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ARTICLE INFO ABSTRACT

Keywords: NAD(P)H-dependent electron-transfer (ET) systems require three functional components: a flavin-containing
NAD(P)H-dependent electron-transfer systems NAD(P)H-dehydrogenase, one-electron carrier and metal-containing redox center. In principle, these ET systems
Flavoenzymes consist of one-, two- and three-components, and the electron flux from pyridine nucleotide cofactors, NADPH or
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NADH to final electron acceptor follows a linear pathway: NAD(P)H — flavin — one-electron carrier — metal
containing redox center. In each step ET is primarily controlled by one- and two-electron midpoint reduction
potentials of protein-bound redox cofactors in which the redox-linked conformational changes during the cat-
alytic cycle are required for the domain-domain interactions. These interactions play an effective ET reactions in
the multi-component ET systems. The microsomal and mitochondrial cytochrome P450 (cyt P450) ET systems,
nitric oxide synthase (NOS) isozymes, cytochrome bs (cyt bs) ET systems and methionine synthase (MS) ET
system include a combination of multi-domain, and their organizations display similarities as well as differences
in their components. However, these ET systems are sharing of a similar mechanism. More recent structural
information obtained by X-ray and cryo-electron microscopy (cryo-EM) analysis provides more detail for the
mechanisms associated with multi-domain ET systems. Therefore, this review summarizes the roles of redox
cofactors in the metabolic ET systems on the basis of one-electron redox potentials. In final Section, evolutionary

aspects of NAD(P)H-dependent multi-domain ET systems will be discussed.

1. Introduction

Biological electron-transfer (ET) systems can be functionary divided
into two types. A metabolic ET system catalyses a complex network of
biotransformations of organic compounds, while an energetic ET
system is linked to the energy conservation. In their first step, metabolic
NAD(P)H-dependent ET systems require a flavin as a redox-active co-
factor: the protein-bound oxidized flavin (Fl,,) accepts the two elec-
trons and one proton as a hydride ion (H~ = H* + 2e™) from NAD(P)
H, and then the reduced flavin transfers electrons to a one-electron
protein carrier, one at a time (Scheme 1). In 1930s, Michaelis. [1,2]
proposed that the oxidation-reduction reactions of the flavin that re-
quires the transfer of two electrons take place in two reversible steps, in
which the one-electron reduced semiquinone is the intermediate form.
The semiquinone form of flavin participates as a reversible converter
between two electron donors, NAD(P)H and a one-electron protein

carrier [3-6]. The final electron acceptor includes a metal-containing
redox center and accepts electrons from the one-electron protein carrier
by sequential one-electron transfer. In principle, the metabolic ET sys-
tems include three steps: (i), (ii), and (iii) (Scheme 1). These steps are
regulated by several factors, including hydride ion transfer, one-elec-
tron reduction potentials of protein-bound flavin and one-electron
protein carrier, proton-coupled ET, dynamic conformational changes
and distance between the redox centers of each components.

The NAD(P)H-dependent metabolic ET systems are typically clas-
sified as one-, two- and three-components, in which ET reactions in-
volve specific interactions between these components (Figs. 1 and 2).
The mitochondrial cyt P450 ET system contains three-components,
which include the flavin-containing NADPH-dehydrogenase, [2Fe-2S]
cluster containing non-heme iron protein as a one-electron carrier and
heme-containing cyt P450s [7,8]. In contrast, the microsomal cyt P450
ET system has two components, and includes diflavin cyt P450
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Scheme 1. ET processes from NAD(P)H to metal-containing center.

reductase (FAD and FMN-containing) and cyt P450s [9,10], the former
is a fusion enzyme that has evolved from the genes encoding a FAD-
binding ferredoxin-NADP™* reductase (FNR) and an FMN-containing
flavodoxin (Fldx) [11-13]. The equilibrium one-electron reduction
potentials of two flavin redox cofactors have been measured from po-
tentiometric titration curves [5,14]. Meanwhile, the nitric oxide syn-
thase (NOS) isozymes are a single-component system, which includes a
cyt P450 reductase-like and heme-containing oxygenase domains
[15-17]. In addition, the active form is a dimer of identical subunits.
The cyt P450 ET system is not strictly regulated, but the reductase
domain of NOS isozymes is regulated by calmodulin (CaM) [18-20].
The similarities and differences between microsomal cyt P450 ET
system and NOS isozymes have been reviewed extensively [21-27]. At
present, the mechanism of differential regulation between cyt P450 ET
system and NOS isozymes has been focused on the role of the FMN
domain [28-34]. The structural analysis by X-ray [12,17,20], and cryo-
electron microscopy (cryo-EM) [35-38] provide more detailed in-
formations for the multi-components and multi-domain ET systems. In
this review, the roles of the flavin cofactors in the catalytic cycle of NAD
(P)H-dependent ET systems, including the microsomal and mitochon-
drial cyt P450 ET systems, NOS isozymes, cytochrome bs (cyt bs) ET
systems and methionine synthase reductase (MS reductase) are mainly
summarized, and similarities and differences will be discussed based on
the redox potentials, and redox-linked conformational changes. In the
final Section, evolutionary aspects of the each component in the me-
tabolic NAD(P)H-dependent ET systems will be discussed.

2. NAD(P)H-dependent electron transfer systems

NAD(P)H-dependent ET systems play an important physiological
role in the transfer of electrons from NAD(P)H to many single electron
accepting-metal proteins or other cofactors (Scheme 1). As shown in
Figs. 1 and 2, eukaryotic cyt P450-containing ET systems are mainly
divided into mitochondrial and microsomal types. The former ET
system is composed of three-components, including a FAD-containing
adrenodoxin reductase (Adx reductase), a [2Fe-2S] cluster-containing
adrenodoxin (Adx) and heme-containing cyt P450, in which the FAD-
[2Fe-2S] pair donates electrons to cyt P450s [7,39,40]. In contrast, the
microsomal cyt P450 ET system is composed of two-components, in
which the FAD-FMN pair of cyt P450 reductase donates electrons to cyt
P450s [4,9,10]. In both cyt P450 ET systems, the FAD accepts two
electrons and one proton as a hydride ion from NADPH, and Adx (for
the mitochondrial system) or FMN domain (for the microsomal system)
acts as a one-electron carrier proteins (Figs. 1 and 2), in which the FAD
act as a converter from 2 electron, NAD(P)H to a one electron carrier.
More recently, a novel soluble NADPH-dependent diflavin reductase
member was isolated from Bacillus megaterium [41]. The sequence
analysis showed that this reductase contains the FAD and FMN binding
motifs as well as NADPH and cyt P450 interaction domains. Ad-
ditionally, an air-stable semiquinone, FAD-FMNH" state that is char-
acteristic in the cyt P450 reductase is observed [9]. This soluble Bacillus
megaterium cyt P450 reductase (BM cyt P450 reductase) can donate
electrons to a bacterial CYP106A1 and a microsomal CYP21A2. Thus,
this report strongly indicates that this reductase is a member of the
diflavin family, which corresponds to the truncated cyt P450 reductase
lacking the N-terminal membrane-binding anchor. The microsomal
desaturase system is composed of three-components, including NADH-
cytochrome bs reductase (cyt bs reductase), cytochrome bs (cyt bs) and
desaturase [42,43], while a novel flavoheme protein (Ncb5or) is com-
posed of two-components (Fig. 1) [44], resulting from the fusion
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enzyme of cyt bs reductase and cyt bs. However, eukaryotic nitric oxide
synthase (NOS) isozymes [45,46] are composed of a single component,
which shares the cyt P450 reductase-like domain as an electron-do-
nating reductase, and a dimer is the active form (Fig. 1). The prokar-
yotic flavocytochrome P450BM3 (P450BM3) from Bacillus megaterium
contains a cyt P450 reductase-like domain, and is a single polypeptide
system in which a dimer form is also the active form [47,48]. Therefore,
in the metabolic ET systems, a flavin-one-electron carrier pair links
from a two-electron donor (NAD(P)H) to a final one-electron acceptor
(Figs. 1, 2).

3. Mechanism of electron transfer

NAD(P)H-dependent ET pathways require three functions (Scheme
1): (i) a dehydrogenase to accept a two electrons from NAD(P)H, (ii)
one-electron carrier, and (iii) final metal-containing electron acceptor,
which contains a heme or non-heme iron prothetic cofactor. In the first
step (i), the direct transfer of a hydride ion from NAD(P)H to flavin
molecule is generally accepted. This reaction proceeds through the in-
termediates (NAD(P) *—H~-Fl,,) (Eq. 1) [49], and the reduced flavin is
stabilized by the binding of NAD(P) *. Thus, a redox potential of NAD
(P)*-bound reduced flavin, NAD(P) " -FIH ™ is more positive, compared
with NAD(P) " -free form, and provides a driving force for hydride ion
transfer from NAD(P)H to flavin (Eq. (1)) [3].

NAD(P)H + Floy = NAD(P)H — Flo = [NAD(P)*—— H~ —— Fly]

= NAD(P)* — FIH- €h)

In the step (ii), reduced flavin donates electrons to the non-heme
iron, cytochrome and flavin cofactors that function as a one-electron
carrier, in where the flavin cofactors play a pivotal role in the step-
down reaction from a two-electron donor to a one-electron acceptor. In
the final step (iii), a one-electron carrier donates electrons to an elec-
tron-acceptor by way of sequential one-electron transfer (Scheme 1).
For example, the heme containing cyt P450 accepts two electrons
during two sequential one-electron transfer steps in which the mole-
cular oxygen is activated in a stepwise reaction [4]. The one- and two-
electron transfer reactions within and between proteins are modulated
by several factors; one- and two-electron midpoint potential differences
between donor and acceptor, the proton-coupled ET, the stability of the
flavin semiquinone radical and/or its reactivity, and a small-scale mo-
tion within the active site or a large-scale motion of cofactor-binding
domains, which cause an alteration of distance and orientation between
redox cofactors. In addition, the interactions between these components
are required for rapid and specific ET in multiprotein and multidomain
redox enzyme systems. Thus, the exquisite control of association and
dissociation between the domains or proteins is a key factor for rapid
and controlled ET (see Fig. 2 and Ref. [50]).

3.1. One- and two-electron reduction potentials

NAD(P) * /NADPH couple acts as a two-electron/hydride donor or
acceptor in the biological systems (Fig. 1). Flavin cofactors play a key
role in ET systems because of their ability to participate in either one-
electron or two-electron oxidation-reductions. Thus, the one- and two-
electron midpoint reduction potentials regulate each steps in the ET
from NAD(P)H to a final one-electron acceptor. To understand the
redox properties of enzyme-bound redox centers, indirect mediated
potentiometry and direct kinetic methods have used.

The flavin (F1) cofactors possess an isoalloxazine ring, and they can
exist in three redox states: fully oxidized Fl (Fl,y) and one-electron re-
duced semiquinone (Flyy), in either the anionic (F1'™) or neutral (FIH)
form (FI'~ + H* = FIH"), and two-electron fully reduced forms (Fl.q)
(FIH™ + H* =FH,) [51,52]. The oxidized Fl is reduced or oxidized by
two one-electron way (Fig. 3). Thus, the two-electron midpoint reduc-
tion potential, Ep, is divided into one-electron midpoint potentials, Eoyx,
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Fig. 1. Typical NAD(P)H-dependent metabolic ET systems.

A. Mitochondrial cyt P450 electron transfer system

Adx reductase-Adx Adx-CYP11A1
complex complex

Adx reductase CYP11A1

B. Microsomal cyt P450 electron transfer system

FMN domain ‘ '
cyt P450 cyt P450 reductase-cyt P450
cyt P450 reductase complex

Fig. 2. Docked model of a complex between cyt P450 and electron transfer partners. Figure was adapted from Refs. [4,205] with some modifications.

sq and Egqreq, respectively. For two-step oxidation-reduction reactions reduced, semiquinone and oxidized species at each point in the titra-
(red=sq = ox) of organic molecules, such as flavins and quinones, tion.

Michaelis proposed the following equations (Egs. (2) and (3)) [1]. The E,, value for the overall two-electron transfer reaction lies
E = Eggjsea + (RT/F) In [sq]/[red] ) halfway between Eoy/sq and Egq/red-

E = Eoyjsq + (RT/F) In [0x]/[sq] @) Pm= Foxsq + Bug/rea)/2 )
where R is the gas constant, T is the absolute temperature, F is the A semiquinone formation or stabilization constant Ks (ox + red =
Faraday constant, and [red], [sq] and [0x] are the concentrations of the 2sq ) is:
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Fig. 3. Redox and ionic states of flavin cofactor. E-Fl indicates enzyme bound flavin. Ey/sq (0xidized-semiquinone couple) and Esq/req (semiquinone-fully reduced

couple) indicate one-electron reduction potentials, respectively.

= (sq)*/(0x)(red) )

Thus, the difference in the E,y/sq (0x/5q. couple) and Egq req (5q/Ted
couple) is related to the semiquinone formation constant K.

Esq/red = (RT/F) In K; 6)

where, when Kj is larger than unity (K; > 1), the value of Egq/req (59/
red) is more negative than that of E,y/sq (0X/sq), in which semiquinone
state is stabilized. Thereby, the reduced state is a stronger reactant than
semiquinone state (sq/red). When K is less than unity and greater than
zero (1 > K; > 0), the value of Esq/req (sq/red) is more positive than
that of Eoy/sq (0X/5q), and the semiquinone is a stronger reactant than
its reduced form (red). When K;= 1, the values of Eqyx/sq and Esqreq
coincide. The values of E,y/sq and Egqreq Cross at this point. When
K= 0, no semiquinone is formed, and the oxidation-reduction process
is ox +2e” =red.

The NAD(P)H-dependent flavin enzymes can catalyse a one-electron
reduction of electron acceptor, A, where the reduced flavin is oxidized
by A in a sequential one-electron reaction.

on/sq -

NAD(P)H + 2A — NAD(P)* + 2A"~ + H* )
The net free energy change for Eq. (7) is given below:
AG = —nFAE ®)

Hence, the ET reaction is more efficient, as the Gibbs free energy of
activation, AG® becomes more negative in which AE is the redox po-
tential difference between the donor and acceptor, and n is the number
of electrons involved in the reaction.

Flavin cofactors function as a donor/or acceptor in the biological ET
systems. The one-electron reduction potentials, Eoy/sq (—313mV) for
oxidized (ox)-semiquinone (sq) couple, FI/FIH" of free flavins (FAD and
FMN) is more negative than that of Esq/req (—101 mV) for semiquinone
(sq)-fully reduced (red) couple, FIH'/FIH ™ (FH,) at pH 7.0 [52]. Thus,
the E,, value is —207 mV. The one-electron midpoint reduction po-
tentials for the Eoy/sq and Esq/req Of enzyme-bound flavin are altered by
the local pH, polarity of the environment, and interactions with protein
amino acid residues and ligand such as a NAD(P) " [53].

