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ABSTRACT: The crystal structures of nitrosyl-heme complexes of a prokaryotic nitric oxide synthase (NOS)
from Bacillus subtilis(bsNOS) reveal changes in active-site hydrogen bonding in the presence of the
intermediateNω-hydroxy-L-arginine (NOHA) compared to the substrateL-arginine (L-Arg). Correlating
with a Val-to-Ile residue substitution in the bsNOS heme pocket, the Fe(II)-NO complex with bothL-Arg
and NOHA is more bent than the Fe(II)-NO, L-Arg complex of mammalian eNOS [Li, H., Raman, C.
S., Martasek, P., Masters, B. S. S., and Poulos, T. L. (2001)Biochemistry 40, 5399-5406]. Structures of
the Fe(III)-NO complex with NOHA show a nearly linear nitrosyl group, and in one subunit, partial
nitrosation of bound NOHA. In the Fe(II)-NO complexes, the protonated NOHA Nω atom forms a short
hydrogen bond with the heme-coordinated NO nitrogen, but active-site water molecules are out of hydrogen
bonding range with the distal NO oxygen. In contrast, theL-Arg guanidinium interacts more weakly and
equally with both NO atoms, and an active-site water molecule hydrogen bonds to the distal NO oxygen.
This difference in hydrogen bonding to the nitrosyl group by the two substrates indicates that interactions
provided by NOHA may preferentially stabilize an electrophilic peroxo-heme intermediate in the second
step of NOS catalysis.

Nitric oxide synthases (NOS) react withL-arginine (L-
Arg)1 and oxygen to form nitric oxide and citrulline in a
two-step reaction that generates Nω-hydroxy L-arginine
(NOHA) as a stable intermediate (Figure 1) (1-11). Conver-
sion of L-Arg to NOHA likely proceeds as a cytochrome
P-450-type monooxygenation with the additional NOS co-
factor, tetrahydrobiopterin (H4B) donating an electron to the
heme during oxygen activation (12, 13). A compound-I-type
species (VI) likely acts in this first oxidation, but a
hydroperoxy or peroxy species (V) is proposed to act in the
second step (Figure 1) (3, 7, 10, 14-17). Whether the NOS
active center actually carries out the two reactions with
different activated oxygen species is an unresolved issue.
Product NO can either diffuse out of the heme pocket or
bind to the heme iron and inhibit the enzyme (Figure 2) (15,
18, 19). The three mammalian NOS isozymes bind and
release NO to varying degrees; this impacts the delivery of
NO as a signaling agent and the generation of oxidized nitric
oxide species (18-20).

Diatomic ligands such as NO, CO, CN-, and even O2 have
been used to probe NOS active center properties. A recent
review by Rousseau and co-workers summarizes our current
understanding of these complexes through spectroscopic

investigations (15). Because of their instability, catalytically
key oxy-heme complexes are difficult to trap in crystals; thus,
nitrosyl complexes have served as oxygen mimics for
structural studies of ternary complexes in heme centers (15,
21). In particular, crystal structures of the nitrosyl-heme
complex of bovine eNOS, as well as a cyanide complex of
iNOS, provide insight into structures of a ternary precatalytic
configuration (22, 23). A model has also been derived for
the oxy-heme NOHA ternary species based on the structure
of murine iNOS bound to NOHA (24).

For both steps of NOS catalysis, low-temperature EPR and
ENDOR studies of heme-oxy-L-Arg complexes indicate the
involvement of a [guanidium-H2O] network in the proton-
coupled electron transfers that activate oxygen (25). In fact,
ferrous oxy-heme complexes with eitherL-Arg or NOHA
behave equivalently in cryo-reduction and annealing (24, 25).
Both experiments resolve a peroxo-ferric heme species that
converts directly to products on raising temperature. Either
L-Arg or NOHA could donate protons to heme-bound oxygen
in these processes, although the pKa of NOHA is substantially
lower than that ofL-Arg (26). Crystallographic information
on ternary complexes with NOHA may help clarify the
structural features that distinguish the two steps of NOS
catalysis.

