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Abstract: Distinct isoforms of FAD-containing ferredoxin-NADP* oxidoreductase (FNR) and ferre-
doxin (Fd) are involved in photosynthetic and non-photosynthetic electron transfer systems. The
FNR (FAD)-Fd [2Fe-2S] redox pair complex switches between one- and two-electron transfer reactions
in steps involving FAD semiquinone intermediates. In cyanobacteria and some algae, one-electron
carrier Fd serves as a substitute for low-potential FMN-containing flavodoxin (Fld) during growth
under low-iron conditions. This complex evolves into the covalent FNR (FAD)-FId (FMN) pair, which
participates in a wide variety of NAD(P)H-dependent metabolic pathways as an electron donor,
including bacterial sulfite reductase, cytochrome P450 BM3, plant or mammalian cytochrome P450
reductase and nitric oxide synthase isoforms. These electron transfer systems share the conserved
Ser-Glu/ Asp pair in the active site of the FAD module. In addition to physiological electron acceptors,
the NAD(P)H-dependent diflavin reductase family catalyzes a one-electron reduction of artificial
electron acceptors such as quinone-containing anticancer drugs. Conversely, NAD(P)H: quinone
oxidoreductase (NQO1), which shares a Fld-like active site, functions as a typical two-electron transfer
antioxidant enzyme, and the NQO1 and UDP-glucuronosyltransfease /sulfotransferase pairs function
as an antioxidant detoxification system. In this review, the roles of the plant FNR-Fd and FNR-FId
complex pairs were compared to those of the diflavin reductase (FAD-FMN) family. In the final
section, evolutionary aspects of NAD(P)H-dependent multi-domain electron transfer systems are
discussed.

Keywords: ferredoxin-NADP* oxidoreductase (FNR); ferredoxin (Fd); flavodoxin (Fld); diflavin
reductase family; catalytic cycle; electron transfer; redox potentials; evolutionary aspects

1. Introduction

Land plant and cyanobacterium ferredoxin (flavodoxin)-NADP* oxidoreductases
(FNRs) catalyze the reversible electron transfer that occurs in the photosynthetic reac-
tion (formation of NADPH) and non-photosynthetic reactions (NADPH-dependent redox
metabolic pathways) (Equation (1)) [1-6]. The forward and reverse reactions of Equation
(1) are catalyzed by distinct FNR and ferredoxin (Fd) isoforms [7]:

2Fd (Fe?) + NADP* + H* = 2Fd (Fe**) + NADPH 1)

In cyanobacteria and some algae, FMN-containing flavodoxin (Fld) acts as a one-
electron carrier instead of ferredoxin (Fd) under iron-limiting conditions [8]. Meanwhile,
the FNR- and Fld-like domains are present in eukaryotic NAD(P)H-dependent enzymes,
including cytochrome P450 reductase (cyt P450 reductase) [9,10] and nitric oxide synthase
(NOS) isoforms [11]. The catalytic domains of these enzymes share a high sequence
similarity and structure with FNR and Fld, where the FAD-FMN redox pair donates
electrons to final electron acceptors during sequential one-electron transfer reactions [12].
NADH-cytochrome b5 reductase (cyt bs reductase) shares structural similarities with plant
FNR, despite its amino acid sequence similarities being lower [13]. The cyt bs reductase-cyt
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bs complex pair donates an electron to metal-containing proteins [14]. Cyt P450 reductase
(FAD-FMN) and the cyt b5 reductase (FAD)-cyt bs complex exhibit diverse functions in
regard to the electron acceptors.

In addition to plant ENR, cyt P450 reductase and NOS isoforms catalyze a one-electron
reduction of artificial electron acceptors such as quinone derivatives, where the resulting
quinone radical reacts with molecular oxygen to form the superoxide radical [15-19], while
NAD(P)H: quinone oxidoreductase (NQOL1) bears a common flavodoxin-like topology in its
active site [20] and catalyzes the two-electron reduction of anticancer quinone derivatives;
the resulting hydroquinone form is primarily conjugated by UDP-glucuronosyltransferase
(UGT) and sulfotransferase (SULT) [21]. Thus, the NQO1-UGT/SULT pair systems function
as potent antioxidant enzyme systems. In this review, the biochemical and structural
aspects of plant FNR, Fd and Fld are briefly described, and the catalytic cycles of the
FNR-Fd and FNR-FId complex pairs are compared with those of the diflavin reductase
family. In the final section, evolutionary events of electron transfer systems including FNR,
Fd and Fld modules are discussed.

2. Structure and Properties of the FNR, Fd and Fld

The three-dimensional structure of FNR from spinach reveals two subdomains, the
NADPH-binding domain and the FAD-binding domain [1,5]. FNR can transfer electrons to
both Fd [2Fe-2S] and Fld (FMN), where an interaction with Fd or Fld occurs in the same
structural region of the FAD-binding domain [1,22]. Both Fd and Fld act as one-electron ac-
ceptors or donors, and Fd is replaced with Fld under low-iron conditions [8,23]. The rate of
electron transfer among these proteins is controlled by several factors, including the relative
orientation and distance between protein—protein interactions and the differences in the
redox potentials between the protein-bound donor and acceptor redox cofactors [1,3,23-26].
Sinohara et al. [1] reported the crystal structures of the RENR-RFd (Fd III) (R for root) and
LENR-LFd (Fd I) (L for leaf) complexes, and this provides a structural basis for reversing
the redox pathway. In the LENR-Fd complexes, the distance between the [2Fe-25] cluster of
Fd and the dimethylbenzene edge of the FAD ring is ~5.5-6.0 A [1,24], while the RENR-Fd
complexes can utilize the different sides of the [2Fe-2S] cluster for intermolecular electron
transfer. The modeling of the FNR-Fld complexes indicates that the distance between the
two flavin rings is ~4.1 A and that no intervening residues are present between the two
cofactors, thus making possible direct one-electron transfer [25]. Taken together, these ob-
servations suggest that the complexes between oxidized FNR and oxidized Fd are relatively
stable, as the complexes are stabilized by a salt bridge of FNR33Lys-Fd60Asp between
FNR and Fd [26]. However, this stability is decreased by NADP(H) binding, and unstable
complexes can promote the electron transfer rate during the catalytic cycle [27]. FNR
interacts with Fd or Fld in photosynthetic and non-photosynthetic reactions.

The isoalloxazine ring of FAD in the leaf and root FNR is sandwiched between two
aromatic residues (Tyr314 and Tyr95), where the phenol ring of carboxyl(C)-terminal Tyr314
shields the face of the isoalloxazine ring of FAD [5,28]. Thus, C-terminal Tyr314 must move
away for productive hydride transfer from reduced FAD to NADP*, and Ser96 interacts
with the N5 atom of the isoalloxazine ring of FAD, where Ser96 forms a hydrogen bond with
Glu312. Additionally, C-terminal Tyr314 and the Ser96-Glu312 pair modulates the affinity
for NADP", the stabilization of FAD semiquinone and the rate of electron transfer [29].
Therefore, Tyr314 and the Ser96-Glu312 pair are involved in the modulating of the flavin
redox properties [30,31].

The formation of the reduced FAD-NADP* (FADH ™ -NADP") complex with the charge
transfer bands of 500-750 nm proceeds via an FAD,-NADPH charge-transfer species [32].
In the presence of excess NADPH (>10-fold), bound NADP* is replaced by NADPH:
FADH™-NADP* + NADPH = FADH™-NADPH + NADP*, where the FADH™- NADPH
complex does not exhibit significant charge transfer bands. This could be caused by a
decrease in —m stacking interactions between reduced FAD and NADPH. The value of
Eox/red Mmeasured using dithionite as a reductant is —377 mV [32], which is fitted to a



Antioxidants 2022, 11, 2143 3 of 25

Nernstian n = 2 curve. However, the two-electron reduction potential in the presence of
NADP* is divided into E /sq (—306 mV) and Egq/req (—386 mV) (Table 1), suggesting that
the redox potentials of FNR are regulated by the NADP*/NADPH ratio.

Table 1. Midpoint reduction potentials of FAD and FMN domains.

Enzyme Specicies Eoxjsq (mV) Egg/rea (mV) pH
FNR (FAD)
Spinach (FAD) —3%0 —3% 7
—402 —358 8
Spinach (FAD) —306 —386 8
(in the presence of NADP*")
Anabaena (FAD) —385 —-371 8
Anabaena Flavodoxin (FMN) —212 —436 7
Cyt P450 reductase (FAD-FMN)
Rabbit (FAD) —290 —365 7
Rabbit (FMN) —110 —270 7
Human (FAD) —283 —382 7
Human (FMN) —56 —274 7
nNOS reductase domain (FAD-FMN)
Rat (FAD) —260 —280 7.6
Rat (FMN) —50 —276 7.6
iNOSreductase domain (FAD-FMN)
Human (FAD) —240 —270 7
Human (FMN) —105 —245 7

The redox potentials for LFd I and RFd Il are —401 mV and —321 mV, respectively. [33].
Thus, the one- and two-electron redox potentials of FNR are important factors that control
the electron transfer rate (Scheme 1). For the spinach LFNR, the Ey, (FAD/FADH™) value
is —343 mV. Regarding the one-electron redox potential, the oxidized-semiquinone couple
(Eox/sq) is —350 mV, and the semiquinone-fully reduced couple (Esq/req) is —335 mV at
pH 7.0 [34] (Table 1). Thus, the electron transfer from Fd I to NADP* is thermodynamically
favorable. On the other hand, the electron transfer from NADPH to Fd III is relatively fa-
vorable. In both systems, tissue-specific FNR mediates reversible electron transfer reactions
(Equation (1) and Scheme 1) [33].

Photosynthetic reaction Non-photosynthetic reaction
(formation of NADPH) (formation of reduced Fd IlI/Fid)
NADPH <— NADP* FADH oxidized Fd III/Fid
HT L Ve
FADH
e I HT
reduced Fd I/Fid FAD NADPH

redox states of FNR

Scheme 1. Switching between one-electron and two-electron transfer reactions in the FNR-Fd I/Fld
and FNR-Fd III/Fld systems. H™ T, hydride transfer.
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Fld is a small electron carrier that participates in low-redox-potential electron transfer
pathways, which are classified into three groups based on the presence of tryptophan (Trp)
and tyrosine (Tyr) near the isoalloxazine ring of FMN [35]. In all Flds, the semiquinone for-
mation constant Ks value is larger than unity, indicating that the Ey /sq value is always more
positive than the Eq/req value [36]. The E,y /54 value is associated with the proton-coupled
one-electron reduction from FMN to FMNH?®, while Egq/req is associated with the one-
electron reduction from FMNH?® to FMNH . The E, /5q value is shifted from ~—240 mV to
less-than-negative values, while Eqq/req is shifted from ~—170 mV to ~—540 mV, depending
on the pH and the species of Fld. The neutral semiquinone, FMNH?, is stabilized by the
hydrogen bond of the carbonyl and amide groups of the protein backbone with the N5
atom of the isoalloxazine ring of the flavins. Its reactivity is lower than that of the fully
reduced form, where the FMNH®* /FMNH™ couple acts as a one-electron carrier [36].

