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In mammals, nitric oxide (NO) is synthesized by nitric oxide
synthase (NOS), a homodimeric flavohemoprotein that catalyzes
the oxidation of L-arginine (L-Arg) to NO and L-citrulline with
NADPH and O2 as cosubstrates.1 Each NOS subunit contains a
C-terminal electron-supplying reductase unit with binding sites for
NADPH (the electron source), flavin adenine dinucleotide (FAD),
and flavin mononucleotide (FMN) and an N-terminal catalytic
heme-containing oxygenase domain. The FMN and oxygenase
domains are linked by a calmodulin (CaM)-binding region. Three
NOS isoforms, iNOS, eNOS, and nNOS, achieve their key
biological functions via an intriguing regulation of interdomain
electron transfer (IET) processes.1 It is of current interest to
elucidate control mechanisms for the catalytically relevant IET
processes in the NOS holoenzymes.2-5 In particular, the IET from
FMN to heme is essential in the delivery of electrons required for
O2 activation in the heme domain and the subsequent NO synthesis.6

Interdomain FMN-heme IET is facilitated by formation of the NOS
output state, which is an electron-donating (output) state of the FMN
domain. The structure of the functional output state for NO
production has not yet been determined.

Bidomain NOS oxyFMN constructs, in which only the oxygenase
domain, the FMN domain, and the CaM-binding region are
expressed, were recently designed (Figure 1).7 This was done to
preclude FAD-FMN interactions and favor interactions between
the FMN-binding domain and the heme domain. Biochemical,
spectroscopic, and IET kinetic data have demonstrated that these
homologous dimeric oxyFMN constructs are well-validated models
of the NOS output state.7-9 Emerging evidence further indicates
that CaM modulates the FMN-heme IET in the NOS oxyFMN
constructs by facilitating the interdomain FMN-heme interactions.7,8

Therefore, experiments that focus on crucial interdomain interac-
tions should provide key insight into regulation of the formation
of the NOS output state. In this study, we used low-temperature
magnetic circular dichroism (MCD) spectroscopy to probe how
mutations in the adjacent FMN domain affect the heme center in a
human iNOS oxyFMN construct.

Wild-type (wt) human iNOS oxyFMN construct was expressed
and purified as described elsewhere.10 Located at the edge of the
FMN domain of human iNOS, E546 and E603 are charged surface
residues that are conserved in all NOS isoforms (Figure S1 in the
Supporting Information). In order to address the roles of these
charged residues in interdomain FMN-heme interactions, E546N
and E603N mutants were constructed, expressed, and purified (see

the Supporting Information). The MCD samples were prepared
using microvolumetric techniques, and temperature-dependent MCD
spectra arising from the heme site in the as-isolated proteins were
obtained at 5, 10, and 20 K in a 7 T applied magnetic field (Figure
2).11 Importantly, the MCD spectrum of the wt protein is noticeably
perturbed upon incubation with the L-Arg substrate (Figure 2a),
whereas the E546N and E603N mutants have similar MCD spectra
in both the presence and absence of L-Arg (Figure 2b and Figure
S5 in the Supporting Information, respectively). Previous room-
temperature MCD studies on wt nNOS holoenzyme also suggested
a perturbation of the heme signal upon L-Arg binding,12 consistent
with our low-temperature observations for the wt iNOS oxyFMN
construct (see below). This L-Arg perturbation in the nNOS
holoenzyme has previously been attributed to the conversion of a
mixed high-spin/low-spin state into an exclusively high-spin heme
when L-Arg binds near the heme site.12 We probed the heme spin
states in the wt and mutant iNOS oxyFMN constructs using
variable-temperature variable-field (VTVH) MCD and EPR spec-
troscopies. Here we observed that binding of L-Arg near the wt
construct heme center results in its conversion to a predominantly
high-spin form (Figure S6 in the Supporting Information). However,
the MCD and EPR spectra for the L-Arg-bound mutants indicate
that a greater percentage of low-spin heme is present. It should be
noted that except for the L-Arg-bound wt oxyFMN (red trace in
Figure 2a), all of the other MCD spectra (Figure 2) are reminiscent
of low-spin ferric heme species.13 The direct implication of these
results is that proper FMN docking at the heme domain is necessary
for the formation of a high-spin ferric heme in the presence of
L-Arg.