As an enzymatic example for Michaelis theory, the FAD-containing
NADH-cytochrome bs reductase (cyt bs reductase) is considered (Fig. 4)
[3]. The two-electron reduction potential, Ey, 7, is —258 mV for FAD/
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FADH ™~ couple (Fig. 4A, curve a), but NAD"-bound two-electron re-
duction potential for FAD/NAD *-FADH ™ couple is —194 mV (Fig. 4A,
curve b), indicating that the anionic reduced FAD form is stabilized by
binding of NAD . However, the two-electron reduction potential in the
presence of NAD"' deviates from the typical two-electron titration
curves (Fig. 4A, curve c). This is because of the formation of the anionic
semiquinone species, indicating the stabilization of anionic semi-
quinone in the presence of NAD*. The one-electron reduction poten-
tials for Eoyx/sq and for Egq/req are — 88 mV and —147 mV at pH7 (see
curve c of Fig. 4A and Ref. [3]), respectively. This separation corre-
sponds to a semiquinone formation constant of 8 at pH 7. These values
deviate from the typical one-electron reduction potential in the pH 6-9
range (see Fig. 4B, curve c). This is due to the pH dependency of
semiquinone formation constant in the following reaction: NAD™-
FADH™ + NAD"-FAD =2NAD*-FAD'~ + H*, in which NAD"
binding to the oxidized FAD promotes the formation of the anionic
semiquinone form. In fact, such a semiquinone intermediate is observed
when oxidized enzyme (FAD) was mixed with equimolar NADH plus cyt
bs (Fe**) in the stopped-flow apparatus: NADH + FAD + cyt bs
(Fe**) = NAD*-FAD' ™ + cyt bs (Fe**) + H*, in which the neutral
semiquinone intermediate, FADH that is formed in the ET reaction
from NAD*-FADH™ to cyt bs (Fe**) is rapidly converts to anionic
semiquinone FAD'~ (see Section 7 and Fig. 12) [3,54,55]. It should be
noted that the EPR signal shape and power saturation curve of anionic
semiquinone, FAD" ™ are significantly different (Fig. 4C) from those of
the neutral semiquinones, FADH" and FMNH’ of cyt P450 reductase
[9,56].

It is interesting to note the physiological relevance of the shift of the
redox potential induced by NAD " binding. A large redox potential gap
between NAD*/NADH (—320mV) and cyt bs (Fe>*)/cyt bs (Fe**)
(~0mV) is divided into smaller steps by several redox states of the
enzyme bound-flavin, and the high activation energy would be de-
creased by each oxidation-reduction reaction of the enzyme-bound
flavin and each electron of NADH is transferred from the relatively
constant redox potentials of enzyme-bound flavin to cyt bs (see Fig. 8B
and Ref. [3]). In addition, the redox potential of cyt bs reductase de-
creases approx. 30 mV by the binding of cyt bs, and its FAD group in-
creases the solvent accessibility [57], indicating a strong interaction
between both proteins. In contrast, an interaction of cyt bs with cyt
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Fig. 4. The reduction potential of the
cyt bs reductase. A, Potentiometric ti-
tration curves, (a) dithionite titration,
(b) NADH titration, (c¢) dithionite ti-
tration in the presence of 2mM NAD™*.
B, pH dependence of (a) dithionite ti-
tration, (b) NADH titration, and (c) Eyx,
sq Esq/red and Ey, values obtained from
dithionite titration in the presence of
2mM NAD'. C, Room temperature
EPR signals at varying different micro-
wave powers. See Ref. [3] for more
detail.
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P450 causes a low-to-high spin conversion of cyt P450 [58], in which
the reduction potential of cyt P450 could shift to a positive value (see
Section 4.2.5). Thus, ET from NADH to cyt P450 is also modulated by
the interactions between the redox partners.

3.2. Kinetic method for redox potential measurement

In addition to electrochemical methods, one-electron reduction
potentials can also be measured using the kinetic methods, which are
based on the determination of rate constants of ET reactions between
the electron donor (D —=D* + e™) and acceptor (A + e~ —A~) (Eq.
(9)). Thermodynamics generally do not influence kinetics, but this is
not the case for ET reactions between electron donor and acceptor [59].
Hence, the equilibrium constant, Kp, is expressed by the ratio of k,/k,
in terms of rate constants (Eq. (10)). In 1966, using the rapid mixing
technique Yamazaki and Ohnishi [59] confirmed experimentally Eq.
(11), in which the rate constants and the equilibrium constant are re-
lated to the redox potential difference for the redox partner.

Ky
D+ A= Dt+A

ko (C))
Kpa = [D*][A]/[D][A] = ki/k, (10)
Eptpy — Ea/a) = —(RT/F ) Ink,/k, = —(RT/F ) In Kpp 11D

where k; and k, are rate constants for the forward and reverse in Eq. (9),
respectively.

The biological short-lived redox cofactors, such as flavins have been
studied by kinetic methods (Eq. 11) using the pulse radiolysis technique
[60]. The value of one-electron reduction potential, E+ ,p) is known,
it is possible to measure the value of Ez,a7) [61,62].

4. Redox properties of NAD(P)H-dependent ET components
4.1. Ferredoxin-NADP™ oxidoreductase

The ferredoxin-NADP * oxidoreductase (FNR) is an FAD-containing
flavoprotein [63-65]. The FNR family is a prototypic member of the
NAD(P)H/FAD-dependent dehydrogenases, which are classified into
three groups: the plant-, the glutathione reductase-, and NADPH-
thioredoxin reductase types [66]. The plant enzymes are divided into
plastidic and bacterial types. These proteins consist of two distinct
subdomains: the NADPH-binding domain at the C terminus and FAD-
binding domain at the N terminus; these domains are connected by a
linker. The NAD(P)H/FAD domain as the NAD(P)H dehydrogenase
belongs to the plastid FNR family, including cyt P450 reductase, NOS

isozymes, cyt bs reductase and MS reductase, whereas adrenodoxin
(Adx) reductase belongs to the glutathione reductase family. These
proteins comprise the dinucleotide binding fold in the binding of NAD
(P)H and FAD cofactors [67]. The redox properties of enzyme bound
FAD are modulated by the interactions between the isoalloxazine ring
of FAD and NAD(P) cofactors and their partners.

In photosystem I, FNR catalyses the reduction of NADP* to NADPH,
using electrons supplied by ferredoxin (Fdx) that has a low redox po-
tential (—420 mV) (Scheme 2). The reduced Fdx donates electrons to
FAD cofactor in two successive one-electron steps: FAD = FADH =
FADH ™, while a hydride ion is directly transferred from FADH™ to
NADP* [68]. Thus, one- and two-electron midpoint potentials are im-
portant factors in controlling ET. The redox potential of spinach FNR,
E,, values for the overall two-electron reduction potential is —342mV,
and one-electron reduction potentials are —350mV for Eoy/q and
—335mV for Eq/req at pH7 [69]. These values correspond to a semi-
quinone formation constant, K of 0.55. The effects of pH on the po-
tentials indicate that the FAD cofactor cycles between the oxidized
(FAD,,,), neutral semiquinone (FADH’) and fully reduced anionic
(FADH ") forms at the physiological pH range. In contrast, the redox
potential of Fdx is affected by the binding with photosystem I or FNR. A
negative shift of 60 mV for photosystem I [70] and 90 mV for FNR [71]
are reported, respectively. Thus, the formation of complex between Fdx
and FNR could cause a favorable reduction of FNR by Fdx, whereas, the
redox potential of FNR is approxi. 20 mV more positive. These results
show that the oxidation-reduction state of Fdx strongly affects its as-
sociation with FNR.

The FAD isoalloxazine ring in the FNR is stacking by two aromatic
residues, Tyr314 and Tyr95 [64], in where Tyr314 that is positioned in
the C-terminus must move away for a productive hydride anion transfer
from the reduced FAD to NADP™". Thus, the nicotinamide moiety of
NADP ™ stacked against the isoalloxazine ring allows for the hydride ion
transfer between the N5 atom of the isoalloxazine ring and C4 atom of
the nicotinamide. Ser96 may stabilize a neutral FAD semiquinone,

Photosynthetic reaction
(formation of NADPH)

Non-photosynthetic reaction
(formation of reduced Fdx)

NADPH<— NADP' FADH-NADP" NADPH
HT I HT
FADH-NADP*
Fdx(red) FAD-NADP* Fdx(ox) —» Fdx(red)

redox states of FNR

Scheme 2. Switching between one-electron and two-electron transfer reactions
in FNR -Fdx system. H™ T, hydride ion transfer.
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which interacts with the N5 atom of the isoalloxazine ring. Therefore,
Tyr314 and Ser96 could be involved in modulating the flavin redox
properties. Additionally, the C-terminal Tyr modulates the affinity for
NADP™, the stabilization of the FAD semiquinone and the rate of ET
[72,73]. In the ET process from Fdx to NADP™", the NADP*-FADH ™~
complex is a key intermediate, which has long-wavelength charge
transfer (CT) bands at 500-750 nm [74]. In the presence of excess
NADPH (> 10-fold), therefore, bound NADP™ is replaced by the
NADPH: NADP*-FADH~ + NADPH = NADPH-FADH~ + NADP*,
where the NADPH-FADH ™~ complex does not reveal significant charge
transfer (CT) bands, indicating a decrease of s-it electron staking in-
teractions between the reduced FAD and NADPH. Meanwhile, the E,
for the two-electron reduction of NADP-FAD,, complex is approx.
40 mV more positive than the E,, of NADPH/NADP™* couple [74]. Thus,
the complex formation promotes electrons transfer from the reduced
FAD to NADP*. The Fdx can also function in the reverse direction,
using NADPH to reduce Fdx, which functions as a one-electron carrier
in the metabolic pathway (Scheme 2). Meanwhile, the photosynthetic
reaction (Photosystem I— Fdx— NADP™) is thermodynamically fa-
vorable, its reverse reaction is unfavorable. The non-photosynthetic
reactions function in many metabolic processes such as sulfur and ni-
trogen assimilation in which distinct FNRs act as an electron source.
The difference between Eoy/sq and Egqreq Values of FNR is relatively
small (see Fig. 5), which might enable a reversible reaction in the
photosynthetic and non-photosynthetic systems (Scheme 2).

In cyanobacteria and certain algae, Fdx can be a substitute for the
low-potential flavodoxin (Fldx) during growth under low-iron condi-
tions [63,65] (Fig. 1). The FMN-containing Fldx(s) are small electron
carriers that participate in low-redox potential ET pathway. The FMN is
strongly bound via hydrogen bonds on one side of the protein with the
isoalloxazine moiety exposed to the solvent. The FMN cofactor of De-
sulfovibrio vulgaris fldx is stacking by two aromatic residues of Trp60
and Tyr98, which are bound with two 60s and 90 s loops [75]. In all
Fldx, the Ks values are larger than unity, indicating that Ey/sq value is
always more positive than Eq/req and that Egq req value is more sensitive
in the protein environments in the proximity of FMN than is Ey/sq [76].
The Eoy/sq value is associated with a proton-coupled one-electron re-
duction at the physiological pH range: FMN + e~ + H" = FMNH,
whereas Egqreq is associated with a one-electron reduction; FMNH
-+ e~ =FMNH". In the FIdx(s), Eox/sq is shifted from —240mV to
less-negative values, and Egqeq is shifted from —170mV to ~
—540 mV, depending on the pH and Fldx species. The neutral semi-
quinone of Fldx, FMNH’ is stabilized by the interaction of the carbonyl
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and amide groups of the protein backbone with N5 atom of iso-
alloxazine ring of the flavins [34,76]. The anionic fully reduced
FMNH ™ is destabilized by the hydrogen bond between N(3)H and the
primary chain acceptor groups such as the nonionizable carbonyl group
of the peptide bond [77,78], where their anionic states have a low
redox potential. Thus, the FMNH/FMNH™ couple (FMNH~ = FMNH
+ + e7) acts as a one-electron carrier.

As shown in Scheme 2, the FNR/Fdx system participates in the
photosynthetic and non-photosynthetic (metabolic) reactions. FNR can
transfer electrons to both Fdx and Fldx, and its interactions with Fdx or
Fldx occur at the same structural region in the FAD-binding domain
[65,79]. In the metabolic pathway, ET sequence is NAD(P)H — FNR
(FAD) — Fdx/or Fldx — metal containing proteins. In the FNR-Fdx
complex, the distance between the dimethylbenzene edge of FAD co-
factor and the [2Fe-2S] cluster of Fdx is ~6A [65,80,81], suggesting
that the ET proceeds through a bridge-mediated mechanism in a spe-
cific protein—protein complex. In the FNR-Fdx complex, the ET is fa-
cilitated by Fdx loop-residues 40-49 [65]. On the other hand, the
modeling analysis of the FNR-Fldx complexes indicates the distance
between two flavin rings being ~4 A, with no intervening residues are
present between the two cofactors [81]. This model is structurally si-
milar to the relative orientation of the FAD and FMN binding domains
reported in the cyt P450 reductase [12,81], suggesting that a direct
electron transfer between FNR and Fldx is more efficient than that of a
bridge-mediated ET [128]. However, it is reported that the rate of ET
from FNR to Fdx is ~9-fold higher than that of FNR/Fldx system, which
is based on the NADPH-dependent cyt ¢ reductase activity (NADPH —
Fdx/or Fldx — cyt ¢) [79]. On the other hand, Saen-oon et al. [65] in-
vestigated the ET process between FNR and its partners using a theo-
retical approach, which is based on a multiscale modeling approach
including all-atom protein—protein docking, the quantum mechanical/
molecular mechanical (QM/MM) e-Pathway analysis and electronic
coupling calculations. In FNR/Fldx complex, they confirmed a direct ET
between redox cofactors and less complex specificity than in Fdx.
Hence, they proposed the working hypothesis: more than one orienta-
tion in the encounter complex that is initially formed by electrostatic
interactions between FNR and its redox partners can be efficient in ET.
The rate of ET arises from the dynamic nature of the weak binding
process, which leads to the formation of an optimal protein-protein
complex [50,65]. Although the similarities and differences in the
complexes between FNR and its redox partners have been studied ex-
tensively [65,81], the overall ET rate between FNR/Fdx or FNR/Fldx
and its physiological redox partners remains to be explained in the

Fig. 5. One-electron midpoint reduction potentials
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structural and mechanistic terms.
4.2. Cyt P450 reductase and nitric oxide synthase

In 1973, a new NADPH-dependent flavoprotein which contains the
FAD and FMN cofactors per single polypeptide was isolated from rabbit
liver microsomes [9]. The protein has similar properties to microsomal
NADPH-cytochrome ¢ reductase [82]. In addition, air stable semi-
quinone state derived from enzyme was compared with that of bacterial
Fldx. The role of each flavin was proposed: one flavin accepts two re-
ducing equivalents from NADPH at a time, and then donates to the
other flavin one reducing equivalent at a time at two different stages of
the catalytic cycle [6,9]. This proposal suggested a new microsomal cyt
P450 ET system, which is different from mitochondrial cyt P450 ET
system (see Fig. 2 and Ref. [7]). In 1973, Ichihara et al. [83] isolated
two fractions from the detergent solubilized liver microsomes, in which
fraction II involves NADPH-cyt ¢ reductase activity; however, this
fraction did not contain any significant amount of iron, while fraction I
contains cyt P450. The reconstituted system of both fractions exhibited
fatty-acid w-hydroxylation activities. They proposed that fraction II
contains a novel type of electron carrier. At present, this unique fla-
voprotein is known as NADPH-cytochrome P450 reductase (CPR) or
NADPH-cytochrome P450 oxidoreductase (CYPOR) [4,6,9]. Thus, this
enzyme is the first member of the diflavin reductase family. The
structure of the FAD/NADPH-binding C-terminal subdomain of the di-
flavin reductase family is structurally homologous to that of plant-type
FNR, whereas the FMN-binding N-terminal subdomain is similar to
bacterial FMN-containing flavodoxin (Fldx) [11,12]. The distinct FAD
and FMN domains of diflavin reductase family are connected by an
additional connecting domain (CD) and a flexible hinge (H) [12]. Cyt
P450 reductase donates electrons to multiple cyt P450s (Figs. 1 and
13A). Thus, cyt P450 reductase functions as an electron donating
system (known as reductase) to heme-containing cyt P450 (known as
oxygenase).