Flds possess a unique structure, and the loop structures in the FMN environment
play an important role in electron transfer reactions [37]. The FMN binding sites in the
bacterial Fld and eukaryotic diflavin reductase family possess similar loop structures and
are sandwiched between two aromatic amino acid residues. Rwere et al. [38] reported that
the length and sequence of the “140 s” FMN binding loop of cyt P450 reductase functions as
a key determinant of its redox potential and activity with cyt P450s. The one-electron redox
potentials of cyt P450 reductase (FAD-FMN) [39,40] and the reductase domain (FAD-FMN)
of NOS isoforms [41,42] are different from those of plant FNR (FAD) [34] and Anabaena
flavodoxin (FMN) [43], but the one-electron redox potentials of FAD and FMN always
satisfy Eox/sq > Esq/red (Ref. [14] and Table 1).

The kinetic parameters for Fd reduction by FNR using the NADPH-dependent cyt
¢ reductase assay (NADPH — FNR — Fd/Fld — cyt c) were reported [29]. The values
for pea FNR are in the range of those of the Anabaena enzyme, with a slightly larger kcat
and a smaller K, (Table 2) [29], while Kimata-Ariga and co-workers recently reported the
tissue-specific parameters, where maize RFNR has a higher K, value for Fd I than for Fd
I [1]. In addition, the orientation of the RFNR-Fd complex remarkably varies from that of
the LFNR-Fd complex [1], suggesting that the root and leaf complexes utilize the different
sides of the [2Fe-2S] cluster for the intermolecular electron transfer, which might lead to
the evolutional switch between photosynthetic and heterotrophic assimilation.

Table 2. Kinetic parameter of Pea and Anabaena FNR in NADPH-dependent cytochrome c reductase

activity.
FNR Species ~ KFd (s71) KE (um) KF/KED (uM s—1) K (s7h KB (uv)  KEM/KEM (uMs-1)
Pea FNR 139 6.5 213 30.6 16.7 1.8
Anabaena FNR 200 11 18.2 233 33 0.7

3. Catalytic Cycle of the FNR-Fd and FNR-Fld Systems
3.1. Catalytic Cycle of the FNR-Fd System

As already mentioned, the distinct isoforms of FNR and Fd are expressed in the differ-
ent tissues, where LENR and LFd I are expressed in photosynthetic tissue, while RFNR and
RFd III are expressed in non-photosynthetic tissues. FNR mediates a switching between
one-electron and two-electron transfer reactions (Scheme 1). Thus, the tissue-specific expres-
sion of the FNR and Fd isoforms indicates that different FNR and Fd isoforms participate
in the different catalytic electron transfer processes (see Figure 1A,B). LFNR catalyzes the
reduction of NADP* to NADPH during the photosynthetic process in plants and cyanobac-
teria, where the two electrons from photosystem I are transferred from FADH™ to NADP*
in a process defined by: photosystem I (PSI) — Fd I [2Fe-2S] (—401 mV) — LFNR (FAD)
— NADP* (—320 mV). In non-photosynthetic reactions, NADPH generated by the pho-
tosynthetic reaction and the oxidative pentose phosphate cycle donates electrons to RFd:
NADPH (—320 mV) — RFENR (FAD) — Fd III (—321 mV) [33]. Thus, the photosynthetic
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process is more favorable than non-photosynthetic reactions. Both mechanisms are con-
trolled by several factors: the redox potentials, the association/dissociation of complexes,
and the distance between Fd [2Fe-25] and FNR (FAD) in protein—protein interactions.

In photosystem I, the electron transfer sequence of the physiological reaction center is
{P700* — A, — Ay — FeS-X — [FeS-A — FeS-B]} — Fd I, in which Fd I accepts an electron
from the [FeS-B] site (—580 mV), and the resulting reduced Fd I (—401 mV) binds to the
oxidized FNR (FADyy) [44], as shown in Figure 1A. Thus, Fd I functions as a mobile electron
carrier. On the other hand, non-photosynthetic reactions begin from NADPH binding to
the FADox-Fd Illox complex: NADPH — RENR (FAD)-RFd 111, as shown in Figure 1B.

In 1984, Batie and Kamin [45] proposed the catalytic cycle of the LFNR and LFd I
system (Figure 1A). This cycle involves basic electron transfer reactions, including one-
electron transfer (1e~T), proton-coupled one-electron transfer (PCle™T) and two-electron
hydride transfer (H™T) reactions. The catalytic cycle includes steps 1-7, where the catalytic
cycle begins from LFNR (FAD,y) (step 1). The oxidized Fd I accepts an electron from
Photosystem I, and the resulting Fd I.q binds to the LFNR (FADyx)-NADP* complex
(step 2). One electron is then transferred from Fd I,.q to LENR (FADx). In step 3, the
one-electron transfer from reduced Fd I to oxidized FAD is coupled with proton transfer
(PC1e™T). Electron transfer in this step is significantly decreased in D,O solution. In step
4, the Fd Iox of the LENR (FADH®)-NADP* complex is replaced by reduced Fd I g4, thus
resulting in the Fd I.4-LFNR (FADH®)-NADP* complex. In step 5, the Fdox-LFNR(FADH ~)-
NADP* complex is formed via a one-electron transfer reaction (le~T) from Fd I..q to LFNR
(FADH?®). In step 6, NADP* accepts a hydride from FADH™ to form NADPH. In the final
step, both Fd Iox and NADPH are released; a new cycle then begins. This catalytic cycle is
also supported by kinetic studies [46].

In 2003, Carrillo and Ceccarelli [47] proposed the “open questions” in regard to the
Batie-Kamin catalytic model [45] on the basis of kinetics and binding experiments on
spinach FNR. Currently, new data in regard to these open questions can be found (see
Refs [1,48-50]).

In non-photosynthetic reactions (metabolic redox pathways) (Figure 1B), the reaction
begins with RENR (FAD,y). In the first step, NADPH binds to the FAD-Fd Ill,x complex.
In step 2, the complex NADP*-FADH ™ -Fd Ill,y is formed via the hydride transfer (H™T)
reaction, and this complex is followed by the formation of the NADP*-FNR (FADH?®)-Fd
III,oq complex via one-electron transfer (1e~T) from FADH™ to Fd Il (step 3). In step
4, Fd Il 4 is released from the complex, and Fd IIl,y binds. In step 5, the NADP*-FNR
(FADoyx)-Fd IlI,q complex is formed via PCle™T. In the final step, Fd III,.q and NADP* are
released. Thus, reduced Fd Il is formed in steps 3 and 5.
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A NADP* from Photosystem |
o
LFNR ( FAD,,) N FADox -NADP* Fd lyeq Fd I,
NADPH )
Fd loy @ @)
Fd lox - FAD, -NADPH Fd |,eq-FADox -NADP*
H-TI (8) < 0-1-2-0 electron cycle >  (3) 1 PCle T
Fd lox-FADH-NADP* Fd |,,-FADH"-NADP*
w () Edl
1e T Fd I,o4- FADH'-NADP* - o -
red ? ox

from Photosystem |

Overall reaction: 2Fd |,.s + NADP*+ H* — 2Fd |, + NADPH

B Fd lll,, , NADPH
RFNR (FADoy ) L—» NADPH-FAD - Fd 11l o HT
NADP* M @)
Fd Il eg (6) NADP*- FADH™Fd Il
< 0-2-1-0 electron cycle > @ | 1eT
NADP* - FADox-Fd lll 4 NADP*- FADH™ Fd llleq

(5) @ Fd 1l o

PCle T NADP*-FADH"-Fd Il
Fd oy

Overall reaction: NADPH + 2Fd lllox — 2Fd Ill ,og + NADP* + H*

Figure 1. Proposed catalytic cycles of the LFNR (A) and RENR (B) systems. (A) Photosystem I —
LFd I (25-2Fe) — LFNR (FAD) — NADP" [45] and (B) NADPH—RFNR (FAD) — RFd III—metabolic
pathways. H™ T, hydride transfer; 1e™ T, one-electron transfer; PCle™ T, proton-coupled one-electron
transfer.

3.2. Catalytic Cycle of the FNR-Fld Systems

Fd can be replaced with FMN-containing Fld, where the FNR-Fd pair is replaced with
the FNR-FId pair in the catalytic cycle (Figure 2A). The FMN semiquinone (FMNH?®) is
highly stable. Thus, Fld functions as a one-electron carrier (FMNH™ = FMNH?® + e7). In
the photosynthetic process, the catalytic cycle (Figure 2A) is similar to that presented in

Figure 1A.
A NADP* from Photosystem |
o
FNR (FAD,,) L—- FAD.; NADP* FId(FMNH") -—l FId(FMNH")
NADPH 1) 2
Fid (FMNH®) (7)
FMNH'- FAD,,-NADPH FMNH™ FAD, -NADP*
HT I(e) < 0-2-3-0 electron cycle > (3)[ PCle T
FMNH® - FADH™-NADP* FMNH*- FADH-NADP*
1 ) ’% FId(FMNH')
e FMNH= FADH*-NADP*

FId(FMNH_)?FId(FMNI-I')

from Photosystem |

Overall reaction: 2 FId(FMNH") + NADP*+ H* — 2FId(FMNH")+NADPH

Figure 2. Cont.
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NADPH
FNR( FAD,, )-FId(FMNox) %» NADPH - FAD o5 - FMNoy H™T
1
2
priming reaction @
NADP™*- FADH™FMN
e @ i PCle T
NADP*- FADH" -FId(FMNH") %» NADP*-FADH™ FMNH®
- 4) PCle T
te T@ < 1-3-2-1 electron cycle > (%l( )
NADP* FADH-FMNH"* NADP*- FADox - FMNH

NADPH-FAD,,- FMNH" NADP™FAD,, - FMNH"
NADP* NADPH

Overall reaction: NADPH — 2™ ( steps 5 and 9) + NADP* + H*

Figure 2. Proposed catalytic cycle of the FNR-FId systems. (A) Photosystem I — Fld (FMN) — FNR
(FAD) — NADP* and (B) NADPH — FNR (FAD) — Fld (FMN) — metabolic redox pathways. In (B),
the overall reaction is based on the catalytic cycle.

In the first step, NADP™* binds to LFNR (FAD,x). In step 2, reduced Fld (FMNH™)
binds to FNR (FADx)-NADP*, and in step 3, the diflavin radical intermediate FMNH®-
FADH*-NADP"* is formed via a PCle™ T reaction. Such intermediates are observed in
the Anabaena PSI/Fld system [51]. In step 4, Fld (FMNH?®) releases, and Fld (FMNH™)
binds. In step 5, FMNH*-FADH ™ -NADP" is formed during a 1e~ T reaction, and in step 6,
FMNH®-FAD,«x-NADPH is formed during an H™ T reaction. In the final step, Fld (FMNH®)
and NADPH are released.

The catalytic cycle of the non-photosystem includes the priming reaction (Figure 2B).
The catalytic cycle begins from the complex NADP*-FAD,-FMNH?® and includes the
following sequences: (6) — (7) — (8) — (9) — (4) — (5), where the catalytic cycle shuttles
among the 1-3-2-1 electron reduced states. The two electrons from steps 5 and 9 are
transferred to the metabolic redox pathways. This overall catalytic cycle is very similar to
that of cyt P450 reductase (see Figure 3), where the diflavin radical intermediate, FADH®-
FMNH?, is formed through the catalytic cycle (step 9).