Further support of this hypothesis is provided by the fact that
the spectral perturbation induced by L-Arg binding in the wt protein
(Figure 2a) is completely absent in the iNOS oxygenase construct
(Figure 2c), which possesses only a heme domain and no FMN
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Figure 1. Schematic diagram of the truncated bidomain oxyFMN construct
of human iNOS (left). Charge neutralization mutation at E546 or E603 of
the FMN domain diminishes the L-Arg perturbation of the heme MCD
spectrum, presumably by disrupting proper alignment of the FMN and heme
domains (right).
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domain. Thus, the oxygenase construct provides an important
control to assess the effects of a properly aligned FMN domain in
the wt oxyFMN construct. Taken together, these data strongly
suggest a correlation between the L-Arg perturbation of the heme
MCD spectrum and the existence of a properly aligned FMN
domain in the FMN-heme complex of the wt iNOS protein.
Complementary evidence regarding the importance of these residues
(E546, E603) in iNOS interdomain interactions derives from a
recent mutational and kinetics study indicating the involvement of
the equivalent FMN sites (E762, E819) in rat nNOS FMN/FAD
alignment.14

Because of the lack of a crystal structure for the NOS
FMN-heme complex, there is a clear need to probe the effects of
interdomain FMN-heme interactions at the molecular level using
alternative methods. Although EPR studies have suggested the
presence of magnetic interactions between the paramagnetic centers
of the FMN semiquinone radical and the heme iron in NOS
holoenzymes,15-17 another EPR study on an nNOS holoenzyme
argued that the flavin and heme centers are not magnetically

coupled.18 The discrepancy in these EPR studies strongly indicates
the need to utilize complementary spectroscopic approaches, such
as low-temperature and VTVH MCD spectroscopies, in order to
determine the nature of interdomain FMN-heme interactions with
molecular-level resolution.19

In summary, this study has provided the first direct paramagnetic
spectroscopic evidence to indicate that the docked FMN domain
affects the nature of interactions between the L-Arg substrate and
the catalytic heme center located in an adjacent domain in iNOS.
Specifically, we propose that charge neutralization mutations at the
E546 and E603 sites disrupt complementary electrostatic interdo-
main FMN-heme interactions, disturb the FMN-heme complex,
and thereby diminish the L-Arg perturbation. We have shown that
a combination of low-temperature MCD and EPR spectroscopies
can serve as a promising site-selective probe of key interdomain
FMN-heme interactions that modulate the formation of the NOS
output state. This comparative MCD study of wt and mutant proteins
clearly indicates that a properly docked FMN domain contributes
to the observed L-Arg perturbation of heme MCD in the wt NOS
protein and that the conserved surface residues in the FMN domain
play key roles in facilitating a productive alignment of the FMN
and heme domains in iNOS.
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Figure 2. MCD spectra recorded at 5 K for the heme site in the as-isolated
(a) wt and (b) E546N mutant of the human iNOS oxyFMN construct without
(black traces) and with (red traces) 20 mM L-Arg. Panel (c) shows data for
the iNOS oxygenase (iNOSoxy) construct. The samples were made in a
pH 7.6 buffer (50 mM Tris, 200 mM NaCl, 1 mM DTT, 4 µM H4B), and
42% (v/v) ethylene glycol was added to the protein samples as a
cryoprotectant and glassing agent.

J. AM. CHEM. SOC. 9 VOL. 131, NO. 20, 2009 6941

C O M M U N I C A T I O N S


