trp188 indole nitrogen (magenta dashes), between the Cys194

sulfide and the His188 � nitrogen (green dashes), and between Cys194 sulfide
and Gly196 backbone nitrogen (yellow dashes) are marked. The peptidic nitro-
gen of Ile195 is not in a proper geometry for a hydrogen bond with the sulfide
but the partial positive charges of the N-H hydrogen may contribute electro-
static interactions with the thiolate. Throughout the figure nitrogen (blue)
and oxygen (red) are colored separately for clarity. The H4B molecule from the
W188H structure is showed in cyan, the other H4B molecule is omitted for
clarity. The figure was generated using PyMOL (96).
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iNOSoxy to be more complex than that of wild-type iNOSoxy.
A three-species, two consecutive transitionmodel that typically
provides a good fit for the wild-type reaction (34) (Equation 2),

FeII3 FeIIO23 FeIII (Eq. 2)

led to considerable error in the case ofW188H iNOSoxy. How-
ever, a four-species, three consecutive transition model that
includes formation of a new intermediate after the heme-dioxy
species could achieve an accurate fit (Equation 3).

FeII3 FeIIO23 intermediate3 FeIII (Eq. 3)

Visual analysis of the collected spectral scans confirmed the
appearance of a new intermediate at this point in the reaction
(data not shown). The calculated spectrum of each W188H
iNOSoxy heme species, and the time courses of their formation
and/or disappearance during the Arg hydroxylation reaction,
are shown in Fig. 5. The calculated transition rates are summa-
rized in Table 1 and compared with rates we obtained in a
wild-type iNOSoxy reaction. The formation rate of the heme-
dioxy complex was relatively fast and was similar for either
protein. Formation of the new heme intermediate in W188H
iNOSoxy coincided with the disappearance of its heme dioxy
complex (species I in Fig. 1). Buildup of the new intermediate
implies that theW188Hmutation stabilizes a heme-oxy species
that forms downstream from the heme-dioxy species but nor-
mally does not build up during the L-Arg hydroxylation reac-
tion catalyzed by iNOSoxy (34).
Requirement for H4B—The NOS heme-dioxy complex (spe-

cies I in Fig. 1) must receive an electron from bound H4B (42)
for NOS to form downstream heme-oxy species that can
hydroxylate L-Arg (Fig. 1).We therefore tested if the newheme-
oxy species we observed in the W188H iNOSoxy reaction
would still form if the reaction was run using a W188H
iNOSoxy protein that contained the redox-inactive dihydro-
biopterin (H2B) in place of H4B (Fig. S3). In this case, the FeIIO2
complex still formed but then transformed slowly (0.0044 s�1)

FIGURE 4. Determination of the redox potential of wild-type and W188H
iNOSoxy proteins. The fraction of oxidized protein at each redox potential
value was fitted to the Nernst equation. The fitted values are: iNOSwt, �261 �
2 mV; W188H, �173 � 2 mV.

FIGURE 5. Stopped-flow analysis of the heme transitions during L-Arg
hydroxylation by the W188H iNOSoxy mutant. Single turnover reac-
tions were initiated by mixing anaerobic ferrous protein with air saturated
buffer at 10 °C. A, spectra of the FeII, FeII-O2, Intermediate, and FeIII heme
species as calculated from Specfit global analysis of the kinetic data. The
wavelength of the Soret band peaks is indicated. B and C, concentration of
the FeII, FeII-O2, Intermediate, and FeIII heme species versus time during
the short (B) or longer times (C) as calculated from Specfit global analysis
of the kinetic data.
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into ferric enzyme without formation of the new intermediate.
Kinetically, the behavior of the H2B-bound W188H iNOSoxy
was similar to that described for H2B-bound wild-type
iNOSoxy (33), whose ferrous-dioxy transformation to ferric
enzyme is also slow (0.3 s�1 under identical conditions). We
conclude that W188H iNOSoxy requires H4B to form the new
heme-oxy reaction intermediate.
The above result implies that formation of the newheme-oxy

species may depend on electron transfer fromH4B.We verified
this directly by detecting formation of an H4B radical in the
single turnover L-Arg hydroxylation reaction catalyzed by
W188H iNOSoxy. Fig. 6 contains EPR spectra of reaction sam-
ples that were frozen at various times after initiating the reac-
tion. There was a significant H4B radical formation with an

estimated rate5 of 3.0 � 1.4 s�1. At the early and late time
points, the shape of the radical spectrum was very similar to
that observed for the H4B radical in wild-type iNOSoxy reac-
tions (34). However, in one intermediate sample (1.5 s, Fig. 6),
the EPR spectrum appeared to include an additional G 	 2.0
radical signal, which we estimate represents about 40 to 50% of
the total radical signal present at this time point (Fig. S4). The
nature of this new radical is currently under investigation.
Together, our data indicate that H4B radical formation in