Recently, Utschig et al. [52] proposed a new approach for the electron transfer from
photosystem I to Fd I/Fld in which Fd I and Fld are covalently bound by a ruthenium
photosensitizer (RuPS) instead of photosystem I. The RuPS is activated by light, whereby
an electron is transferred from activated RuPS*: RuPS*-Fd I — FNR and RuPS*-Fld —
FNR, respectively. In these cases, an electron transfer occurs within the Fd I/Fld and FNR
complexes. In both cases, FNR semiquinone intermediates are observed using electron-spin
resonance. In the final step, oxidized NADP* accepts hydride from FADH™. This report
suggests that photosystem I could sequentially donate one electron to the oxidized Fd
I/Fld-oxidized FNR complexes. The electron transfer mechanisms are different from those
of Figures 1A and 2A, but this new approach could provide an excellent model system for
photosystem L
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NADPH
cyt P450R(FAD,,-FMN,,) (L—NADPH-FADOX-FMNOX HT
1) 2)
NADP*-FADH -FMNox
e” 3) |[PC1e T

open form
NADP*-FADH"-FMNH" _ NADP"- FADHFMNH’

)
1e-T@. mlm) PCle T

NADP* FADH-FMNH® NADP*-FADox-FMNH"™
< 1-3-2-1 electron cycle > (5) A_OPen form
H’T@ AT

(6)
NADPH- FADox-FMNH® N NADP*-FADqx -FMNH’
NADPY NADPH

priming reaction

Overall reaction: NADPH— 2¢ (from steps (5) and (9)) + NADP* + H*

closed form

cyt P450R —

ER membrane ]

open form

cyt P450

Figure 3. Proposed catalytic cycle of the eukaryotic-membrane-bound cyt P450 reductase-cyt P450
system. In this figure, the overall reaction is based on the catalytic cycle. Note that cyt P450R indicates
cyt P450 reductase. H™ T, hydride transfer; 1e~T, one-electron transfer; PCle™ T, proton-coupled
one-electron transfer.

4. Structure and Properties of Diflavin Reductase Family

The electron transfer cascade catalyzed by FNR is arranged as presented in Scheme 2.
FNR selects a one-electron carrier as a partner of electron transfer systems in which
three components, iron sulfur protein ferredoxin, FMN-containing flavodoxin and heme-
containing cytochromes, function as a one-electron carrier. Thus, at least three different
electron transfer systems might be diversified during the processes of evolution.

one-electron carriers

o6 e sqttJentia[\I 1e”
H'T ferredoxin(2Fe-2S) ranster
NAD(P)H — FNR(FAD)—-—( flavodoxin (FMN)
(i) (i) cytochrome (heme)

— electron acceptors

(iii)

Scheme 2. The roles of FNR (FAD) and one-electron carriers in the NAD(P)H-dependent electron
transfer systems.

The eukaryotic FAD- and FMN-containing diflavin reductase family members are
fusion enzymes in which the structure of the FAD/NADPH-binding C-terminal domain
is structurally homologous to that of plant FNR, while the FMN-binding N-terminal
domain is similar to that of bacterial FMN-containing flavodoxin (Fld). Furthermore, cyt
P450 reductase [40,53], methionine synthase (MS) reductase (MS reductase) [54,55], novel
reductase 1 (NR1) [56], sulfite reductase (SiR) [57] and P450BM3 [58] are members of the
diflavin oxidoreductase family, where the distinct FAD and FMN domains are connected
by an additional connecting domain (CD) and flexible hinge (H) [59].

The catalytic cycle of cyt P450 reductase as a prototypic member of the diflavin
reductase family is very similar to that of the catalytic cycle of the non-photosystem FNR-
Fld system (Figure 3). The catalytic cycle of the membrane-bound type is closely related to
that presented in Figure 2B. However, the intermolecular electron transfer between FAD
and FMN occurs in the closed form, while its open form donates electrons to cyt P450s in a
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stepwise manner [12]. On one hand, cyt P450 catalyzes the consumption of one molecule
of oxygen/molecule of substrate (RH); one atom of this oxygen molecule inserts into the
product (ROH), and the other undergoes two equivalents of reduction: RH + 2e™ + O,
+ 2H* — ROH + H,O. On the other hand, methionine synthase (MS) reductase [55] and
novel reductase 1 (NR1) [56] are soluble forms that lack the N-terminal anchors domain.
For these enzymes, the catalytic cycle is similar to that of the membrane-bound form [14].

In contrast, the reductase domain of NOS isoforms contains additional regulatory
elements within the C-terminal reductase domain that control the electron transfer through
Ca2+—dependent calmodulin (CaM) binding [12,14,60]. The mechanism of FAD reduction by
NADPH is closely related to that of mammalian cyt P450 reductase. However, the neuronal
(nNOS) and endotherial (eNOS) isoforms are activated by Ca%t/CaM binding [60]. On the
other hand, the inducible (iNOS) isoform tightly binds Ca?*/CaM, and iNOS activity is
independent of intracellular Ca?* concentrations. Thus, the iNOS isoform is likely to have
functions and mechanism similar to those of cyt 450 reductase [60].

5. Catalytic Cycle of Cyt bs Reductase

Mammalian NADH-cytochrome b5 reductase (cyt bs reductase) is an FAD-containing
flavoprotein that donates electrons to cytochrome b5 (cyt bs), and reduced cyt bs donates
electrons to terminal desaturases [14]. The three-dimensional structure of the protein reveals
two distinct FAD and NADH domains [61]. The overall structure is highly conserved with
respect to that of bacterial flavodoxin reductase (FIdR) [13]. However, the Ser-Glu/Asp
pair conserved in the plant FNR family is not involved in the function of this enzyme [13],
thus indicating that cyt b5 reductase is not a functional member of the FNR family, despite
the knowledge that this enzyme is a structural member of FNR. Additionally, the N5
atom of the isoalloxazine ring of FAD is stabilized via hydrogen bonding with Tyr65 and
Thr66, which leads to the highly conserved His49 (FAD-N5 - Tyr65/Thr66 -+ His49 - cyt
bs) that is located near the cyt bs-binding site [61]. Additionally, cyt bs reductase-cyt bs
complexes are stabilized by the formation of salt bridges, whereas a ~30 mV negative shift
of cyt bs reductase redox potential via the binding of cyt b5 is observed [62]. However,
the reduced and semiquinone states of FAD are stabilized by the binding of NAD™* [63],
while Gutiérrez-Merino et al. [64] reported that the distance between the iron heme group
of cyt bs and highly conserved His is 12.4 A based on a docking model (see Figure 3b of
Reference [64]).

The catalytic cycle of cyt bs reductase is significantly different from that of FNR
(Figure 4). In the first step, FAD accepts a hydride from NADH with the concomitant
production of a long-wavelength-absorbing NAD"-reduced FAD charge-transfer complex
(NAD*-FADH ™), and it is oxidized through semiquinone intermediates by cyt b5 in two
one-electron transfer steps. The neutral semiquinone (FADH?®) resulting from the first
step is then rapidly deprotonated: FADH®* — FAD®*~ + H* (Figure 4) [65]. When the
oxidized enzyme is mixed with equimolar NADH plus cyt b5 in the electron-spin-resonance-
equipped stopped-flow apparatus, NAD"-FAD*~ is observed: cyt b5 reductase (FADx) +
cyt bs3* + NADH — cyt bs reductase (NAD*-FAD® ") + cyt bs?* + H* [63]. On the other
hand, Kimura et al. [65] constructed a Thr66Val mutant in which the hydroxyl group of
Thr66 was replaced with a methyl group. This mutant enzyme stabilized the neutral
semiquinone form FADH?®, and its activities for ferricyanide and cyt bs were approximately
9% and 4% of that of the wild type, respectively. This suggests that the anionic form of FAD
semiquinone is more active than the neutral form. However, in addition to the broad band
at 500-700 nm, its neutral semiquinone form exhibits an additional peak at ~520 nm, that is
also observed in the neutral semiquinones of the FNR [28,45] and NOS isoforms [66,67].
Thus, the Thr66Val mutants may exhibit a reaction mechanism similar to that of FNR (see
Figure 1B).
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Overall reaction: NADH + 2cyt bS* —« NAD* + 2 cyt b2t + HY

Figure 4. Proposed catalytic cycle of NADH-cyt b5 reductase. Note that cytbsR (FAD,y) indicates
oxidized cyt bs reductase.

Cyt bs reductase, cyt bs and cyt P450 reductase are present in higher plants [68,69].
Plant cyt P450 reductase and mammalian cyt P450 reductase can donate an electron to cyt
bs [53,68], while a novel mammalian 58 kDa flavoheme protein (NADH-cyt bs oxidoreduc-
tase; Ncb5or) is a fusion enzyme that contains the cyt bs-like domain at the N-terminus and
the cyt b5 reductase-like domain at the C-terminus [70], which are connected by a hinge
region.

The soluble cyt bs reductase-cyt bs pair donates electrons to hemoglobin and myo-
globin [71,72], while the mammalian cyt b5 reductase-cyt b5 electron transfer system donates
an electron to cytoglobin (Cygb) [73]. The redox potential of Cygb (—37 mV) is more nega-
tive than that of hemoglobin (+77 mV) [74], suggesting that an oxygenated Cygb (Fe?*-O,)
is more unstable than hemoglobin. Thus, oxygenated Cytg (Fe>*-O, = Fe®*-0,°~) reacts
with the *NO radical, resulting in the nitrate ion (NO3 ) via an intermediate, Fe3*-OONO~
(Fe’"-0,°~ + *NO — Fe3*-OONO™). This mammalian nitrate ion formation system pro-
vides a pathway to regulate NO concentrations in response to oxygen tension [75].

The bacterial flavohemoglobin (flavoHb) system regulates NO concentrations. The
structure exhibits two domains, of which a heme-binding module belongs to the globin
family, and an FAD domain shares the FNR-like module. Thus, this enzyme is a fusion
enzyme derived from FNR and bacterial hemoglobin [76]. The redox potentials of FAD
and heme are ~—150 mV and ~—120 mV, respectively [77]. This value of heme iron is more
negative than that of Cygb. As shown in Figure 5, the oxygenated forms are formed in two
steps of the catalytic cycle (steps 4 and 8) [78,79]. The equilibrium between Fe?*-O, =
Fe®*-0,°~ depends on the right-hand side depending on the negative shift in the redox
potentials. It is likely that the Fe**-O,*~ state reacts with the *®NO molecule as described in
Cytg. In steps 6 and 10, the nitrate ion, NO3 ™, is formed via an intermediate, Fe>*-OONO~.
In addition, the amino acid sequence exhibits the conserved Ser and Glu/Asp pair that is
found in ENR, cyt P450 reductase and NOS isoforms.

NAD(P)H oo
Flavobe(FADmfFe“)%T NAD(P)H-FADo,-Fé " ———~ NAD(P)"-FADH-Fe**

3 ( -
NO: )/(;O) 3 1e-T

FADﬂx'F‘iOONO_ NAD(P)" -FADH"-F&**
(9 hNO @) |0
FAD,-Fe**-03~ NAD(P)-FADH'-Fe®X 0, == NAD(P)*-FADH"-F& -0}~
N AD(P)*k% PCle T © 5) /—‘No
(7)
24 4 .34 + o = 34 _
NAD(P)*-FAD,, -Fé ~7~ NAD(P)-FADH"Fe"™" + — NAD(P)*-FADH"-Fe**-OONO
HY NO;

Overall reaction: NAD(P)H + 20, + 2NO — NAD(PJ + 2NO; +H*
Figure 5. Proposed catalytic cycle for flavohemoglobin.