Herein, we report crystal structures of complexes among
substrates and nitrosyl-heme (Fe(II)-NO and Fe(III)-NO)
species in the prokaryotic NOS protein fromB. subtilis
(bsNOS). Prokaryotic NOSs lack a reductase domain and
N-terminal regions found in mammalian NOSs (mNOSs) but
have very similar heme environments and catalytic properties
compared to mNOSs (27-30). Close interactions between
the substrate and heme-bound NO are characteristic of all
structures. In particular, in one structure, we observe partial
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nitrosation of the hydroxylated NOHA nitrogen (Nω).
Importantly, hydrogen bonding of the NO proximal N with
the protonated NOHA Nω produces bent Fe-NO complexes.
A similar interaction with heme-bound oxygen may stabilize
a peroxo species in the second step of the reaction.

MATERIALS AND METHODS

NOC-12 and dihydrobiopterin were purchased from Alexis
and Cayman chemicals, respectively. Poly(ethylene glycol)
was obtained from Hampton Research and Tris (hydroxym-
ethyl)aminomethane buffer was from Fisher Scientific. All
other chemicals were from Sigma-Aldrich unless otherwise
noted.

Protein Expression, Purification, Crystallization and Struc-
ture Determination.bsNOS was cloned, expressed, and
purified as previously reported (27). Initial bsNOS crystals
were grown at room temperature by hanging-drop vapor
diffusion from 45 mg/mL protein in 50 mM Tris (pH 7.5),
150 mM NaCl, and 2mM DTT that was mixed 1:1 (V/V)
with a reservoir solution containing 100 mM sodium ca-
codylate (pH 6.0-8.0), 200 mM potassium acetate, and 16-
21% poly(ethylene glycol) (PEG) 8K (27). To generate
Fe(II)-NO complexes, crystals were anaerobically grown
from seeds in sitting drop solutions containing the same
reservoir solution, except 3-8% PEG 8K and 1 mM
dihydrobiopterin, 5 mML-Arg, NOHA or citrulline and 1-20

FIGURE 1: The NOS catalytic mechanism. The ferric enzyme (I) is first reduced to the ferrous state (II), which then binds to O2 (III) to form
a ferric superoxide species (IV). An additional electron is added, which leads to the formation of a peroxy species (V). V is proposed to
convert to a ferryl compound I species (VI), which inserts an oxygen atom inL-Arg to produce NOHA. In the second step of the reaction,
peroxo-heme may serve as the activated oxygen species to catalyze citrulline and NO formation from NOHA. Product NO can either leave
the heme pocket or bind to the heme and inhibit the enzyme.

FIGURE 2: bsNOS nitrosyl-heme, substrate complexes. Hydrogen-bonding interactions (<3.3 Å) are shown as dotted lines. (A) Fe(II)-
NO-L-Arg complex (3σ and 1σ contours in anFo - Fc omit map). (B) Fe(II)-NO-NOHA complex (4σ and 1σ contours). The active-site
water does not hydrogen bond to the distal NO oxygen, but NOHA hydrogen bonds to the proximal NO nitrogen. (C) The linear Fe(III)-
NO-NOHA complex (3σ and 2σ contours). (D) The unusual Fe(III)-NO-NOHA complex (4σ and 2σ contours). A putative second NO
molecule (NO-II) is observed in a hydrophobic pocket surrounded by Ile214, Pro212, and Phe231.
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mM dithionite. Crystals were then washed anaerobically and
placed in a cryoprotectant containing 4 mM NOC-12 and
no reductant or dissolved oxygen. Fe(III)-NO complex
crystals were grown in similar conditions but in the absence
of dithionite. All crystal and sample handling was carried
out in an anaerobic glovebox with all solutions degassed on
a Schlenk line. Diffraction data was collected at CHESS F1,
F2 beamlines, and NSLS beamlines X6A, X25, and X26
beamlines, respectively. The datasets were reduced and
scaled with HKL2000 (31). Initial phases were determined
using AMoRe (32) with the PDB entry 1M7Z of the bsNOS
as a molecular replacement model. Refinements were carried
out with CNS (33) and REFMAC (34), and models were
built with XFIT (35). Structures were refined without energy
constraints for bond angles between heme Fe, NO, and
NOHA or L-Arg in the complex (Table 1). Multiple starting
configurations for the Fe-NO ligation complexes were tested
for convergence of geometry. The NO bond length was fixed
at 1.15 Å for the Fe(II) complexes and the bent Fe(III)-NO
complex and 1.11 Å for the linear Fe(III)-NO complex. The
bond angles do not change significantly (less than 2%) when
the diatomic ligand is modeled as NO+, NO, NO- (bond
lengths of 1.11, 1.15, or 1.19 Å, respectively).

