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ABSTRACT: Recently, we used 35 GHz pulsed15N ENDOR spectroscopy to determine the position of the
reactive guanidino nitrogen of substrateL-arginine relative to the high-spin ferriheme iron of holo-neuronal
nitric oxide synthase (nNOS) [Tierney, D. L., et al. (1998)J. Am. Chem. Soc. 120, 2983-2984]. Analogous
studies of the enzyme-bound reaction intermediate,NG-hydroxy-L-arginine (NOHA), singly labeled with
15N at the hydroxylated nitrogen (denoted NR), show that NR is held 3.8 Å from the Fe, closer than the
corresponding guanidino N ofL-Arg (4.05 Å). 1,2H ENDOR of NOHA bound to holo-nNOS in H2O and
D2O discloses the presence of a single resolved exchangeable proton (H1) 4.8 Å from Fe and very near
the heme normal. The ENDOR data indicate that NOHA does not bind as the resonance-stabilized cation
in which the terminal nitrogens share a positive charge. ENDOR-determined structural constraints permit
two alternate structural models for the interaction of NOHA with the high-spin heme iron. In one model,
H1 is assigned to the O-H proton; in the other, it is the NR-H proton. However, the alternatives differ in
the placement of the N-O bond relative to the heme iron. Thus, a combination of the ENDOR data with
appropriate diffraction studies can achieve a definitive determination of the protonation state of NR and
thus of the tautomeric form that is present in the enzyme-NOHA complex. The mechanistic implications
of this result are further discussed.

Nitric oxide synthase (EC 1.14.13.39, NOS) is reponsible
for the in vivo generation of nitric oxide, an important
hormone and neurotransmitter that regulates a variety of
physiological functions (1). NOS exists in at least three
isozymic forms: one in endothelial cells (eNOS), which
regulates smooth muscle relaxation and, therefore, blood
pressure; one in neuronal cells (nNOS), involved in brain
development and memory; and an inducible form in mac-
rophage cells (iNOS), produced during an immune response.
All of the isozymes require multiple cofactors in three
binding domains. The N-terminal domain, or oxygenase
domain, binds heme and tetrahydrobiopterin (as well as the
substrate); the C-terminal domain, or reductase domain, binds
NADPH, FAD, and FMN (2), and connecting these two
domains is a third domain which binds calcium and/or
calmodulin and may act as an intermediary to electron
transfer between the reductase and oxygenase domains (3).

The reaction catalyzed by NOS is the conversion of
L-arginine (1) to L-citrulline (2) and nitric oxide (Scheme
1). The initial step in this conversion is N-hydroxylation of
the guanidine group ofL-arginine to giveNG-hydroxy-L-
arginine (NOHA) (4). The nitrogen atom of nitric oxide is
derived from the guanidine nitrogen ofL-arginine (5) and
from the nitrogen to which the hydroxyl group of NOHA is

attached (4, 6). The oxygen atoms of both nitric oxide and
the carbonyl of citrulline come from two separate molecules
of dioxygen (7, 8).

Various reasonable mechanisms have been proposed for
the conversion ofL-arginine toL-citrulline and nitric oxide
via NOHA (9-13). However, there appears to be no
agreement about the structure of the bound intermediate.
Most research groups (11, 12, 14-22) prefer to depict NOHA
as structure3 (Scheme 2), but some use structure4 (23, 24)
and others structure5 (25, 26). The main reason for this
apparent inconsistency is that there is no evidence for the
geometry and protonation state of this intermediate when it
is bound to nitric oxide synthase, and therefore, all of these
structures are reasonable.

Recently, as part of a larger effort to extend the use of
ENDOR of metalloenzymes for obtaining geometric infor-
mation about atoms beyond the coordination sphere of the
metal ion, we used 35 GHz Mims pulsed ENDOR spectros-
copy to elucidate the geometry of15N-labeledL-arginine
bound to the nNOS holoenzyme (27). In that report, the
dipolar hyperfine coupling, measured over a limited range
of fields nearg2 ) 4.19, was used to deduce a heme iron-
to-guanidino nitrogen distance of 4.05 Å, which has been
beautifully confirmed in X-ray diffraction studies of the heme
domains of eNOS (28), nNOS (29), and iNOS (17). We now
extend the use of this methodology to examine the structure
of the reaction intermediate NOHA bound to holo-nNOS,
in particular addressing the question of whether the hy-
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droxylated nitrogen of NOHA bears an N-H proton, as in4
and5, or does not, as in3.