W188H iNOSoxy is coincident with conversion of the heme-
dioxy complex I to the new heme-oxy intermediate that builds
up in our stopped-flow experiment (kobs 	 2.0 s�1, Table 1).
Thus, the new intermediate appears to form as a consequence
of heme-dioxy reduction by H4B.
Extent and Kinetics of L-Arg Hydroxylation—To determine

whether the new heme-oxy intermediate was a catalytically
competent species, we measured the extent and kinetics of
NOHA formation in single turnover L-Arg hydroxylation reac-
tions that were catalyzed byW188H or wild-type iNOSoxy. As
shown in Fig. 7, the two proteins generated comparable
amounts of NOHA (an average of 0.37 and 0.49 per heme,
respectively) in the single turnover reactions. These efficiencies
of product formation are within the range found in the litera-
ture forwild-type iNOSoxy (0.4 to 0.8NOHAper heme) (34, 37,
43, 44). We next measured the kinetics of NOHA formation
using a rapid-quench technique and HPLC analysis (34, 37).
The time course of the L-Arg hydroxylation is shown in Fig. 8.
The W188H mutant catalyzed the conversion of L-Arg at a
much slower rate than wild-type enzyme. The rates of L-Arg
disappearance and NOHA formation by W188H iNOSoxy
were similar and could be fit to a single exponential equation,

5 Rates are only estimates, as the main focus of the experiment was to confirm
H4B radical formation and not to determine rates. Furthermore, the possi-
ble appearance of other radical signals in addition to the H4B radical may
be significant and bias the double integration values. These issues will
require further analysis.

FIGURE 6. Formation of the H4B radical in the W188H iNOSoxy single turn-
over reaction at 10 °C as monitored by EPR. Top, spectra at different time
points. Bottom, fit of the radical concentration to B according to an A3 B3
C reaction scheme.

TABLE 1
Observed rate constants for heme transitions during the single
turnover experiments with L-Arg

Enzyme Observed transition rates (s�1)
FeII3 FeIIO23 FeIII

iNOSoxy wta 52.7 � 2.2 12.5 � 0.2
FeII3 FeIIO23 Int3 FeIII

iNOSoxy W188H 46.0 � 1.1 2.03 � 0.04 0.104 � 0.003
a Data from Ref. 34.

FIGURE 7. Stoichiometry of NOHA formation by wild-type and W188H
iNOSoxy in the single turnover reaction. Samples of wild-type or W188H
iNOSoxy were prereduced with a stoichiometric amount of dithionite and
then mixed with aerobic buffer and incubated for 10 min (see text for details).
The amount of NOHA formed from different starting concentrations of NOS
was quantified by HPLC.
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giving a rate of 0.159 s�1. Significantly, this rate of product
formation is comparable with the conversion rate of the new
heme-oxy intermediate in our stopped-flow experiments
(0.104 s�1, Table 1). This implies the new heme-oxy interme-
diate is a catalytically competent species.
NOSynthesis—The steady-stateNOsynthesis rate of the full-

length iNOSW188H enzymewas determined by the oxyhemo-
globin NO capture assay. The observed rates were 6.4 min�1

(NO synthesis) and 50min�1 (NADPHoxidation), significantly
lower than the values observed for the wild-type enzyme under
the same conditions (NO synthesis, 66 min�1; NADPH oxida-
tion, 116 min�1). NO synthesis is thus slower in the mutant,
with more uncoupled NADPH consumption.