RESULTS

Table 2 shows the bond angles and bond distances
obtained for the various Fe(II)-NO and Fe(III)-NO com-
plexes. Figure 2A-D shows omit electron density of the
bsNOS active sites with NO and substrates bound.

Fe(II)-NO-L-Arg and NOHA Complexes.In the 1.9 Å
resolution Fe(II)-NO-L-Arg structure, NO coordinates the
heme iron beside theL-Arg guanidinium nitrogen (Figure
2A,B), as observed in theL-Arg NO complex of eNOS (22).
The NO oxygen [O(NO)] hydrogen bonds to one terminal

guanidinium nitrogen and an active-site water molecule that
is present above the guanidium group even in the absence
of NO. The 1.9 Å resolution structure of the NOHA Fe-
(II)-NO complex is similar, except that the Fe-N-O bond
appears more bent (126° vs 132°). In the NOHA complex,
the Fe-N bond length refines slightly longer (1.86 Å)
compared to the Fe-N bond length of theL-Arg complex
(1.68 Å). Positional refinements were carried out from
starting geometries that expanded and contracted the unre-
strained Fe-N bond distance by 0.2-0.3 Å. In all cases,
the distances refined to within 0.04 Å of the reported values
(Table 2). Only with NOHA did the Fe-N distance refine
∼0.14 Å longer than would be expected for a typical heme
Fe(II)-NO bond (36, 37). Fixing the Fe(II)-N bond distance
to a more typical value of 1.7 Å had little effect on the refined
Fe(II)-N-O angle, although at this resolution, the refine-
ment is unlikely to capture a change of<10° in this angle.

Key differences between theL-Arg and NOHA complexes
include hydrogen (H)-bonding interactions produced by the
NOHA oxime group (CdN-OH). The NOHA hydroxyl
oxygen and the main-chain nitrogen of Gly233 are within
H-bonding distance, as are the hydroxyl hydrogen and the
main-chain carbonyl of Trp234. Additionally, the NOHA Nω

makes a short H-bond with the proximal nitrogen of NO.
Consequently, the Nω resides slightly closer to the heme Fe
in the NOHA complex, than in theL-Arg complex. Impor-
tantly, the interaction between the N(NO) and the NOHA
Nω nitrogen is shorter (2.55 Å) than between the equivalent
guanidinium nitrogen ofL-Arg (although the latter is still in
hydrogen bonding distance, at 2.86 Å). This interaction, and
the nonplanarity of the hydroxy-guanidinum group implies
that the hydroxy-guanidinium group protonates on Nω , as
has been found previously in structures of bsNOS (27) and
mammalian iNOS (24) and in agreement with theoretical (38,

Table 1: Data Collection and Refinement Statistics of bsNOS Nitrosyl-Heme Complexes in Space GroupP21212