Another interesting example is the membrane-bound NADPH-oxidase (NOX) [80],
in which two electrons are transferred from NADPH to molecular oxygen, resulting in a
superoxide anion, O,°~ (Figure 6). The mammalian NOX family includes several isoforms,
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NOX1-5 and Duoxl 1-2, which are regulated via protein—protein interactions. Recently,
Magnani et al. [81] reported the crystal structure of the catalytic FNR-like FAD- and heme-
binding domains of Cylindrospermum stagnale NOX5, which share six heme-containing
transmembrane helical domains and a C-terminal cytosolic FAD-containing dehydrogenase
domain (DH) core, as compared with the mammalian NOX family. In addition, the structure
supports a linear ET sequence from NADPH to oxygen as shown in Figure 6. The FNR-like
FAD domain acts as a converter from the two-electron donor NADPH to one-electron
acceptor hemej, as the dimethylbenzene edge of FAD can interact with the propionate
chains of heme;. A distance of 19.8 A separates the metal centers of the two heme groups of
the transmembrane, and the distance between two heme edges is 6.4 A, indicating electron
tunneling, and Trp378 could mediate the electron transfer between two hemes as a radical
intermediate (Trp®~). A cavity with groups putatively interacting with dioxygen was also
proposed (see Figure 6 of Reference [81]), in which oxygen directly accepts an electron from
the heme; edge. This model supports the outer-sphere mechanism proposed by Isogai
etal. [82].

Membran
Intracelluar embra ec Extracelluar
19.8 A O,
2e7/1e” 1e-

NADPH — FAD— Heme{—Heme,| 1&~
-265mV -225mV
— 304 mV(ox/sq) O,
—256 mV(sq/red)

Figure 6. Membrane-bound NADPH-oxidase.

6. Single-Electron Reduction of Quinone Compounds

In addition to physiological acceptors, FNR catalyzes the single-electron reduction of
exogenous quinone compounds (Figure 7). Iyanagi and Yamazaki [16] demonstrated that
plant LENR catalyzes the one-electron reduction of quinones. This reaction is treated as an
“outer-sphere electron transfer” model [18]. The conserved Ser80-Glu301 pair that stabilizes
the neutral FAD semiquinone presents in the FAD binding site. Thus, the mutation of
Glu301Ala causes significant one-electron redox potentials and the destabilization of neutral
FAD semiquinone as compared with the wild-type enzyme [31]. It is likely that quinones
interact with Tyr303 through hydrogen bonding and accept electrons directly from the
isoalloxazine ring of FAD. Cenas and coworkers [19] reported that Anabaena PCC7119
FAD-containing FNR catalyzes the one-electron reduction of quinones. This reaction is
modulated by the stability of diradical intermediates, such as FADH®*~---Q°®~, where the
multi-step (e, H*, e”) model is proposed for the two-electron reduction of quinones. In
the wild-type enzymes, the one-electron reduction potentials of FAD are —280 mV for
Eon/sq and —312mV for Eqy/req, and the value of Eyy /5q is higher than that of Egg/req [31]-
Thus, a one-electron transfer reaction is a major process.

One-electron transfer: NAD(P)H +2Q — NAD(P)" +2Q"" + H*
PC1eT

Wild enzyme FAD, 7— FADH-Q 4

Q H Q
NAD(P)H

-r Q' (stzmy)  1eT (-280my)

H - V)
NAD(P)H - FAD o —NAD(P)-FADH FADH=-Q — FADHQ
4 (-210mV) (-299 mv)

NAD(P)
Mutant enzyme 1T

Glu301Ala QH FADox--QH™

Sequential one-electron transfer : NAD(P)H +Q — NAD(P)"+ QH"

Figure 7. Proposed catalytic cycle of wild and mutant FNR Glu301Ala.
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The rate constants for electron transfer from flavin to a series of quinones derivatives
that have different one-electron reduction potentials were studied by Cenas and cowork-
ers [19]. The log kcat/Km Vvs. one-electron reduction potentials of quinones by FNR exhibit
scattered parabolic dependences on Ep/sq (E}), and the data indicate an “outer-sphere”
electron transfer model, as expected according to the Marcus theory [83]. In contrast, the
redox potentials of mutant enzyme Glu301Ala are —299 mV for E,/5q and —210 mV for
Esq/red [31]. This reverse shift in the one-electron potentials modulates the rate constants for
the initial one-electron transfer (FADH™ + Q — FADH® + Q°®~) and the second one-electron
transfer (FADH™ + Q°*~ — FAD + QH™). The percentage of the one-electron flux in the
quinone (Q) reduction by the mutant enzyme is approximately 50%. In the wild enzyme,
Q*~ is rapidly removed from the FADH®---Q®~ radical pair, while in the mutant enzyme,
quinone reduction includes ~50% of two sequential one-electron reductions, thus resulting
in QH™, as shown in Figure 7. In addition to Anabaena, Ferredoxin: NADP+ oxidoreductase
in Plasmodium falciparum catalyzes the typical one-electron reduction of quinones [84].

In addition to FNR, enzymes such as cyt P450 reductase (FAD-FMN) [15,17,18,85,86]
and the reductase domain (FAD-FMN) of NOS isoforms catalyze the one-electron reduction
of quinones [18,67,86-90]. In these enzymes, quinone compounds can mainly accept an
electron from a low-potential FAD (Table 1). However, menadione (=200 mV for E, /sq)
can accept an electron from the two flavins in the cyt P450 reductase and inducible NOS
reductase domain [86]. Thus, it is likely that quinone compounds can interact with aromatic
amino acids, where the isoalloxazine ring of the FMIN domain is surrounded by Tyr178 and
Tyr140 for rat cyt P450 reductase, and Tyr889 and Phe809 for rat neuronal NOS. Quinone
compounds can make a weak hydrogen bond (Tyr-OH---O=Q) with Tyr 178 between Tyr-
OH and one of the quinone oxygens (rat cyt P450 reductase) and Tyr 889 (rat neuronal
NOS), where the quinone compounds directly accept one electron from the isoalloxazine
ring of FMN, resulting in a quinone radical. Thus, FMN can share high activity for quinone
compounds as a one-electron acceptor/donor. In the NOS isoforms, the one-electron
reduction of quinones is activated via CaM binding [87,88]. In particular, the CaM-bound
iNOS reductase domain shares a mechanism similar to that of cyt P450 reductase [86],
while cyt ¢ accepts electrons from the FMN site of both enzymes, indicating the substrate
specificity for protein—protein interactions.

The redox properties of FAD-containing cyt bs reductase are significantly different
from those of plant FNR. As shown in Figure 4, this enzyme donates one electron to
quinones via anionic FAD semiquinone (FADH™ — FAD®*™ — FAD). This enzyme directly
donates an electron to quinones including menadione (2-Methyl-1,4-naphthoquinone) [91],
but an electron transfer is more effective in the presence of cyt bs: NADH — cyt b5 reductase
— cyt b5 — Menadione [92]. In addition, the ascorbate free radical (Asc®™) is specifically
reduced by this enzyme: Asc®*™ + e~ + H" — HAsc™ [15].

7. Antioxidant Enzymes: NAD(P)H-Quinone-Oxidoreductase (NQO1)

Cytosolic FAD-containing NAD(P)H-quinone oxidoreductase (NQO1), also known
as DT-diaphorase, catalyzes the obligatory two-electron reduction of quinones including
benzoquinone and naphthoquinone [16-18,20,93]. This enzyme also catalyzes the reduction
of nitroaromatic compounds [94], but its activity is very low, suggesting that the latter
substrates are not fitted in an optimal position to receive a hydride from reduced FAD.
The most striking feature of NQOL is its common flavodoxin-like topology within the
catalytic domain (residues 1-220) [95]. Nevertheless, the amino acid sequence similar-
ities are lower, thus indicating convergent evolution at the catalytic site [96]. Quinone
derivatives are converted to the hydroquinone form via the direct hydride transfer from
the reduced FAD of the active site, where the NAD(P)H and quinone binding share the
same site. Thus, the reaction proceeds in two direct hydride transfer steps as a “ping
pong” mechanism (Figure 8). The His161 and Tyr155 residues participate in the catalytic
cycle, where both residues are arranged in an optimal position to receive a hydride from
NAD(P)H to oxidize FAD, and from the reduced FAD to substrate quinones. On the other
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hand, Mendoza et al. [97] reported that a strong correlation is found between log (kcat/Km)
and molecular-docking-derived hydride donor—acceptor distance, as expected from the
Marcus theory [83]. Recently, Anoz-Carbonell et al. [98] suggested that two active sites
in the dimer catalyze two-electron reactions at different rates, indicating the existence of
strong allosteric communication between the active sites during the catalytic cycle, while
the hydride transfer activities of quinone compounds depend upon the free energy ex-
change between the FAD/FADH™ couple (E;m = —159 mV) and the Q/QH™ (Ep,) couple of
quinones [99].

NAD(P)H

NQO1(FADr) ~— NQO1(FADox)-NADPH —
R @\H T

NQO1(FADH")-NAD(P)*

5 - -
(5) 0-2(step 2)-2(step 4) electron cyC’e"(% NADP*
Q

4
NQO1(FAD,,)-QH™ @ NQO1(FADH™)-Q

Overall reaction: NAD(P)H + Q — QH ™+ NAD(P)*

Figure 8. Proposed catalytic cycle of NQO1.

Massey and co-workers [100,101] tested a detail mechanism of the two-electron trans-
fer in which they used the ferricyanide [Fe (CN )6]>~ that functioned as an obligatory
one-electron acceptor. The flavin semiquinone intermediate could be observed during
the sequential one-electron transfer (FADH™ — FAD®*~ — FAD), where the one-electron
reduction potentials of the FAD/FAD®*™ and the FAD*~ /FADH™ couples were —0.200 V
and —0.118 V, respectively. The rate constant of the second step was much faster than
that of the first step, thus suggesting that a semiquinone intermediate was not observed.
Although the rate constant for ferricyanide is very small, its reactivity with ferricyanide
suggests a sequential one-electron transfer mechanism. On the other hand, for the direct
hydride transfer, they used a reconstituted 5-deaza-flavin-containing enzyme that could
only catalyze two-electron transfers. This enzyme exhibited a specific activity of approxi-
mately 5% for quinone reductase activity compared with that of the native enzyme, and it
exhibited no activity for ferricyanide. Thus, they confirmed that NQO1 is an obligatory
two-electron transfer enzyme (see Figure 8). NQOL1 is also present in plants [102] and bacte-
ria [103]. Recently, a new class of quinone reductases (PA1024) from bacterial genes was
demonstrated to catalyze a hydride transfer from NAD(P)H to quinone compounds [104].
The overall sequence similarity was only 19% when compared with NQO1, but the overall
structure exhibited significant structural similarity to the mammalian NQOL1.