MATERIALS AND METHODS

The purified nNOS holoenzyme was prepared as described
previously (30). NOHA labeled with15N at the hydroxylated
nitrogen was prepared fromL-citrulline and 15NH2OH
according to published procedures (31). ENDOR samples
were prepared by twice diluting 60µL of 0.5 mM nNOS to
600µL with 5 mM NOHA in either D2O or H2O buffer and
incubating for 24 h at 4°C before concentrating back to 60
µL (27).

ENDOR spectra were recorded on instruments of local
design and construction in either the CW (32) or pulsed (33)
mode. Proton H-D difference spectra were obtained by
subtraction of absolute pulsed ENDOR spectra of samples
prepared in H2O and D2O buffers, following the procedure
described by Doan et al. (34). Two independently prepared
samples were measured in each solvent.

The ENDOR spectra were interpreted using an idealized
dipolar model (35), in which the intrinsic dipolar interaction
between the high-spin ferric ion (S) 5/2) and a nucleus has
the formT ) [-T, -T, 2T], whereT ) FFegegNâeâN/r3, in
a coordinate frame where the unique direction corresponds
to the iron-nucleus vector. The nuclear and electronicg

factors (gN and ge, respectively) and the electronic and
nuclear magnetons (âe andâN, respectively) take their known
values;r is the distance from the nucleus to the heme iron,
andFFe is the effective fraction of the electron spin on the
iron. An appropriate choice for this parameter accommodates
the fact that, for simplicity, interactions with the remainder
of the spin on the pyrrole nitrogens, etc., are not included
explicitly. This choice forFFe is supported by a crystal-
lographic determination of an Fe‚‚‚Ng distance of 4.07 Å
for L-Arg bound to nNOS (29), as compared to the value of
4.05 Å calculated from ENDOR data usingFFe ) 0.9. While
such agreement is better than the joint precision of the
measurements, because the distance estimate varies asFFe

1/3,
a modest variation in this parameter is expected to contribute
little to the uncertainty inr.

For a given molecular orientation relative to the external
field, the interaction of the ferric ion with a nonligand nucleus
with a spinI of 1/2 (e.g.,1H and15N) gives a doublet whose
hyperfine splitting (denotedA) is determined byT; for the
2H (I ) 1) nucleus, each line of the doublet is further split
by the quadrupole interaction. The strongg anisotropy of
the nNOS ferriheme modifies the intrinsic hyperfine interac-
tion, scaling the observed hyperfine coupling. For example
if the Fe-nuclear vector were parallel tog3, the effective
coupling would be rhombic:T′ ) [T1′, T2′, T3′] ) [-(g1/
ge)T, -(g2/ge)T, 2(g3/ge)T]; the noncoaxiality ofg andT alters
this result. Procedures have been devised for determining
hyperfine matrices through analysis of a two-dimensional
set of ENDOR spectra taken at fields across the EPR
envelope (36), but for dipolar interactions, less extensive data
sets can suffice (27). For example, simulations show that
no matter what the actual orientation of the Fe-nuclear
vector, the doublet splitting in ENDOR spectra taken near
g2 for a frozen solution depends only on the Fe-nuclear
distance (it is roughly equal toT2′), while the line shapes
are fixed by the orientation of the vector relative to the heme.

