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Abstract
NADPH-cytochrome P450 oxidoreductase (CYPOR) and nitric oxide synthase (NOS), two
members of the diflavin oxidoreductase family, are multi-domain enzymes containing distinct
FAD and FMN domains connected by a flexible hinge. FAD accepts a hydride ion from NADPH,
and reduced FAD donates electrons to FMN, which in turn transfers electrons to the heme center
of cytochrome P450 or NOS oxygenase domain. Structural analysis of CYPOR, the prototype of
this enzyme family, has revealed the exact nature of the domain arrangement and the role of
residues involved in cofactor binding. Recent structural and biophysical studies of CYPOR have
shown that the two flavin domains undergo large domain movements during catalysis. NOS
isoforms contain additional regulatory elements within the reductase domain that control electron
transfer through Ca2+-dependent calmodulin (CaM) binding. The recent crystal structure of an
iNOS Ca2+/CaM-FMN construct, containing the FMN domain in complex with Ca2+/CaM,
provided structural information on the linkage between the reductase and oxgenase domains of
NOS, making it possible to model the holo iNOS structure. This review summarizes recent
advances in our understanding of the dynamics of domain movements during CYPOR catalysis
and the role of the NOS diflavin reductase domain in the regulation of NOS isozyme activities.
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Introduction
Enzymes of the diflavin reductase family, for which NADPH-cytochrome P450
oxidoreductase (CYPOR) is the prototype, contain one molecule each of FAD and FMN in a
single polypeptide and function in transfer of electrons from NADPH to the ultimate
electron acceptor. Notably, these enzymes perform a step-down function from the two-
electron donor NADPH to one-electron acceptors including redox cofactors, with the flavins
functioning as one-electron carriers (Fig. 1). The microsomal cytochrome P450 (P450)
monooxygenase system is composed of CYPOR and P450 [1]. P450 contains an iron
protoporphyrin IX (heme) as a cofactor. In humans, there are currently 50 known
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microsomal P450 monooxygenases, [2] but only one CYPOR [3, 4]. Other physiological
electron acceptors of CYPOR include microsomal heme oxygenases [5] and cytochrome b5
(cyt b5) [6]. Each flavin has a unique function: the FAD accepts two reducing equivalents
from NADPH and transfers them to FMN one at a time [7, 8]. FMN in turn transfers them to
P450s one by one (for reviews see refs. [1, 9–12]. P450 activates molecular oxygen by way
of stepwise one-electron reductions during which one atom of the oxygen molecule is
inserted into the product (ROH), and the other undergoes two equivalents of reduction to
form a water molecule (Eq. 1).

(Eq 1)

Other prominent members of the diflavin reductase family include the nitric oxide synthase
(NOS) isozymes [13]. NOS catalyzes the NADPH- and oxygen-dependent conversion of L-
arginine (L-Arg) to L-citrulline (L-Cit) and nitric oxide (NO) via two consecutive mono-
oxygenation reactions (for reviews see refs. [14–16]). All three NOS isoforms are
homodimeric flavocytochromes and each monomer consists of two major domains (Fig. 1):
an N-terminal oxygenase domain (NOSoxy), which is functionally similar but structurally
unrelated to P450; and a C-terminal, flavin-containing, reductase domain (NOSred), which
is structurally and functionally similar to CYPOR. The NOSoxy domain contains a P450-
like heme and (6R)-5,6,7,8-tetrahydrobiopterin (H4B) and a L-Arg binding site. The two
domains are connected by a CaM-binding region. The NOSoxy domain of one monomer
accepts electrons from the FMN of the reductase domain (NOSred) of the other monomer
(Fig. 1) [17–19].

Three NOS isoforms have been identified in mammals as the products of three distinct
genes, and these isoforms share 50–60% sequence identity, but play different physiological
roles due to their tissue distribution and regulation. Neuronal NOS (nNOS, NOS I) is located
in neurons in the brain and neuromuscular junctions and is involved in neurotransmission.
Endothelial NOS (eNOS, NOS III) is located in vascular endothelial cells and is involved in
vascular homeostasis, while inducible NOS (iNOS, NOS II), located in macrophages, is
expressed only in response to endotoxins or inflammatory cytokines. nNOS and eNOS are
constitutively expressed, and their activities are Ca2+/CaM-dependent, whereas iNOS
activity is independent of intracellular Ca2+ concentration. The reductase domains in all
three NOS isoforms are structurally and functionally related to CYPOR [13] [14–16, 20].
However, NOSred in nNOS and eNOS contains additional regulatory elements, which down
regulate the electron transfer (ET) from the reductase domain to the NOSoxy in the absence
of CaM, and CaM relieves this suppression. On the other hand, iNOS, which has tightly
bound Ca2+/CaM, lacks these regulatory elements except the CaM-binding region. Thus, the
NOS activity is regulated by the reductase domain by undergoing dynamic structural
rearrangements upon binding to CaM.

In addition to CYPOR and NOSred, which are typical diflavin reductases, other members of
this family also include the reductase domain (BMR) of flavocytochrome P450BM3
(P450BM3) from Bacillus megaterium [21] and methionine synthase reductase (MSR) [22–
24], both of which have been studied extensively. These enzymes and other members of the
growing family, including human cancer-related novel reductase 1 (NR1) [25], flavoprotein
subunits of bacterial sulfite reductase (SiR) [26], the less studied pyruvate: NADP+

oxidoreductase from Euglena gracilis [27, 28], and reductase Tah18 protein from yeast [29]
share domain structures similar to that of CYPOR, containing both the FNR- and Fld-like
folds [30, 31]. Thus, they are likely to have similar functions and mechanism of actions.
This review discusses recent advances regarding the structure and function of diflavin

Iyanagi et al. Page 2

Arch Biochem Biophys. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



reductases. In particular, the structural differences and similarities between CYPOR and
NOSred are summarized, and their mechanisms for electron transfer (ET) are discussed.

1. Domain structures in the CYPOR and NOS reductase domain
Both CYPOR and P450 are membrane-bound proteins associated with the cytoplasmic
surface of the endoplasmic reticulum (ER) (Fig. 2A). The amino acid sequence [32–35] and
crystallographic structures of rat [36] and human [37] CYPOR suggest that the protein has
evolved by fusing two ancestral genes that encode proteins related to a FMN-containing
flavodoxin (Fld) and a FAD-containing ferredoxin-NADP+ oxidoreductase (FNR) [32, 33]
(Figs. 3A and 3B). The Fld sequence corresponds to residues 77 to 228 of rat CYPOR and
the FNR sequence lies in residues 267 to 325 and 450 to 678. The first ~55 residues form an
anchor, by which the protein is bound to the ER membrane. The amino acids of the
connecting domain (CD) are interspersed with the FNR-like domain, (residues 244 to 266
and 326 to 450 in rat CYPOR numbering). The CD, composed mainly of -helices, is tightly
bound to the FNR-like domain, and together they form the FAD domain. The FAD and
FMN domains are connected by a flexible hinge, which spans 12 residues from Gly-232 to
Arg-243 (rat CYPOR numbering) and is located between the F-helix of the FMN domain
and strand 6 of the CD [36–38]. Bredt et al. [13] first isolated cDNA of rat nNOS and
recognized the sequence similarity between CYPOR and the C-terminal reductase domain of
nNOS (Fig. 2B). The reductase domains of all three NOSs bear 30 40% sequence identity
with CYPOR. However, the oxygenase domains of NOSs do not reveal any sequence
homology with known P450s, although they have a common cysteine residue as the
proximal thiolate ligand and exhibit P450-like spectral characteristics [39–41]. In addition,
the N-termini of the three NOS isoforms are very different, distinguishing their cellular
locations. nNOS contains a PDZ domain of some 200 amino acids, and eNOS contains the
myristoylation and palmitoylation motifs (Fig. 2B).

To date, only the structure of nNOSred (excluding the CaM-binding region) has been
determined, and its overall structure is very similar to that of CYPOR [42] (Fig. 3B and 3C).
The reductase domains of all NOS isoforms are structurally and functionally related to
CYPOR. However, the NOSred domains include unique regulatory inserts: (i) an
approximately 30 amino acid CaM-binding sequence that links the oxygenase- and reductase
domains of NOS, (ii) an approximately 45 amino acid autoregulatory region (AR) in the
FMN domains of n- and eNOS but not iNOS, (iii) a 21–42 amino acid C-terminal extension
(CT) compared to CYPOR, and (iv) a small insertion or -finger (BF) in the connecting
domain (CD). Like CYPOR, NOSs also have flexible hinges between the FMN domain and
CD, but their lengths are much longer (23–25 residues vs. 12 in CYPOR), and their
sequences are not conserved [43].

2. Domain-domain interactions in CYPOR and the NOS reductase domains
Proper protein-protein and/or interdomain interactions are required for rapid and specific ET
in multiprotein or multidomain redox enzymes. Thus, the exquisite control of association
and dissociation between the domains or proteins is the key factor for rapid and controlled
ET [44]. The CYPOR/ P450 and NOS systems are multi-domain enzymes (Figs. 2 and 3),
and their functions require specific interprotein/interdomain interactions. In the case of
CYPOR, precise and specific interactions between the FMN and FAD/NADPH domains
within CYPOR, and between the FMN domain and P450 are required for ET reactions that
are necessary for their catalytic actions; i.e., the “FMN domain” must recognize both the
FAD domain and P450. The movement of the FMN domain is essential for these sequential
electron transfers. The “encounter complex,” consisting of multiple protein conformations,
is initially formed by electrostatic interactions leading to the formation of a specific 1:1
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complex with single-orientation/conformation (Fig. 4). This complex adopts an optimized
geometry between the redox centers for an efficient ET. In both the CYPOR/P450 and NOS
systems, the FMN domain shares a common role in the ET process, bearing the conserved
patches of acidic amino acid residues involved in the electrostatic interactions with ET
partners. The FMN domain has a very strong dipole [45], which is involved in the specific
docking with the heme centers. In the CYPOR/ P450 system, which is localized on the ER
membrane (Fig. 4), the hydrophobic lipid bilayer presumably serves to concentrate the
reactants and hence increase the frequency of their interaction, as well as to maintain their
proper orientation for efficient ET [46–48].