Fe(II)-NO + L-Arg Fe(II)-NO + NOHA Fe(III)-NO + NOHA

cell a, b, c (Å) 80.0, 93.5, 62.8 80.0, 93.5, 62.8 81.3, 93.2, 118.3
no. of residues 362 362 724
cofactors and ligands NO,L-Arg, H2B NO, NOHA, H2B NO, NOHA, H2B
no. of waters 459 307 738
resolution (Å) 1.9 (1.97-1.9) 1.93 (1.97-1.93) 2.2 (2.25-2.2)
wavelength (Å) 1.100 1.100 0.979
no. of unique reflections 34535 35595 43748
no. of observations 116133 125963 137697
% completeness 91.1 (88.3) 93.9 (92.1) 92.5 (90.4)
〈I/σI〉 32.2 (8.6) 8.29 (2.36) 6.24 (3.0)
Rsym (%)a 0.069 (0.34) 0.117 (0.55) 0.093 (0.235)
R (%)b 23.4 23.0 25.9
Rfree 25.9 25.0 27.3
overall〈B〉 (Å2) 35.3 34.9 39.9
main chain〈B〉 (Å2) 34.1 33.9 38.9
side chain〈B〉 (Å2) 36.2 35.8 41.0
rmsd for angles (deg) 1.5 2.1 2.1
rmsd for bonds (Å) 0.009 0.02 0.02

a Rsym ) ∑|Iij - 〈Ii〉 |/∑Iij. b R ) ∑|Fo - Fc|/∑|Fo|.

Table 2: Bond Lengths and Angles for the bsNOS Nitrosyl-Heme Complexes

Fe-N (NO) FeNOAngle Fe-Nω Water-Nω Water-N(NO) Water-O(NO) Nω-N(NO) Nω-O(NO)

bNOS2++ L-Arg + NO 1.68 132 4.17 2.8 4.0 3.2 2.86 3.10
bNOS2+ + NOHA + NO 1.86 126 4.03 2.7 3.9 3.5 2.55 3.00
bNOS3+ + NOHA +NO- -I 1.69 161 4.3 3.7 3.9 3.4 3.13 2.87
bNOS3+ + NOHA + NO-II 2.29 103 3.87 2.1 3.0
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39) and spectroscopic studies (40). Both atoms of NO are
in hydrogen-bonding distance to the NOHA Nω, but the distal
NO oxygen now resides outside of a typical hydrogen-
bonding separation with the active-site water (3.5 Å, Table
2).

Fe(III)-NO-NOHA Complexes.The Fe(III)-NO-NO-
HA complexes crystallize in a larger unit cell with two
molecules in the asymmetric unit (Table 1). The 2.2 Å
resolution structure reveals that each molecule has a different
Fe(III)-NO conformation (conformations I and II, in Table
2, Figure 2C,D). The first conformation contains a typical
linear Fe(III)-NO species. (The more linear geometry of
this ligation state compared to the Fe(II)-NO structures
indicates that reduction of the heme-nitrosyl center by the
X-ray beam does not occur to an appreciable extent in these
experiments.) A water molecule resides above the substrate,
as in the Fe(II)-NO complexes, but has been displaced
toward the mouth of the heme pocket. The second conforma-
tion is unusual in that the Fe(III)-NO bond is more bent
(100°) when compared to the other Fe(III)-NO or Fe(II)-
NO complexes of NOS (21). The Fe-N bond length also
refines out of range for direct heme ligation (2.29 Å). No
obvious water molecule resides above the substrate in
conformation II; however, strong electron density near Ile214
could either represent superposition of variable solvent
positions, an alternate conformation of the Ile side chain, or
an additional NO, which is most consistent with the elongated
electron density (Figure 2D). Residues Tyr235, His124,
His225, and possibly Ile214 have alternate conformations
in this structure. High electron density (5.5σ) in Fo - Fc

maps between the NOHA Nω and the N(NO) and a very
short interatomic separation (2.1 Å) indicates some covalent
bond character between NO and NOHA (Figure 3). Attempts
to model this distance as a typical hydrogen-bonding
separation (2.7 Å or larger) or a covalent N-N bond (1.3
Å) were both incompatible with the electron density. We
thus conclude that the second conformation may represent
partial nitrosation of the NOHA Nω.

Attempts to trap a product ternary complex of citrulline
with Fe(III)-NO were unsuccessful. Only weak electron

density was observed for citrulline in the presence of NO
donors, even though NO was not found bound to the heme.
In the absence of NO donors, citrulline binds to the active
center in a conformation very similar to that ofL-Arg and
NOHA (Figure 4). In general, lower electron density levels
for substrates were found in the presence of NO donor
compounds.