To model the location of NOHA bound near the nNOS
ferriheme, the software package Chem Office (ChemDraw
and CHEM3D, CambridgeSoft Corp., Cambridge, MA) was
used to construct and position the intermediate subject to
normal geometric constraints supplemented by ENDOR-
derived ones (Figure 2). Each of the structures (3-5) was
drawn in ChemDraw and imported into CHEM3D. Each of
these structures naturally folded into an “L” shape when
imported into CHEM3D, and retained this configuration and
appropriate internuclear distances after energy minimization.
As we are able to probe only the hydroxyguanidine end of
NOHA, and did not attempt to accommodate the rest of the
molecule within the heme pocket, the overall shapes of3-5
were left unaltered.

Each structure was then placed above a model of the heme,
with analogy toL-Arg binding. Although crystallographic

Scheme 1

Scheme 2
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coordinates are not yet available for the binding ofL-Arg to
the iNOS heme domain, examination of the published
structure (17) reveals thatL-Arg binds to the enzyme with
the guanidino moiety held in a planar conformation lying
roughly parallel to and directly above the heme plane, very
nearly in van der Waals contact with the porphyrin. Each of
the structures (3-5) contains a hydroxyguanidine moiety
with a trigonal-planar central carbon atom, which also
requires that the four “heavy” atoms (imine N, central C,
amine N, and hydroxy NR) lie in a plane, as withL-Arg.

The 15NR data allow for a precise determination of the
position of NR; the 1,2H data provide a less precise,
independent location for an exchangeable NOHA proton, H1
(see below). Therefore, the first ENDOR constraint was
applied to the placement of NR. On the basis of a close
approach of NR to the heme iron, we began with an idealized
placement of the planar portion of the side chain roughly
parallel to the heme and near to van der Waals contact. After
a permissible position of NR was chosen, constraints on the
location of exchangeable protons were applied. We then
explored rotations and translations of the hydroxyguanidino
fragment in the plane parallel to the heme, with little tilt
relative to the heme plane. Single bonds were allowed to
experience free rotation where appropriate, so all possible
arrangements that would simultaneously satisfy the1H and
15N ENDOR constraints could be explored. In structure4
for example, where NR is pyramidal, placement of the protons
introduces two extra degrees of freedom: (1) rotation about
the C-NR bond, which changes the placement of both the
NR-H and O-H protons, and (2) rotation about the NR-O
bond, which adjusts the position of the hydroxyl proton only.
For structure3 and the resonance-stabilized cation5, where
NR is trigonal planar, only the rotation about the NR-O bond
adds a degree of freedom.

To test a given arrangement, the distance to each ex-
changeable proton of NOHA was calculated. The anglesθ,
defined as the angle between the Fe-H vector and the normal
to the heme passing through Fe (gz axis), andφ, the angle
between the Fe-Npyrrole bonds and the projection of the
Fe-H vector onto the heme plane, were estimated on the
basis of the proton’s position. For each exchangeable proton,
the three parameters were used to generate theoretical
ENDOR spectra, and the simulations for all the exchangeable
protons were then summed and the resultant spectra com-
pared to experiment. Systematic variation of the angular
parameters shows that the ENDOR intensity atg1 for a proton
interacting with a high-spin ferriheme decreases rapidly with
increasingθ, becoming nearly unobservable whenθ g 10°
(Figure 3B). Consequently, among models that satisfy the
15N constraints, only positions for proton H1 within∼10-
15° of the heme normal were considered acceptable. We note
that for such a small value ofθ, variations inφ have little
effect.

RESULTS

EPR. EPR spectra for holo-nNOS with NOHA bound (not
shown) disclose a high-spin ferriheme with the followingg
values: [g1, g2, g3] ) [7.65, 4.03,∼1.8], whereg3 corre-
sponds to the heme normal. These differ little from those of
the enzyme with the substrateL-Arg bound, indicating that
the Fe remains five-coordinate with bound NOHA, as it is