The NOS isozymes are homodimeric flavocytochromes, and each
monomer contains an N-terminal heme-containing oxygenase sub-
domain and a C-terminal reductase subdomain, both of which are
connected by a CaM-binding motif [15-20]. In addition to heme iron,
the N-terminal half of the oxygenase subdomain contains tetra-
hydrobiopterin (H4B) that acts as a one-electron donor or acceptor, and
the substrates L-arginine. On the other hand, the C-terminal half, re-
ductase domain of the NOS isozymes resembles cyt P450 reductase
[15]. These electron donating systems to heme oxygenase domain re-
quire sequential one-electron transfer reactions for the activation of
molecular oxygen in which the air-stable semiquinone, FAD-FMNH'" is
an important catalytic intermediate (see Scheme 5B and Refs. [9,16]).
The heme prosthetic group of cyt P450 accepts two electrons sequen-
tially from cyt P450 reductase and oxidized products, including drugs
and xenobiotics [4,23]. Eukaryotic NOS isozymes accept three electrons
from the reductase domain in which L-arginine is converted into L-ci-
trulline and nitric oxide (NO) via two consecutive mono-oxygenation
reactions. The neuronal (nNOS) and endotherial (eNOS) isozymes are
differentially controlled by Ca?*-CaM, whereas the inducible NOS
(iNOS) activity is independent of intracellular Ca®* concentration.

4.2.1. Redox potentials of diflavin reductase family

The redox potentials of diflavin reductase family that couple to
metal-containing centers are the driving force in the reactions between
the donor and acceptor, and the redox states of the protein-bound fla-
vins are modulated by their interactions with the protein. First I will
discuss the redox states of semiquinones and fully reduced form of the
FAD and FMN, respectively. The enzyme bound FAD and FMN cofactors
have very similar absorption peaks, in which it is difficult to distinguish
between the redox states of the two flavins. As intermediates of the
reactions, neutral semiquinone forms of both FAD and FMN cofactors
have a broad band in the 500-700 nm, with a broad shoulder at
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580-600 nm [9], while an anionic semiquinone is characterized by a
pronounced peak at about 380nm and a low absorbance at
500-700 nm, for example, cyt bs reductase exhibits absorbance peak at
375 nm [3]. On the other hand, both semiquinones are distinguished by
a line width in the electron paramagnetic resonance (EPR), in which an
anionic semiquinone and a neutral semiquinone exhibits ~16 and
~20 Gauss, respectively. For cyt P450 reductase, the FMN neutral
semiquinone reveals a shoulder at 630 nm, but its shoulder is not ob-
served in neutral FAD semiquinones [6,9]. A neutral FAD semiquinone
of NOS isozymes has an additional broad peak at 520-530 nm [84-87],
but this peak is not observed in the cyt P450 reductase [6,9]. These
peaks are also observed in the plant FNR (see Fig. 5D of Ref. [64]). In
contrast, the FAD semiquinone of NADH-cyt bs reductase which is a
FNR member is converted from a neutral to an anionic form (see
Section 7), and its fully reduced form is anionic (Fig. 4), but the T66 V
mutant stabilizes a neutral semiquinone, and its semiquinone has an
additional a peak at 515 nm (Fig. 3, panel d of Ref. [54]). The neutral
FAD semiquinone of bacteria P450BM3 exhibits an additional peak at
~500 nm, whereas the FMN is the anionic form, FMN'~ [88,89]. Thus,
both semiquinones can be distinguished by their spectral differences. In
contrast, the anionic and neutral states of fully reduced form are
spectrally indistinguishable. The pKa of the fully reduced flavin is ~6.7
(Fig. 3) and therefore at pH7, the anionic hydroquinone is mainly
formed, which has a net negative charge. However, their redox states
are dependent on the pKa in the protein. It is interesting to note that the
Eox/sq Values for both the FMN and FAD cofactors of cyt P450 reductase
exhibit linear pattern at a pH 7.0-8.5 range, although the slopes deviate
from the predicted value of —59mV/pH for one-electron reduction
associated with one proton [90,91], whereas the Egq,req values for both
the FMN and FAD are a relatively constant at a pH 7.0-8.0 range, in-
dicating the unusual redox properties. It is probable that semiquinone
formation constant for one-electron redox potentials, Eqy/sq and Egqreq
for FAD and FMN is dependent on the pH, as indicated in Fig. 4B, curve
c. On the other hand, Shukla et al. (2006) reported that a pH depen-
dence of ~ —59 mV/pH unit is consistent with proton-coupled ET for
the redox potentials of both the FAD and FMN [92]. In this report, they
used the voltammetric method in where the redox potentials of the FAD
and FMN cofactors have been identified using both cyclic and square
wave voltammetry.

In contrast, the FAD directly accepts hydride ion from NADPH (Eq.
(1)), resulting in the fully reduced anionic form, FADH™, while the
formation of the neutral form, FADH, involves the proton-coupled
hydride ion transfer in which a proton may be transferred from a sol-
vent. However, a mechanism of detailed proton-coupled hydride ion
transfer has not been clarified. The FMN domain of cyt P450 reductase
functions as a one-electron carrier, and hence the proton-couple ET is
not necessary. The FMN-containing fldx which has similar structure to
that of cyt P450 reductase shuttles between the FMNH ™~ and the FMNH’
as a one-electron carrier. Taken together, the structure of FMN domain
in the diflavin reductases shares the two loops in the FMN binding site.
In this review, I will assume that the fully reduced forms are in both
anionic FADH™ and FMNH ", to be consistent with the analogous plant
FNR [69] and bacterial fldx [76] in the physiological pH range.

In 1974, the Eox/sq and Egq/req values of two flavins for rabbit cyt
P450 reductase were determined from potentiometric titration curves
by Iyanagi et al. [5,9]. The values of Eoy/sq and Esq/reqa for FAD are
—290mV and —372mV, and those for FMN are —110mV and
—270 mV, respectively. The K values of each flavins are larger than
unity (see Fig. 5). The redox properties of human cyt P450 reductase
are similar to those reported for rabbit cyt P450 reductase [14]. The
redox potentials of cyt P450 reductase have been analysed by using a
truncated form, which lacks the N-terminal membrane binding anchor
domain. However, the lipid components modulate the redox potentials
of the FAD and FMN prosthetic groups of the membrane-bound enzyme
[91]. When bound to the positively charged lipids, the redox potentials
shift to more positive. On the other hand, in the negatively charged
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lipids, the Egq/req value for FMN cofactor shifts ~80 mV to the negative,
which could provide a driving force for the reduction of cyt P450.

For the rat nNOS reductase domain, the values of Eqy/sq and Egq/red
for FAD are —283 mV and — 310 mV, while the values of E,, /s, and E,y,
reda for FMN are —105mV and —274 mV, respectively [93]. The cal-
modulin (CaM) does not affect the redox potential of either FAD or FMN
prosthetic groups. In contrast, Dunford and coworkers [94] reported the
different redox potentials for both the FAD and FMN cofactors of the
nNOS reductase domain, where the Eq/req value for FMN shifts ~86 mV
to the negative by the binding of CaM. This could provide a driving
force for the reduction of the oxygenase domain. However, the differ-
ences between these two reports have yet to be resolved in detail.

As described in later Sections, cyt P450 and NOS ET systems include
a hydride ion transfer from NADPH to FAD, proton-coupled ET from
FADH™ to FMN, and proton coupled internal ET from FADH' to FMNH’,
and in the final step the fully reduced FMN (FMNH ~) donates electrons
to the oxygenase domain. The stable neutral FMN semiquinone that is
formed by a one-electron oxidation of fully reduced FMN is stabilized
by a peptide flip of a Gly, in which a new strong hydrogen bond be-
tween an FMN-N5 atom and conserved Gly (Glyl41 in rat cyt P450
reductase) [34] and Gly810 in rat nNOS [33] is formed. Thus, the FMN
cofactor shuttles between the fully reduced and semiquinone forms as a
one-electron carrier.

In contrast, the FAD-N5 atom forms a weak hydrogen bond with the
side chain hydroxyl of Ser457 [34].

In the bacterial P450BM3, however, the conserved Gly residue is
absent in the FMN domain [95]. The values of Eoy/sq and Esq/req for FMN
are —240mV and —160mV at a pH of 7 (Esqrea > Eox/sq), Tespec-
tively [96], indicating that the K, value of the FMN is less than unity.
Thus, the fully reduced form of FMN is thermodynamically more stable
than its semiquinone form. In this case, the FMN semiquinone is an
anionic form, FMN'~, exhibiting a higher reactivity than the neutral
semiquinone. In analogy of the cyt P450 reductase, the reduced FMN
can sequentially donate electrons to the heme iron: FMNH™ —
FMN'~ — FMN. However, Murataliev et al. [97] proposed that the
three-electron reduced form (NADP'-FADH -FMN'~ =NADP*-
FAD'~-FMNH ) is an inactive intermediate in the substrate-free form,
in which an interaction of bound NADP* with anionic FAD semi-
quinone (NADP*-FAD ~-FMNH ™) causes more positive shift than the
reduction potential of heme-ferric ion value. From above proposal,
authors considered the catalytic cycle in a 0-2-1-0 sequence, suggesting
that a catalytic cycle is significantly different from that of cyt P450
reductase (see Ref. [97] and Fig. 6). Thus, it is likely that the FMN
cofactor shuttles between the anionic form, FMN"~ and oxidized FMN,
in which the FMN acts as a one-electron carrier (FMN'~ = FMN + e ™).
However, Dubey and Shaik [98] reported that ET from anionic FMN
semiquinone to heme iron is controlled by the substrate-dependent
large conformational change in which substrate binding leads to for-
mation of an organized water chain connecting the FMN and heme
moieties. The distance between the FMN (anionic FMN semiquinone)
donor and acceptor (oxidized heme iron) is reduced from 18.6 A to as
little as 8.8 [o\, which enhances the ET rate (by 10*-10° fold) to the
oxidized heme ion.

More recently, two studies have reported one-electron reduction
potentials of the AGly mutants for the FMN of nNOS [33] and cyt P450
reductase [34], respectively. In rat nNOS, the values of Eqy/sq and Egqreq
are —179mV and —314mV at a pH of 7.4 for wild enzymes, respec-
tively; however, their values for the AGly mutant (AGly810) change to
—280mV and —190 mV, respectively [33] For rat cyt P450 reductase
the values of Eqy/sq and Egq/req for FMN are —56 mV and —249mV,
respectively [34]. The values for AGly mutants of Eqy/sq and Egq req are
—229mV and —53mV, respectively. The AGly mutants of both en-
zymes cause the reversal of Ey/sq and Egqreq values in which the FMN
semiquinones are the anionic forms instead of the neutral semiquinone.
ET from anionic FMN semiquinone, FMN "~ to cyt P450 heme center
does not include proton-coupled ET. Therefore, the activity of anionic
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Fig. 6. Redox potentials of the individual redox couples of FAD and FMN co-
factors, and the catalytic cycle for the cyt P450 reductase. The cycle starts from
one-electron reduced, NADPH-FAD-FMNH' (1-3-2-1 electron cycle) or two-
electron reduced, NADPH-FAD-FMNH ™ (2-4-3-2 electron cycle). The bound
NADP* replaced by NADPH in the presence of excess NADPH (step iii), re-
sulting the NADPH-FADH-FMNH ~. The fully reduced FMNH ~ that is indicated
by the double dot (red) transfers an electron to cyt P450. H™ T, hydride ion
transfer (steps i and vi); iET, an internal one-electron transfer between the two
flavins (step ii); PCET, a proton-coupled ET (step v): FADH-FMNH' — FAD-
FMNH ™~ + H*; c — o, a conversion from the closed to open forms, and 0 — ¢, a
conversion from the open to closed forms. 1 and 2 indicate a one-electron re-
duction potentials for Eqy/sq and Egq/red, and couples, respectively.

FMN semiquinone could be expected to be higher than that of the
neutral FMN semiquinone of the wild type enzymes. However, this is
not necessarily the case. In the bacteria P450BM3 system, however, this
reversal of the redox potentials suggests an efficient ET from the anionic
semiquinone to the heme center, compared to the microsomal cyt P450
system.

Although the structures of diflavin reductase family members are
very similar to each other [4], their one-electron midpoint redox po-
tentials are significantly different (Fig. 5). For example, D. vulgaris Fldx
bears a similar loop structure with the FMN binding sites of cyt P450
reductase and NOS reductase domain, but the value of —440 mV for
Esq/red is significantly lower than are those of diflavin reductase family
of ~200 mV (Fig. 5). Ishikita [99] suggested that the protein backbone
conformation of the 60 s loop modulates the redox potentials of Fldx. A
segment of the 60 s loop (59-TWGDSIEL-67) of D. vulgaris Fldx includes
a negative charge residue, Asp 62 (D62). While, this Asp62 corresponds
to the neutral charge residue, Gly143(G143) in the segment of loop
(139-TYGEGDPTD-147) of cyt P450 reductase, and Gly-812(G812) in
the segment of loop (808-TFGNGDPPE-816) of nNOS, respectively. It is
likely that the large negative shift in the redox potential for Esq/req Of
FMN of the Fldx might be due to the conformational changes of the loop
structures in the proximity of the FMN binding site. From the mutant
proteins of the 140 s loop of cyt P450 reductase, Rwere and Xia et al.
[34] recently proposed that the structure and dynamics are major de-
terminants of redox potential. Thus, the values of Eqy/sq and Eq/req Of
each diflavin enzymes have been optimized for function during evolu-
tion.