The physiological role of NQOT1 is not known in detail, but this enzyme could function
as an antioxidant for the reactive quinone radical. Ross and Siegel proposed that NQO1
could be modulated by changes in the pyridine nucleotide redox balance, suggesting that
NQOI1 functions as a redox-dependent molecular switch [105]. In addition, two-electron-
reduced quinone compounds are conjugated by phase II drug metabolizing enzymes,
including UDP-glucuronosyltransferases (UGTs) and sulfotransferases (SULTs) [21]. UGTs
catalyze the glucuronidation of fully reduced quinone compounds, where UDP-glucuronic
acid (UDP-GIcUA) is the GIcUA donor: UDP-GIcUA + Q-OH — UDP + Q-O-GIcUA +
H*. On the other hand, sulfotransferases (SULTs) catalyze the sulfation of fully reduced
quinone compounds, where sulfate 3’-phosphoadenosine-5'-phosphosulfate (PAPS) is the
sulfate donor: PSPS + Q-OH — 3’-phosphoadenosine-5'-phosphate + Q-O-SO3~. Thus,
NQO1 and UGT/SULT pairs could function as potential antioxidant enzyme systems.
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8. Evolutionary Aspects of FNR-Containing NAD(P)H-Dependent Enzymes

NAD(P)H-dependent electron transfer systems containing FNR module and electron
carrier proteins such as a ferredoxin (Fd) and flavodxin (Fld) are a product derived from
the dynamic domain shuffling, mixing and recombination of genes (Scheme 2). The
diversity of prokaryote—eukaryote redox enzymes such as cyt P450 reductase and nitric
oxide synthase include plant FNR- and bacterial Fld-like domains that have formed through
the processes of evolution (see Refs. [12,14] and Figures 9 and 10). In addition to the
traditional evolutionary approaches, this review also discusses the perspective of functional
approaches.

Fusion
insersion of

CD/H Hinge

FNR Fid cyt P450 reductase

Figure 9. Evolutionary origin of the cyt P450 reductase: (left) plant FNR and bacterial Fld redox
complex and (right) cyt P450 reductase. CD/H indicates the connecting domain (CD) and the hinge
(H) [12,14].

Bacteria
NOS heme
Bacteria Bacteria ancestral gene Plant Plant a,fésé?rgf 5?3?.9
.
FIGR(FAD) ~ Fid (FMN) nsettionof | AP Fd(2Fe-25) lacquisition. of
(RIK)C(IV)G TM domain
FIAR(FAD) -+« Fid (FMN) [ IF
lfusion HGT FNR-«-Fd .
FIdR-Fid Fd is replaced
mnct | TR e
) fusion duplication
Bcteria Plant HGT? divergence
) Gene transfer FNR-Fid
sFIdR-FId  SFNR-Fld from plant to bacteria ‘ igsD?mg" of
2 H domain electron
/ / \ fusion GT? transfer
? SiRFP  NOS ancestral gene -‘%E%]- acqusition of -I_—_[]:I- -ll:l_
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Figure 10. Evolutionary model of the formation of the diflavin reductase family. All domains are
arranged in order of the C-terminus (left) to the N-terminus (right), and the FNR (FAD) domain is
positioned on the left. FNR-Fd indicates a fusion gene composed of FNR and Fld. sFNR-Fld indicates
soluble ancestral FNR-Fld reductase. mP450R, membrane-bound cyt P450 reductase; FIdR, flavodoxin
reductase; SiFP, bacteria sulfite reductase flavoprotein component; P450BM3, cytochrome P450BM3
from Bacillus megaterium. For cyt 450 reductase and NOS isoforms, a dot indicates the conserved
proximal cysteine residue, where the heme domains for the bacterial and mammalian NOS isoforms
share a sequence motif, (R/K) C (I/V) G in the conserved proximal cysteine residues, which is found
in cyt P450 gene family 1 [14]. The CD/H indicates the connecting (C) and hinge (H) domains (gray).
TM indicates the membrane-binding domain. The electron transfer occurs from the electron donor
NAD(P)H to the final electron acceptor heme iron: NAD(P)H — FAD — FMN/or [2Fe-2S] — Heme
iron. HGT (red) indicates the transfer of the bacterial Fld gene to plant cells. HGT? (red) indicates the
transfer of the plant FNR-Fld or sFNR-Fld gene to bacterial cells. Thus, the FAD-FMN module of
bacterial SiR and P450BM3, mammalian cyt P450 reductase and NOS isoforms are derived from plant
FNR-Fld or sFNR-FId as a precursor gene [14,21].
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The bacterial Fld reductase (FIdR)-Fld and plant FNR-Fld redox pair systems con-
tributed to the evolution of the diflavin cyt P450 reductase and nitric oxide synthase family
(Figures 9 and 10). Therefore, it is a highly interesting aspect that NAD(P)H-dependent
electron transfer systems select a one-electron carrier (Scheme 2). The gene transfer be-
tween plants and bacteria could create new NAD(P)H-dependent electron transfer systems
through evolutionary processes. Fd [2Fe-25] could be replaced with Fld (FMN) despite their
different structure, because Fd and Fld share a common function as a one-electron carrier.
It is likely that the bacterial FIdR-FId and plant FNR-FId redox pairs are the ancestral
components of FAD and FMN containing NAD(P)H-dependent ET systems. These systems
are arranged as presented in Scheme 2, where at least three NAD(P)H-dependent electron
transfer systems might be formed. As an ancestral gene, a gene interaction between plant
FNR-Fld and bacterial FIdR-Fld redox pairs is a key point in this review, and the possible
mechanisms are discussed [12,14,21].

Bacterial FMN-containing Fld is not present in the plant genome [106]. Thus, a plant
acquires the Fld gene via horizontal gene transfer (HGT) events from bacteria (see Figure 10).
Pierella Karlusich et al. [107] proposed that environmental selection pressures related to
iron utilization are involved in the loss of the Fld gene from the plant genome; thus, it
is possible that plant cyt P450 reductase derived from the fusion of the plant FNR and
bacterial Fld genes (Figures 9 and 10). In the addition to plant and mammalian cyt P450
reductases, the related enzymes are present in bacteria, including sulfite reductase (SiR) [57]
and P450BM3 [58]. It is also possible that bacterial diflavin reductases are derived from
the gene fusion between bacterial FIdR and Fld within bacterial cells. The flavoprotein
component (SiR-FP) of bacterial sulfite reductase (SiR) [108,109] and the diflavin module of
bacterial P450BM3 [58] are members of the bacterial diflavin reductase family. However,
bacterial FIdR possesses only 17% identity with plant FNR [13], while the NADPH/FAD
domain of bacterial SiR-FP possesses a high sequence identity (~40%) with human cyt
P450 reductase [109]. Taken together, plant cyt P450 reductase exhibits a high sequence
homology of ~38% amino acid sequence identity with mammalian cyt P450 reductase [110].
These reports suggest that the FAD-FMN modules of SiR-FP and P450BM3 are very closely
related to the plant and mammalian diflavin electron transfer systems. Thus, bacterial
SiR-FP and the diflavin module of bacterial P450BM3 might have derived from the plant
ancestral genes, for which the possibilities of HGT from plants to bacteria are proposed (see
Figure 10). It is likely that bacterial NADPH-dependent diflavin modules can be formed,
in which bacteria can acquire ancestral plant genes. However, this raises the question of
whether the bacterial and plant diflavin domains have independently evolved or not, but
it is possible that both gene products function to overlap. On the basis of the amino acid
identity, it is most likely that bacterial SiR-FP and the diflavin module of bacterial P450BM3
might have derived from plant ancestral genes, FNR-FId or sFNR-FId (Figure 10). The
expression of plant ancestral genes in bacterial cells might be more favored than that of
bacterial ancestral genes FIAR-FId /sFNR-Fld, suggesting three consecutive interdomain
transfer events: Bacteria — Eukarya — Bacteria — Archaea [107]. Currently, direct evidence
of the gene products derived from bacterial FIdR and bacterial Fld has not been reported.

As presented in Figures 9 and 10, the structure and function of FNR and the FAD
domain of diflavin reductase are evolutionarily related. The overall structure of FNR is
highly similar to that of the FAD domains of cyt P450 reductase [111] and nNOS [112],
while the structure of the FMN domain is similar to that of Fld. Taken together, the
FAD binding sites of these enzymes share a similar geometry, where the N5 atom of
the isoalloxazine ring of FNR(FAD) forms a hydrogen bond with the hydroxyl group of
Ser96, which forms hydrogen bonds with Glu302. Based on these structural geometries,
Dumit et al. [30] proposed that a proton is transferred from Glu312 via Ser96 to the N5
atom of the deprotonated semiquinone form FAD®*™ of the flavin, thus making a rapid
protonation of the isoalloxazine ring of FAD (FAD®*~ + H* — FADH?®) possible, whereby
the neutral semiquinone of FAD (FADH?®) is stabilized. As described above, it is likely that
the Glu301Ala mutant affects the redox properties [31]. The FAD ring of cyt P450 reductase
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shares the Ser457-Asp675 pair [111], and the Ser1176-Asp1393 pair is also conserved in the
nNOS isoforms [112]. These Ser-Glu/ Asp pairs are also conserved in bacterial FIdR [13],
bacterial P450BM3 [58] and bacterial SiR-FP [109]. As a common mechanism, these pairs
participate in the stability of the neutral semiquinone forms. On the other hand, the N5 atom
of the isoalloxazine ring of FMIN within the Fld and Fld-like domains forms a hydrogen
bond with the peptide carbonyl of conserved Gly residues, where the neutral semiquinone
form is stabilized [36,113]. Thus, the one-electron redox potentials of the fully reduced
semiquinone couple, Egq/red, are more negative than the oxidized semiquinone couple,
Eon/sq [36]; the fully reduced semiquinone couple Egq/req functions as a one-electron carrier.

In addition to the above discussion, the differences in redox potentials might be re-
flected in evolution. The values of Eyp,/sq and Egq/req of FAD of bacterial Fld reductase [114]
and bacterial Sir-FP [108] satisfy Esq/red > Eox/sq, While the one-electron redox potentials of
plant FNR satisty Egq/req > Eox/sq, but their values are converted to Eox/sq > Esq/red in the
presence of NADP™ (Table 1). In other diflavin reductases, the one-electron redox poten-
tials satisfy Eox/sq > Esq/red, including plant and mammalian cyt P450 reductases [48,115],
methionine synthase reductase [115] and NOS isoforms [116], while the one-electron redox
potentials of bacterial and eukaryote Fld-like modules satisfy Eox/sq > Esq/red-

Bacterial P450BM3 is a unique fusion enzyme derived from the FAD-FMN reductase
domain and cyt P450, where the diflavin reductase is fused to the carboxyl terminus
of cyt P450. This reductase domain is structurally analogous to mammalian cyt P450
reductase [117]. The active form of this enzyme is a dimer [118,119]. The FAD-FMN
domain of P450BM3 belongs to the cyt P450 reductase family; however, the conserved
Gly that forms a hydrogen bond with the N5 atom of the FMN domain is absent [113],
and its FMN semiquinone is present in the anionic form, FMN®*~. The values of the
one-electron redox potentials, Eqy/seq and Esq/red, of FMN are —240 mV and —160 mV,
respectively [120]. Both the fully reduced and semiquinone forms donate an electron to the
cyt P450 heme domain. Thus, the catalytic cycle is 0-2-1-0, where the resting state of the
enzyme is the fully oxidized form [121]. However, the addition of Gly in the absent position
causes a conversion of the one-electron redox potential, and the values of the Egy/seq and
Esq/red of FMN are —198 mV and —245 mV, respectively [122]. This behavior enables
two sequential one-electron transfers from both the fully reduced FMN and anionic FMN
forms to substrate-bound cyt P450 [14], while the FMN semiquinone of archaea Fld is in an
anionic form. Prakash et al. [123] suggested that archaea F1d is capable of replacing Fd and
possesses the potential advantage of sparing iron for abundant iron-sulfur proteins that are
essential for growth, thus allowing greater resilience to oxidative damage to be obtained.
Taken together, this report leads to the new question of why archaea more advanced than
bacteria select the anionic FMN semiquinone. In the case of P450BM3, the anionic FMN
semiquinone is needed to gain high energy [21], while mammalian cyt P450 reductase and
NOS isoforms select the neutral FMN semiquinone, which is not necessarily the case. Taken
together, these observations suggest that the electron transfer rate is regulated by the FMN
semiquinone states.