DISCUSSION:

The Fe(II)-NO Complexes.The Fe-N-O bond angles
for the 1.9 Å resolution Fe(II)-NO complexes with both
L-Arg and NOHA bound bsNOS are smaller (132° and 126°)
compared to earlier studies on the 2.0 Å resolution Fe(II)-
NO complex from the bovine eNOS (161°) (22). The more
linear bond angle for the eNOS NO complex is similar to
the heme-ligand geometry in the 2.4 Å resolution Fe3+-
CN complex of murine iNOS (168°) (23). At the resolution
of our structures, the errors in Fe-NO bond angles are
unlikely to exceed∼15° as larger bond angles do not agree
with the experimental electron density and are refined back
to ∼130°. Nevertheless, contributions from minor alternate
conformations cannot be ruled out at this resolution. Fe-
NO bond geometry depends on the electron count of the
complex and the environment surrounding the nitrosyl group.
In other proteins and model compounds, Fe-NO complexes
vary in bond angle from a nearly linear Fe(III)-NO to a
severely bent Fe(II)-NO- (120°), with Fe(II)-NO com-
pounds usually in the range of 130-150° (36, 41, 42). It is
unlikely that the smaller angle in our bsNOSL-Arg complex
resulted from additional reduction of the Fe(III)-NO by
excess dithionite, as the NO donor compound was introduced
after the crystals had been transferred out of the reducing
solution. Furthermore, efforts to obtain an Fe-HNO complex
using Angeli’s salt, which is considered to be a source of
HNO/NO- (41), did not yield any heme-bound NO species.
Considering that the Fe3+-CN complex of murine iNOS (at
2.4 Å resolution) has nearly the same bond angle as the
eNOS nitrosyl-heme compound (168°) could indicate that
the latter has some Fe(III)-NO character. However, protein
environments are known to influence the geometries of heme
ligands (37, 43, 44). The different Fe-NO geometries of
bsNOS and eNOS may also reflect a more constrained heme
pocket in bsNOS that results from a Val-to-Ile214 substitu-
tion above the distal face of the heme (27). One of the
features that distinguishes bsNOS from its mammalian
counterparts is the tendency of bsNOS to release product
NO more slowly from the active center (30). This property
was shown to correlate with the Val-to-Ile214 substitution
in bsNOS (45). The additional methylene group of the Ile

FIGURE 3: An unusually strong interaction between the NOHA Nω

and N (NO) indicates at least partial nitrosation of NOHA by Fe-
(III) -NO. TheFo - Fc electron density, omitting both NOHA and
NO from Fc is contoured at 5.5σ (red) and 3σ (yellow).

FIGURE 4: Citrulline bound to bsNOS. Presence of NO in solution
weakens substrate binding. Citrulline bound to NOS active site in
the presence (A) and absence (B) of NO donor compounds (NOC-
12). (Fo - Fc omit maps contoured at 3σ.)
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side chain directly contacts the distal NO oxygen in both
the Fe(II)-NO and Fe(III)-NO bsNOS complexes (with a
separation of 3.5-3.8 Å).

Interestingly, the Fe-N bond distance refines∼0.15 Å
longer in the NOHA compared to theL-Arg complex. This
correlates with bridging electron density between the NOHA
Nω atom and the NO(N) indicative of a strong hydrogen-
bonding interaction. Density functional theory (DFT) cal-
culations indicate that the Fe-O bond of dioxygen bound
to the reduced heme center of mammalian NOS heme will
be∼0.15 Å longer than that of Fe-N in the nitrosyl complex
(17). Thus, the NOS active center may promote a short
hydrogen bond between NOHA and the dioxygen proximal
oxygen that manifests as a slight distortion in the Fe-N bond
length when NO is bound instead of dioxygen. Alternatively,
we cannot rule out a minor contribution from another ligation
species in the Fe(II)-NO NOHA crystal (perhaps an
N-nitrosated NOHA) that when unaccounted for affects the
refinement of the Fe-N bond. Nonetheless, difference
Fourier electron density maps are essentially flat in this
region when the Fe(II)-NO is modeled as a single species
with a 1.86 Å Fe-N bond.