FIGURE 1: (A) 15N 35 GHz Mims pulsed ENDOR spectra taken at
g2 for holo-nNOS with bound [15N]-NG-hydroxy-L-arginine (g2 )
4.03, top) and with bound [15Ng]-L-arginine (g2 ) 4.19, bottom).
The conditions were as follows:T ) 2 K, νMW ) 34.70 GHz,
MW pulse lengths of 40 ns,τ ) 800 ns, RF pulse length of 40µs,
and a repetition rate of 200 Hz. Each spectrum consists of 256
points, with each point an average of 6000 transients. The dotted
lines are simulations based on an Fe‚‚‚N distance of 3.8 Å, with
Euler angles ofθ ) 10° and φ ) 45° for NOHA, and with an
Fe‚‚‚N distance of 4.05 Å andθ ) 15° andφ ) 45° for L-Arg. (B)
Field-dependent data for nNOS with bound [15NR]NOHA. The
conditions for data collection were as described for panel A. The
simulations (dotted lines) include 15 kHz of isotropic coupling,
and ther, θ, andφ parameters were adjusted manually to match
the splittings in the experimental data.
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with boundL-Arg (37). Despite the fact that hydroxamates
are well-known ferric ion ligands, the intermediate only
weakly perturbs the heme iron, but does not coordinate to
it.

ENDOR. Figure 1A presents Mims pulsed15N ENDOR
spectra for holo-nNOS in the presence of NOHA singly
labeled with15N at the hydroxylated nitrogen (denoted NR

in Scheme 2), and in the presence of [15Ng]-L-Arg. The
spectra are similar in shape, but the doublet splitting atg2,
which is a direct measure of the heme Fe-to-15N distance
(27, 38), is notably greater for NOHA [A(15N) ) 0.28 MHz]
than it is for L-Arg [A(15N) ) 0.22 MHz]. Analysis of the
data gives anr(Fe‚‚‚15NR) of 3.80 Å for NOHA, significantly
shorter than that for the corresponding guanidino nitrogen
of L-Arg (4.05 Å). To refine the geometric parameters, a
two-dimensional set of15N spectra was recorded for NOHA-
bound nNOS at fields fromg1 ) 7.65 to just aboveg2. At
higher fields, the EPR signals of the high-spin, substrate-
bound and low-spin, substrate-free species overlap and
reliable ENDOR data could not be obtained. Simulations of
the two-dimensional pattern indicate that NR is held more
nearly over the iron (∼10° off the heme normal, Figure 2)
than the guanidino nitrogen ofL-Arg (∼15° off normal)1 and
lies roughly over a line in the heme plane that falls between
the Fe-Npyrrole bonds.2

Each of the structures (3-5) contains several distinct labile
protons in the vicinity of NR (four in structures3 and4 and
five in structure5). The close proximity of the15NR of NOHA
to the heme iron requires that all of these protons fall within
∼6 Å of the iron. To probe the exchangeable protons, we
have employed 35 GHz pulsed1,2H ENDOR, using a
modified version of the Mims technique, the refocused Mims
(Re-Mims) protocol (39). A comparison of the Re-Mims
proton ENDOR spectra for NOHA bound to nNOS in H2O and D2O at g1 ) 7.65 (Figure 3) discloses the presence of

an exchangeable proton (H1) with a dipolar couplingA1 of
2.5 MHz. This is most clearly visualized in the H2O-D2O
difference spectrum, and is corroborated by the2H spectrum
whose breadth is comparable to that of the proton; the slightly
larger width of the2H spectrum is due to the2H quadrupole
interaction. Simulations of the1H spectrum atg1, shown in
Figure 3, and of others taken over a range of fields (data

1 The increased angular precision afforded by a larger range of
available fields has led to a redetermination of the angles (θ ) 15°
andφ ) 45°) for [15Ng]-L-Arg bound to nNOS, compared to the earlier
estimates of 10° and 15°, respectively.

2 Continuous-wave ENDOR of the pyrrole nitrogens at 35 GHz (not
shown) gives a pair of well-resolved two-line patterns atg1 and g2

indicating thatgx andgy lie along the Fe-Npyrrole bonds.

FIGURE 2: Structural constraints based on the ENDOR data. The
hydroxylated nitrogen, NR, lies on the circle 3.8 Å from Fe (θ )
10°); H1 is confined to lie within the circle at 4.8 Å (θ e 5°). The
vertical bar on the right represents the combined van der Waals
thickness of the heme and NR.