The next question regards how P450BM3 has acquired the reductase domain, where
this gene might have derived from a fusion domain between FIdR and Fld in bacteria.
However, the amino acid sequence homologies clearly reveal that the FAD and FMN
proteins are closely related to the FAD-FMN domain of plant and mammalian cyt P450
reductases [109,110,117], while the bacterial cyt P450 electron transfer system selects a
non-heme iron as a one-electron carrier: NADH — (FAD) — putidaredoxin [2Fe-25] — cyt
P450cam [124,125]. The bacterial cyt P450cin electron transfer system is a three-component
system: NADPH — cindoxin reductase (FAD) — cindoxin (FMN) — cyt P450cin [126,127];
this system selects a flavodoxin-like FMN protein as a one-electron carrier. The cindoxin
reductase displays strong similarity to NADPH-dependent ferredoxin reductases, and
cindoxin reductase is replaced by Escherichia coli flavodoxin reductase. Klenk et al. [128]
reported two novel cyt P450s in Arthrobacter sp., and they proposed the potential cluster
in the genome including two cyt P450s and electron partners flavodoxin and flavodoxin
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reductase. Thus, the gene organization of bacterial P450BM3 might be a special case. As
mentioned above, the cyt P450 reductase-like domain of P450BM3 might have derived from
plants via HGT (see Figure 10), although the detailed evolutionary background remains
unknown.

In addition to the above discussion, mammalian cyt P450-containing electron transfer
systems are divided into two types. The mitochondrial system has three components:
NADPH — adrenodoxin reductase (FAD) — adrenodoxin [2Fe-2S] — cyt P450, while the
microsomal system has two components: NADPH — cyt P450 reductase (FAD-FMN) — cyt
P450. FAD-containing adrenodoxin reductase belongs to the glutathione reductase family,
while the FAD module of cyt P450 reductase belongs to the FNR family. The mitochondrial
system might have derived from bacteria via endosymbiosis, while the microsomal electron
transfer system derived from a fusion between FNR (FAD) and flavodoxin (FMN) [14,21].
However, both electron transfer systems have also evolved synergistically for the biosyn-
thesis of endobiotics, such as steroid hormones and vitamin D [21].

Recently, Zhang et al. [129] reported a new type cyt P4507T electron transfer system
in T. thermophilus that consists of three domains in the N-to-C-terminal order: N-cytP450-
FMN domain-ferredoxin [2Fe2S]-C. The structures of the FMN domain and ferredoxin
bear structures similar to those of plant FNR/phthalate dioxygenase reductase and plant
Fd, respectively. The electron transfer is NAD(P)H — FMN — ferredoxin [2Fe-25] — cyt
P4501t [130]. However, Yamamoto et al. [131] reported a new cyt P450 electron transfer
system that functions in the initial hydroxylation of the cyclohexanecarboxylate degradation
pathway. This unique single electron transfer system is N-terminal ferredoxin-[2Fe-2S]
domain- FAD-containing FAD domain-FCD like domain-C-terminal cyt P450 domain and
is involved in Paraburkholderia terrae strain KU-64. They suggested that the electron transfer
components of ferredoxin and the FAD domain are similar to those of bacterial biphenyl
dioxygenase.

Additionally, it is interesting that sulfite reductase (SiR) systems are present in both
the bacteria and plants [132,133]. The reductase domain (SiRFP) of SiR involves a cyt P450
reductase-like diflavin FAD-FMN module that donates electrons to the [4Fe-4S]-heme center
in bacteria, while root-type Fd III [2Fe-25] donates electrons to the [4Fe-4S] heme center in
higher plants. Thus, tissue-specific electron transfer systems are divided in bacterial and
plant types: Bacterial type, NADPH — SiRFP (FAD-FMN) — SiRHP ([4Fe-4S]-siroheme
cluster); plant type, NADPH — RFNR(FAD) — Fd III [2Fe-2S] — [4Fe-4S]-siroheme cluster
(Figure 11).

Photosystem |
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Figure 11. Electron transfer cascades for plant sulfite reductase. Figure was adapted with permission
from Refs. [132,133] with some modifications. Copyright year 2005, Hase et al. (2005).

Both the electron transfer systems catalyze the six-electron reduction of sulfite (50327)
to sulfide (S>7): BNADPH + SO3%~ + 3H* — 3NADP* + S>~ + 3H,0. In addition to the
plant-type ET system, a plant utilizes another type of ET system: Photosystem I — Fd I
[2Fe-2S] — 4[Fe-4S]-heme center ([4Fe-4S]-HP). Despite the presence of cyt P450 reductase
as a diflavin reductase in plants, the FNR(FAD)-Fd III redox pair donates electrons to the
[4Fe-45]-siroheme center. Thus, the presence of different electron transfer systems suggests
that these electron transfer systems might have evolved independently. Recently, Tavolieri
et al. [109] reported a 30-amino acid hinge/loop in E. coli SiRFP, which is significantly
longer than the 12-amino acid linker /hinge in cyt P450 reductase [12], thus making more
flexibility of the FMIN domain possible. Based on the crystal structure and small neutron
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scattering data [134], they proposed a large rotational and translational motion of the FMN
domain, for which they proposed two electron transfer models. A single-electron transfer
model is cyt P450-like, NADPH — FAD — cis FMN — SiRHP (cis electron transfer to
SiRHP), while the second model is unique, in that it shows the intermolecular electron
transfer from the FAD domain of one monomer to the FMN domain of the other monomer:
NADPH — FAD — trans FMN — SiRHP (trans electron transfer to SiRHP). Despite the
presence of cyt P450 reductase in higher plants, diflavin-containing SiR does not function
in higher plants. It is unknown why plants select the plant-type electron transfer system
(Figure 11). However, it is likely that the plant photosystem I-linked path might be more
effective than the bacterial type, in which low-potential FdI (—401 mV) can donate electrons
to L-FNR(FAD) and the [4Fe-4S]-siroheme center.

A cyt P450-like NOS oxygenase is present in bacteria, and this electron transfer system
is composed of three redox components: NADPH — flavodoxin reductase (FAD) —
flavodoxin (FMN) — cyt P450-like oxygenase [135,136]. However, the NOS proteins are
not present in plants. Thus, the diflavin reductase domain of mammalian NOS isoforms
might have derived from the bacterial Fld reductase and bacterial Fld (see Figure 10),
where the amino acid sequence and structure of the FAD domain are highly similar to
those of the mammalian NOS isoforms [112]. The NOS isoforms involve the cyt P450
reductase-like and the cyt P450-like oxygenase domains, and both domains are connected
by a calmodulin (CaM)-binding linker region [12]. Additionally, three NOS isoforms, iNOS,
nNOS and eNOS, acquired several regulatory elements and co-factor binding sites, and
the dimer is their active form [12]. The overall rate-limiting step for NOS isoforms is
between the reductase domain and the heme center, and CaM stimulates this step [14].
In addition to these reports, an increase in flavin domain activity causes increases in NO
synthase activity [137]. Wang et al. [138] recently demonstrated that the FNR module of
NOS isoforms plays a critical role in controlling the electron transfer capacity of the FMN
module. As described in P450 BM3, it is likely that the diflavin reductase domain of the
NOS isoforms might have derived from plant ancestral genes FNR-Fld or sFNR-FId via
HGT (Figure 10). It remains unknown as to why the fusion proteins derived from bacterial
flavodoxin reductase and flavodoxin do not contribute to the formation of the diflavin
module.

In plants, the number of cyt P450 reductases includes one to three isoforms within
plant species; however, two cyt P450 reductases are predominantly expressed in plant
species. Mizutani and Ohta [139] isolated two isoforms from higher plants that exhibited
amino acid sequences and redox properties highly similar to those of mammalian cyt
P450 reductase. These enzymes can donate electrons to several hundred of plant cyt
P450s [140]. In contrast, only one gene is expressed in mammals, and it donates electrons
to ~50 microsomal cyt P450s [14,21]. Thus, mutations in cyt P450 reductase influence the
function of ~50 microsomal cyt P450s [141]. In addition to cyt P450s, cyt P450 reductase
donates an electron to heme-oxygenase [142,143], cyt b5 [40] and cyt ¢ [40], thus indicating
diverse functionalities of the electron acceptors [144].

The NOS-type electron transfer system is not present in land plants. Alternatively,
NO is produced by nitrate reductase in plants. This enzyme is a single peptide that
arises from the gene fusion of cyt b5 reductase, cyt bs and molybdopterin [145]. Nitrate
is converted via the two-electron reduction of nitrate to nitrite (NO3~ + 2e~ — NO, ™ +
H,0), thus resulting in the conversion of nitrite of nitrite to NO via one-electron reduction
(NO;™ + e — NO + HyO). Conversely, bacterial nitrate assimilation includes Fd- or Fld-
dependent nitrate reduction systems: Fd or Fld — molybdopterin [146]. Tan et al. [147]
recently reported an NADPH-dependent nitrate assimilation system that consists of a
single protein. This enzyme includes the diflavin reductase module that donates electrons
to molybdopterin: NADPH — (FAD-FMN) — MGD-Molybdopterin-[4Fe-4S]; this system
includes the conserved Ser381-Glu614 pair (see Figure S4 of Ref. [147]). The expression of
this gene is mainly limited to Actinobacteria and Proteobacteria, suggesting that this gene has
evolved more recently.
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9. Conclusions

Finally, the gene fusions between plant FNR (FAD) and bacterial Fld (FMN) have
adapted to diverse NAD(P)H-dependent electron transfer systems (Figures 9 and 10),
among which HGT is the driving force in the evolution of eukaryotic genomes [148].
Although gene transfer from plants to microorganisms is a rare event [149,150], it is one of
the possible mechanisms. Both FNR and FDA /Fld have traveled to humans from bacteria
over long periods of time [151], and their functions have been conserved. In particular, the
cyt P450 reductase-cyt P450 pair system and more organized NOS isoforms including the
CaM-binding site are the most excellent natural products [12,14]. Taken together, Figures 9
and 10 shed new light on the origin of the diflavin reductase family.

Funding: This research study received no external funding.

Acknowledgments: The author thanks Daisuke Seo (University of Kanazawa, Japan) and Narimantas
Cenas (Vilnius University, Lithuania) for critical and helpful comments. The author also thanks
Chuawu Xia and Jung-Ja Kim (Medical College of Wisconsin, USA) for the construction of Figure 9.