The bsNOS Fe(II)-NO-NOHA and L-Arg complexes
also differ in solvent interactions within the active center.
In both cases, an active-site water molecule forms a hydrogen
bond with the NOHA Nω, or its equivalent guanidinium N
in L-Arg (Figure 2A,B). However, in theL-Arg complex the
O(NO) also hydrogen bonds to this water molecule, but in
the NOHA complex, the interatomic separation has increased
beyond that of a typical hydrogen bond (Table 2). The
NOHA hydroxyl group is in hydrogen-bonding distance with
to the main-chain nitrogens of Gly233 and Trp234, whereas
the L-Arg terminal guanidinium only hydrogen bonds with
bound NO. As a result, the heme Fe is closer to the Nω (4.0
Å) compared to the equivalent nitrogen ofL-Arg, which is
not hydroxylated (4.2 Å). Similar trends were observed by
ENDOR experiments on mammalian neuronal NOS (40).
The strong interaction between the N(NO) and protonated
NOHA Nω directs the O(NO) back, away from the active-
site water. This difference may have implications for
protonation of peroxo-heme with eitherL-Arg or NOHA
present.

Fe(III)-NO Complexes.The Fe(III)-NO bsNOS complex
crystallizes with two molecules per asymmetric unit, which
differ primarily in their Fe(III)-NO conformations. Two
similar Fe(III)-NO ligation states were found in the Fe-
(III) -NO complex of nitrophorins, which are small heme
proteins designed for NO delivery (37, 42, 46, 47). Initial
crystal structures of nitrophorin-4 exhibited distorted electron
density for the nitrosyl group that was interpreted as two
alternate Fe(III)-NO geometries, with one nearly linear Fe-
NO bond, and the other severely bent along the porphyrin
plane (46). However, in later ultra-high-resolution structures
of nitrosyl-nitrophorin the severely bent NO was not
observed (37). The difference between the structures was
suggested to derive from photoreduction by the longer
wavelength X-ray beam employed in the lower resolution
study (37). In our bsNOS structure, one Fe(III)-NO bond
is close to linear (162°), whereas the other is also unusually
bent (100°) with a much longer Fe-NO distance (2.34 Å).
Resonance Raman studies of the Fe(III)-NO complexes in
iNOS, cytochrome P-450cam, and chloroperoxidase provide

support for a nonlinear Fe-NO bending mode (15). Pho-
toreduction seems unlikely as a cause for the bent geometry
because the crystals were collected with short wavelength
radiation (0.979 Å), and we see no such effect with the more
reduced Fe(II)-NO complexes. Rather, omit-electron density
suggests that the NOHA group is partially nitrosated in the
second conformation (Figure 3). Nitrosation ofN-hydroxy-
guanidiniums to diazeniumdiolates is known (48), and thus
N-nitrosation of NOHA by NOS is not unreasonable given
the structure of the Fe(III)-NO NOHA complex (Figure 4).
Furthermore, ferric nitrosyl-heme species catalyze N-
nitrosation reactions of small molecules (49) and of cysteine
residues in nitrophorin proteins (42, 47); an analogous
mechanism may be operative here (Figure 5).

Both mammalian and bacterial NOSs have been implicated
in nitrosation and nitration chemistry (50, 51). In one case,
the biological function ofStreptomycesbacterial NOS
involves the specific nitration of an indole moiety (51). The
unusual structure of the Fe(III)NO-NOHA complex indi-
cates that the NOS active center can catalyze nitrosation
reactions directly. As mammalian NOSs are often inhibited
as the Fe(III)-NO species during turnover (20) if small
molecules can access the active site, they may be subjected
to nitrosation. Given the similarities of their heme centers
to NOS, cytochromes P-450 may also have the capacity to
nitrosate some of their highly varied substrates.