FIGURE 3: (A) 35 GHz Re-Mims1H and Mims2H ENDOR spectra
taken atg1 ) 7.65 for NOHA bound to holo-nNOS. Thex-axis of
the 2H spectrum has been scaled by a factor of 6.58 (gH/gD). The
conditions were as follows:T ) 2 K, τ ) 140 ns for1H and 600
ns for 2H, MW pulse lengths of 28, 28, 28, and 60 ns, and 3000
transients; other conditions were as described in the legend of Figure
1. (B) Theoretical1H ENDOR spectra atg1 ) 7.65 for a dipolar
interaction between the high-spin ferriheme of nNOS and a proton
at 4.8 Å and different values ofθ.
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not shown), indicate that the sharp H1 signals must be
assigned to a proton that resides ca. 4.8 Å from the heme
iron and within∼5-10° of the heme normal (Figure 2).
Packing constraints require that this H1 signal come from a
single proton. Theg1 difference spectrum shows no intensity
from another nearby exchangeable proton with1H hyperfine
couplings of>2 MHz. Data taken at other fields show no
intensity, other than that of H1, that could arise from such a
proton. This indicates that none of the other protons on
NOHA is closer than∼5.3 Å.

Analysis. For the range of ENDOR-permitted positions of
NR, most placements of the terminal, planar four-atom
fragment of the hydroxyguanidino moiety require the as-
signment of H1 to a proton associated with the [NR-OH] (3)
or [NR(H)-OH] (4 and5) moiety. For4 and5, an assignment
of H1 to a proton on the remote terminal nitrogen would
require the proton to be almost 1 Å too close to the heme.
As described in Materials and Methods, we explored the
allowed placements of NOHA with respect to the heme for
3 and for each of the two possible assignments of the proton
resonance for4 and5 [[NR(H1)-OH] and [NR(H)-OH1]].

Within the constraints, it is not possible to build a model
in which H1 corresponds to either the NR-H proton or the
O-H proton attached to the trigonal-planar NR of the
resonance-stabilized cationic form of NOHA,5. In this case,
either assignment as H1 must place the other proton too close
to the Fe ion to be compatible with the absence of a second
exchangeable proton with a hyperfine coupling of>2 MHz.
Hence, we conclude that enzyme-bound NOHA does not
exist as such a resonance-stabilized cation.

If, however, the conjugation of5 is broken by rotation
about the C-NR bond, leading to pyramidalization of NR,

then 5 no longer has two resonance forms; it is better
represented as a single structure (namely,5b) in which the
geometry of NR is similar to that of4. Therefore, for further
modeling we treated4 and5 as equivalent, since the only
difference between these two in the absence of resonance
would be the protonation state of the remote sp2 nitrogen
atom. It is not possible to build a model in which H1
corresponds to the O-H proton of4 or 5. Any such model
places the NR-H proton at a distance of 3.7 Å and very near
the heme normal, in which case at fields nearg1 it must give
a sharp, exchangeable proton signal with anA(1H) of >5
MHz. However, no such signal exists.

It is possible to build a model in which H1 corresponds
to the OH proton of structure3, and likewise for the NR-H
proton of4 or 5; Figure 4 illustrates the best models for3
and4. Both of these models satisfy the ENDOR constraints,
placing the15NR at the proper distance (3.8 Å) and offset
from the heme normal (∼10°), and placing a single ex-
changeable proton nearly along thegz axis. However, because
the models differ in the identity of proton H1, they differ in
the placement of the N-O bond above the heme. This is
illustrated by the projection of the N-O bond onto the heme
plane, shown in Figure 4. For4 and5 (Figure 4, right), where
the H1 signal is assigned to the NR-H proton of a pyramidal
R-NHOH fragment, the N of the N-O bond lies roughly
over the Fe, with the hydroxyl proton at too great a distance
to give a hyperfine coupling ofg2 MHz, as required. For3
(Figure 4, left), where H1 is the hydroxyl proton, the O of
the N-O bond is almost directly above the iron, with the
hydroxyl proton extending upward, to form an N-O-H
“cap”. A second model for3, in which H1 is assigned as an
amine proton on the other terminal nitrogen, also satisfies