The diflavin reductase family members share unique sequential one-
electron transfer systems. The cyt P450 reductase transfers two-elec-
trons to cyt P450 for substrate oxidation [4]. The cyt P450 reductase-
like flavin domain of NOS isozymes transfers three-electrons to the
oxygenase domain, in which the NO radical is formed from L-arginine
[100]. Seven electrons are transferred to heme oxygenase from cyt
P450 reductase in which the enzyme-bound heme cofactor is converted
to biliverdin [101]. The bacterial NADPH-sulfite reductase transfers six
electrons for the reduction of sulfite to sulfide [102,103]. On the other
hand, the methione synthase (MS) reductase donates one electron to the
MS-cob(Il)alamin center [104]. In these ET systems, the FAD functions
as a converter from two-electron donor to a one-electron carrier. The
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FMN functions as a one-electron carrier, and its reduced form (FMNH ™)
donates electrons sequentially in the final metal-containing one-elec-
tron acceptors, in which the neutral FMN semiquinone is an inactive
intermediate. Thus, the FMN shuttles between the fully reduced and its
semiquinone states.

4.2.2. Dynamic conformational changes

In 1997, Wang et al. [12] reported the three-dimensional structure
of cyt P450 reductase. Its structure clearly demonstrated that the di-
methylbenzene edge of the isoalloxazine ring of FMN, which is exposed
to the solvent in Fldx, is covered by NADPH/FAD domain, suggesting
direct ET between the dimethylbenzene edges of FAD and FMN cofac-
tors. This closed form cannot explain how electrons are donated to the
redox active center such as cyt P450. There are several possible me-
chanisms for ET from the FAD-FMN pair to the electron acceptor. ET
from the FMN to the electron acceptor could occur without an asso-
ciated conformational change or with a large-scale movement of the
FMN domain. In 2005, the redox-linked conformational model during
the catalytic cycle for both cyt P450 reductase and NOS reductase do-
main was proposed by Iyanagi [22]. In 2009, direct evidence for do-
main movement was demonstrated by Hamdane and Xia et al. [28] by
constructing a cyt P450 reductase variant with a four amino acid de-
letion in the hinge region. The three extended conformations (open
states) with varying distances between the FAD and the FMN are found
in the same crystal, indicating that a conversion from the closed form to
the open form is regulated by a flexible hinge. Additionally, Xia et al.
[30] demonstrated that the mutant cyt P450 reductase with an en-
gineered disulfide bond between the FAD/NADPH and FMN domains is
incapable of inter-flavin ET from the FAD to FMN cofactors, and is
unable to support of cyt P450-dependent monooxygenase activity. At
present, several studies supports the idea that cyt P450 reductase
adopts thermodynamically closed and open conformations in solution
[32,105-112], in which the dynamic equilibrium between closed and
open forms is regulated by several factors. The proposed redox-linked
conformational changes may be caused by the redox states of protein
bound FAD and FMN cofactors. The closed form is stabilized for ET
from FAD to FMN in which the reduced FAD domain has a high affinity
for the FMN domain. The closed form is converted to the open form for
ET from reduced FMN to cyt P450, in which reduced FMN has a high
affinity for cyt P450 [4]. This proposed mechanism may depend on the
solvation dynamics and protein conformation near the functional sites
of the FMN isoalloxazine ring, as is suggested in D. vulgaris Fldx [113]
in which the positively charged surfaces of cyt P450 can interact with
the negatively charged surfaces of the FMN domain. Therefore, the
position of the conformational equilibrium between closed (compact)
and open (extended) states could be affected by the ionic strength
[111,112]. In addition, NADPH/NADP *-binding modulates the con-
formational equilibrium between the closed and open states. The
NADP *-free form of cyt P450 reductase adopts predominantly more
open conformations in solution [106,114], but its crystal structure
adopts the closed form [12,30]. The NADP"-binding promotes the
formation of the closed state. Whereas, when the enzyme is reduced
with excess NADPH, an additional opening phase is observed after in-
itial closing triggered by (stoichiometric) NADPH reduction [106]. For
these observations, it is probable that the enzyme-bound NADP™* re-
places with NADPH and NADPH-bound enzyme could promote further
formation of open form (see Fig. 6), in which the K, for NADPH and K;
for NADP™* have similar values [10]. This opening allows the enzyme to
transfer electrons rapidly from the FMN domain of cyt P450 reductase
to partner proteins.

However, Kovrigina et al. [115] recently demonstrated that a
truncated cyt P450 reductase lacking the N-terminal membrane-binding
anchor is closed in both the reduced and oxidized states in the absence
of the redox partner. Thus, it is possible to convert to open form by a
combination of the ligand- and partner-promoted conformational
changes. Additionally, the membranes may also assist the
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conformational changes by their anchor-anchor interactions (see
Section 4.2.7). At present, the redox-linked conformational ET model is
the best interpretation for the dynamic closed and open transition,
which is linked to individual steps in the catalytic cycles (see Fig. 6).
However, more detailed information is needed. While, as described in
the Section 5, NOS isozymes are regulated by the CaM-dependent
conformational changes (see Section 5) [18-20,116-119].

All diflavin enzymes involve conformational shuttling between
closed and open states in which the fully reduced FMN state of open
form donates electrons to final electron acceptors. Haque et al
[120,121] have directly estimated the rate of conformational switching
from rapid kinetics studies of cyt ¢ reduction by reduced enzyme, in
which the open form of diflavin reductases reacts rapidly with cyt c.
The rate of conformational switching between closed unreactive and
open reactive states is the order of cyt P450 reductase > nNOS > MS
reductase > eNOS. Thus, the reductase domain of diflavin reductases
is differentially regulated by dynamic conformational changes between
the closed and open forms.

4.2.3. Electron transfer from FAD to FMN

On the basis of one-electron midpoint potentials, the reaction me-
chanisms of diflavin reductases including cyt P450 reductase, MS re-
ductase and NOS reductase domain have been compared, using rat or
human enzyme. The overall structures of diflavin reductase family are
very similar to each other. In these enzymes, ET from NADPH to the
metal-containing center involves the following reactions; (i) NADPH —
FAD, (ii) FAD — FMN, (iii) FMN — metal-containing center (Figs. 1 and
2). In particular, the reduction process by NADPH of cyt P450 reductase
[6,121] and nNOS reductase domain [29] have been analysed using the
oxidized (FAD-FMN) or one-electron reduced (FAD-FMNH') enzyme. In
this Section, the similarities and differences in these ET processes are
discussed.

In the reduction of oxidized (FAD-FMN) and one-electron reduced
(FAD-FMNH') of cyt P450 reductase by NADPH, the hydride ion
transfer and interflavin ET processes occur without any lag phase
[6,122], indicating that the hydride ion transfer is kinetically coupled
to internal ET between the two flavins. The rate of hydride ion transfer
from NADPH to FAD is slower than that of the one-electron transfer
from reduced FADH™ to oxidized FMN, in which the FAD-stacking
aromatic residue, Trp676 (rat enzyme numbering) must move away
from the isoalloxazine ring of FAD, allowing the nicotinamide ring to
interact with the flavin for the hydride ion transfer to FAD to occur
[123]. The cyt P450 reductase variants, Trp676Phe and Trp676Tyr are
lacking the coupling reactions that cause a decrease in both rate of the
FAD reduction and internal ET between the two flavins [124]. In the
vicinity of FAD lies His322, which forms a hydrogen-bond with the
highly conserved Asp677, but in MS reductase, Ala312 replaces the
His322 (see Fig. 1 of Ref. [125]). In cyt P450 reductase, the substitution
of His322 to Ala residue does not affect the rate of NADPH hydride ion
transfer, but does impede interflavin ET [125]. For MS reductase,
swapping Ala312 for a histidine residue results in the kinetic coupling
of hydride ion and interflavin ET. From this information, Meints et al.
[125] proposed the proton-coupled ET mechanism in which the prox-
imal FAD histidine (His) residue accepts a proton released from the FAD
hydroquinone (FADH,), resulting in an anionic form (FADH ™), which
transfers one-electron to the oxidized FMN. A similar proton-coupled
ET mechanism is also proposed for cyt bs reductase (see Section 7 and
Refs. [54,55]). On the other hand, Xia et al. [126] reported the role of
the mobile Gly631-Asn635 loop (Asp632 loop) using mutant enzymes
of Asp632. The structure of 4-electron-reduced NADP " -bound wild-
type cyt P450 reductase shows the plane of the nicotinamide ring po-
sitioned perpendicular to the FAD isoalloxazine ring with its carbox-
amide group forming hydrogen-bonds with N1 of the methyl groups of
the flavin ring and the Thr535 hydroxyl group, and the distance be-
tween C8 and C8 of the methyl groups of the isoalloxazine rings of FAD
and FMN is ~1 A closer compared to the fully oxidized and one-
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Scheme 3. The reduction of oxidized (FAD-FMN) and one-electron reduced (FAD-FMNH') enzymes by NADPH in the absence (—) and presence (+) of CaM,
respectively. The fast phases indicate the hydride ion transfer (H™ T) from NADPH to FAD. The slow phases include internal ET between the two flavins.

electron-reduced structures, suggesting that the FAD reduction facil-
itates internal flavin ET.

In the second step, internal ET from FAD,.q to FMN,, is thermo-
dynamically in a “quasi-equilibrium” of all states [6,90,127]: FADH ™ -
FMN = FADH-FMNH' =FAD-FMNH ~, and the formation of fully re-
duced enzyme proceeds via these steps (see Fig. 6 and Schemes 3 and
4). The distance between the FAD and FMN co-factors is ~4 A for cyt
P450 reductase [12] and ~5A for nNOS [17], suggesting that one-
electron transfer reactions occur directly between the dimethylbenzene
edges of the flavin isoalloxazine rings, where both FAD and FMN
semiquinones are in neutral states. The formation of reduced enzyme
proceeds via quasi-equilibrium mixture, in which the spin-spin
(FADH'(1)---({)FMNH" =FADH’ 1| FMNH") interactions between the
FADH' and FMNH’ radicals could be predictable, but such a data have
not been reported [9,94,116]. Thus, it is likely that a one-electron
transfer reaction from FAD to FMN could directly occur in the electron
hopping mechanism.

The short distance, ~4 A for cyt P450 reductase between the two
flavins is expected to result in very fast and efficient ET between the
neutral semiquinones, according to what is known as Dutton's ruler
[128]. However, the rate of ET between the FAD and FMN co-factors is
relatively slow (~50 s~ 1 [127]. Thus, this rate is not explained by
Dutton's ruler. Thereby, the internal ET between the two flavins could
be gated by the proton-coupled electron transfer (FADH-FMNH' —
FAD-FMNH~ + H*) and dynamic distance changes between the FAD
and the FMN domains in solution. In contrast, for the CaM-bound

PRIMING REACTION

nNOS, Haque et al. [120] have estimated the rate constant, ~200 s7!
for internal ET between the two flavins. This value is much faster than
that of cyt P450 reductase, although a distance of 5.2 A between the
FAD and FMN in the closed form is longer than that of cyt P450 re-
ductase [12]. When the FAD and FMN domains of cyt P450 reductase
are fixed in closed form with a disulfide linkage, the distance between
the two flavins is increased to ~5.2 A [30], and the relative orientations
of FAD and FMN cofactors in the active sites are similar to those of
nNOS [17]. This modified cyt P450 reductase keeps a ferricyanide ac-
tivity of approxi. 30% of the wild type enzyme. However, the rate of
internal ET from the FAD to FMN is very slow as compared to that of
wild type enzymes [30], suggesting that the relative orientation of the
two flavin is necessary for the interflavin ET. In cyt P450 reductase, the
plane of the FAD and FMN molecules are inclined relative to each other
at an angle of ~135°. This orientation could favor the orbital overlap
between the extended m-orbital systems of the prosthetic groups.
Meanwhile, Meints et al. [129] proposed the model on the role of the
conserved FAD staking Trp679, in which the binding of NADPH facil-
itates interflavin ET in the flipped out conformation, by forming a fa-
vorable contact with the FMN domain (see Fig. 9 of Ref. [129]). This
mechanism could also share in both MS reductase and cyt P450 re-
ductase. It is interesting to note that the methyl groups at C7 and C8 of
the isoalloxazine ring are important sites for ET [130]. Martinez et al.
[131] reported that the rotation of the methyl groups at C7 and C8 of an
isoalloxazine ring that participates in ET is limited at room tempera-
ture. Therefore, when a methyl group with a restricted orientation
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Scheme 4. A catalytic cycle for diflavin reductases. The anionic fully reduced FMN state (FMNH ) donates electrons to metal-containing redox center.
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functions in electron hopping between the two flavins, the optimal
reorientation and distance between the two flavins could be important
factors for efficient ET, as compared to a rapidly rotating methyl group.