2.1. Domain movements
In the crystal structures of both rat and human CYPORs [36, 37] and nNOSred [42], the
dimethylbenzene edge of the isoalloxazine ring of FMN is covered by the FAD domain, and
the distances between FAD and FMN cofactors are 4 Å (C8-C8 atoms) and 5 Å (C7-C7
atoms) (Fig. 3B and 3C). The pyrimidine ring of the FMN isoalloxazine is partially buried
by two loops, while the dimethylbezene edge is exposed to solvent. Furthermore, the crystal
structure of the ‘closed” form, in which the flavins are close to each other, is difficult to
reconcile with the results of mutagenesis studies by Shen and Kasper [49]. Zhao et al [45]
proposed that binding of P450 to CYPOR requires a movement of the FMN domain relative
to the rest of the CYPOR molecule.

Sevrioukova et al [50] also proposed a similar mechanism in bacterial P450BM3. Hubbard
et al [38] reported that the superposition of various CYPOR mutants and wild-type
structures revealed the flavin-flavin distance varying from 3.9 Å to 5.8 Å, providing direct
evidence for the FMN domain movement. However, the extent of these domain movements
is relatively small. In contrast, in the crystal structure of the flavoprotein subunit of E. coli
sulfite reductase, the electron density for the entire FMN domain is missing, indicating the
flexibility of the FMN domain [51]. Furthermore, the rate of intermolecular ET between the
isolated FAD/NADPH and FMN domains of CYPOR results in cytochrome c (cyt c)
reductase activity approximately 1.6% that of the intact protein [52], suggesting that the
electrostatic interaction between the two domains is relatively weak, consistent with the
flexibility between the two domains. The FMN domain of MSR, another member of the
diflavin reductase family, is also flexible in solution [53].

Recently, Hamdane and Xia et al [54] demonstrated direct evidence for a large-scale domain
movement, revealing the “closed-open” transition. A CYPOR variant with a four amino acid
deletion in the hinge region that links the FMN domain to the rest of the protein has been
crystallized in three extended conformations (open state), in which the distance between
FAD and FMN cofactors ranges 30–60 Å (Fig. 5, left). In this mutant, the rate of ET from
FAD to FMN was decreased by three orders of magnitude, and the steady state P450-
dependent catalytic activity using CYP2B4 was not detectable. However, when the mutant
was reduced by dithionite, i.e., fully reduced FMN was formed, the mutant enzyme
catalyzed product formation by CYP2B4 under single turnover conditions at the same rate as
wild type. Thus, the authors proposed that the hinge of CYPOR regulates electron transfer
from FAD to FMN and from FMN to P450 by adjusting the distance and orientation of the
two flavin cofactors. Aigrain et al [55] also provided evidence for a domain movement from
the crystal structure of a yeast-human CYPOR chimera. In addition, Xia et al. [56] have
used a counter approach that a covalent linkage between the two flavin domains would be
expected to interfere with the interaction with P450 (Fig. 5, middle). The mutant CYPOR
with an engineered disulfide bond between the FAD/NADPH and FMN domains is indeed
essentially incapable of interflavin electron transfer and is unable to support of P450-
dependent monoxygenase activity, unless the disulfide bond is reduced, demonstrating that a
large conformational change is necessary for the FMN domain to interact with P450. A
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movie showing possible domain movements of CYPOR on the ER membrane and its
docking with P450 2B4 is now included in Supplementary Information.

Furthermore, studies of CYPOR by electron-electron double resonance (ELDOR)
spectroscopy [57, 58] suggest that the CYPOR molecule adopts multiple “closed” and
“open” conformations in solution. Ellis et al [59] demonstrated, using a combination of
NMR and small-angle X-ray scattering (SAXS) experiments, that the oxidized human
CYPOR exists in solution as a mixture of approximately equal amounts of two
conformations, one consistent with the crystal structure (closed form) and one a more
extended structure, which presumably is required for interaction with its ET partners. In
addition, the relative contributions of each state to the equilibrium are affected by the
binding of NADP(H), with the nucleotide bound form favoring the closed form. In contrast,
Vincent et al. [60] recently showed, utilizing high resolution NMR measurements together
with residue-specific 15N relaxation and 1H-15N residual dipolar coupling data, that the
oxidized CYPOR in solution in the absence of bound nucleotide exists in a unique and
predominant conformation similar to the closed conformation observed in the crystal
structure [36, 37]. It appears to be more reasonable that the closed states that support
intramolecular ET are formed by binding of the nucleotide NADP(H), whereas open states
that enable ET from FMN to P450 are favored in the absence of bound coenzyme. At
present, although the detailed mechanism is unclear, cumulative data suggest that the
domain movements are regulated by redox states of the enzyme and NADPH binding and/or
NADP+ release. Recently, using a combination of fluorescence resonance energy transfer
and stopped flow methods, Pudney et al. [61] have provided evidence that reduction of the
flavins in CYPOR induces the opening, while the nucleotide binding induces closing of the
CYPOR molecule.

In the constitutive NOS isoforms, NO synthase activity is completely blocked in the absence
of CaM (Fig. 5, right), but partial cyt c reductase activity is observed. In the presence of
CaM, cyt c reductase activity is increased by 10 20-fold. Craig et al [62] first proposed that a
“conformational lock” induced by NADPH binding restricts access of the FMN domain to
the oxygenase domain, and that CaM releases this locked conformation. The structure of a
CaM-free nNOSred revealed an ionic interaction between Arg1400 in the CT regulatory
element and the 2’-phosphate group of the bound NADP+ [63]. Mutations of this residue to
Ser or Glu increased cyt c reductase activity, indicating that the interaction between
Arg1400 and the 2’-phosphate is responsible for the conformational switch. However,
mutation of Arg1400 did not confer the ability to synthesize NO in the CaM-free state,
suggesting that additional structural changes induced by the binding of CaM allow an
interaction between the FMN domain and the oxygenase heme domain to facilitate efficient
ET.

Recently, Xia et al [64] constructed a model for the structure of the entire iNOS molecule,
and proposed the movement of the FMN domain in iNOSred in the presence of tightly
bound CaM. In the nNOS isoform, Tejero et al [65] have constructed a model for the nNOS-
FMN-CaM complex that allows flexibility of the FMN domain. These reports shed some
light on the role of regulatory elements that are not present in CYPOR. A more detailed
discussion of the iNOS model is presented in section 4.2.

2.2. Domain-domain interactions
In the diflavin reductase family, including CYPOR, NOS isoforms, SiR and MSR, a large-
scale conformational rearrangement of the FMN domain is necessary to facilitate specific
binding with an electron acceptor for efficient ET. Shimizu et al. [66], Shen and Kasper
[49], Bridges et al [67], and Zhao et al [45] carried out mutational analysis and demonstrated
the importance of electrostatic interactions involved in the binding of CYPOR to its
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acceptors. The highly conserved proximal surface of microsomal P450s is relatively
electropositive and can interact with the negatively charged surface of the FMN domain of
CYPOR (Fig. 6A) [54, 67–69]. A putative model of a P450-CYPOR complex showed the
total contact area between the two molecules is ~1500 Å2, of which 870 Å2 is located
between the FMN domain and P450 [54]. This electropositive region of P450 (Fig. 6B) also
interacts with the negative surfaces of cyt b5, which stimulates catalysis by causing a
conformational change in the active site [69]. In addition to these hydrophilic amino acid
residues of P450, hydrophobic amino acid residues, Val267 and Leu270 on the proximal site
of CYP2B4 also contribute to the CYPOR recognition [70]. The docked model based on the
open conformation of the hinge mutant by Hamdane and Xia et al [54] also suggests that the
planes of the heme and FMN are almost perpendicular to each other, and the distance
between the heme and flavin cofactors is about 12 Å (Fig. 6D). The two residues, Phe429
and Glu439 of P450 lie in between the two cofactors, suggesting that these residues might
serve as an ET conduit between the cofactors.

In addition to the protein-protein interactions, the ER membrane also plays a key role in ET.
In the P450 system, the soluble CYPOR, lacking the hydrophobic N-terminal membrane
anchor (residues 44 amino acids) is not able to donate electrons to P450 [71], suggesting that
the membrane binding facilitates the interactions and proper orientation for efficient ET
between the two partners (Fig. 4). Although structural models of the soluble forms of the
enzymes have shown flexibility of the position of the FMN domain relative to the FAD/
NADPH domain via the connecting domain and hinge, it should be noted that the FMN-
binding domain is attached to the ER membrane by its hydrophobic anchor. Therefore, on
the ER membrane, the hinge promotes movement of the FAD/NADPH-binding domain
relative to the FMN domain and P450, both of which are anchored to the membrane. In the
closed conformation, the FAD/NADPH domain moves in closer to the FMN domain to
donate electrons to the FMN domain. However, once the FMN is in the reduced state, the
FAD/NADPH domain must move away to allow P450 to interact with the FMN domain.
Thus, on the ER membrane, it is the movement of FAD/NADPH-binding domain, via the
hinge, that is largely responsible for positioning of the FMN domain and facilitating
formation of the active complex between the FMN active site and P450 heme (Fig. 4 and
refs. [59, 72]). Furthermore, the soluble CYPOR that lacks the N-terminal membrane-
binding domain cannot donate electrons to the soluble cyt b5. Thus, effective ET occurs only
with the detergent-solubilized intact CYPOR and cyt b5, both of which retain the membrane-
binding domains [7, 73], suggesting that the interaction of the CYPOR and P450 (or cyt b5)
with the ER membrane is essential for efficient ET (see Fig. 4).