FIGURE 4: Three-dimensional models of NOHA bound to nNOS based on the ENDOR-derived constraints. The protons of NOHA, as well
as the carbons of the porphyrin, are gray; the pyrrole nitrogens are white, and the central carbon of NOHA is black. For the purpose of
comparison, the N-O bond of NOHA is projected in black onto the heme plane:(left) structure3 in Scheme 2 and (right) structures4 and
5b in Scheme 2.
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the ENDOR requirements (not shown). However, this model
extends the NR-O bond away from the iron and places the
hydroxyl proton at a considerable distance from Fe, whereas
mechanistic studies suggest that the first step in the reduction
of NOHA is abstraction of the hydroxyl hydrogen atom by
an iron-bound oxygen species.

Looked at from the side, both models in Figure 4 have
the five side chain atoms (amine N, imine N,N-hydroxy N,
central C, and hydroxyl O) lying roughly in a plane parallel
to that of the heme. This geometry is required for3, while
it emerges from the ENDOR-derived constraints when
modeling the binding of4 and5. Nonetheless, the ENDOR-
determined constraints do not distinguish between the two
possibilities.

DISCUSSION

Pulsed15N ENDOR measurements have disclosed that the
reactive nitrogen of NOHA, NR, lies near to and almost
directly above the heme iron of ferric holo-nNOS (Figure
2), even closer than the reactive guanidino N ofL-Arg. The
1,2H ENDOR data indicate that NOHA does not bind to
nNOS as the resonance-stabilized cation,5, in which the
terminal nitrogens share a positive charge. The data permit
three alternate assignments for the most strongly coupled
exchangeable proton; two of these involve3, one with H1
as the O-H proton as seen in the left panel of Figure 4 and
one as an H on the other terminal N (not shown), and the
third is as the NR-H proton of4 and5b in the right panel of
Figure 4. All three models fix the N-O bond in a plane
parallel to that of the heme. However, these alternatives differ
in the placement of the N-O bond relative to the heme iron.

The protonation state of NR thus can be determined by
combining the current ENDOR data with the results of an
appropriate X-ray diffraction study of the NOHA-bound
enzyme. Although diffraction cannot locate the proton(s)
directly, it can determine which idealized structure derived
from the ENDOR constraints has an N-O bond position
corresponding to that of either3 or 4/5b in Figure 4. Thus,
the two techniques together will permit a definitive deter-
mination of the protonation state of the reactive NR of
enzyme-boundNG-hydroxy-L-arginine, and of the tautomer
that binds to the enzyme.

The protonation state and tautomeric form of NOHA
should have a significant bearing on the function of nitric
oxide synthase. In a commonly drawn mechanism, the
conversion of NOHA toL-citrulline and NO is initiated by
hydrogen atom abstraction from the hydroxyl group of
NOHA, leaving an oxy radical on the substrate (15-17, 20).
Examination of all possible resonance forms for an oxy
radical derived from forms3-5 suggests that the ease of
hydrogen atom abstraction would follow the order3 > 4 >
5. The ENDOR-derived conclusion that5 does not represent
the form of bound NOHA is thus consistent with this
mechanism. Indeed, the mechanism suggests that bound
NOHA should be described by structure3.

NOTE ADDED IN PROOF

Since the acceptance of this paper, we have learned that
Drs. C. S. Raman and Huiying Li and Prof. T. L. Poulos
have determined the X-ray crystal structure of the heme
domain of nNOS with NOHA bound. They find that the

position of NOHA, and in particular of the NO bond,
corresponds to our structure4/5b in Figure 4. Thus, the two
techniques together show that the bound form of NOHAis
not3, but ratheris 4/5b, with an [-NRH(OH)] fragment. This
appears to be noteworthy, given that the current mechanism
would favor3, and that the positioning of NOHA does not
seem to place the hydroxyl H in a favorable position for the
proposed abstraction by a high-valence reaction intermediate.
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