On the other hand, the ET processes in the NOS reductase domain
are summarized in Scheme 3, showing the biphasic kinetics including
fast and slow phases in the absence or presence of CaM. Two primary
mechanisms have been discussed concerning the role of CaM in the NOS
reductase domains. Daff and co-workers [29,93,132] have proposed the
conformation-dependent hydride ion transfer mechanism in which the
reductase domain exists in an equilibrium between the open and closed
conformations in the CaM-free form. This motion is relatively slow in
that the FMN domain inhibits hydride ion transfer to FAD from NADPH.
Therefore, CaM alters the equilibrium between the open and closed
conformations. In contrast, Iyanagi and co-workers [84,87,133] have
proposed that the FAD cofactor of NOS isoforms reductase domain is
rapidly reduced by NADPH regardless of the absence or presence of
CaM. The NOS isoforms have a high ferricyanide reductase activity in
the CaM-free form, and its activity exhibits the Michaelis-Menten ki-
netics [19,85,86,133]. Their activity increases two- or three-fold in the
presence of CaM. The values of > ~100s~? for the reduction of FAD by
NADPH are expected from ferricyanide reductase activity [84].
Thereby, the fast phase for hydride ion transfer from NADPH to FAD is
difficult to measure accurately, which often is within dead time of
stopped flow apparatus. Thus, the internal ET reactions from the
FADH™ to FMNH' have been examined using a special absorption peak
for flavins (see Section 4.2.1). In cyt P450 reductase, the decrease of the
shoulder at 630nm indicates the conversion of FMNH -FMNH' to
FADH-FMNH ™~ [6,85], resulting the FADH-FMNH . Regarding the
NOS isozymes, the increase of broad peak at 520-530 nm indicates the
conversion of FMNH ~-FMNH' to FADH-FMNH ™~ [84]. Thus, an in-
crease of this peak observed during the reduction of FAD-FMNH" by
NADPH indicates the internal ET between the two flavins [84], and
CaM accelerates the rate of the interflavin ET. As determined from the
increase of the absorbance peak for NOS isozymes [84-86], the order of
conversion is iNOS > nNOS > eNOS. In the case of nNOS isozyme
(Fig. 7), values of redox potentials of NADP"-FADH~ and NADPH-
FADH’ are near each other. Thus, these redox states exist in the dynamic

FMNH* FMNH* FMNH™
Fid .

closed closed closed — open

FMN
Em

ET from FMNH™

Increase Bound NADP*

NADPH binding of redox potential is replaced to Heme
by NADP* binding by NADPH Heme
NADPH-FAD NADPE-FADH™ NADEHEADIE /
5 HT T iET (=)
FAD 1 ~— = o
e & L
2

Keq
NADPH-FAD-FMNH"—> NADP*FADH-FMNH® = NADPH-FADH-FMNH"

Fig. 7. The reduction processes of the CaM-bound one-electron reduced nNOS
reductase domain (FAD-FMNH') by NADPH. In the first step, NADPH is bound
to FAD, and then NADP " -FADH ~-FMNH' complex is formed by the hydride ion
transfer (H™T) from NADPH to FAD, and in the next step the NADP*-FADH -
FMNH™ is formed during interflavin ET (iET) in which bound NADP™ is re-
placed by NADPH in the presence of excess NADPH [84,87], resulting the
NADPH-FADH-FMNH . The reduction potentials of NADP*-FADH™ and
NADPH-FADH' are shown in the bracket as a working hypothesis, respectively.
In the final step, the FMNH™ (—274mV [93]) donates electrons to heme
(—251mV [134]). 1 and 2 indicate a one-electron reduction potentials for E,y,
sq and Egq/req, and couples, respectively (see nNOS (FAD-FMN) of Fig. 5).
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equilibrium in which NADP*/NADPH-binding could modulate the
equilibrium between the following two states, depending on the
NADP* /NADPH ratio [84]: NADP*-FADH ~-FMNH' =NADPH-FADH -
FMNH ™. The fraction of active species, NADPH-FADH-FMNH ™~ do-
nates electrons to heme iron (—251 mV for nNOS) [134]. In NOS iso-
zymes, the fraction of active species may be different. Nishida and Ortiz
de Montellano [135] constructed a chimeric enzyme in which the heme
domain of one isozyme was connected to the reductase domain of an-
other, and proposing that the increased reductase domain activity could
lead to a corresponding increase in NO synthase activity. Thus, as
judged from the absorbance changes at 520-530 nm, the equilibrium
constant, K.q between the NADP*-FADH ~-FMNH" and NADPH-FADH -
FMNH " is differentially controlled in NOS isozymes (Fig. 7); in iNOS, it
lies to the right, but in nNOS to the left, and in eNOS lies far to the left.

4.2.4. Catalytic cycle of the diflavin reductases

The one-electron reduced, FAD-FMNH state of cyt P450 reductase is
stable in the intact microsome [9], in which ferric cyt P450 exists in a
low spin state. The FAD-FMNH state is observed in the isolated enzyme
[9], and is also observed in isolated NOS isozymes [16,86,94]. Thus,
during the catalytic cycle of both enzymes, one-electron reduced FAD-
FMNH" state is the key intermediate. Unlike cyt P450 reductase, the
reductase domains of nNOS and eNOS isozymes are strictly regulated by
CaM [18] (see Section 5 and Fig. 10).

The priming reaction starts from the oxidized form in which the
disemiquinone, FADH-FMNH' is formed (Scheme 4), by the catalytic
cycle starts from one-electron reduced FAD-FMNH' state. The cyt P450
reductase cycles predominantly between the one- and three-electron
reduced states (1-3-2-1 electron cycle). More recently, Xia et al. [126]
proposed the 1-3-2-1 electron cycle on the basis of structures (see
Fig. 13 of Ref. [126]). This cycle begins via hydride ion transfer from
enzyme bound NADPH to a one-electron reduced FAD-FMNH' in which
the charge transfer complex, NADP*-FADH -FMNH' is formed [6].
This could cause a positive shift in the redox potential induced by
preferential NADP *-binding for reduced FAD, as reported in cyt bs
reductase [3], in which the internal flavin ET from the NADP *-FADH ~ -
FMNH' to the NADP *-FADH-FMNH ~ occurs without any lag phase,
indicating that the reduction of FAD by NADPH is rate-limiting step [6].
As judged by redox potential, the rate of internal flavin ET in the
NADP"-FADH -FMNH" could be slower than that of the NADP*-
FADH ™ -FMN [see Fig. 6]. The FADH-FMNH ™~ state donates a single
electron to its acceptors such as cyt ¢ and cyt P450s, in which the en-
zyme must be converted to its open form. The 2-4-3-2 electron cycle is
also possible, depending on the NADP* /NADPH ratio. These processes
are also kinetically coupled to the conformational changes. Both cycles
are controlled by several factors including the (i) redox potentials of
each flavins and their semiquinone states, (ii) redox potential of final
electron acceptors, including metal-containing redox center, (iii) rate-
limiting step of the reactions, (iv) rate of conformational changes be-
tween closed (c) and open (o) forms, and (v) NADP */NADPH ratio. In
addition, it is possible that the cyt P450 reductase shares a similar
mechanism with the related family members, including NOS reductase
domains [120,121], MS reductase [136], the cancer-related novel re-
ductase 1(NR1) [137], as well as flavoprotein subunits of bacterial
sulfite reductase (SiR) [138].

4.2.5. ET from FMN to heme

The cyt P450 reductase and cyt P450 are microsomal membrane-
anchored proteins that contain the membrane-binding hydrophobic
anchors necessary for the interactions with the microsomal membrane
[139,140]. Cyt bs [141,142], heme oxygenase (HO) [101,143] and
squalene monooxygenase [144] are also physiological redox partners of
cyt P450 reductase. This gives rise to an important question. How does
cyt P450 reductase that is encoded by a single gene interact specifically
with these many different electron acceptors, in addition to ~50 mi-
crosomal cyt P450s (see Section 9). The cyt P450 isozymes contain the
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Fig. 8. Role of cyt bs in the NADPH-cyt P450 ET and
NADH-cyt bs ET systems. A, The ET pathway in the
microsomal cyt P450 ET and cyt bs ET systems. The
cyt P450 reductase transfers the first electron (1st
e”) and second electrons (2nd e”) from the fully
reduced FMN, respectively. While, cyt bs transfers
2nd e~ or both the 1st e~ and 2nd e™. B, the re-
duction potentials of redox cofactors of the NADH-
cyt bs ET systems (see Section 7 for more detail). The
reduction potential of the proposed cyt bs (Fe*?)-
high spin (HS) cyt P450 (Fe’?)-substrate (RH)
complex is shown in the parenthesis as a working
hypotheses. The HS/LS P450 indicates an equili-
brium between high spin (HS) and low spin (LS) of
cyt P450.
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highly conserved positively charged amino acid cluster that is located at
the proximal surface of microsomal cyt P450 molecules [28,110,145].
This region can interact with the negatively charged surface of the FMN
domain of cyt P450 reductase, including loops around the isoalloxazine
ring of FMN [34]. The docked model of a complex between cyt P450
reductase and cyt P450 (CYP2B4) has been proposed, in which a po-
sitively charged surface of cyt P450 can interact with a negatively
charged surface of the FMN domain of cyt P450 reductase [28], in-
dicating that the highly conserved conformational motifs of the P450s
play a role in the molecular recognition process. Thus, a single cyt P450
reductase can donate electron to all microsomal cyt P450 isozymes. The
distance between cyt P450 (CYP2B4) heme and dimethylbenzene ring
of the FMN molecule is estimated to be ~12 10\, and the two residues of
cyt P450 (Phe429 and Glu439) lie in between the two cofactors, sug-
gesting a possible ET pathway: FMN — Glu439 — Phe429 — heme [28].
The distance between FMN and heme of aromatase (CYP19) is ~19 Ain
which the ET pathway is proposed: FMN — H,0 — Phe432 — heme
[146]. Additionally, the AGly-141 mutant of rat cyt P450 reductase is
inactive with cyt P450, but fully active in reducing cyt c. This mutation
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might cause the change in the structure and dynamics of the 140 s loop,
which is located along the FMN-binding site [34], indicating that the
loop structure is important in the interactions with cyt P450.

Additionally, the spin switching of the cyt P450 heme iron by the
substrate binding could provide the driving force for the heme reduc-
tion. The substrate for the cyt P450 interacts with the active site of the
heme center in which a distal water molecule as axial ligands is ex-
cluded. This induces a shift in ferric iron spin state (from low-spin to
high-spin) [147,148]. Das et al. [149] showed that substrate binding to
microsomal CYP3A4 induced a > 90% spin conversion to the high spin
and shifted the redox potential by +10 to 80 mV depending on the type
1 substrates. The conversion to a high spin state of low spin ferric heme
iron increases the rate of electron flow from the FMN domain of cyt
P450 reductase to a high spin state cyt P450 [150,151]. The redox
potential of mitochondrial cyt P450 also shifts to more positive by the
binding of substrate (see Section 6). On the other hand, the soluble
bacterial cyt P450, such as cyt P450cam [147] and P450BM3 [152]
bind the substrates with higher specificity, and increase in the heme
reduction potential, as compared with microsomal and mitochondrial
cyt P450s (see Section 9).
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4.2.6. Role of cyt bs in the cyt P450 system

In 1971, Hildebrandt and Estabrook [153] first evidenced the par-
ticipation of cyt bs in the NADPH-dependent monooxidation reactions
in which cyt bs provides one of the two electrons required for cyt P450
function. Bonfils et al. [154] demonstrated the first systematic study on
the direct ET from ferrous cyt bs to oxygenated cyt P450. Both cyt P450
and cyt bs ET systems are localized on the cytosolic surface of ER. At
present, two hypotheses have been proposed: for some cyt P450s, cyt bs
acts as an electron donor, though it can also act as an activator. The
FMN domain of cyt P450 reductase and cyt bs share the same binding
site on the proximal surface of cyt P450 [155]. The docked model be-
tween cyt P450 and cyt bs suggests also an electrostatic interactions
between the two proteins. In contrast to serving as an electron donor,
Estrada et al. [110] have proposed that cyt bs acts as an allosteric
modulator. Cyt bs binding induces the structural changes of cyt
P45017A1 so that cyt P450 reductase is tightly associated with cyt
P450. In contrast, the recent report by Duggal et al. [156] suggests that
wild type cyt bs donates the second electron in the CYP17A1 system in
which the lyase activity increases 5-fold, but the redox inactive Mn-
substituted cyt bs has no effect on the lyase activity. This observation
strongly suggests that cyt bs has a redox effector role in enhancement of
the CYT17A1 mediated lyase reaction. However, the cumulative data
strongly support that cyt bs can act as a dual redox active or activator
proteins.

Henderson et al. [157] provided strong evidence that cyt bs re-
ductase-cyt bs ET system can act as a sole electron donor to the cyt P450
system in vivo and vitro, based on the cyt P450 reductase and cyt bs
knockout mouse. Stiborova et al. [158] also demonstrated that a cyt bs
system catalyses the oxidation of Benzo[a]pyrene, supporting a se-
quential two electron transfer from the cyt bs system. Additionally, the
fungal cyt bs reductase-cyt bs system can donate both the first and
second electron to fungal cyt P450s (CYP5150A2) [159]. Thereby, cyt
bs can act as the sole electron donor in these systems. However, the first
electron (1st e™) transfer reaction from cyt bs to oxidized cyt P450 is
thermodynamically unfavorable (see Fig. 8B). The fully reduced cyt bs
state in the reaction systems could be a driving force for the reduction
of cyt P450-substrate complex, where the redox potential of the cyt bs is
considerably more negative than its midpoint potential. Cyt bs is ac-
tually in the reduced state in liver cells [62]. As described in the Sec-
tion, 4.2.5, the reduction potential of cyt P450 in the cyt P450-substrate
complex shifts to positive. Furthermore, the binding of reduced cyt cyt
bs to ferric cyt P450-substrate complex could lead to an additional
conversion to high spin states. Recently, Ravula et al. [58] reported that
ferric cyt bs (Fe>™) binding to ferric cyt P450 (Fe™>) induces a con-
version from low to high spin states in the membrane systems. Thus, the
first electron (1st e ) could be transferred directly from cyt bs to cyt
P450 within the cyt bs-cyt P450-substrate complex (see Fig. 8B). The
reduced cyt P450 binds with O,, resulting in an oxyferrous species with
a significantly more positive redox potential (+6 mV) [160], in which
the oxygenated cyt P450-substrate complex accepts a second electron
(2nd e™) from cyt bs.

From NMR and mutagenesis data, Ahuja et al. [141] have proposed
that the cyt bs-cyt P450 complex models based on the binding interface
of the membrane-bound forms, clusters I and II, in which the shortest
distance between the heme propionate-edge of cyt bs and cyt P450 is
9.0 A and 7.4 A, respectively. ET from cyt bs to cyt P450 proceeds via
conserved Argl25. In contrast, cyt P450 reductase can donate electron
to cyt bs [5,161], but its activity is lower than that of cyt bs reductase.
Therefore, the cyt bs reductase system is the major electron donating
source in which cyt cyt bs reductase switches from a two electron
donor, NADH (—320mV) to a one-electron acceptor (cyt bs). More
recently, however, Niu et al. [162] reported that negatively charged cyt
bs accepts electron from positively charged FAD sites in the plant cyt
P450 reductase (see Fig. 8A). As described above, the cumulative data
suggest that cyt bs serves multiple functions, as an electron donor for
cyt P450s and fatty acid desaturases. These effects might be dependent
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on the cyt P450 and desaturase species and their substrates. At present,
the roles of cyt bs in the microsomal cyt P450 ET system could be
summarized as shown in Fig. 8A and B.