NO and Substrate Binding.Presence of NO in solution
significantly weakens electron density of theL-Arg and
NOHA substrates in the active site, compared to structures
obtained in the absence of NO donors. The effects of soluble
NO were most pronounced for citrulline binding (Figure 4).
Thus, a major NO diffusion pathway is likely the same as
the substrate access channel. The solvent-accessible surface
area of the heme reduces from 20 to 2 Å2 in the presence of
L-Arg. The binding of substrates and products will likely
effect diffusion of NO and O2 to and from the heme center.

Mechanistic Implications.Formation of the stable inter-
mediate NOHA breaks the NOS catalytic cycle into two
distinct steps, both which are performed by the same active
center (7, 11, 52). The first step, which produces NOHA,
likely follows a typical P-450-type monooxygenation reac-
tion. Two net electrons are needed by the heme center for
the (i) binding and (ii) activation of oxygen (52, 53). The
first electron, which is supplied by the reductase domain,
reduces the ferric heme, whereas the second, which comes
from H4B, produces a ferric-peroxo species that may collapse
further to a compound I-type species (Figure 1). The second
step, which produces NO from NOHA, requires only one
exogenous electron; yet to form a reactive catalyst the oxy-
heme species must be reduced beyond the Fe(II)-O2 state.
The source of this second electron was originally considered

FIGURE 5: Scheme for nitrosation of NOHA by Fe(III)-NO in
the bsNOS active center.
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to derive from NOHA itself (2, 3, 7, 11, 54, 55); however,
recent rapid kinetic experiments point rather to H4B, as in
the first step of the reaction (56, 57). To maintain redox
stoichiometry then, the H3B+ radical must be reduced in the
first step by the reductase domain and in the second step by
NOHA-derived products (probably NO-) (1). The favored
view of the second step (Figure 1), largely based on chemical
analogies, associates a peroxo-species rather than compound
I for conversion of NOHA to products (2-11, 56, 57). This
then raises the question of how the NOS catalytic center
stabilizes two different oxy-heme-species for the two distinct
steps, even though the substrates are similar and the delivery
of electrons to the catalytic center is essentially identical.
No intermediate beyond the ferric-peroxo species, which is
common to both steps, has been observed in NOS catalysis
(25).

A number of groups have suggested that the two reaction
steps are distinguished by substrate-controlled delivery of
protons and/or hydrogen atoms, to the ferric-heme-superoxy
species (17, 21, 25, 27, 58-60). Crystallographic and
spectroscopic data clearly show thatL-Arg can participate
in hydrogen-bonding interactions with heme-bound ligands
(15, 21). ENDOR spectroscopy of cryo-reduced Fe(II)-O2

mammalian NOS indicates that the ferric-peroxo group
hydrogen bonds with a guanidinium-H2O network (25). On
raising temperature, no hydroperoxo intermediate could be
isolated before conversion to products. Consistent with this,
the eNOS Fe(II)-NO complex reveals a network of hydro-
gen bonds between the nitrosyl-heme,L-Arg and an active-
site water (21). These interactions are reproduced by our
structure of the bsNOS Fe(II)-NO L-Arg complex, with the
exception of a more bent Fe(II)-NO. Notably, in theL-Arg
complex, hydrogen-bonding interactions between the guanidi-
num group and the heme-bound nitrosyl are weaker (longer)
than in the NOHA complex, but interaction of the active-
center water with the distal nitrosyl oxygen O(NO) is slightly
greater (shorter) (Table 2). Importantly, the NOHA Nω makes
a short hydrogen bond to the proximal nitrosyl N(NO), as
well as the distal O(NO).