In contrast to the membrane-bound CYPOR/P450 system, in the dimeric and soluble NOS
and P450BM3 enzymes, an effective intersubunit ET occurs between monomers. For
P450BM3, Kitazume et al. [74] proposed a large rotational and translational motion of the
FMN domain, and showed that inter-subunit ET from the FAD domain of one monomer to
the FMN domain of the other monomer is obligatory during turnover of the enzyme. On the
other hand, the intersubunit ET in NOS occurs between the FMN domain of one monomer
and the heme domain of the other monomer of the dimeric enzyme (See Fig. 1). Domain-
domain interactions in nNOS are under control of regulatory elements. Arg-1400, discussed
above, is located in the CT sequence and conserved in eNOS, but is replaced with Ser in
iNOS. Roman et al [75, 76] and Tiso et al [77] reported that a ~ 30 residue extension to the
C terminus (CT) is topologically located between the two flavin-binding domains (see Figs.
3 and 5 and ref. [42]), and represses enzyme activities in the absence of CaM. In addition,
AR, a ~40 residue insert found in the constitutive NOSs, but not in iNOS, also serves to
increase the interfacial area between the FAD- and FMN domains, thereby stabilizing a
closed form of the reductase domain [42, 78–80]. The conserved Cys689 and Cys908 in
human eNOS are located at the interface between the FAD and FMN domains, and are
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surrounded by several positively and negatively charged residues. S-Glutathionylation of
these amino acid residues disrupts the FAD FMN alignment, interrupting ET between the
flavins, thus providing a unique pathway for the redox regulation of cardiovascular function
of eNOS [81, 82].

3. Electron transfer mechanism
For CYPOR/P450 and NOS, electron transfer (ET) occurs in at least three steps: i) NADPH
to FAD, ii) FAD to FMN, and iii) FMN to the catalytic heme center, P450 or NOSoxy (Figs.
1 and 7). Step i occurs through hydride transfer (NADPH→FAD), and step ii occurs
through direct interflavin electron transfer (FAD→FMN), while step iii includes a long
range ET through proteins, in which the distance between the two redox cofactors is
relatively long. In the structure of the complex between the heme- and FMN-binding
domains of P450BM3, the distance between FMN and heme (corresponding to step iii) is
~18 Å [50]. In the modeled structure of the CYPOR and CYP 2B4, this distance is ~12 Å
(Fig. 6 and ref. [54]). However, in both cases, the relative orientations between the two
cofactors are similar. In iNOS [64] and nNOS [65] the corresponding distance is also ~12–
13 Å. P450s contain only heme as prosthetic group, while NOS isoforms include heme and
H4B. These prosthetic groups accept electons from FMN in a sequential one-electron
transfer, whereby molecular oxygen is activated (see Figs. 10 and 11). ET rates in steps i and
ii are much faster than that of step iii, indicating that FMN to heme ET is the rate-limiting
step. Although the P450 ET system is not strictly regulated (see Sections 3 4 for details), the
NOS system is suppressed by at least three regulatory elements (Figs. 2 and 5), and the
suppression is relieved by CaM binding (Fig. 7).

3.1. Properties of flavins
The flavin (Fl) cofactors play a pivotal role in the step-down reaction from two-electron
donors to one-electron acceptors (Fig. 1), as they are capable of both one-and two-electron
redox chemistry. The flavin cofactors can exist as the oxidized (ox), one-electron reduced
semiquinone (sq), and two-electron fully reduced (red) forms (Fig. 8) [83]. The flavins
equilibrate between these states with reversible electron transfer occurring across the N(5)
and N(1) atoms of the isoalloxazine ring of the flavin. Thus, they show two characteristic
one-electron mid-point potentials, Eox/sq for ox-sq couple and Esq/red for sq-red couple. The
semiquinone and fully reduced forms can exist in either neutral or anionic forms, with
intrinsic pKa values of 8.5 and 6.5, respectively. In CYPOR and NOSred, however, pKa
values of the enzyme bound flavins have not yet been determined. Nevertheless, at
physiological pH, semiquinones of both enzymes are of blue neutral forms, FADH. and
FMNH. [7, 84–88]. In CYPOR, no shift from neutral to red anionic semiquinone is observed
within the pH range from 6.5 to 8.5 [86]. The NOS flavin semiquinone is also in the blue
neutral state in the pH range from 7 to 9 [88]. On the other hand, the protonation state (FlH2)
of the fully reduced forms is not known. In FNR [89] and Fld at physiological pH [90, 91],
the relevant reactive forms are the neutral semiquinone (FlH.) and fully reduced anionic
(FlH−) forms. In this review, therefore, by analogy to FNR and Fld, we will assume that the
fully reduced forms are in the anionic forms, FADH− and FMNH−.

In rabbit [84] and human [92] CYPORs and rat NOSred [93], one-electron reduction
potentials of both flavins are characterized by a large, positive ΔE (Eox/sq > Esq/red), as
reported in Flds (see Fig.10 and ref. [84]). For CYPOR, the values of Eox/sq for FMN (pH
7.0) are 110 mV (for rabbit) and 66 mV (for human); and Esq/red values are 270 mV (for
rabbit, [84]) and 269 mV (for human, [92]). The values of FAD Eox/sq at pH 7.0 are 290 mV
(for rabbit) and 283 mV (for human); and Esq/red values are 372 mV (for rabbit) and 382 mV
(for human). For rat nNOSred [93], the values of Eox/sq and Esq/red for FAD are 283 mV and
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310 mV, respectively, while the values of Eox/sq and Esq/red for FMN are 105 mV and 274
mV, respectively [93].

Oxidizd forms of flavins have a sharp absorption peak around 450 nm, and their neutral
semiquinone forms have a broad band in the 500 – 700 nm region, with a maximum at 580
to 600 nm. In CYPOR, the neutral semiquinone forms of FAD and FMN can be
distinguished by the presence of a 630 nm shoulder in the spectrum of the FMN
semiquinone (see Fig. 9A and Fig. 5 of ref. [84]), which is absent in the FAD semiquinone.
In NOS isoforms, the neutral semiqunone forms have a broad band in the 500 – 700 nm
region, and they share an absorbance peak around 596 nm. In addition to the characteristic
absorbance peak at 596 nm, however, the semiquinone state of FAD shows characteristic
peak with absorbance at ~520 nm [94–98]. This peak is also observed in neutral
semiquinones in FADH of spinach FNR [99], and the Thr66Val mutant of NADH-cyt b5
reductase [100]. This peak is also observed as a ~520 – 530 nm shoulder during the
reduction of oxidized nNOSred by NADPH in the presence of CaM (see Fig. 1B (inset) of
ref. [101]), and during the reductive titration of oxidized nNOS reductase domain with
sodium dithionite (see Fig. 4D, curve d of ref. [102]). Thus, this spectral differece between
FAD and FMN semiquinones enables to distinghuish the FAD and FMN semiquinones in
the analysis of one-electron transfer reactions between FAD and FMN.

The origin of the ~520 nm spectral peak for the FAD semiquinone observed in NOSred is
interesting. The structures of the FMN domains of CYPOR and NOSred are very similar to
that of Fld (Fig. 3). As in D. vulgaris Fld [103], the FMN isoalloxazine rings in CYPOR [36,
37] and NOS [42] are also sandwiched by two aromatic residues, Tyr178 and Tyr140 (rat
CYPOR), and Tyr889 and Phe809 (rat nNOS) (Fig. 5). However, unlike the FAD
isoalloxazine ring, which has a conformationally mobile aromatic residue, Trp677 (CYPOR)
or Phe1395 (rat nNOS) at its re-face [38, 104], the two aromatic residues sandwiching the
FMN ring are not known to be mobile during the catalytic cycle. In D. vulgaris Fld [103],
the FMN isoalloxazine ring is sandwiched between Tyr98 and Trp60, and its semiquinone
spectrum shows characteristic peak with a broad absorbance at ~580 nm, as observed in
FMN semiquinone spectra of CYPOR and NOSred. However, the semiquinone form of the
Fld Tyr98Ala mutant shows an additional pronounced absorbance transition at 515 nm
compared to wild type (see Fig. 2B, dot-dashed line spectrum of ref. [103]). In addition, the
C. beijerinckii Fld, whose FMN is staked between Trp90 and the non-aromatic Met56 shares
a similar absorbance spectrum to that of Tyr98Ala mutant of D. vulgaris Fld [105]. These
data suggest that the spectral peaks observed at 486 nm and 520 nm in CYPOR and NOSred,
respectively, for the FAD semiquinone (Fig. 9), but not for the FMN semiquinone [97], is
most likely due to the decrease in the π πstacking interactions caused by the mobile
aromatic residue (Trp677 of CYPOR and Phe1395 of nNOS) on the re-face of the FAD ring.