Conflicts of Interest: The author declares no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Shinohara, F; Kurisu, G.; Hanke, G.; Bowsher, C.; Hase, T.; Kimata-Ariga, Y. Structural basis for the isotype-specific interactions
of ferredoxin and ferredoxin: NADP* oxidoreductase: An evolutionary switch between photosynthetic and heterotrophic
assimilation. Photosynth. Res. 2017, 134, 281-289. [CrossRef] [PubMed]

Hanke, G.T.; Kurisu, G.; Kusunoki, M.; Hase, T. Fd: FNR electron transfer complexes: Evolutionary refinement of structural
interactions. Photosynth. Res. 2004, 81, 317-327. [CrossRef] [PubMed]

Ceccarelli, E.A.; Arakaki, A.K.; Cortez, N.; Carrillo, N. Functional plasticity and catalytic efficiency in plant and bacterial
ferredoxin-NADP (H) reductases. Biochim. Biophys. Acta Proteins Proteom. 2004, 1698, 155-165. [CrossRef] [PubMed]

Aliverti, A.; Pandini, V.; Pennati, A.; de Rosa, M.; Zanetti, G. Structural and functional diversity of ferredoxin-NADP™ reductases.
Arch. Biochem. Biophys. 2008, 474, 283-291. [CrossRef] [PubMed]

Karplus, P.A.; Daniels, M.]. Atomic structure of ferredoxin-NADP* reductase: Prototype for a structurally novel flavoenzyme
family. Science 1991, 251, 60-66. [CrossRef]

Sanchez-Azqueta, A.; Catalano-Dupuy, D.L.; Loépez-Rivero, A.; Tondo, M.L.; Orellano, E.G.; Ceccarelli, E.A.; Medina, M. Dynamics
of the active site architecture in plant-type ferredoxin-NADP* reductases catalytic complexes. Biochim. Biophys. Acta Bioenerg.
2014, 1837, 1730-1738. [CrossRef]

Onda, Y.; Matsumura, T.; Kimata-Ariga, Y.; Sakakibara, H.; Sugiyama, T.; Hase, T. Differential interaction of maize root ferredoxin:
NADP* oxidoreductase with photosynthetic and non-photosynthetic ferredoxin isoproteins. Plant. Physiol. 2000, 123, 1037-1046.
[CrossRef]

Tognetti, V.B.; Zurbriggen, M.D.; Morandi, E.N.; Fillat, M.E; Valle, EM. Enhanced plant tolerance to iron starvation by functional
substitution of chloroplast ferredoxin with a bacterial flavodoxin. Proc. Natl. Acad. Sci. USA 2007, 104, 11495-11500. [CrossRef]

Porter, T.D.; Kasper, C.B. NADPH-cytochrome P-450 oxidoreductase: Flavin mononucleotide and flavin adenine dinucleotide
domains evolved from different flavoproteins. Biochemistry 1986, 25, 1682-1687. [CrossRef]

Haniu, M.; Iyanagi, T.; Miller, P; Lee, T.D.; Shively, ].E. Complete amino acid sequence of NADPH-cytochrome P-450 reductase
from porcine hepatic microsomes. Biochemistry 1986, 25, 7906-7911. [CrossRef]

Bredt, D.S.; Hwang, PM.; Glatt, C.E.; Lowenstein, C.; Reed, R.R.; Snyder, S.H. Cloned and expressed nitric oxide synthase
structurally resembles cytochrome P-450 reductase. Nature 1991, 351, 714-718. [CrossRef] [PubMed]

Iyanagi, T.; Xia, C.; Kim, ].J. NADPH-cytochrome P450 oxidoreductase: Prototypic member of the diflavin reductase family. Arch.
Biochem. Biophys. 2012, 528, 72-89. [CrossRef] [PubMed]

Ingelman, M.; Bianchi, V.; Eklund, H. The three-dimensional structure of flavodoxin reductase from Escherichia coli at 1.7 A
resolution. J. Mol. Biol. 1997, 268, 147-157. [CrossRef] [PubMed]

Iyanagi, T. Molecular mechanism of metabolic NAD(P)H-dependent systems: The role of redox cofactors. Biochim. Biophys. Acta
Bioenerg. 2019, 1860, 233-258. [CrossRef]

Iyanagi, T.; Yamazaki, I. One-electron-transfer reactions in biochemical systems III. One-electron reduction of quinones by
microsomal flavin enzymes. Biochim. Biophys. Acta Bioenerg. 1969, 172, 370-381. [CrossRef]

Iyanagi, T.; Yamazaki, I. One-electron-transfer reactions in biochemical systems V. Difference in the mechanism of quinone
reduction by the NADH dehydrogenase and the NAD (P) H dehydrogenase (DT-diaphorase). Biochim. Biophys. Acta Bioenerg.
1970, 216, 282-294. [CrossRef]

Cenas, N.; Anusevicius, Z.; Bironaite, D.; Bachmanova, G.L; Archakov, A.L; Ollinger, K. The electron transfer reactions of NADPH:
Cytochrome P450 reductase with nonphysiological oxidants. Arch. Biochem. Biophys. 1994, 315, 400-406. [CrossRef]


http://doi.org/10.1007/s11120-016-0331-1
http://www.ncbi.nlm.nih.gov/pubmed/28093652
http://doi.org/10.1023/B:PRES.0000036885.01534.b8
http://www.ncbi.nlm.nih.gov/pubmed/16034535
http://doi.org/10.1016/j.bbapap.2003.12.005
http://www.ncbi.nlm.nih.gov/pubmed/15134648
http://doi.org/10.1016/j.abb.2008.02.014
http://www.ncbi.nlm.nih.gov/pubmed/18307973
http://doi.org/10.1126/science.1986412
http://doi.org/10.1016/j.bbabio.2014.06.003
http://doi.org/10.1104/pp.123.3.1037
http://doi.org/10.1073/pnas.0704553104
http://doi.org/10.1021/bi00355a036
http://doi.org/10.1021/bi00372a018
http://doi.org/10.1038/351714a0
http://www.ncbi.nlm.nih.gov/pubmed/1712077
http://doi.org/10.1016/j.abb.2012.09.002
http://www.ncbi.nlm.nih.gov/pubmed/22982532
http://doi.org/10.1006/jmbi.1997.0957
http://www.ncbi.nlm.nih.gov/pubmed/9149148
http://doi.org/10.1016/j.bbabio.2018.11.014
http://doi.org/10.1016/0005-2728(69)90133-9
http://doi.org/10.1016/0005-2728(70)90220-3
http://doi.org/10.1006/abbi.1994.1517

Antioxidants 2022, 11, 2143 20 of 25

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Cenas, N.; Anusevitius, Z.; Nivinskas, H.; Misevitiene, L.; Sarlauskas, J. Structure-Activity Relationships in Two-Electron
Reduction of Quinones. Methods Enzym. B. 2004, 382, 258-277.

Anusevitius, Z.; Misevidiene, L.; Medina, M.; Martinez-Julvez, M.; Gomez- Moreno, C.; Cenas, N. FAD semiquinone stability
regulates single-and two-electron reduction of quinones by Anabaena PCC7119 ferredoxin: NADP™* reductase and its Glu301Ala
mutant. Arch. Biochem. Biophys. 2005, 437, 144-150. [CrossRef]

Bianchet, M.A.; Faig, M.; Amzel, L.M. Structure and mechanism of NAD [P] H: Quinone acceptor oxidoreductases (NQO).
Methods Enzymol. 2004, 382, 144-174.

Iyanagi, T. Molecular mechanism of phase I and phase II drug-metabolizing enzymes: Implications for detoxification. Int. Rev.
Cytol. 2007, 260, 35-112. [PubMed]

Martinez-Julvez, M.; Medina, M.; Gomez-Moreno, C. Ferredoxin-NADP™* reductase uses the same site for the interaction with
ferredoxin and flavodoxin. . Biol. Chem. 1999, 4, 568-578.

Medina, M. Structural and mechanistic aspects of flavoproteins: Photosynthetic electron transfer from photosystem I to NADP™.
FEBS J. 2009, 276, 3942-3958. [CrossRef] [PubMed]

Kurisu, G.; Kusunoki, M.; Katoh, E.; Yamazaki, T.; Teshima, K.; Onda, Y.; Kimata-Ariga, Y.; Hase, T. Structure of the electron
transfer complex between ferredoxin and ferredoxin-NADP* reductase. Nat. Struct. Biol. 2002, 8, 117-121. [CrossRef]

Medina, M.; Abagyan, R.; Gomez-Moreno, C.; Fernandez-Recio, ]J. Docking analysis of transient complexes: Interaction of
ferredoxin-NADP* reductase with ferredoxin and flavodoxin. Proteins 2008, 72, 848-862. [CrossRef]

Chikuma, Y.; Miyata, M.; Lee, YH.; Hase, T.; Kimata-Ariga, Y. Molecular mechanism of negative cooperativity of ferredoxin-
NADP* reductase by ferredoxin and NADP (H): Involvement of a salt bridge between Asp60 of ferredoxin and Lys33 of FNR.
Biosci. Biotechnol. Biochem. 2021, 85, 860-865. [CrossRef] [PubMed]

Buchert, F; Hamon, M.; Gébelein, P; Scholz, M.; Hippler, M.; Wollman, EA. The labile interactions of cyclic electron flow effector
proteins. J. Biol. Chem. 2018, 293, 17559-17573. [CrossRef] [PubMed]

Kean, K.M.; Carpenter, R.A.; Pandini, V.; Zanetti, G.; Hall, A.R.; Faber, R.; Aliverti, A.; Karplus, P.A. High resolution studies of
hydride transfer in the ferredoxin: NADP™ reductase superfamily. FEBS J. 2017, 284, 3302-3319. [CrossRef]

Nogués, L; Tejero, J.; Hurley, ].K,; Paladini, D.; Frago, S.; Tollin, G.; Mayhew, S.G.; Gomez-Moreno, G.; Eduardo, A.; Ceccarelli,
E.A.; et al. Role of the C-terminal tyrosine of ferredoxin-nicotinamide adenine dinucleotide phosphate reductase in the electron
transfer processes with its protein partners ferredoxin and flavodoxin. Biochemistry 2004, 43, 6127-6137. [CrossRef]

Dumit, V.I; Essigke, T.; Cortez, N.; Ullmann, G.M. Mechanistic insights into ferredoxin-NADP(H) reductase catalysis involving
the conserved glutamate in the active site. J. Mol. Biol. 2010, 397, 814-825. [CrossRef]

Faro, M.; Gomez-Moreno, C.; Stankovich, M.; Medina, M. Role of critical charged residues in reduction potential modulation of
ferredoxin-NADP* reductase: Differential stabilization of FAD redox forms. Eur. J. Biochem. 2002, 269, 2656-2661. [CrossRef]
[PubMed]

Batie, C.J.; Kamin, H. Association of ferredoxin-NADP* reductase with NADP(H) specificity and oxidation-reduction properties.
J. Biol. Chem. 1986, 261, 11214-11223. [CrossRef]

Aliverti, A.; Faber, R.; Finnerty, C.M.; Ferioli, C.; Pandini, V.; Negri, A.; Karplus, P.A.; Zanetti, G. Biochemical and crystallo-
graphic characterization of Ferredoxin— NADP* Reductase from nonphotosynthetic tissues. Biochemistry 2001, 40, 14501-14508.
[CrossRef] [PubMed]

Corrado, M.E.; Aliverti, A.; Zanetti, G.; Mayhew, S.G. Analysis of the oxidation-reduction potentials of recombinant ferredoxin-
NADP* reductase from spinach chloroplasts. Eur. J. Biochem. 1996, 239, 662—667. [CrossRef] [PubMed]