4.2.7. Role of the membrane-binding domain

In this Subsection, a role of the ER in the cyt P450 ET system is
discussed. Eukaryotic cyt P450 reductase and cyt P450s retain a N-
terminal membrane-binding anchor, and are located on the cytoplasmic
surface of the ER. The localization of these two proteins on the two-
dimensional surface of the ER membrane serves to both concentrate
reactants and therefore to increase the frequency of their interaction.
The membrane-anchored proteins are mobile on the lipid bilayer, but
their movements are much smaller than those of the lipids, indicating
that the motion of lipids is a driving force for the mobility of the
membrane-bound proteins. Two possible mechanisms are conceivable
for the functional interactions between the cyt P450 reductase and cyt
P450 on the ER membranes: (i) the interactions are brought about by
the lateral motion and subsequent collision of these proteins on the
plane of ER membrane [163], and (ii) both proteins exist in the ER
membrane as ordered functional clusters in which the interaction can
take place directly [164]. Although hydrophilic domains of both en-
zymes are exposed to the cytosolic compartment, the hydrophobic an-
chor region between the proteins might ensure the correct orientation
and position of the binding sites at the proximal surface of cyt P450
heme and the dimethylbenzene ring of the FMN molecule in which an
interactions between the hydrophobic anchors might promote the for-
mation of the functional complex, cyt P450 reductase-cyt P450.

Meanwhile, the anchors of ER membrane proteins are highly dy-
namic in lipid membranes, with movement occurring on a sub-
millisecond timescale, including the rotational diffusion of the entire
helix and fluctuation of the helical director axis [139,140]. This motion
might cause the movements of the soluble domains of cyt P450 re-
ductase, and promotes the likelihood of forming an electrostatic com-
plex between the negatively charged residues of the FMN domain and
the positively charged residues of the proximal surface of cyt P450
(Fig. 9). The anchor-anchor interactions between ER proteins remain
unclear, but the interactions between the anchors could stabilize an
interactions between the soluble domains of cyt P450 reductase and cyt
P450. This interactions might enhance electron transfer between these
proteins. More recently, Jerabek et al. [165] proposed an X-shaped
contact model between antiparallel transmembrane helices for the cyt
P450-cyt bs complex. These interactions are relatively weak and occurs
on smaller contact surfaces than an antiparallel-shaped contact. Thus,
an possible X-shaped contact model for the cyt P450 reductase-cyt P450
complex is shown in Fig. 9. Taken together, the concentration of cyt
P450 reductase in the ER membranes has been estimated to be 1/10-1/

closed state open state
FAD
FAD
Q P450  P450
‘ -\- Heme Heme
FMN ¥/ FMN‘

ER \

FMN domain-P450
interaction
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Fig. 9. The dynamic docked model between cyt P450 reductase and cyt P450 in
the membrane-anchored states. The closed state of cyt P450 reductase does not
interact with P450, but its open state interacts with cyt P450. The tilt angle of
13° for the membrane-binding helix of cyt P450 reductase [139] and 17° for cyt
P450 [140]. The plus (+) and minus (—) indicate a positive and negative
charges, respectively.
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40 of the total cyt P450s [166,167], indicating that a single cyt P450
reductase must interact with 50 microsomal cyt P450s. It is likely that
the interactions between cyt P450 reductase and cyt P450s are rela-
tively weak, including interactions between the soluble domains and
their anchors. Thus, a single cyt P450 reductase could enable such in-
teractions with various structural partners, such as heme oxygenase and
cyt bs. The redox states of cyt P450 reductase are also important factors
for interactions with cyt P450 (see Fig. 6). As described in the Section
4.2.1, the structure and function of the FMN domain of cyt P450 re-
ductase is similar to those of Fldxs, which have a strong dipole moment
with the positive and negative regions located towards the two terminal
helices and near the FMN-binding site [168].

Brignac-Huber et al. [169] have reported that the roles of mem-
brane lipids include (i) altering the conformation of the proteins, (ii)
influencing the cyt P450 interactions with the cyt P450 reductase, and
(iii) affecting the localization of the proteins into specific membrane
microdomains. The lipid-protein interactions are influenced by the
microsomal lipids components in the reconstituted system [170].
Meanwhile, new hypotheses have recently proposed by Barnaba et al.
[171], in which the oxidized cyt P450 reductase exists in a peripheral
state, and its reduced form is converted to the integral state. Thus, the
peripheral state with an anchored membrane can efficiently find its
redox partner cyt P450, and its integrated state formed by the reduction
of NADPH interacts with cyt P450 in which the reduced cyt P450 re-
ductase forms have a much higher association constant than its oxidized
form to cyt P450.

Recently, new Nanodisc technology has been applied in the mem-
brane protein studies, including cyt P450 reductase and cyt P450 [172].
Nanodiscs are composed of phospholipids and an encircling amphi-
pathic helical belt protein, and provide a new and powerful tool for a
broad spectrum of biochemical and biophysical studies of membrane
proteins. Using this technology, Das and Sligar [91] measured the redox
potentials of cyt P450 reductase [see Section 4.2.1]. In contrast, Liu
et al. [170] reported that when cyt P450 reductase and cyt P450 are
only localized within the same nanodiscs, the electrons from NADPH to
cyt P450 via cyt P450 reductase are transferred, but when both enzyme
are each incorporated separately into nanodiscs, electron transfer be-
tween nanodiscs does not occur. Laursen et al. [173] have demon-
strated the presence of at least two states of plant cyt P450 reductase
with dramatically different activity levels, indicating that the dynamic
conformational changes of the FMN and FAD domains. Additionally, an
increase of the ionic strength caused cyt P450 reductase to redistribute
its conformational equilibrium and populate more open conformations
[174]. The cyt bs drives low spin cyt P450's to high form in the nanodisc
reconstituted system [58].

5. Modeling for the full-length structure of NOS

NO radicals are a signal molecule for neurotransmission, cardio-
vascular function, and cellular defense [18]. The three tissue-specific
NOS isozymes generate NO radical, while soluble guanylate cyclase
(sGC) accepts NO. NOS isozymes are activated by CaM binding, while
sGC is activated by NO. During this process, 3,5-cyclic guanosine
monophosphate (cGMP) as a second messenger is formed from GTP
[175]. Thus, both enzymes are linked in the NO-cGMP signaling
pathway. The NOS isozymes and sGC are multi-domain redox enzymes,
bearing multiple conformations in solution. The flexibility and mobility
of the NOS and sGC domains are likely a major reasons for the failure of
crystallization of intact forms. Information regarding the entire struc-
ture of an NOS isozymes and sGC have been limited. Recently, cryo
electron microscopy (cryo-EM) methods have provided structural in-
formation with the aid of partial structures determined from X-ray
crystallography.

In 2002, Daff and co-workers [176] proposed a model to explain
how the movement of the nNOS reductase domain is controlled by
conformational changes during catalysis, in which the CaM-free
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reductase domain is a closed form whereas the CaM-bound form is an
open form, which can donate an electron to the heme center (see
Section 4.2.3). In 2009, Xia et al. [20] constructed the first model of the
structure of the entire molecule of an NOS isozyme, based on the crystal
structures of the iNOS CaM-FMN complex and the CaM-free nNOS re-
ductase domain [17]. The model indicates that the CaM binding region
of the iNOS isoform is converted to a tight a-helix and forms a struc-
tural unit, CaM-FMN complex is formed, whereas a relatively random
structure in the absence of CaM [177]. These structural changes could
be the main driving force for the opening of the closed state (input
state) of the reductase domain in which ET occurs directly from FAD to
FMN. The open state (output state) facilitates the interaction between
the FMN-binding domain and heme-binding oxygenase domain. The
distance between the FMN and heme cofactors is ~12-15A [20],
through which a long-range ET occurs from the fully reduced FMN to
the heme center. The Trp372 in iNOS and Trp587 in nNOS are posi-
tioned between the heme and FMN cofactors, and these aromatic re-
sidues that contain & electron system might act as an electron conduit
between FMN and the heme center [20,178]. These Trp residues are
conserved in all eukaryotic NOSs. Smith et al. [179] demonstrated this
possibility by constructing a mutant enzyme in which the conserved Trp
residues are replaced with alanine (Ala). The rate of heme reduction is
decreased drastically to 0.0047 s~ ! in mutant enzymes, as compared to
3.79s7! of the wild-type enzyme. These data suggest that heme re-
duction by the FMNH™ proceeds via two step tunneling through a
tryptophan radical intermediate. Meanwhile, Sheng et al. [180] have
proposed possible three pathways for ET from FMN to heme: (i) FMN —
Phe593 — Trp372 — heme center; (ii) FMN — 372Trp — heme center;
and (iii) FMN — Tyr631 — Trp372 — heme center. By using hydrogen-
deuterium exchange methods, Chen et al. [181] proposed that pathway
iii is the most likely pathway. ET from FMNH, to the heme center is
proton-coupled such that human iNOS Tyr631 acts as an intermediary
proton shuttle between anionic FMN hydroquinone (FMNH™) and
water as a solvent: FMNH, + Heme (Fe>*)—FMNH + Heme
(Fe?™) + H'. The surface-enhanced Raman scattering spectra of the
FMN domain of nNOS demonstrated that the fully reduced FMN is
neutral (i.e. the FMNH, form) [182]. Regarding cyt P450 reductase, the
isoalloxazine ring of FMN is staking between two aromatic residues
(Tyr). The substitution of both Tyr to Phe has no effect on the catalytic
activity, suggesting that Tyr does not act as a proton shuttle [183].
Smith et al. [179] have also examined the surface interactions between
the oxygenase domain, FMN domain, and CaM. Taken together, these
reports confirm that the CaM-dependent rearrangement of the re-
ductase domain drives electron transfer to the heme oxygenase domain,
as discussed by Xia et al. [20].

Recently, cryo-EM methods have been utilized to visualize the
structure of NOS isozymes in different conformational states
[35-37,184]. These reports suggest that the oxygenase domain of NOS
isoforms is a homodimer, and the CaM-bound structure at starting point
is initially linear, as shown in the left box of Fig. 10. Note that the
reductase domains do not interact with each other, although the crystal
structure of the reductase domain is a dimer [17]. By using a chemically
cross-linked nNOS-CaM complex, Yokom et al. [35] presented a syn-
chronous ET model that demonstrated that the dimer structure of the
nNOS isozyme exists primarily in equilibrium with the extended (input
state), intermediate, and closed (output state) states. The proposed
states are very similar to those of the model proposed by Xia et al. [20].
In addition, Volkmann et al. [37] reported the synchronous ET model
for eNOS isozyme, demonstrating a similar structure to the nNOS iso-
form that is proposed by Yokom et al. [35]. However, Campbell et al.
[36] reported that for all three NOS isozymes, only a single reductase
domain at a time contributes to NOS catalysis, while the other re-
ductase domain remains in the input state or intermediate state. This
data strongly suggest that the reductase domain of all three NOS iso-
zymes do not function synchronously. Although the discrepancies be-
tween these reports are unclear, the structure in the input-output state
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Fig. 10. Dynamic conformational model for NOS isozymes. The input state indicates ET from the FAD to FMN, while the output-state indicates ET from the FMN to
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FAD/NADPH domain. While, the right box indicates that the FMN domain docks to the oxygenase domain allowing ET from FMN; to Heme,. The arrow (red)
indicates the increase (up) or decrease (down) of Ca®* concentrations. The cryoEM data of the right and left boxes were adapted from Ref. [36] with some

modifications.

may be more energetically favorable than that of output-output state.
All models deduced from the cryo-EM were constructed on the basis of
the cross-electron transfer from the reductase of one monomer to the
heme of the opposite monomer, as was already suggested by bio-
chemical research [185]. CaM binding causes the conformational
equilibrium to shift from closed (input state) to open (output state)
forms, and it enables the one-electron transfer reaction from the FMN to
heme center. As previously described, the cryo-EM method has de-
monstrated both the synchronous and nonsynchronous ET models. At
present, several reports can be summarized as following (Fig. 10).

For the synchronous ET model, both oxygenase domains are si-
multaneously reduced by NADPH. For the nonsynchronous ET model,
half of the oxygenase domain could be rapidly reduced. However, both
oxygenase domains of three NOS isozymes are rapidly reduced si-
multaneously by NADPH, with the order of iNOS > nNOS > eNOS
[186], in which the rate of flavin reduction is much faster than that of
heme reduction [31]. If the rate of conversion between the two input
states is faster than heme reduction, the reduction of both hemes could
occur at the same time (see Fig. 3A of Ref. [187]). An alternative
possibility is that an unstable output-output state that is not observed
by cryo-EM is formed, in which each heme center could be reduced at
the same time. However, the detailed mechanism for the reduction of
both hemes remains to be explored.

All three NOS isozymes catalyse the NADPH- and oxygen-dependent
conversion of L-arginine to L-citrulline and NO via two consecutive
mono-oxygenation reactions (Scheme 5A). All dimeric NOS isozymes
accept four electrons from 2NADPH during these reactions, and three
electrons are used in the formation of L-citrulline (Cit) and NO [100], in
which the first mono-oxygenation reaction (step 1) consumes two
electrons, and the second mono-oxygenation reaction (step 2) consumes
one electron (Scheme 5A). The FAD-FMNH’ state is formed during the
priming reaction. Thus, the catalytic cycle that involves 2 x (2e™-1e™

pair) reactions could proceed in the following way (Scheme 5B).

However, the reductase and oxygenase domains leak electrons by an
uncoupling reaction in which a superoxide radical is formed during the
catalytic cycle. The nNOS isozyme is 75-80% coupled [188], whereas,
eNOS isozyme is highly coupled (> 90%) [189]. Thus, the constitutive
NOS isozymes are tightly coupled in the presence of L-arginine and BH,.
Meanwhile, iNOS generates the reactive oxygen species involved in
killing bacteria and a highly reactive oxidant peroxynitrite, ONOO ™~ is
also formed from NO and superoxide (NO + O,"~ — ONOO ™). By using
a rapid freeze EPR technique, Berka et al. [190] demonstrated the
different regulatory roles of L-arginine and BH,. In the presence of L-
arginine and BHy4, iNOS isozyme produces NO, but an uncoupling re-
action occurs in the absence of L-arginine and BH,, forming a super-
oxide anion. Thus, the metabolic pathways that control the level of BH4
and L-arginine play a critical role in regulating the coupling of the three
NOS isozymes catalysis and in determining the NO/O, ™ ratio. Taken
together, the electron leakage suggests that the catalytic cycle (see
Scheme 5B) is not precisely maintained in vitro.