The neutral semiquinone form of FMN in both enzymes is likely stabilized by the hydrogen
bond between the main chain carbonyl group of the conserved Gly (Gly141 in rat CYPOR,
Gly810 in rat nNOS, and Gly61 in D. vulgaris Fld) situated in the FMN-binding loop and
N(5)-H of the reduced FMN isoalloxazine ring (see Fig. 8). During the ET reactions, the
formation (reduced state, N(5)-H) or breakage (oxidized state, N(5)) of the hydrogen bond
between Gly and the N(5) position of FMN isoalloxazine ring results in a significant
increase in the reorganizational energy for the ET reactions, leading to the lowering the
reactivity of the FMN semiquinone [106]. It is likely that the neutral semiquinone oxidation
associated with proton transfer (FMNH. → FMN + e + H+) is kinetically gated by
deprotonation of semiquinone [107, 108]. Thus, a low reactivity of FMN semiqunone
enables FMN shuttling between the fully reduced and semiquinone oxidation states as a one-
electron carrier in these ET systems. However, in P450BM3, this Gly residue, which is
conserved in the FMN domains of Fld, CYPOR, and NOS, is absent, resulting in a tighter
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loop [109, 110], and its FMN semiquinone is an unstable anionic form having a higher
reactivity than the neutral semiquinone of Fld, CYPOR, and NOS. Thus, in P450BM3,
consistent with this potential reversal, the semiquinone of FMN donates electrons to P450
[50]. Li et al have constructed an nNOS mutant, in which Gly810 was deleted (ΔGly810),
thus mimicking P450BM3 [111]. As expected, the FMNox/sq reduction potential is now
lower than the sq/red couple as in P450BM3. Interestingly, however, cyt c reductase activity
of ΔGly810 in the absence of CaM is at wild type levels and is insensitive to CaM binding,
indicating that the ΔGly810 FMN domain is locked in an open position that is no longer
sensitive to CaM binding.

The reaction mechanisms of CYPOR and NOSred have been studied by using artificial
electron acceptors, such as the relatively large molecule cyt c, and small molecules such as
ferricyanide, menadione (MD) and 2,6-dichloroindophenol (DCIP). Although these electron
acceptors are not natural physiological partners, they are useful tools for the analysis of
reactivity of the FAD/NADPH- and FMN domains ([8, 112, 113] for CYPOR, and [94, 114–
116] for NOS). Various studies have established that cyt c accepts electron from the FMN
site of the open form of the enzymes, while the ferricyanide can accept electrons mainly
from the FAD site of both the open and closed forms of the enzymes [62]. FAD of NOSred
of all three NOS isozymes has a high reactivity towards ferricyanide (Eox/red = +425 mV) in
the absence of CaM, which increases by 2 3-fold in the presence of CaM. In contrast, the
reactivity for MD (Eox/sq = 210 mV) increases by ~10 – 20-fold in the presence of CaM
[114–118]. In both the closed and open states of the enzyme, the small molecules, such as
ferricyanide and MD, can directly access both the FAD and FMN sites of nNOS. However,
MD has a higher affinity for FMN than FAD [116], while ferricyanide has a higher affinity
for FAD due presumably to the negative charge repulsion between FMNH− and Fe(CN)6

−3.
Therefore, differences in the levels of reactivity increases between ferricyanide and MD by
CaM suggest that CaM activates ET from FAD to FMN more than from NADPH to FAD.
The MD reductase activity increases in the order of iNOS> nNOS> eNOS [119].

3.2. Reduction of FAD by NADPH
In the first step of the reaction of NADPH, the FAD of both CYPOR and NOSred functions
as a dehydrogenase flavin (Fig. 1), and accepts a pair of electrons as a hydride ion from
NADPH (320 mV). The crystal structure of wild type CYPOR reveals that the indole ring of
Trp677 stacks against the re-face of the FAD isoalloxazine ring, thus blocking direct
interaction between the flavin ring and the nicotinamide moiety of NADPH [36]. The crystal
structure of a mutant in which Trp677 was either deleted or mutated to Gly revealed that the
nicotinamide moiety of NADP+ is in van der Waals contact with the isoalloxazine ring with
a tilt of ~ 30° between the planes of the two rings [38]. Thus, in the wild type protein, the
indole ring of Trp677 presumably moves away from the isoalloxazine ring of FAD, allowing
the nicotinamide ring to interact with the flavin allowing the hydride ion transfer to FAD.
The local movements of the Gly631 Asn635 loop, located in the FAD-binding cavity, may
be coupled with Trp677 movement to allow NADPH/NADP+ binding/release [56]. In
spinach FNR, the homologous residue Tyr314, is displaced by the nicotinamide ring [120,
121]. In NOS isoforms, Phe1395 (nNOS numbering in rat) stacks onto the FAD
isoalloxazine ring [96, 104, 122] and, in P450BM3, Trp1046 is found at this position [123],
strongly suggesting that these residues are homologs of Trp677 of CYPOR and Tyr414 of
FNR. In MSR, Trp697 would be the corresponding residue that modulates hydride transfer
from NADPH to FAD and intramolecular ET from FAD to FMN [124].

3.3. Intramolecular ET between FAD and FMN
In the second step, the intramolecular ET occurs directly from the FAD to FMN, [36, 42].
The ET rate between FAD and FMN in CYPOR and NOSred can potentially be influenced
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by several factors [125–128]: (i) distance between and relative orientation of FAD and
FMN, (ii) the stabilization of the neutral FMN semiquinone, and (iii) the rate of large-scale
confomational movements. Although the crystal structure does not show the dynamic nature
of the protein, the structures of CYPOR [36, 37] and nNOSred [42] provide good estimates
of the distance and orientation parameters. In rat and human CYPOR [36, 37], the distance
between the dimethylbenzene edge of the isoalloxazine rings of FAD and FMN is 4 Å, and
the planes of the FAD and FMN molecules are inclined relative to each other at an angle of
~135 (Fig. 5, left panel). This orientation can favor orbital overlap between the extended -
orbital systems of both prosthetic groups. The short distance is expected to result in a very
fast and efficient ET between the flavin cofactors (up to 1010 s−1 using Dutton’s ruler) [53,
57, 58, 129, 130]. However, an experimentally observed rate of conversion from FADH. -
FMNH. to FAD-FMNH− is ~50 s−1 [130], suggesting that the ET between the two flavins is
conformationally controlled. While crystal structures of CYPOR have identified discrete
closed and open states [36, 54], Hay et al [57], using ELDOR spectroscopy, suggest that in
solution there is a continuum of conformational states including multiple closed and open
states across the energy landscape. In a mutant CYPOR [56], in which a disulfide bond
between the two flavin domains is introduced, the relative orientation of the two flavin rings
is twisted about 20° compared to the wild type, and the distance between the two 7-CH3
groups of FAD and FMN is 5.6 Å and that of 8-CH3 methyl groups is 5.2 Å. The increased
distance, relative to the corresponding distances of the wild type structure (4.4 Å and 4.0 Å,
respectively) (Fig. 5, middle panel), decreases the surface contact area between the two
flavin rings. The mutant enzyme, which is in a closed state, has a ferricyanide activity of
~30% of the wild type enzyme, suggesting that the hydride transfer reaction from NADPH
to FAD is relatively intact. However, the interflavin ET rate is extremely low, much slower
than that expected from application of Dutton’s ruler [127]. Since the protein conformation
is fixed in the closed form with the disulfide linkage [56], the slow ET rate between the two
flavins is most likely due to (i) decrease in the degree of electronic overlap between the
FAD and FMN semiquinones in the mutant CYPOR, and (ii) inability for the enzyme to
undergo small conformational changes necessary for optimal interflavin ET that are different
from the large scale domain motion, which is necessary for ET between FMN and P450.

The crystal structure of nNOSred [42], which does not include the CaM-binding region, also
adopts the closed conformation with the distance between FAD and FMN being ~ 5 Å (Fig.
5, right panel). This closed state is stabilized by the regulatory elements and charged amino
acid residues, including Arg1400 (rat nNOS numbering), such that a large conformational
change is restricted. As in CYPOR, this short distance (< 5 Å) is expected to allow an
extremely rapid interflavin ET rate (FAD to FMN). However, the rate of ET between the
two flavins is much slower than that of reduction of the FAD by NADPH [131]. In
nNOSred, the relative orientation of FAD and FMN is slightly different from that of
CYPOR, resulting in a reduced overlap (see Fig. 5, right panel) [132]. Whether the
difference in the observed FMN-FAD distances in the closed form of wild type CYPOR
(4A) and nNOSred (5.2 Å) and the slight shift and rotation of the two flavin planes observed
in the NOSred structure (Fig. 5, right panel, bottom) are significant is not clear at present.
However, the fact that CaM binding activates ET between the two flavins [133, 134]
suggests that the intramolecular ET also depends on the degree of electronic orbital overlap
between the FAD and FMN; and that CaM binding releases the “locked, closed”
conformation altering the relative orientation between the two flavins for more efficient
intramolecular one-electron transfer. Moreover, Welland et al [101] have proposed that CaM
may also act to increase the rate of hydride transfer from NADPH to FAD due to
preferential binding of NADPH to the open form of the enzyme.

The intramolecular ET includes two distinct intramolecular ET reactions (FADH− to FMN
and FADH. to FMNH.). ET from FADH− to FMN is energetically more favorable than that
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from FADH. to FMNH., as judged from the redox potentials (see Section 3-1 and refs. [84,
92, 93]). However, the reduction kinetics of the fully oxidized enzyme, FAD-FMN, by
NADPH are quite complex and not completely understood [54, 84, 101, 118, 129, 130, 135].
In contrast, the reduction of the air stable semiquinone, FAD-FMNH. by NADPH is
relatively simple [97, 101]. In both CYPOR and the NOSred domains, the FADH.-FMNH−

is formed by a single electron transfer from FADH− to FMNH. of FAD−-FMNH. (Scheme
1).