DISCUSSION

L-Arg hydroxylation is the first reaction that NOS catalyzes
during NO synthesis. As in cytochrome P450 systems (17,
45–49), the reaction is thought to involve stepwise O2 activa-
tion at the heme (Fig. 1) to ultimately generate a Cpd I-like
species that inserts an oxygen atom into a N�-H bond of L-Arg

(5, 50, 51) (Fig. 1). The initial heme-dioxy species that forms
when O2 binds to ferrous heme is well characterized in NOS,
and there is much information available on its spectroscopic
properties, formation, and decay kinetics, and lack of reactivity
toward L-Arg or NOHA (34, 37, 43, 52–58). However, once the
heme-dioxy species forms, its subsequent reduction by H4B
becomes rate-limiting for further catalysis (34, 59). This pre-
vents accumulation of downstream reactive heme-oxy species
during L-Arg hydroxylation, and one instead observes
monophasic conversion of the heme-dioxy species to the ferric
enzyme during a single turnover reaction (52). Here we
observed build up of a new heme-oxy intermediate in W188H
iNOSoxy during its L-Arg hydroxylation. Our time-resolved
UV-visible and EPR data indicate that this new intermediate
forms downstream from the initial heme-dioxy species and
forms as a consequence of heme-dioxy reduction by H4B.
Moreover, subsequent conversion of the new heme-oxy inter-
mediate to ferric enzyme is monophasic and occurs at a rate
that is equivalent to the rate of L-Arg hydroxylation (or NOHA
formation) in the same reaction. Thus, the new intermediate is
a catalytically active species whose further reaction is rate-lim-
iting for L-Arg hydroxylation by W188H iNOSoxy.
The Nature of the Intermediate—According to Fig. 1, once

the heme-dioxy complex (I) is reduced by H4B there are three
transient species that form sequentially: a ferric-peroxo (II),
ferric hydroperoxo (III), and a Cpd I-like species (IV). Various
methods have been used to create and characterize these spe-
cies in heme-thiolate enzymes. Reaction of several cytochrome
P450 proteins with peroxides or peroxyacids (60–63), or pho-
tooxidation of Cpd II (64), has been reported to form a Cpd
I-like species. Radiolytic reduction of cytochrome P450cam or
chloroperoxidase at cryogenic temperature has allowed the
observation of ferric-peroxo and ferric-hydroperoxo interme-
diates (65, 66). These intermediates have also been stabilized in
cytochrome P450 by point mutations in the distal heme pocket
that may restrict protonation of the ferric-peroxo species (65).
Likewise, two groups have observedNOS heme-oxy intermedi-
ates in experiments done at cryogenic temperature (67, 68).
Radiolytic reduction of a NOS heme-dioxy species formed a
ferric-peroxo species (II) as characterized by ENDOR spectros-
copy, but no subsequent ferric-hydroperoxo or Cpd I-like spe-
cies were observed upon further annealing to higher tempera-
ture (68). The reaction of NOS with peroxyacids apparently
yielded a Cpd I-like species as characterized by EPR (67). A
preliminary study has reported a stable heme-oxy intermediate
in a nNOS mutant that contains a point substitution in the
distal heme pocket (69). Although these studies provide valua-
ble spectroscopic information, the inherent instability of the
intermediates and/or limitations of the experimental systems
typically prevented concurrent studies being performed on the
reactivity or kinetics of the transient intermediates. Neverthe-
less, the information should help to identify the heme-oxy
intermediate that we observe in W188H iNOSoxy. For exam-
ple, its UV-visible spectrum is most similar to spectra reported
either for a ferric-peroxo (II) or aCpd I-like (IV) intermediate in
other heme-thiolate proteins (70–72). It is strikingly similar to
the spectrum observed immediately after the cytochrome
P450BM3 F87G mutant is reacted with m-chloroperoxyben-

FIGURE 8. Kinetics of product formation as determined by rapid-quench
experiments and HPLC analysis. Anaerobic ferrous W188H was mixed with
oxygen saturated buffer at 10 °C. Samples were quenched at different times
and the concentrations of L-Arg (closed squares), NOHA (open circles), and
citrulline (closed triangles) were determined by HPLC. Lines indicate the fit to a
single exponential equation.
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zoic acid (70), which the authors assigned to a Cpd I-like spe-
cies. In contrast, its spectrum differs from that recently
reported for the ferric-hydroperoxo intermediate (III) of chlo-
roperoxidase (66).
Cpd I-like species are usually reported to have a significantly

reduced Soret absorbance relative to the ferric enzyme. The
Soret absorbance that we observe for our new heme-oxy inter-
mediate (peak at 422 nm, Fig. 5) is not as decreased as in someof
the canonical examples (60, 63), but is similar to at least one
example (70). This may be due in our case to a lingering contri-
bution from the heme-dioxygen spectrum, or perhaps to inher-
ent differences inNOS enzymes relative to other heme-thiolate
enzymes, as is already well documented for their heme-dioxy
spectra (42, 57). Further experiments are in progress to define
the exact nature of the new heme-oxy intermediate in W188H
iNOSoxy.
The Effect of His188 on the Heme-Thiolate Bond—The ability