Several groups have investigated the dynamic conformational
changes using the biophysical methods. Astashkin and co-workers
[191] have used a pulsed EPR technique, which is sensitive to the
magnetic dipole interactions. The authors constructed a nitroxide spin-
labelled CaM by using an engineering method, and using the spin-la-
belled CaM-bound NOSoxyFMN construct of nNOS, a magnetic dipole
interactions between spin-labelled CaM and low-spin heme center has
been analysed [192,193]. Their results indicate that a magnetic dipole
interactions are highly dynamic. Their results also indicate that the
docked state (output state) for ET between FMN and heme are approx.
15% of the CaM-bound NOSoxyFMN-heme construct, while the re-
maining 85% of the protein exists in the unlocked conformations
characterized by a wide distribution of distances between the bound
CaM and heme domain. In these investigations, the FMN-CaM complex
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Scheme 5. (A) The two-step oxidation of L-arginine.
(B) In the priming reaction, the oxidized FAD-FMN
accepts four electrons from 2 X NADPH, and three

HoN NH, HoN N-OH HoN o electrons are consumed during first and second
Y mono-oxygenation reactions, resulting the FAD-
_ NH _ NH FMNH' intermediate. The catalytic cycle starts from
2x1e 1e 24 *N=0 the FAD-FMNH' in which 6 (2 X 3e ™) electrons from
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could switch between the FAD and FMN domains and between the FMN
and heme oxygenase domains, as reported by Xia et al. [20]. In addi-
tion, Hollingsworth et al. [38] evaluated a model of the oxygenase
domain-FMN-CaM by using the molecular dynamics simulation
methods and provided a detailed prediction of the interdomain contacts
required for stabilizing the NOS output state.

Sobolewska-Stawiarz et al. [116] have analysed a magnetic dipole
interaction between the FADH" and FMNH' of the reductase domain or
of holoenzyme of nNOS and suggested an exciting working hypothesis:
in the absence of NADPH and CaM, the resting state (input state) adopts
the multiple conformations with relatively large inter-flavin distances,
and with the equilibrium shifting to shorter inter-flavin distances upon
binding of NADPH, where FAD directly accepts hydride ions from
NADPH. In the presence of CaM, the FMN domain has access to both the
heme and FAD domains. The distances for multiple conformations
range from 24 to 35 A in solution, indicating that the structure in so-
lution is significantly different from the crystalline structure [17]. In
addition to the nNOS isozyme, cyt P450 reductase and MS reductase
also range in distances from 19 to 36 A and 27-39 A in solution, re-
spectively [31,106,194]. They also used the fluorescence spectroscopy
methods and demonstrated that the NOS conformational landscape
relates to enzyme turnover and catalysis [119].

In addition to the above approaches, Dai et al. [195] studied an
internal ET rate between the NADPH/FAD and FMN domains, in which
the domains are fixed by disulfide bond, as reported by Xia et al. [30].
The FMN domain movement is altered by a series of bismaleimide
cross-linkers of varying lengths. The rate of interflavin ET increased by
domain cross-linking, but the rate of flavin reduction became progres-
sively slower as the cross-linker length increased. In the presence of
CaM,, inter-flavin ET of wild type enzymes is controlled by a combi-
nation of the rate of dynamic equilibrium between the closed and open
conformations, and the distance between the FAD and FMN. Regarding
cyt P450 reductase, the rate of inter-flavin ET decreases significantly in
the disulfide-linked enzyme (see Section of 4.2.3).

6. Mitochondrial cyt P450 ET system

The mitochondrial steroid hydroxylating cyt P450 ET system is lo-
calized in the matrix face of the inner mitochondrial membrane [39].
The Adrenodoxin reductase (Adx reductase), Adrenodoxin (Adx) and
cyt P450s are associated with this membrane. The FAD-containing Adx
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reductase belongs to the glutathione reductase family. Adx is an iron
sulfur protein contains the [2Fe-2S] cluster as a prosthetic group and
can act as a mobile one-electron carrier. Adx reductase transfers two
electrons via Adx from NADPH to mitochondrial cyt P450s (Figs. 1 and
2), in which Adx is bound at the proximal surface of cyt P450s, resulting
the Adx-cyt P450 complex (see Fig. 2 and Refs. [196-199]).

The midpoint reduction potential (E,,) is —292mV at pH7.5 for
Adx reductase and —273mV for Adx. Adx reductase forms a 1:1
complex when both proteins are in the oxidized form in which the re-
duction potential of Adx reductase is not altered, however, Adx's po-
tential decreases by 40 mV when associated with Adx reductase [200],
indicating the structural changes in the vicinity of the [2Fe-2S] cluster.
On the other hand, the cholesterol-free cyt P450scc (CYP11A1) that
catalyses the conversion of cholesterol to pregnenolone during the three
sequential oxidation reactions is predominantly in the low spin form,
and its reduction potential is —412mV. The binding of cholesterol
causes the conversion to a high spin form with a reduction potential of
—282mV [201] in which Adx binding promotes a complete conversion
to a pure high-spin state [202]. The reduction potential of substrate-
bound cyt P450scc is increased by ~130mV, indicating that the re-
duction of the cholesterol-bound cyt P450scc by Adx is more favorable
than that of the cholesterol-free form. Thus, the change of spin state
increases the rate of first ET from reduced Adx to ferric cyt P450-sub-
strate complex, but other factors (i.e. steric requirements and binding
groups within the steroid-binding site) regulate the strength of steroid
binding [203].

The crystal structure of the Adx reductase-Adx complex indicates
that the [2Fe-2S] cluster of Adx and the isoalloxazine rings of FAD
moiety of Adx reductase (AdxR) are ~10 A apart, suggesting a possible
electron transfer route between these redox centers [198]: the FAD
isoalloxazine ring — I1€376p4xr — Thr377adaxr — Cys52adx- The dis-
tances between Adx and Adx reductase in solution are not substantially
different from those in the crystallized complex [204]. The crystal
structure of Adx-cyt P450scc complex indicates that the cyt P450scc
proximal surface can accommodate only one molecule of Adx [205].
The distance between redox centers, Adx [2Fe-2S] and cyt P450 (heme)
is 17.4 A, suggesting a possible electron transfer route: [2Fe-2S]aax —
Gln422cyp11a1 — Cys423CYP11A1 — heme iron, in which Adx donates
electron to CYP11A1 heme (see Figs. 2 and 4B of Ref. [205]). Adx
binding exerts an impact effect on the oxygen activation by cyt P450s
[40].
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Fig. 11. Proposed catalytic cycle for the mitochondrial cyt P450 ET system.
Top: the proposed catalytic 0-2-1-0 and 1-3-2-1 electron cycles. The reduced
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Adx complexes can donate electrons to cyt P450. The 0-2-1-0 cycle starts from
the FAD-[2Fe-2S]2", whereas 1-3-2-1 cycle starts from the FAD-[2Fe-2S]"*.
Bottom: the role of amino acid residues during the 0-2-1-0 catalytic cycle (see
Text and Ref. [197]). Figure was adapted from Ref. [197] with some mod-
ifications.

In 2000, Ziegler and Schulz. [197] proposed a mechanism of cata-
lytic cycle based on the structures of NADP-free Adx reductase. In the
first step of enzyme reduction, a hydride ion is transferred from the C4
position of the nicotinamide ring of NADPH to the N5 position of iso-
alloxazine ring of FAD, resulting in the NADP'-FADH™ complex
(Fig. 11). The NADP* binding to the reduced enzyme induces a positive
shift in the redox potential, which is a driving force for the reduction of
the enzyme by NADPH [206]. In the second step, the reduced form
(NADP *-FADH ™) donates electrons to Adx as a one-electron carrier,
resulting in the neutral semiquinone (FADH’) [206,207] which is sta-
bilized by the hydrogen bond between its N5 atom of FAD and the
water molecule that is in close contact to the central water between His
(H)55 and Asp(D)159 (see bottom of Fig. 11) [197]. In the third step,
FADH' transfers the second electron to the Adx molecule, in which
Argl24 may accept a proton from the N5 position of isoalloxazine ring
of FAD. This may be a major driving force for proton-coupled electron
transfer (FADH  — FAD + e~ + H™) in which the ET rate is lower than
that of a single electron (FADH™ — FADH' + e ™) for the first electron
transfer, as described in Section 7. Finally, the mitochondrial cyt P450s
accepts two electrons through two sequential one-electron transfers
from Adx in which molecular oxygen is activated. During the catalytic
cycle, the Adx reductase-Adx complex might cycle between 1-electron
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reduced (FAD-[2Fe-2S]'*) and 3-electron reduced (FADH ™ -[2Fe-
2S]1' ) states, via a two-electron intermediate (FADH'-[2Fe-2S]1**) in
which two electrons are sequentially transferred to cyt P450, as pre-
viously discussed regarding cyt P450 reductase (see Fig. 5 and Ref.
[206]). The 0-2-1-0 electron cycle between the oxidized (FAD-[2Fe-
25]12%) and 2-electron reduced (FADH ~-[2Fe-25]?*) is also possible.

7. Cyt bs ET systems

The fatty acid desaturase family bears non-heme di-iron center
[43,208], which catalyses monooxygenase reactions. The two electrons
are supplied from NADH-cyt bs reductase/cyt bs system (Fig. 1). The
FAD-containing cyt bs reductase is a member of the plant FNR family
[209]. Despite their low sequence similarity, the overall structure is
highly conserved. However, its redox properties are significantly dif-
ferent from those of the plant FNR family (see Figs. 4 and 5). The FAD
semiquinone state is also significantly different from those of cyt P450
reductase, MS reductase and NOS isoforms. In addition, the adenosine
moiety of the FAD folds backwards, and its isoalloxazine ring is staking
between two aromatic amino acid residues, Tyr and Phe [55,210,211].

In the first step, the FAD accepts a hydride ion from NADH with
concomitant production of a long-wavelength-absorbing NAD*-re-
duced FAD charge-transfer complex, NAD*-FADH ™, and it is oxidized
through semiquinone intermediates by cyt bs in two one-electron
transfer steps (Fig. 12). Kobayashi et al. [212] observed the conversion
of the neutral semiquinone to anionic semiquinone in the presence of
NAD* using a pulse radiolysis technique: NAD*-FADH —NAD™*-
FAD'~ + H*, whose pKa is ~6.3, which is lower than that of the free
flavin pKa of 8.3. The stable NAD " -bound semiquinone is the red form
at physiological pH. Yamada et al. [55] recently analysed the me-
chanism of conversion on the basis of the high resolution X-ray of the
crystal structure of porcine cyt bs reductase. The authors proposed that
a lone pair of the Thr66 Oy atoms that sits near the N5 atom of the
isoalloxazine ring of FAD accepts a proton released from the N5 atom of
the isoalloxazine ring (Fig. 12). Thus, the neutralization of the positive
charge of nicotinamide by the negative charge of the anionic semi-
quinone form of FAD is considered to be the driving forces for the rapid
conversion in the neutral to anionic semiquinone forms. In contrast, the
mutant of Thr66Val mutant in which the hydroxyl group of Thr is re-
placed with methyl group stabilized the neutral semiquinone form, and
its activities for ferricyanide and cyt bs (both one-electron acceptors)
are nearly 9% and 4% of that of the wild type, respectively [54], sug-
gesting that the anionic form is more active than the neutral form. It is
likely that the oxidation of the neutral semiquinone associated with
proton transfer is kinetically gated by the deprotonation of a semi-
quinone, as discussed for cyt P450 reductase (see Sections 4.2.1 and
4.2.3).

The cyt bs reductase-cyt bs complex is stabilized by an electrostatic
charge between the two proteins. The docking model shows a distance
of 6.58 A between the methyl group at C8 (C8M) of the isoalloxazine
ring of FAD and a heme propionate carboxylate oxygens of cyt bs,
suggesting the ET from C8M to heme [213]. While, Takaba et al. [214]
reported that the N5 atom of the isoalloxazine ring of FAD is stabilized
by hydrogen bonding with Tyr65 and Thr66, and this network leads to
the highly conserved His49 that is located near the cyt bs-binding site
[215]. Takaba et al.[214] proposed that the ET pathway is directly
along the hydrogen —bond paths (FAD-N5---Tyr65/Thr66---His49---cyt
bs). It is likely that the proton and electron transfers share the same
route. In contrast, the docking model for the desaturase illustrates a
possible route for ET from cyt bs (~0 mV) to the non-heme diiron center
of desaturase (~ —30mV [216]) [43].

Meanwhile, a novel 58-kDa flavoheme protein (NADH-cyt bs oxi-
doreductase, Ncb5or) is a fusion enzyme that contains the cyt bs-like
domain at the N-terminus and the cyt bs reductase-like domain at the C-
terminus [217]. The two domains are connected by hinge region that
has a 90-residue spacer of unique sequence. Ncb5or may be loosely
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Fig. 12. Stabilization of anionic semiquinone in the NADH-cyt bs reductase. Figure was adapted from Refs. [54,55] with some modifications.

associated with the ER membrane, and it donates electrons to mem-
brane-bound desaturase. The knockout mice show a defective A9 de-
saturase activity of fatty acids, suggesting that the cyt bs-like domain
can function as a one-electron carrier, and donates two electrons to
desaturase [218]. Taken together, the conformational changes of the
FAD-cyt bs pair is necessary in the ET process from NADH to desaturase,
as described in the FAD-FMN pair of the P450 systems (see Section
4.2.2). Thus, the FAD-cyt bs pair can participate in the conversion of a
two-electron donor to a one-electron acceptor. Additionally, the cyt bs
ET system that is localized in the outer membrane of mitochondria has
been reported [219]. This ET system contains three components:
NADH-cyt bs reductase, cyt bs, and molybdopterin-containing ami-
doxime-reducing component (mARC). The isoforms mARC-1 and
mARC-2 are able to catalyse the reduction of nitrite, generating the
nitric oxide radical (NO). In contrast, the soluble cyt bs reductase-cyt bs
system donates an electron to cytoglobin, in which the ferrous cyto-
globin (Fe**) can bind oxygen, resulting the oxygenated cytoglobin
(Fe2*0,), and then oxidizes NO to nitrate ion (cytoglobin
Fe?*-0, + NO — cytoglobin Fe®* + NO3;~) oxidizes NO to nitrate
[220]. These reactions provide a pathway to regulate NO concentra-
tions in response to the oxygen tension [221]. Thereby, the cyt bs re-
ductase-cyt bs system exhibits diverse functionality as an electron donor
system.

8. Methione synthase (MS) reductase

In addition to plant FNR, a FAD-containing bacteria Fldx reductase
also catalyses the reversible transfer of electrons between NADPH and
Fldx or Fdx [63,65]. In Escherichia. coli, Fldx reductase and Fldx are
physiological reducing systems in a cobalamin-dependent methionine
synthesis. The overall structure of Fldx reductase is similar to that of
FNR despite the low sequence similarities [209]. However, in the eu-
karyotic reducing system, methione synthase (MS) reductase has a si-
milar prosthetic groups to those of cyt P450 reductase [104,222]. Thus,
it has been hypothesized that a mammalian two-component system
containing FAD-FMN arose from the gene fusion of FNR or Fldx re-
ductase and Fldx (Egs. (12) and (13)), as described for the microsomal
cyt P450 ET system. The mechanism of ET is similar to that of cyt P450

reductase [223], and the similarities and differences between micro-
somal cyt P450 ET system and MS system have been studied ex-
tensively.