During the catalytic cycle, the FADH.-FMNH− can donate electrons to electron acceptors,
e.g., P450s. In CYPOR, the equilibrium constant Keq lies to the right (Scheme 1) as judged
from the absorbance change at 630 nm (Fig. 9A and refs. [84, 97]). In NOS, however,
judged from the absorbance changes at ~520 nm (Fig. 9B), Keq is differentially controlled
in different NOS isoforms; in iNOS, it lies to the right, but in nNOS to the left, and in eNOS
lies far to the left [95, 97, 98]. The three NOS isoforms differ significantly in their rates of
NO synthesis (see Section 3 4 for details). In addition, the ET rate between the FMNH− and
heme center in eNOS is also slower than other NOS isoforms [136]. To identify
contributions of the individual domains of the NOS isoforms, Nishida and de Montellano
constructed chimeric proteins, and suggested that the rate-limiting step in NO synthesis
involves electron transfer within the reductase domain rather than dioxygen bond breakage,
substrate monooxygenation, substrate binding, or product release [137]. Thus, NO formation
could depend on the rate of the formation of the active intermediate, FADH.-FMNH−. In
eNOS, the shift in Keq results in a much slower second phase of NADPH reduction relative
to iNOS and nNOS either with or without CaM [98, 138], indicating that intramolecular ET
between FAD and FMN is slower in eNOS. However, the hinge connecting the FAD/
NADPH- and FMN domains influences the rate of conversion between the closed and open
forms [43]. Thus, the lower activity of eNOS could be attributed to both the rate and extent
of the formation of the active intermediate, FADH.-FMNH−; thus both Keq and rates of
conversion between the open and closed forms determines the rate-limiting step in each
NOS isoform. Taken together, the activity of the reductase domain in NOS isoforms is
differently regulated by all of the above factors, and the rate of formation of the active
intermediate can be linked to the rate of conversion between the closed and open states.
However, the detailed mechanism remains to be explored.

3.4. Intermolecular electron transfer from FMN to catalytic heme centers
The P450 and NOS heme prosthetic groups possess a common cysteinyl thiolate anion as
the proximal ligand of the heme iron, and its basicity is crucial for activation of molecular
oxygen [139]. The low spin state of heme iron in P450 is stabilized by binding of water at
sixth distal position, and has a relatively low redox potential, −200–300 mV. Addition of
“type I” substrates displaces the water molecule, yielding a five-coordinate, substrate-bound
high-spin ferric complex. Using a native-like membrane bilayer mimic (nanodisc), Das et al
showed that substrate binding to CYP3A4 induced a >90% spin conversion to the high spin
and shifted the redox potential by +10 to 80 mV depending on the substrates [140]. This
increase of the redox potential of P450 increases the rate of the first electron transfer from
fully reduced FMN to ferric P450 [141, 142]. The reaction of reduced P450 (FeII) with O2
produces an oxyferrous species with a significantly more positive redox potential (+6 mV)
[143] (Fig. 10A). In CYPOR, the second electron is also derived from the active form,
FMNH−. For some substrates, however, the addition of cyt b5 (Eox/red = ~ 0 mV) into the
purified reconstituted P450 enzyme system affects the catalytic activity, by efficiently
donating a second electron to P450 (FeII O2)-RH complex [69, 144]. Cyt b5 can also act as
an activator for some P450s, which interact with cyt b5 in a substrate dependent manner
[145]. In contrast to the mammalian P450 enzyme system, the fungal cyt b5 reductase/cyt b5
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system is an alternative pathway which can donate both first and second electron to fungal
P450s [146, 147].

In the absence of substrate, L-Arg, iNOS and nNOS isoforms exist predominantly in the low-
spin state [148], but eNOS exists in a mixture of high and low spin states [149]. Binding of
L-Arg to eNOS causes the conversion to a pure high spin heme. Binding of L-Arg to iNOS,
but not nNOS, induces a significant increase in redox potentials, [148]. The one-electron
midpoint potentials of oxygenase domains of NOS isoforms are around −270 mV in the
presence of saturating L-Arg, respectively [88]. The Esq/red values for FMN are around −250
mV [88], suggesting that the difference in the activities observed in NOS isoforms cannot be
assigned to the thermodynamic parameters. In the NOS system, oxidation of L-Arg occurs as
two separate mono-oxygenation reactions (Fig. 11). In both reactions, the first electron (Fig.
11, step 1) is also derived from the active form, FMNH−, but the second electron (Fig. 11,
step 2) is derived from the enzyme bound H4B [14, 150, 151]. In the first oxidation reaction,
the resulting H4B + radical accepts electrons from the FMN site (Fig. 11, step 6) [14]. In
both P450 and NOS systems, Compound I is the common reactive heme species [152, 153].
In NOS, however, the second oxidation reaction may be performed directly by the peroxo-
heme species (FeIII OO− (H+)) that reacts by a nucleophilic attack on the guanidinium group
of NG hydroxy L arginine (NHA) [150,151]. In step 6, the oxidation of the ferrous (FeII) NO
complex by the H4B + radical allows the final release of NO. Thus, the H4B cofactor acts as
an electron donor and acceptor during the catalytic cycle. The free form of H4B has a
relatively high one-electron redox potential, +270 mV [153]. Although the redox potential of
the protein-bound form is unknown, it is unable to reduce the ferric heme [154, 155].

3.5. Catalytic cycle and the rate-limiting step
The FAD-FMN pair of CYPOR and NOSred donates electrons to the catalytic heme centers,
including P450 and the NOSoxy. A catalytic cycle may start from the oxidized FAD FMN
pair, but as described above, the one-electron reduced form, FAD-FMNH. is stable [5, 7,
132], and its reactivity is extremely low. Furthermore, it could be formed from the oxidized
enzyme during the priming reaction (Scheme 2) [9, 156].

Thus, we can describe the catalytic cycle as starting from the air-stable semiquinone species,
FAD-FMNH.. After reduction of FAD-FMNH. by NADPH, interflavin electron transfer
occurs from FADH− - FMNH. to produce FADH. - FMNH−. In both P450 and NOS
systems, the fully reduced FMN (FMNH−) is the species that donates electrons to the heme
catalytic center. As shown in Fig. 10B (lower arrow), the FAD-FMN pair cycles in 1e/3e
cycle: 1e(I) 3e(II/III) 2e(IV/V) 1e(I) electron-transfer of flavin cofactors, in which the
semiquinone/fully reduced couple (FADH./FMNH−) functions as the one-electron carrier
[84, 92, 142]. At high concentrations of NADPH, the intermediate FAD-FMN−, is reduced
to a four-electron reduced form, FADH− - FMN− by NADPH (Fig. 10B, upper arrow); thus
2e−/4e− cycle: 2e−(IV/V)-4e−(VI)-3e−(II/III)-2e−(IV/V) electron-transfer is also possible
[112, 157]. Since the air stable semiquinone, FAD-FMNH. is stable in liver microsomes [7],
the 1e−/3e− cycle is likely the major mechanism in vivo, but the 2e−/4e− cycle is also
possible depending on the NADPH/NADP+ ratio [112, 158]. In contrast, FMN of P450BM3
cycles between the oxidized (FMN) and the anionic semiquinone form (FMN −), and
donates electrons to P450BM3 [50, 159, 160], utilizing the 0 2 1 0 electron-transfer cycle
(Scheme 3) of flavin cofactors.

At the enzyme level, the rate-limiting step in both CYPOR [141] and NOS [137] is at or
after the introduction of the second electron from the reductase to the heme iron. In both
systems, the introduction of the first electron to the heme iron is relatively fast, as compared
with turnover numbers [138, 141]. In general, the redox potential difference between the
electron donor (FADH.-FMNH−) and acceptor (heme iron FeII/FeIII) is the driving force for
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ET (Fig. 10A). Therefore, the change of spin state and the associated increase in redox
potential that are induced by substrate binding modulate the rate of ET between FMN and
heme, and regulate the mono-oxygenase activity. However, its effect is unclear in NOS
systems [88]. Large domain movements have been proposed to facilitate relative domain-
domain reorientation during the ET process, in which the enzyme (CYPOR) shuttles
between open and closed conformations during the catalytic cycle. The fluidity, speed, and
frequency of this movement are unclear, but if cyt c reductase activity can be explained by a
confomationally gated mechanism, then the rate of conformational changes between the
open and closed forms can be expected to be in the order of ~50 – 80 s−1. The catalytic
turnover, ~0.2–2 s−1 for microsomal P450s is much slower than cyt c reduction activity of
the reductase, indicating that the conformational changes between the FAD/NADPH- and
FMN domains cannot be the only factor involved in the rate-limiting step. It is likely that the
rate-limiting step for substrate turnover is complex and also influenced by which P450
isoform is involved as well as which substrate is bound to the P450.