of W188H iNOSoxy to stabilize the new heme-oxy intermedi-
ate may be related to an effect on the hydrogen bonding
between the His188 side chain and the heme thiolate. Our crys-
tal structure revealed that the N� imidazole atom of the His188
side chain is within hydrogen bonding distance of the heme
thiolate. Hydrogen bonding to the proximal heme ligand has
long been considered an important determinant for heme reac-
tivity (see Ref. 73, and references therein). In particular, studies
have shown that the reduction potential of the heme is highly
dependent on the �-donor strength of the thiolate ligand (74–
78). The addition of H-bonds to the thiolate increases the
strength of the Fe-S bond, decreases the�-donation of the thio-
late, and increases the midpoint reduction potential of the
heme (74–77). Our results are consistent with these observa-
tions, and suggest that the hydrogen bond between His188 and
the heme-thiolatemay be stronger than the one formed inwild-
type iNOS by Trp188. Because the His imidazole ring has a
much lower pKa than the indole N-H group of Trp, it is inher-
ently a better H-bond donor. Even at neutral pH it is reasonable
to assume that therewill be a significant fraction ofmolecules in
which the His188 side chain will be positively charged, whereas
the indole will remain neutral at any given physiological pH.Ab
initio studies indicate that the analogous NH–O hydrogen
bond is slightly stronger for a neutral imidazole than for an
indole, but a protonated imidazole makes a much stronger
hydrogen bond (79).We do not observe a noticeable shortening
of the nitrogen-sulfur distance for the W188H mutant, but it
must be noted that the His188 can hardly get any closer without
causing some disruption in the protein backbone.
In model heme-thiolate compounds, changes in midpoint

potential ranging from 100 to 200 mV with only one NH–S
hydrogen bond have been observed (80–82). Those hydrogen
bonds are strong (N–S distances between 2.9 and 3.0 Å (81))
and in heme-thiolate proteins the hydrogen bonds are generally
weaker (N–Sdistances typically between 3.2 and 3.5Å,with less
than optimal angles) and the effects on the potential are pro-
portionally smaller (74–77). Thus, the increased heme mid-
point potential of W188H iNOSoxy (�88 mV) could be due in
part to the increased strength of the His188 imidazole NH–S
hydrogen bond, relative to Trp188. Other aspects to consider
include the possibility that the His188 is protonated and posi-

tively charged, or that the mutation changes heme solvation or
the degree of porphyrin bending (40, 83–85) relative to wild-
type. These possibilities are under current investigation.
Mechanistic Insights—Previous considerations suggest that a

Cpd I-like species may be the only intermediate with sufficient
power to oxidize a substrate like L-Arg. This would be consist-
ent with studies on cytochrome P450 enzymes that argue a
similar hydroxylation would likely involve a Cpd I-like species
(86, 87). Thus, if we assume a Cpd I-like species must form in
W188H iNOSoxy to generate NOHA, then buildup of the new
heme-oxy intermediate and the subsequent slow rate of L-Arg
hydroxylation could be due to two circumstances: a poor pro-
tonation of the ferric-peroxo and/or ferric-hydroperoxo inter-
mediates (II and III) thatwould effectively slow formation of the
Cpd I-like oxidant, or alternatively, a facile formation of a Cpd
I-like species that then builds up because it is too weak an oxi-
dant to react quickly with L-Arg.