Transfer of a NOHA hydrogen atom was previously
thought to provide a proton and electron to the ferric-
superoxy species for hydroperoxo formation (2, 3, 7, 10, 38).
However, involvement of H4B in reducing the ferric-
superoxy species abrogates the requirement for electron
donation from NOHA (56, 57). Furthermore, proton donation
to the terminal peroxo-oxygen would be expected to facilitate
breakdown of this species to compound I and water. Instead,
hydrogen bonding (perhaps even proton donation) to the
proximal heme oxygen will stabilize the peroxo-species and
thereby promote its reaction with the hydroxy-guanidinium.
Less interaction between the active-site water and the distal
peroxo-oxygen (as seen in the Fe(II)-NO in NOHA
complex) may further stabilize a peroxo species against
breakdown. Computational studies of ferric heme-peroxo
complexes indicate that protonation of the proximal oxygen
prevents O-O cleavage (61). We observe stronger bridging
electron density between the nitrosyl group and the hydroxy-
guanidinium compared toL-Arg, which may also correlate
with a shorter hydrogen bond and the lower pKa of NOHA
relative toL-Arg (62). Reactivities and structures of NOHA
analogues with NOS indicate that the presence of a proton
on Nω is important to promote turnover (54), whereas

presence of a proton on the oxime oxygen (N-OH) is not
(3). Thus, the H2O-guanidinium network of theL-Arg
complex may direct protons toward the distal peroxo-oxygen
to facilitate compound I formation, whereas the NOHA Nω

may direct protons toward the proximal (hydro-)peroxo-
oxygen to stabilize this species over a high-valent iron-oxo
(Figure 6).

The sensitivity of the active-site water structure to
substrates and heme ligands suggests that ordered water
molecules could reposition when O2 replaces NO. Such
restructuring of active-site water has been demonstrated in
crystal structures of cytochromes P-450 ligated to dioxygen
(63-65). In addition to substrate/water hydrogen bonding
controlling reactivity of the peroxo-heme species in NOS,
protonation of the distal oxy-heme oxygen may also involve
of the pterin itself (59). This idea stems from the observation
that the pterin analogue 4-amino-H4B cannot supportL-Arg
oxidation, yet appears to donate an electron to the heme
center in the presence of oxygen and both substrates (59).

DFT calculations on NOHA bound in the mammalian
NOS active center in the presence of Fe(II)-O2 /Fe(III)-
O2

- support the view that NOHA is most stable when
protonated on Nω (17, 39) (consistent with previous com-
putational studies of NOHA alone (38)). The DFT calcula-
tions indicate that the Nω hydrogen bonds with the terminal
oxygen atom, whereas the oxime hydroxyl hydrogen bonds
with the proximal Fe(II)-O2 oxygen atom (17, 39). In
contrast, our nitrosyl-heme structures suggest that the Nω

hydrogen will interact more strongly with the proximal, rather
than the distal, oxygen atom, although it will likely be in
hydrogen-bonding distance of both. The Nω(NOHA)-to-
N(NO) interaction appears to distort the Fe-N bond in the
direction of what would be expected for an oxygen complex.
Thus, these new structures should provide useful starting
geometries for further computational studies to test mecha-
nistic issues, including the utility of heme-nitrosyl com-
plexes as mimics for heme-oxy complexes.

DFT calculations of the NOS active center models (17)
also suggest that there is a prohibitively high cost in energy
for forming a tetrahedral intermediate between a nucleophilic
heme-bound peroxide and NOHA, a commonly suggested
step in conversion to products (2, 3, 7, 10, 55). The possible
nitrosation of NOHA by Fe(III)-NO in our crystals indicates
that the NOHA Nω is reactive toward electrophilic species.
Hydrogen bonding to the proximal peroxo-oxygen will
increase the electrophilicity of the distal peroxo-oxygen,
which then could add to NOHA and rearrange to generate
products (for example, via an oxaziridine-type species; see
refs10and24). Thus, even if peroxo-heme does not operate
as a nucleophile in NOS catalysis, it could still be important

FIGURE 6: Hydrogen bonding by NOHA Nω to the proximal
peroxo-oxygen and reduced hydrogen bonding of H2O to the distal
peroxo oxygen may stabilize a peroxo-heme species in the bsNOS
active center during the second step of the reaction.
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for the enzyme to stabilize this intermediate. The short
hydrogen-bonding interactions of the protonated NOHA Nω

with Fe(II)-NO provides a rationale for such stabilization
and further indicates that proton transfer between the NOHA
Nω and heme-bound oxygen is a structurally viable pathway
during the second step of NOS catalysis.
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