In contrast, the overall rate of NO production by all three NOS isozymes primarily depends
on the interflavin ET rate of the reductase domains rather than the redox potential difference
between the FMNH./FMNH− couple and heme iron FeIII/FeII couple in each enzyme [88,
134]. The ferricyanide activities of all three NOS isoforms are unaffected by the presence or
absence of CaM, but, in the presence of CaM, the cyt c reductase activities are significantly
different; ~70 s−1 for iNOS, ~30 40 s−1 for nNOS, ~7 s−1 for eNOS. Stopped flow [138] and
laser flash photolysis [136] studies have directly measured the rate constants for flavin and
heme reductions, and the data clearly demonstrate that the rate of flavin reduction correlates
with the rate of heme reduction. However, the rate of NO formation is an order of magnitude
slower than that of heme reduction. The turnover numbers for NO synthesis catalyzed by the
isoforms have been reported as: ~3.3 s−1 for iNOS, ~1.7 s−1 for nNOS, and ~0.3 s−1 for
eNOS [161]. The rate of NO synthesis decreases in the order of iNOS> nNOS> eNOS,
consistent with the order of heme reduction, although the catalytic turnover of NO synthesis
correlates with NO release from ferric heme NO binding [14, 155]. As shown in Fig. 11, the
lower value for the NO formation may reflect the highly complicated ET process invoving
the two monooxygenase reactions. In particular, the lower activity of the eNOS isoform is in
part caused by the decreased ability of the reductase domain to transfer electrons to the
catalytic heme center [98, 138, 161]. Taken together, the rate of conformational change is a
major controlling factor for NOS activity, and CaM regulates different NOS isoforms
differently [43].

4. Functional insights from models of the full-length NOS
The NOS isoforms are multidomain enzymes, bearing multiple conformations in solution.
This flexibility is likely a major cause why crystallization of an intact NOS isozyme has not
been successful. Although no full-length structure of either CaM-free or CaM-bound
enzyme has been resolved, the 3-D structures of the isolated nNOS NADPH/FAD - FMN
module [104], the nNOS NADPH/FAD - FMN module [42], the complex of CaM with the
eNOS CaM-binding peptide [162], and the heme domains [163–165] have been solved. In
addtion, several schematic models to illustrate the flexibility and relative movement of the
FMN module [42, 93, 166–169] have been proposed. However, it was difficult to construct
the structure of an entire NOS isoform from these partial structures, especially when no
information is available regarding how the two halves of the molecule (i.e., the oxygenase
domain and the reductase domain) are connected. The recent crystal structure of the iNOS
FMN domain in complex with Ca-CaM revealed the mechanism by which CaM regulates
the conformational rearrangements between the reductase and oxygenase domains.
Furthermore the structure made it possible to contruct a model for the entire molecule of
iNOS (see Fig. 13 and ref. [64]). A model structure of a nNOSoxy-FMN-CaM complex has

Iyanagi et al. Page 13

Arch Biochem Biophys. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



also been proposed based on the mutational studies on the putative interface between the
oxygenase and FMN domains [170, 171]. In the absence of CaM, intra- and inter-molecular/
subunit interactions between individual domains are supressed by regulatory factors, as
described earlier. Isolated heme domains, as well as the holo enzymes of all three NOSs
form dimers indicating that the interactions between the heme domains are relatively strong
and specific in each isoform [163–165]. CaM binding alters the interactions between the
FAD/NADPH- and FMN domains, and between the FMN and heme-bnding domains to
ensure the dimerization of the heme domain and flexibility of the FMN domain in each
isoform. In addition, CaM may interact with the FAD/NADPH-, FMN- and heme-binding
domains, allowing them to form different conformations, each best-suited for a given step of
the entire ET process from NADPH to heme center [167]. A major remaining question is
how CaM modulates the interaction between the reductase and oxygenase.

4.1. Structure of the iNOS FMN-CaM complex
The iNOS isoform has a much higher affinity for CaM than the two other isoforms. On the
basis of the structure of iNOS FMN-CaM complex, the structure of nNOS FMN-CaM
complex was also modeled [65]. The structure of the iNOS FMN-CaM complex clearly
reveals how CaM strongly binds to this isoform (Fig. 12) [64]. The CaM-binding region of
the iNOS polypeptide (residues Leu515-Ser535) forms a tight α-helix, which adopts a
relatively random structure in the absence of CaM [64, 172]. Sequence alignment indicates
that all three NOS isoforms contain a regulatory β-finger (BF) in the connecting domain
(CD), but that of iNOS is six residues shorter than those of nNOS and eNOS. This structure
suggests that the bound CaM in nNOS interferes with the regulatory BF located in the CD
domain [64], suggesting that BF at least in nNOS would change its conformation upon
binding of CaM. Arg530 is conserved in all known iNOS sequences, making salt bridges
with Asp80, Glu84 and Glu87 of the CaM C-terminal-lobe (Fig. 12). The corresponding
residue in both nNOS and eNOS is Gly, which lacks charge interactions with CaM. The
FMN domain and the CaM-binding region are connected by a very short but flexible linker
(Ala534-Val537), of which Arg536 is conserved in all NOS isoforms. Although the hinge
movement is relatively small, it is the means through which the bound CaM regulates the
relative orientation/distance between the FMN and oxygenase domains. Mutation of the
corresponding residue in nNOS, Arg752, to Glu or Gln decreases the rate of heme reduction
and NO synthase activity, strongly suggesting that this hinge/bridging mechanism controls
the CaM dependent NO synthesis. The structure of the FMN domain is essentially identical
to the structures of the corresponding domains of rat and human CYPOR [36, 45, 56] rat
nNOS [42], and bacterial Flds [173]. The binding of CaM to CaM binding peptides of three
NOS isoforms is very fast, indicating that this is not involved in the rate-limiting step in
NOS catalysis [174]. In constitutive NOSs, dissociation of bound CaM is fast, but is
extremely slow in iNOS, as expected from the tight interactions between the CaM-binding
peptide and CaM in iNOS [64].

4.2. Mechanistic implications from the modeled structure of the entire intact molecule
4.2.1. Modeling—In modeling the entire iNOS molecule (Fig. 13), the first key point is
that the structures of the FMN domains in iNOS and nNOS are very similar to each other.
First, the structure of the chimera FAD-FMN-CaM complex is constructed by overlaying the
FMN-binding domain of the iNOS FMN-CaM complex [64] onto the FMN domain of the
nNOS FAD FMN structure [42]. The open forms of iNOS reductase domain are constructed
by the analogy to CYPOR (see Fig. 5, left for the open forms of CYPOR). As discussed
earlier, the structure of the iNOSred is more similar to the CYPOR structure than to the
nNOSred (see Fig. 3). Finally, the entire holo iNOS dimer was constructed by docking the
oxygenase domain dimer onto the open conformation of the reductase domain (Fig. 5, left),
in which the FMN-binding domain of one monomer interacts with the oxygenase domain of
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the other monomer. The intersubunit electron transfer arrangements shown in the resulting
model (Fig. 13) is consistent with previously observed biochemical studies revealing the role
of CaM in electron transfer between the two subunits in the dimeric NOS molecule [17–19,
163–165]. The proposed open state model of iNOS [64] will provide insight into how
different modules interact with each other during catalysis, including the working models for
nNOS and eNOS.

4.2.2. Mechanism—Favorable electrostatic interactions between the FMN-binding
domain and P450/or NOSoxy are required for complete redox reactions, including (i)
formation of an active donor-acceptor complex, (ii) alignment/positioning of the electron
conduit within the donor-acceptor complex, and (iii) dissociation of the oxidized and
reduced products [44]. CaM binding causes the destabilization of the FAD-FMN domain
interface in the molecule and enables/facilitates the interaction between FMN and heme.
Activation of constitutive NOS isoforms by CaM binding is triggered in at least two steps
[13–16, 20, 65, 167, 174]. In the first step, an intermediate state is formed that can interact
with artificial electron acceptors, such as cyt c, but cannot promote significant heme
reduction and NO synthase activity. In the second step, the FMN-binding domain interacts
with the oxygenase heme domain. This is the rate-limiting step in NO synthesis. In this
model, interactions between the two domains are largely electrostatic, with the oxygenase
heme domain being positive and the FMN domain negative [64, 175]. In the iNOS model,
the closest distance between FMN and heme (the C8 methyl group of FMN and the vinyl
group of the heme B ring) is ~12 Å, through which electron transfer from FMN to heme
center would occur. By using a pulsed EPR approach, Astashkin et al [176] have determined
the distance to be 13.1 Å between the FMN and heme, which is the shortest distance
between heme and FMN. In addition, the FMN fluorescence approach also indicates a heme
edge to FMN distance of 12–15 Å [133]. These values are in excellent agreement with those
expected from the modeling of iNOS and nNOS [64, 175]. As in CYPOR, the neutral
semiquinone, FMNH. state does not donate an electron to the heme center, without the
additional reducing equivalents [142, 177]. Therefore, ET occurs only from the FMNH−

state to heme centers (Figure 14). Trp372 in iNOS [64] and Trp587 in nNOS [175] are
positioned between the heme and FMN cofactors and these aromatic residues may act as an
electron conduit between FMN and the heme center.