In light of these possibilities, how might the higher heme
midpoint potential in W188H iNOSoxy impact the formation
and/or reactivity of the various heme-oxy species during L-Arg
hydroxylation? Precise answers are impossible to infer, because
at this pointwe can only extrapolate based on ourmeasurement
of the ferric/ferrous couple, which may or may not be an accu-
rate reflection of the midpoint potentials of the actual reactive
heme-oxy species in question.We did observe a 100-fold stabi-
lization of the initial heme-dioxy intermediate (I) in W188H
iNOSoxy relative towild-typewhen both containedH2B to pre-
vent heme-dioxy reduction within the enzyme. A similar stabi-
lization of the heme-dioxy species has been observed in cyto-
chrome P450BM3 mutants that have more positive ferric/
ferrous heme midpoint potentials (74, 88). This might be
explained by the lower electron density in the heme-thiolate
favoring the ferrous-dioxy heme resonance form over the fer-
ric-superoxy heme resonance form (74) (Fig. 1), and thereby
inhibiting breakdown into superoxide and ferric heme. The
extreme examples would be hemoglobin or myoglobin who
havemuch higher hememidpoint potentials and enable oxygen
to remain bound to the ferrous heme for long times without
significant autooxidation (89). Interestingly, we found that the
heme-dioxy complex in W188H iNOSoxy, despite being more
stable, was still reduced by H4B in the L-Arg reaction. This con-
trasts with a cytochrome P450BM3 study, in which the authors
suggested that reduction of the heme-dioxy species is likely
impaired in the high potential mutants (74). Whether this dif-
ference arises fromNOS utilizing a closely bound H4B cofactor
as the reductant instead of a separate subdomain containing
reduced FMN cofactor (as does cytochrome P450BM3) is an
interesting possibility to explore further.
Regarding protonation of the heme-peroxo and heme-hy-

droperoxo species (II and III), it is important to realize that
there are no protein-based H-bond donors present in the distal
heme pocket of NOS (10, 13). Although several proton donors
and mechanisms have been proposed for the NOS enzymes,
including a structural water molecule, the guanidinium group
of L-Arg, and H4B (15, 49, 87, 90–92) there is no consensus and
none have been experimentally verified. The fact that the
W188H mutation is proximal to the heme means it could only
have an indirect influence on the distal heme environment

Stabilization of a Reaction Intermediate in iNOS

NOVEMBER 28, 2008 • VOLUME 283 • NUMBER 48 JOURNAL OF BIOLOGICAL CHEMISTRY 33505

 at C
LE

V
E

LA
N

D
 C

LIN
IC

 F
O

U
N

D
A

T
IO

N
 on D

ecem
ber 29, 2008 

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org


where the relevant proton donors are likely to be located. How-
ever, there may be precedent for an effect on the protonation
steps, because proximal sitemutations that alter the hememid-
point potentials of cytochrome P450st and CYP101A1 were
suggested to influence protonation of the heme-peroxo species
and thus impact Cpd I formation, albeit on the basis of steady-
state kinetic measurements (75–77). Similarly, calculations
indicate that increased hydrogen bonding to the heme-thiolate
should decrease the “push” effect of the sulfur atom and thus
may have a negative effect on the heterolytic cleavage of the
O–O bond that enables formation of Cpd I (93). It is also pos-
sible that the more electropositive heme-thiolate in W188H
iNOSoxy creates a circumstance where the ferric-peroxo
and/or ferric-hydroperoxo species are less basic and therefore
less prone to protonation within the distal cavity. Thus, an
effect of the W188H mutation on heme-oxy protonation steps
is conceivable but the mechanism is unclear at present.
There is little evidence indicating how changes inH-bonding

to the heme-thiolate or in heme-thiolate electronegativity
would affect the reactivity of a Cpd I-like species. Theoretical
calculations predict that formation of stronger hydrogen bonds
to the heme-thiolate should increase the reactivity of a Cpd
I-like species (17, 18). In manganese peroxidase, proximal
mutations that induced �80 mV changes in the ferric/ferrous
heme midpoint potential had little effect on the kinetics of its
Cpd I reduction, but did slow or speed the rate of its Cpd II
reduction (94). On the other hand, no significant correlation
was reported between heme midpoint potential and the Cpd I
reduction rate in a panel of ascorbate peroxidase mutants (95).
Regardless, the possibility that the W188H mutation dimin-
ishes the reactivity of a Cpd I-like species remains intriguing
and should be explored further.
Conclusions—W188H iNOSoxy can be a valuable tool to

study details of oxygen activation in heme-thiolate enzymes. It
is the first example in this family where a proximal site muta-
tion can stabilize a heme-oxy intermediate that forms down-
stream from the initial heme-dioxy species. This effect has been
previously observed only in distal site (65) or other mutants
(71). Our results provide an excellent example of how relatively
small changes in the proximal heme environment can tune the
electronics of the heme-thiolate and in turn modify the proc-
essing and/or reactivity of various heme-oxy species. Our find-
ings indicate that a decrease in heme-thiolate electronegativity
in iNOS inhibits the formation and/or reactivity of the heme-
oxy intermediate that ultimately hydroxylates the substrate
L-Arg.
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