NADPH - Fldx reductase (FAD) — Fldx (FMN) — MS — cob(Il)alamin
(12)

NADPH — MS reductase (FAD — FMN) — MS — cob(II)alamin (13)

For bacterial three-component systems (Eq. (12)), the redox po-
tentials of Fldx reductase, E,, (FAD/FADH  couple) value for the
overall two-electron reduction potential is Ep,, —288mV, and Eoy/sq,
—308mV and Egq/req, —268mV for the individual one-electron re-
duction potential, respectively, while the value for E,, (FMN/FMNH
couple) is —343 mV, and the values of Ey/sq and Egq,req for fldx (FMN)
are —254mV and —433 mV, respectively [224]. For eukaryotic two-
component systems (Eq. (13)), the values of Eqy/sq and Esq reqa for FAD
are —254mV and —291mV, respectively, while the values of En/sq
and Egq/req for FMN are —109mV and —227 mV, respectively [136]
(Fig. 5). Thus, both enzymes share similar one-electron midpoint po-
tentials, indicating conservative evolution.

Both ET systems donate electrons to inactive MS-cob(Il)alamin that
is occasionally formed by one-electron oxidation. In the analogy with
cyt P450 reductase, the FMN of Fldx and MS reductase donates elec-
trons to inactive MS-cob(Il)alamin [136,225,226]. The cobalt of MS-
cob(Il)alamin is five-coordinated, of which the axial nitrogen atom is
derived from the histidine (His) or the 5,6-dimethylbenzimidazole that
extends from one edge of the corrin ring. The one-electron reduction
potential is —500 mV for Co(I)/Co(II) couple [227]. Thus, the ET from
NADPH (—320mV) to MS-cob(Il)alamin is thermodynamically un-
favorable in both systems. Hoover et al. [228] proposed that the
binding of Fldx to MS-cob(Il)alamin results in a change in the co-
ordination geometry of the cobalt from five-coordination to four-co-
ordination in which one-electron reduction potential raises ~100 mV.
Whereas Stich et al. [229] proposed an increase of ~250 mV on the
stabilization of the 3dz, orbital of the cobalt ion in the four-coordinate
state. The increase in reduction potential could promote the reduction
of MS-cob(Il)alamin to its active state under the physiological condi-
tions. The active MS-cob(I)alamin is methylated and this form can
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A. Cyt P450 ET system
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oxygenases: NAD(P)H — FAD—FMN/or [2Fe-2S] — oxygenase.

transfer the methyl group to homocysteine, forming the methionine.
These reactions involve the heterolytic cleavage of the Co(IIl)-carbon
bonds, generating the Co(I) and CH3*. The paired electron of homo-
cysteine (R-S:”) shares the CHs", forming the methionine (R-CHs)
[104].

9. Evolutionary aspects of NAD(P)H-dependent multi-domain ET
systems

The NAD(P)H-dependent ET systems include a combination of
multi-domain (Figs. 1, 2, 13). In both prokaryotic and eukaryotic sys-
tems, their multi-domain organizations display similarities as well as
differences in their components. Thus, it is thought that the ancestral
genes for these ET systems have evolved from a combination of the
flavin-containing NAD(P)H-dehydrogenase, one-electron carrier, and

metal-containing proteins through gene duplication and gene fusion
providing a basic working for the organization of ET chains [230,231].
For origins of eukaryotic enzymes, Ku et al. [232] have proposed that a
horizontal gene transfer (HGT) from bacteria to eukaryotes is primarily
mediated through endosymbiosis.

The most interesting examples for the gene organization of the
multi-domain ET systems are the cyt P450 ET systems [11,233] and
nitric oxide synthases [4,15,234]. The evolutionary aspects of micro-
somal cyt P450 ET system and NOS isozymes have shed a new light on
the origin of NAD(P)H-dependent ET systems. As shown in Fig. 13A and
B, it is thought that the ancestor of cyt P450 ET systems and NOSs in
terms of the structure and function of one-electron carriers, ferredoxin
(Fdx), and flavodoxin (Fldx) may have evolved from at least four dis-
crete genes, which encode Fdx/Fldx reductase (FAD), Fdx (2Fe-2S),
Fldx (FMN) and heme-containing proteins. These genes provide the
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common ancestral components for some eukaryotic ET systems. In
1996, a heme-containing archaeal cyt P450 (CYP119) gene was cloned
from an acidothermophilic archaeon S. solfataricus [235], which shares
the heme-binding conserved cysteine (C) motif, and an amino acid se-
quence shares 35% identical residues with the bacterium Bacillus subtilis
cyt P450. The cyt P450 gene superfamily is likely a product of gene
duplication and divergence from an ancient archaeal cyt P450 gene.
The prokaryotic cyt P450 ET systems are three-component systems,
consisted of NAD(P)H/FAD, Fdx (2Fe-2S)/Fldx (FMN) and cyt P450
(heme). For example, the cyt P450.,,, from Pseudomonas putida [236]
and the cyt P450,;, from Citrobacter braakdii [237] are three-component
systems. The eukaryotic cyt P450 ET systems located in the inner
membrane of mitochondria also contain three-components (see Section
6). Therefore, this eukaryotic system is thought to have originated from
bacteria during the endosymbiosis/HGT (Fig. 13A). Recently, a soluble
cyt P450 reductase from Bacillus megaterium was reported [41], which
reveals the sequence homology to the mammalian cyt P450 reductase.
These findings strongly suggest that eukaryotic multi-component NAD
(P)H-dependent cyt P450 ET systems was acquired by endosymbiosis/
HGT from bacteria. Unlike the mitochondrial cyt P450 ET system, the
microsomal cyt P450 system is a two-component system in which cyt
P450 reductase is a multi-domain enzyme. This is a fusion enzyme
derived from a FNR-like and Fldx-like flavoproteins, but the fldx-like
FMN protein is not found in eukaryotic cells [238]. Knowing this in-
formation, it is of evolutionary interest that cyt P450 reductase selects
an Fldx as a one-electron carrier, rather than an Fdx, suggesting that
Fldx is more efficient as a partner with the FAD domain (see Fig. 13A).
The human cyt P450 reductase is encoded by a single gene located on
7ql1.2 [239], whereas its partner cyt P450s are encoded by distinct
genes. Knowing whether exons encode the functional units or structural
units in these proteins is of interest. The cyt P450 reductase gene
comprises 16 exons; the membrane binding regions (as 1-60) is en-
coded by exon 2, and exon 3 encodes as 61-76, which links the mem-
brane binding domain and the FMN domain. The exons 4-7 encode the
FMN-binding domain, and exons 8-16 encode the FAD/NADPH-binding
domain [240]. A soluble mammalian MS reductase (FAD-FMN) shares
the same cofactors as a cyt P450 reductase (see Section 8). The positions
of several junctions of human gene that comprises 15 exons are con-
served. This is also true for the cyt P450 reductase gene, but its gene
lacks the membrane-binding anchor exon [241]. Consequently, the
microsomal P450 ET system has acquired the membrane-binding an-
chor exon. A typical oxidative Phase I cyt P450 reductase/cyt P450
system is localized on the cytosolic side of the ER membrane, whereas
conjugative Phase II UDP-glucuronosyltransferases (UGTs) are localized
on the luminal side [23]. Thus, the cyt P450 ET system and UGT are
effectively coupled in the biotransformations of small exogenous and
endogenous compounds. This causes the question why both systems are
localized in the different compartment. In addition, UGT system re-
quires the transport of UDP-glucuronic acid from the cytosolic side to
luminal side [23,242]. Detailed evolutionally explanation for these
questions remains unclear.

The NOS reductase domain shares a structural similarity to cyt P450
reductase [12,17]. The heme-containing bacterial nitric-oxide syn-
thases (bNOSs) lack an essential reductase domain. However, the
structure of bNOS is similar to those of mammalian NOSs, and its dimer
form produces NO in the presence of an electron donor system such as
NADPH-flavodoxin reductase (FAD) and flavodoxin (FMN) [243]. This
suggests that bNOS is an early precursor to eukaryotic NOS and that it
acquired the reductase domain later in evolution [244]. The oxygenase
domain was acquired by endosymbiosis/HGT from bacteria, and the
reductase domain of three NOS isozymes shares a bacterial cyt P450
reductase- or sulfite reductase-like domains, suggesting that a mam-
malian NOS reductase domain was evolved from a bacterial diflavin
reductase acquired from the proto-mitochondrial endosymbiont [245].
A comparative analysis of the intron splice location for the rat cyt P450
reductase and the human NOS genes suggests that the location and size
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of exons/introns in the three human NOS genes are similar to each
other. Therefore, the three human NOS genes are derived from a
common ancestor by duplication [246]. However, NOS isozymes are
distributed on different chromosomes, 12q24.2 for nNOS (NOS I),
17q11.2 for iNOS (NOS II) and 7q36 for eNOS (NOS III). After the
duplication of a common ancestral gene, NOS isoforms acquired the
regulatory elements within its gene (Fig. 13B). The CaM binding motif
is inserted between the FMN and heme domains. The autoregulatory
motif is inserted within FMN domain of nNOS and eNOS, but iNOS does
not contain this motif. The CaM act as a precise conformational switch
for a one-electron transfer reaction from FMN to the oxygenase domain
(see Fig. 10). However, the oxygenase domains of NOS isoforms do not
reveal any sequence homology with known cyt P450s, although they
share a common cysteine residue as the proximal thiol ligand [247].
This suggests that the origin of the NOS oxygenase domain may be
different from those of microsomal or mitochondrial cyt P450. How-
ever, the heme domains for the bacterial and mammalian NOS isoforms
share a sequence motif, (R/K)C(I/V)G in the conserved proximal cy-
steine residues, which is found in the cyt P450 gene family 1 [248,249].
Although its detailed mechanism is unknown, the NOS oxygenase do-
main might have acquired this motif from a member of the cyt P450
family 1 through an intergenetic gene conversion (see Fig. 13B). The
NOS system acquired a CaM binding site for the regulation of ET.
P450py3 (CYP102A1) from B. megaterium is a single peptide enzyme,
which shares cyt P450 reductase-like and cyt P450-like domains [250],
and a dimer is its active form [47,48]. Thus, this system has evolved
through the fusion of cyt P450 and cyt P450 reductase genes. An an-
other interesting example is that the P450 ET system is present in the
plants, but NOS isozymes are not present in the land plants, although
NOSs are present in a few algal species. The question of how NO is
produced in plants is interesting subject. A possible hypothesis has been
discussed by Jeandroz et al. [251]: (i) vertical gene transmission from a
eukaryotic ancestor before the separation of the eukaryotic super-
groups, followed by gene loss in some lineages, including all land
plants; (ii) acquisition by horizontal gene transfer (HGT) in algal
lineages (the losses or gains of NOS encoding genes in the plants). In
plants, nitrate assimilation consists of two reactions: nitrate reduction
and nitrite reduction. These reactions are catalyzed by NAD(P)H-de-
pendent nitrate reductase, which includes the two redox centers, con-
taining a FAD-heme, and a molybdopterin [252]. The former center
shares sequence homology with cyt bs reductase and cyt bs, respec-
tively. The NO is produced by the reduction of nitrite at the mo-
lybdopterin active site (NO,~ + e~ + 2H" —NO + H,0) [253]. Thus,
land plants seem to have evolved a finely regulated single component
nitrate reductase. On the other hand, mammal mitochondrial mARC-1/
2 systems are composed of three components, as described in Section 7.
These suggest that the plant nitrate reductase is a fusion enzyme con-
sisting of cyt bs reductase (FAD), cyt bs (heme) and molybdopterin
binding protein.

The microsomal cyt bs and the cyt P450 reductase ET systems can
donate electrons to several metabolic electron acceptors [254], in
which both the cyt bs and FMN domains of cyt P450 reductase can act
as a multi-functional one-electron donor sites, suggesting that the in-
terfaces of the cyt bs and the FMN domain have evolved to interact with
several electron acceptors. While, mammal cyt P450s are localized in
both microsomes and mitochondria, and they share a similar structures.
In plants and fungi, cyt P450s are localized in the ER, but mitochondrial
cyt P450 has yet to be reported [255]. These reports suggest that a
microsomal cyt P450 is an ancestor of animal mitochondrial cyt P450,
in which the ER-targeting sequence of a microsomal cyt P450 is con-
verted to a mitochondrial-targeting sequence. Meanwhile, cyt bs re-
ductase is encoded by a single gene located on chromosome 22q13.2-
q13.31 [256]. Thus, microsomal and mitochondrial cyt bs ET systems
share the same proteins, but their partner is different (see Section 7).
These ET systems have acquired a functional diversity over the course
of the evolution of animals. Taken together, the microsomal and
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mitochondrial cyt P450s have evolved synergistically for the bio-
synthesis of endobiotics, such as steroid hormones and vitamin D. These
metabolic ET networks raise the question of how specific protein-pro-
tein interactions are acquired.

Regarding the metabolic functions, the prokaryotic cyt P450s gen-
erally exhibit a high substrate specificity and activity, while the eu-
karyotic microsomal P450 systems display broad, overlapping substrate
specificities and low activity [23]; this indicates that highly plastic
active sites accommodate a wide variety of substrates as compared to
bacterial cyt P450s. On the other hand, the prokaryotic cyt P450 ET
systems utilize the substrates as an energy source in where a high
catalytic activity is needed, but eukaryotic cyt P450 ET system is not
necessarily the case. As described in Section, 4.2.1, the anionic FMN
semiquinone can donate electrons effectively to the heme center. Al-
though a cyt P450 reductase is the product of a single gene in animal
cells, it can donate electrons to ~50 microsomal cyt P450 isoforms in
which most conserved residues are found at the functional interface
residues between the FMN domain of cyt P450 reductase and cyt P450s,
but the diversity of cyt P450 isoforms is associated with changes in the
substrate specificity. This raises serious question in that a defect of
single cyt P450 reductase affects in the function of all microsomal cyt
P450 isoforms, including three steroidogenic microsomal cyt P450s [4].
In contrast, a mitochondrial cyt P450 ET system can donate an electron
to seven cyt P450 isoforms, which all have high substrate specificity.
Meanwhile, the rate of NAD(P)H supply modulates the substrate oxi-
dation by the NAD(P)H-dependent cyt P450 ET systems in intact cells
[22,23,257].

Finally, the NAD(P)H-dependent ET systems have been adapted in
the diverse metabolic pathways during the processes of evolution. The
fittest genes for metabolic NAD(P)H-dependent ET systems may be the
result of the relentless shuffling, mixing and recombination of genes
that encode the diversity of prokaryote-eukaryote redox enzymes
[232-234,258]. The NAD(P)H-dependent ET systems (Fig. 13) are the
products of natural evolution, but the direct laboratory evolution [259]
could throw new light on the origin of structure and function of the
multi-domain enzyme systems.
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