The FMN-binding domain has a strong dipole moment (677 Debye) with the positive and
negative poles located toward the two terminal helices and near the area of the FMN binding
site, respectively [45, 49, 178]. A redox-linked conformational change is proposed in the
catalytic cycle of both the P450 and NOS systems [72], and a selective dynamic transition
between “opening” and “closing” may be modulated by NADPH binding and NADP+

release [58]. In this regard, we propose that in the neutral (blue) FMN semiquinone state, the
FMN domain has a high affinity for the FAD/NADPH binding domain, while the anionic
fully reduced FMN has a high affinity for the heme domain (see Fig. 14), and that the
protein conformational changes are important for orientation of domains for complex
formation while electrostatic interactions are important factors for the association and
dissociation of the active electron transfer complex. The conserved negatively charged
region of the FMN binding site surrounding the solvent-exposed dimethyl benzene ring of
FMN is involved in the interaction with both the FAD and heme domains. Recently, Chang
et al [179] have shown that, in D. vulgaris Fld, solvation dynamics and protein conformation
near the functional site (i.e., in the vicinity of the FMN isoalloxazine ring) are closely linked
to the flavin redox states, which in turn can be correlated to the intermolecular ET
properties. Analogous to Fld, we propose that, in the more ordered semiquinone
conformation, the FMN domain has high affinity for the FAD/NADPH domain in order to
accept electrons from FAD, whereas the less ordered anionic fully reduced form can easily
adopt its conformation to interact with the oxygenase domain. It is interesting to note that
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the FMN CaM complex of NOS functions as a one-electron carrier that can recognize
different domains during the redox-linked conformational rearrangements (Fig. 14). Similar
mechanisms may also operate in the microsomal P450 system, in which FMN semiquinone
has a higher affinity for the FAD/NADPH domain, while its reduced state has a higher
affinity for P450s. An exquisite balance of associaton and dissociation between the ET
partners (i.e., between the FAD/NADPH and FMN domains) is required for rapid and
productive ET reactions in the P450 and NOS systems. It is likely that a similar strategy
adopting this “redox-linked conformational changes” is utilized in many other multidomain
redox enzymes.

5. Functional significance of missense mutations in the diflavin reductase
family

Studies of naturally-ocuring mutations in diflavin reductase genes and resulting phenotypes
have contributed to the elucidation of structure-function of this enzyme family. The human
CYPOR gene is located on chromosome 7q11.2 [35] and contains 16 exons. The human
gene encodes 680 amino acids and shares 94% amino acid sequence identity with the rat
enzyme. As expected, the overall 3D structure of human CYPOR is very similar to that of
rat CYPOR [36, 37]. The CYPOR/P450 system is a major microsomal oxidative enzyme
system. Although there are numerous functional P450 genes in mammals (e.g., 74 in rat, 92
in mouse, 59 in human), there is only one CYPOR gene in each species [3, 4]. The human
genome project has identified 59 functional P450 genes: seven encode mitochondrial
enzymes, all of which play key roles in the biosynthesis of sterols, and 50 encode
microsomal enzymes. The remaining two encode prostacyclin synthase (CYP8A1) and
thromboxane-A synthase (CYP5A1). Of the 50 microsomal enzymes, 20 participate in the
biosynthesis of endobiotic [2] substrates, such as steroids and eicosanoids; 17 principally
metabolize xenobiotic compounds; and 13 are orphan enzymes [180]. Neary all microsomal
P450s accept electrons from CYPOR, presumably reacting via conserved patches in the
FMN domain of CYPOR (Fig. 6). Site-specific mutational analyses have been used to
determine amino acid residues involved in catalysis [49, 181]. CYPOR transfers electrons to
three steroidogenic microsomal P450s, including 17 α-hydroxylase/17, 20 lyase
(CYP17A1), 21-hydroxylase (CYP21A2), and P450 aromatase (CYP19A1), as well as to
CYP51 and the non-P450 protein squalene monooxygenase in the cholesterol biosynthesis
pathway. Thus, missense mutations of the human CYPOR gene (CYPOR/POR) cause
multiple defects associated with disruption of cholesterol biosynthesis and steroidogenesis,
such as ambiguous genitalia, polycystic ovary, and/or Antley-Bixler syndrome, a skeletal
malformation featuring craniosynostosis. Since the first report in 2004 [182], over 40
mutation sites have been identified in the human CYPOR/POR gene [183–190]
(summarized by Fluck and Pandey [191]).

Several known CYPOR missense mutations interfere with: (1) cofactor binding (NADP(H),
FAD, or FMN), (2) interaction between the FAD and FMN domains, and (3) interaction of
CYPOR with P450s. In addition, many of these mutations also result in unstable proteins
due to lack of cofactor binding and/or improper polypeptide folding. Tyr181Asp,
Arg457His, Tyr459His and Val492Glu mutations result in low cyt c and 17α hydroxylase/
17, 20 lyase activities, in which Tyr181Asp cause decreased affinity for FMN-binding [185,
187, 192], while Arg457His and Val492Glu cause decreased FAD-binding affinity [37, 182,
193]. The results of Tyr181Asp and Tyr459His mutations are entirely consistent with the
hypothesis that the aromatic residues are required for binding of FAD and FMN (see Fig. 2).
The overall 3D structures of Arg457His and Val492Glu variants are similar to wild type,
with local disruption of hydrogen bonding and salt bridging involving the FAD
pyrophosphate moiety, leading to weaker FAD binding, resulting in unstable protein, and
loss of catalytic activity, all of which can be rescued by cofactor addition [37]. Addition of
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exogenous FAD to either variant protects the CYPOR protein from limited trypsin digestion,
supporting the role of the cofactor in conferring stability to its structure. In addition to
electron transfer steps, the level of expression of CYPOR may also be affected by
polymorphisms of the promoter regions [194, 195]. In addition to endobiotic substrates, the
mutations also affect biotransformatin of xenobiotic compounds [196–198] and, since
CYPOR transfers electrons to heme oxygenases, heme oxygenase activities are also
decreased [199, 200].

Methionine synthase reductase (MSR), another diflavin reductase, catalyzes the NADPH-
dependent reductive methylation of methionine synthase (MS), which is a cobalamin-
dependent enzyme [124]. The MSR (MSR) gene is located on chromosome 5q15.2-q15.3.
The reaction catalyzed by MS involves a methyl group transfer from
methylenetetrahydrofolate to homocysteine, via a Cob(I)-alamin cofactor, to form
methionine, tetrahydrofolate, and the intermediate methylcob-(III)-alamin. MSR transfers
electrons to the oxidized, inactive form (Cob(II)-alamin) of MS to regenerate the active form
(Cob(I)-alamin). Like CYPOR/P450, the electron transfer system involves two components,
MSR and MS, and electron transfer sequence is: NADPH→MSR (FAD→FMN)
→MS(CoII). MSR gene deficiency in human is a recessive genetic disorder affecting folate
and methionine metabolism and is characterized by elevated levels of plasma homocysteine,
because MS becomes inactivated and is not regenerated without MSR. A number of
mutations have been described in MSR in homocystinuric patients [201]. Ala129 is located
adjacent to a cluster of conserved acidic residues found in the FMN binding site, and the
Ala129Thr mutation destabilizes the FMN binding, resulting in an FMN depleted protein
[202] and a decrease in the rate of electron flow from MSR to MS. The mutant transfers
electrons to ferricyanide as efficiently as wild type, but the rates of cyt c and MD reduction
are significantly decreased, indicating that, like CYPOR, cyt c and MD accept electrons
mainly from the FMN-binding site. In addition, reconstitution of the mutant with FMN
partially restores its ability to reduce cyt c and to reactivate MS, suggesting that patients
harboring the Ala129Thr mutation may be responsive to riboflavin therapy.

Nitric oxide (NO) has important functions in the cardiovascular, immune, and neuronal
systems [1]. The three human NOS isoforms are encoded by separate genes, localized on
12q24.2 for nNOS (NOS1), 17q11.2 for iNOS (NOS2) and 7q36 for eNOS (NOS3) [203].
Human point mutations and knockout mouse models for each of the three NOS isoforms
have served to elucidate the physiological functions of each isoforms. In mice, the knockout
of eNOS gene (NOS III−/−) shows an incomplete return of spontaneous circulation (ROSC)
rate and worsens post-ROSC left-ventricular function [204]. Global ablation of the single
CYPOR gene results in embryonic lethality [3, 4]. However, mice carry multiple NOS
genes. When any one of the NOS isoforms is knocked out, the mice are still viable [205],
and compensatory interactions among NOS isoforms have been reported [206]. Mice with
all three NOS genes knocked-out (NOS−/−) are also viable, but their survival and fertility are
markedly reduced as compared to wild-type mice [207, 208]. The relatively mild phenotypes
associated with individual NOS knockouts highlight the importance of compensatory
interactions between the NOS isoforms and also suggest the presence of additional genes
which compensate for NOS functions. For example, an iNOS sequence derived from human
hepatocytes has been found to contain three different amino acid changes within the
iNOSred domain (Ala805Asp, Phe831Ser, and Leu832Pro). The phenotype of single
Ala805Asp mutation is comparable to wild type, while a significant (2–4 fold) reduction of
iNOS activity was observed in both the Phe831Ser and Leu832Pro point mutants [209]. The
modeling of the reductase domain suggests altered hydrogen bonding, van der Waals, and
hydrophobic interactions of these mutants, supporting the importance of the hydrophobic
interactions in the protein stability and catalytic activity. Functional variations in the three
NOS mutations have yet to be carefully characterized on the basis of the structure as well as
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thorough biochemical analysis. The structural model of iNOS (see Fig. 14 and ref. [64]) is
an important step forward in the analysis of mutations in these multi-domain enzymes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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nNOS neuronal NOS

eNOS endotherial NOS

NOSred the reductase domain of NOS

NOSoxy the oxygenase domain of NOS

CaM Calmodulin

FNR ferredoxin-NADP+ oxidoreductase

Fld flavodoxin

FMN domain FMN containing flavodoxin-like domain

FAD domain FAD-containing FNR-like domain plus the connecting domain

CD connecting domain

BF β-finger

NR human cancer-related novel reductase

MS methionine synthase

MSR methionine synthase reductase

P450BM3 Bacillus megaterium flavocytochrome P450BM3

H4B (6R)-5,6,7,8-tetrahydrobiopterin

heme iron protoporpyrin IX

ET electron transfer
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ER endoplasmic reticulum
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This review covers structure and mechanism of NADPH-cytochrome P450
oxidoreductase.

► The enzyme catalyzes electron transfer from NADPH to FAD to FMN to
cytochrome p450.

► The enzyme contains distinct FAD and FMN domains that are connected by
a flexible hinge.

► Two flavin domains undergo large domain movements during catalysis.
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Figure 1.
Electron transfer components of the microsomal P450 systems and NOS dimer, together
with their electron transfer paths.
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Figure 2.
Domain organization of CYPOR, NOS isoforms, and related enzymes. Dots indicate
conserved aromatic amino acid residues and bars above “CD” represent the location of the
connecting domains in the primary sequence. H, hinge; C, conseved Cys residue as the
thiolate heme ligand; CD, connecting domain. Note that CD consists of two different parts
of the linear sequence interspersed with the FNR like domain. (A) Fld, flavodoxin; FNR,
ferredoxin-NADP+ oxidoreductase; CYPOR, NADPH-cytochrome P450 oxidoreductase;
P450, cytochrome P450; TM, transmembrane domain. (B) CaM, CaM-binding region; H4B,
(6R)-5,6,7,8-tetrahydrobiopterin; BF, -finger; AR, autoregulatory region; Myr and Palm,
myristoylation and palmitoylation motifs, respectively; Zn, Zinc binding site found at the
dimer interface; PDZ, PDZ domain.
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Figure 3.
Evolutionary origins of the structures of NADPH-cytochrome P450 reductase (CYPOR) and
nNOS reductase domain (nNOS-red) as shown by overlays of the ribbon structures of D.
vulgaris flavodoxin (Fld) and spinach ferredoxin-NADP-oxidoreductase (FNR). A, A model
of a putative Fld-FNR complex [31]; B, CYPOR structure [36]. The FMN domain, FAD
domain, and connecting domain (CD) are marked; C, structure of the nNOS reductase
domain (nNOSred) [42] containing regulatory elements, AR, CT and BF shown in red; D,
overlay of the structures of Fld, FNR and CYPOR; E, overlay of CYPOR and nNOSred.
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Figure 4.
Topology of CYPOR and P450 and the formation of their complex on the ER membrane.
CYPOR is in a dynamic equilibrium between the closed and open forms. In the closed form,
FMN accepts electrons from FAD and, in its open form, donates electrons to P450. The
encounter complex consists of multiple protein orientations leading to the single orientation
forming the specific complex. CYPOR is shown in a closed conformation, when the
nucleotide (NADPH or NADP+) is bound and opens up in the presence of electron
acceptors, e.g., cyt c or P450s (see section 2.1 for detailed discussion).
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Figure 5.
The closed and open conformations of CYPOR (left and middle panels) and nNOSred (right
panel). FAD and FMN are shown with stick models in magenta. In the middle row, ribbon
diagrams for CYPOR and nNOS red structures are shown. Distances between FAD and
FMN (between arrows indicating C8-C8 carbon atoms pointed by purple lines) are shown in
Å in the middle row. The left panel shows relative orientations of FMN domain with respect
to the FAD domain observed in WT (gold, PDB code: 1AMO) and three open
conformations of the linker-deleted mutant (PDB code: 3FJO), Mol A (red), Mol B (blue)
and Mol C (cyan) are shown (see ref [54] for details). In the middle panel, the engineered S-
S bond (green) is shown in the closed-form mutant of CYPOR (PDB code: 3OJW, middle
panel, see ref. [56] for details); and nNOSred containing the regulatory elements, AR, CT
and BF of NOSred (PDB code: 1TLL, see ref. [42] for details) is shown in the right panel. In
the bottom row, relative orientations of FMN and FAD are schematically shown by lines
representing the isoalloxazine planes. In the wild type structure (left panel), the two planes
make ~135 and form a continuous ribbon and aligned, while in the disulfide-engineered
mutant the two planes are not aligned (middle panel, bottom). It is not clear whether the
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difference in the FMN-FAD distances observed in the closed form of wild type CYPOR (4.0
Å) and nNOSred (5.2 Å) and the slight shift and rotation of the two flavin planes observed
in the NOSred structure (right panel, bottom). However, it is possible that, in NOS, CaM
may unlock the closed conformation to make the distance and orientation between FAD and
FMN more favorable for efficient ET between them.
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Figure 6.
Docked model of a complex between P450 and CYPOR. (A) A complex of P450 and Mol A
of the hinge-deletion mutant of CYPOR; Electrostatic surface of interfaces of P450 (B) and
an open form of the mutant CYPOR (C), where blue represents a positively charged surface
and red indicates a negatively charged surface. (D) Relative orientation between FMN and
Heme and interfaces of docked P450 (E) and CYPOR (F). Five salt-bridge pairs are shown
with same letters. Glu242 makes salt bridges with both Arg422 and Arg443 (see ref. [54] for
more details).
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Figure 7.
Electron Transfer Path in CYPOR (A) and NOS (B). The P450 ET system catalyzes the
monoxygenation of substrate (RH) (red) (A), while NOS isoforms catalyze the formation of
NO from L-Arg (blue) (B), via two- monooxygenation reactions with NG-hydroxy-L-
Arginine (NG-hydroxy-L-Arg) as a stable intermediate. In nNOS and eNOS, all three
electron-transfer steps are accelerated by CaM binding. The dotted lines from FMN to
ferricyanide indicate that, although thermodynamically possible, ET between fully reduced
FMN and ferricyanide has not studied in details.
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Figure 8.
Isoalloxazine ring of FMN or FAD in its oxidized (Flox), semquinone (one-electron-reduced
form, Flsq), or fully reduced (two-electron-reduced form, Flred) state.
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Figure 9.
Reduction of air-stable semiquinone of CYPOR (A) and iNOSred (B). The air-stable
semiquinone, 5 µM of CYPOR and iNOSred were reduced by 100 µM NADPH,
respectively. Insets, the spectra were recorded at three wavelengths (see text and refs. [97,
112] for details). Figure 9 was adapted from [97].
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Figure 10.
Redox potentials of the individual redox couples of FAD and FMN of CYPOR and P450
(A), and the catalytic cycle of CYPOR (B). A and B, 1 and 2 indicate the redox pairs shown
in A [84, 92]. B, Dots indicate electron equivalents, one-electron (.) and two-electron (..) -
reduced states. Numbers under I through VI indicate the total electrons present in the two
flavins. Red arrows with dot (.) indicate one-elctron donation/release.
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Figure 11.
The role of the FAD-FMN pair for activation of molecular oxygen in P450 and the NOS
heme center. In P450, introduction of the first electron involves the reduction of ferric P450
(FeIII) and binding O2 (step 1). The addition of the second electron leads to the production
of the ferric peroxy form, which is rapidly protonated to the ferric hydroperoxy state (step
2). A further protonation facilitates the ionic O-O bond clevage (step 3), and resulting in a
ferryl-oxo form, Compound I, FeIV=O + species [152, 210, 211]. In final steps, 4 and 5, the
“oxygen” of the Compound I is transferred to substrate (RH). In NOS, the first electron is
also supplied by FMNH−, but the second electron is supplied by the bound H4B (see text for
details). H4B functions as a one-electron carrier: H4B ⇔ H4B.+ + e−, and can also function
as an electron and proton donor: H4B ⇔ H3B. + e− + H+ (shown in parentheses) [151, 212,
213]. NOS also requires step 6. Figure adapted from [214].
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Figure 12.
The structure of the iNOS CaM·FMN complex and interactions between the FMN domain
and the bound CaM. The FMN domain is shown in gold, CaM in green, and Ca2+ with grey
balls. The CaM binding region is shown with a gold helix wrapped around by green CaM.
FMN is shown with blue sticks. Arg536 located within the hinge between the FMN domain
and the CaM binding region makes salt bridges and a hydrogen bond with Glu47 and Asn42
of CaM, respectively. Arg536 also makes several hydrogen bonds with the main chain
carbonyl oxygens of Ser562-Cys563-Ala564-Phe565 of the FMN domain. Thus, the Ca2+-
CaM binding regulates the hinge motion pivoting at Arg563, which in turn controls ET from
FAD to FMN and from FMN to heme.
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Figure 13.
Strategy for modeling of the entire holo iNOS structure. (A) Strategy for the construction of
a model structure of iNOS [see ref. [64] and text for details]. (B) Two orthogonal view of
the modeled dimer structure of iNOS. The relative orientations of the two cofactors are
shown in B, and Trp372 is located between the two cofactors.
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Figure 14.
Proposed model for CaM-mediated regulation of NOS. (A) The conformational
rearrangements of functional domains in the NOS dimer. H1 indicates the hinge between the
FMN- and FAD domains, and H2 represents the hinge between the FMN- and heme
domains. Upon binding to CaM, H2 is divided into H2a and H2b. (B) Mechanism of redox-
linked conformational selection. Positive (plus) and negative (minus) surface charges of the
FAD-, FMN-, and heme domains are indicated in red. The blue dots indicate hydrated water
molecules; the FMN semiquinone state has a tighter water-network. Upon futher reduction
of the semiquinone to fully reduced, FMNH− state, the water-network becomes loose and
more flexible [179]. In the protein-protein interface between heme and FMN domains of
nNOS, the following residues are involved in these electrostatic interactions: Lys423,
Lys620, Lys660 (heme domain) and Glu762, Asp813, Glu816, and Glu819 (FMN domain)
[175].
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Scheme 1.
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Scheme 2.
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Scheme 3.
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