Druhan, L.J.; Swenson, R.P. Role of Methionine 56 in the Control of the Oxidation—Reduction Potentials of the Clostridium
beijerinckii Flavodoxin: Effects of Substitutions by Aliphatic Amino Acids and Evidence for a Role of Sulfur—Flavin Interactions.
Biochemistry 1998, 37, 9668-9678. [CrossRef]

Ishikita, H. Influence of the protein environment on the redox potentials of flavodoxins from Clostridium beijerinckii. J. Biol.
Chem. 2007, 282, 25240-25246. [CrossRef]

Chang, C.W,; He, TE; Guo, L.; Stevens, ].A,; Li, T.; Wang, L.; Zhong, D. Mapping solvation dynamics at the function site of
flavodoxin in three redox states. J. Am. Chem. Soc. 2010, 132, 12741-12747. [CrossRef]

Rwere, F; Im, S.; Waskell, L. The FMN “140s Loop” of Cytochrome P450 Reductase Controls Electron Transfer to Cytochrome
P450. Int. J. Mol. Sci. 2021, 22, 10625. [CrossRef]

Iyanagi, T.; Makino, N.; Mason, H.S. Redox properties of the reduced nicotinamide adenine dinucleotide phosphate-cytochrome
P-450 and reduced nicotinamide adenine dinucleotide-cytochrome b5 reductases. Biochemistry 1974, 13, 1701-1710. [CrossRef]
Munro, A.W.; Noble, M.A.; Robledo, L.; Daff, S.N.; Chapman, S.K. Determination of the redox properties of human NADPH-
cytochrome P450 reductase. Biochemistry 2001, 40, 1956-1963. [CrossRef]

Haque, M.M_; Tejero, J.; Bayachou, M.; Kenney, C.T.; Stuehr, D.J. A cross-domain charge interaction governs the activity of NO
synthase. J. Biol. Chem. 2018, 293, 4545-4554. [CrossRef] [PubMed]

Gao, Y.T.; Smith, S.M.; Weinberg, ].B.; Montgomery, H.].; Newman, E.; Guillemette, ].G.; Ghosh, D.K.; Roman, L.].; Martasek, P;
Salerno, J.C. Thermodynamics of oxidation-reduction reactions in mammalian nitric-oxide synthase isoforms. J. Biol. Chem. 2004,
279, 18759-18766. [CrossRef] [PubMed]


http://doi.org/10.1016/j.abb.2005.03.015
http://www.ncbi.nlm.nih.gov/pubmed/17482904
http://doi.org/10.1111/j.1742-4658.2009.07122.x
http://www.ncbi.nlm.nih.gov/pubmed/19583765
http://doi.org/10.1038/84097
http://doi.org/10.1002/prot.21979
http://doi.org/10.1093/bbb/zbaa102
http://www.ncbi.nlm.nih.gov/pubmed/33693505
http://doi.org/10.1074/jbc.RA118.004475
http://www.ncbi.nlm.nih.gov/pubmed/30228184
http://doi.org/10.1111/febs.14190
http://doi.org/10.1021/bi049858h
http://doi.org/10.1016/j.jmb.2010.01.063
http://doi.org/10.1046/j.1432-1033.2002.02925.x
http://www.ncbi.nlm.nih.gov/pubmed/12047373
http://doi.org/10.1016/S0021-9258(18)67370-3
http://doi.org/10.1021/bi011224c
http://www.ncbi.nlm.nih.gov/pubmed/11724563
http://doi.org/10.1111/j.1432-1033.1996.0662u.x
http://www.ncbi.nlm.nih.gov/pubmed/8774710
http://doi.org/10.1021/bi980770b
http://doi.org/10.1074/jbc.M702788200
http://doi.org/10.1021/ja1050154
http://doi.org/10.3390/ijms221910625
http://doi.org/10.1021/bi00705a023
http://doi.org/10.1021/bi001718u
http://doi.org/10.1074/jbc.RA117.000635
http://www.ncbi.nlm.nih.gov/pubmed/29414777
http://doi.org/10.1074/jbc.M308936200
http://www.ncbi.nlm.nih.gov/pubmed/14715665

Antioxidants 2022, 11, 2143 21 of 25

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Pueyo, ].J.; Gomez-Moreno, C.; Mayhew, S.G. Oxidation-reduction potentials of ferredoxin-NADP+ reductase and flavodoxin.
from Anabaena PCC 7119 and their electrostatic and covalent complexes. Eur. J. Biochem. 1991, 202, 1065-1071. [CrossRef]
[PubMed]

Diaz-Quintana, A.; Leibl, W.; Bottin, H.; Sétif, P. Electron transfer in photosystem I reaction centers follows a linear pathway in
which iron-sulfur cluster Fp is the immediate electron donor to soluble ferredoxin. Biochemistry 1998, 37, 3429-3439. [CrossRef]
[PubMed]

Batie, C.J.; Kamin, H. Electron transfer by ferredoxin: NADP* reductase. Rapid -reaction evidence for participation of a ternary
complex. J. Biol. Chem. 1984, 259, 11976-11985. [CrossRef]

Walker, M.C.; Pueyo, J.; Navarro, J.; Gémez-Moreno, C.; Tollin, G. Laser flash photolysis studies of the kinetics of reduction
of ferredoxins and ferredoxin-NADP* reductases from Anabaena PCC 7119 and spinach: Electrostatic effects on intracomplex
electron transfer. Arch. Biochem. Biophys. 1991, 287, 351-358. [CrossRef]

Carrillo, N.; Ceccarelli, E.A. Open questions in ferredoxin-NADP* reductase catalytic mechanism. Eur. . Biochem. 2003, 270,
1900-1915. [CrossRef]

Tejero, ].; Peregrina, J.R.; Martinez-Julvez, M.; Gutiérrez, A.; Gomez-Moreno, C.; Scrutton, N.S.; Medina, M. Catalytic mechanism
of hydride transfer between NADP* /H and ferredoxin-NADP™ reductase from Anabaena PCC 7119. Arch. Biochem. Biophys.
2007, 459, 79-90. [CrossRef]

Mulo, P; Medina, M. Interaction and electron transfer between ferredoxin-NADP* oxidoreductase and its partners: Structural,
functional, and physiological implications. Photosynth. Res. 2017, 134, 265-280. [CrossRef]

Saen-Oon, S.; de Vaca, I.C.; Masone, D.; Medina, M.; Guallar, V. A theoretical multiscale treatment of protein—protein electron
transfer: The ferredoxin/ ferredoxin-NADP* reductase and flavodoxin/ferredoxin-NADP™ reductase systems. Biochim. Biophys.
Acta Bioenerg. 2015, 1847, 1530-1538. [CrossRef]

Nogusés, I.; Martinez-Julvez, M.; Navarro, ]J.A.; Hervas, M.; Armenteros, L.; de la Rosa, M.A.; Brodie, T.B.; Hurley, ].K,; Tollin, G.;
Gomez-Moreno, C.; et al. Role of hydrophobic interactions in the flavodoxin mediated electron transfer from photosystem I to
ferredoxin-NADP™ reductase in Anabaena PCC 7119. Biochemistry 2003, 42, 2036-2045. [CrossRef]

Utschig, L.M.; Brahmachari, U.; Mulfort, K.L.; Niklas, J.; Poluektov, O.G. Biohybrid photosynthetic charge accumulation detected
by flavin semiquinone formation in ferredoxin-NADP+ reductase. Chem. Sci. 2022, 12, 6502-6511. [CrossRef] [PubMed]
Iyanagi, T.; Mason, H.S. Properties of hepatic reduced nicotinamide adenine dinucleotide phosphate-cytochrome c reductase.
Biochemistry 1973, 12, 2297-2308. [CrossRef] [PubMed]

Leclerc, D.; Wilson, A.; Dumas, R.; Gafuik, C.; Song, D.; Watkins, D.; Heng, H.H.; Rommens, ].M.; Scherer, S.W.; Rosenblatt,
D.S.; et al. Cloning and mapping of a cDNA for methionine synthase reductase, a flavoprotein defective in patients with
homocystinuria. Proc. Natl. Acad. Sci. USA 1998, 95, 3059-3064. [CrossRef]

Wolthers, K.R.; Scrutton, N.S. Cobalamin uptake and reactivation occurs through specific protein interactions in the methionine
synthase-methionine synthase reductase complex. FEBS J. 2009, 276, 1942-1951. [CrossRef]

Paine, M.].; Garner, A.P.; Powell, D.; Sibbald, J.; Sales, M; Pratt, N.; Smith, T.; Tew, D.G.; Wolf, C.R. Cloning and characterization
of a novel human dual flavin reductase. J. Biol. Chem. 2000, 275, 1471-1478. [CrossRef]

Ostrowski, J.; Barber, M.J.; Rueger, D.C.; Miller, B.E.; Siegel, L.M.; Kredich, N.M. Characterization of the flavoprotein moieties of
NADPH-sulfite reductase from Salmonella typhimurium and Escherichia coli. Physicochemical and catalytic properties, amino acid
sequence deduced from DNA sequence of cys], and comparison with NADPH-cytochrome P-450 reductase. J. Biol. Chem. 1989,
264, 15796-15808.

Narhi, L.O.; Fulco, A.J. Characterization of a catalytically self-sufficient 119,000-dalton cytochrome P-450 monooxygenase induced
by barbiturates in Bacillus megaterium. J. Biol. Chem. 1986, 261, 7160-7169. [CrossRef]

Wang, M.; Roberts, D.L.; Paschke, R.; Shea, T.M.; Masters, B.S.S.; Kim, J.J.P. Three-dimensional structure of NADPH-cytochrome
P450 reductase: Prototype for FMN-and FAD-containing enzymes. Proc. Natl. Acad. Sci. USA 1997, 94, 8411-8416. [CrossRef]
Xia, C.; Misra, I; Iyanagi, T.; Kim, J.J.P. Regulation of interdomain interactions by calmodulin in inducible nitric-oxide synthase. J.
Biol. Chem. 2009, 284, 30708-30717. [CrossRef]

Takaba, K.; Takeda, K.; Kosugi, M.; Tamada, T.; Miki, K. Distribution of valence electrons of the flavin cofactor in NADH-
cytochrome bs reductase. Sci. Rep. 2017, 7, 43162. [CrossRef]

Samhan-Arias, A K.; Almeida, RM.; Ramos, S.; Cordas, C.M.; Moura, I.; Gutierrez-Merino, C.; Moura, ].J. Topography of human
cytochrome b5/ cytochrome bs reductase interacting domain and redox alterations upon complex formation. Biochim. Biophys.
Acta Bioenerg. 2018, 1859, 78-87. [CrossRef]

Iyanagi, T.; Watanabe, S.; Anan, K.F. One-electron oxidation-reduction properties of hepatic NADH-cytochrome b5 reductase.
Biochemistry 1984, 23, 1418-1425. [CrossRef] [PubMed]

Gutiérrez-Merino, C.; Martinez-Costa, O.H.; Monsalve, M.; Samhan-Arias, A.K. Structural Features of Cytochrome bs—Cytochrome
bs Reductase Complex Formation and Implications for the Intramolecular Dynamics of Cytochrome bs Reductase. Int. |. Mol. Sci.
2022, 23, 118. [CrossRef] [PubMed]

Kimura, S.; Kawamura, M.; Iyanagi, T. Role of Thr (66) in porcine NADH-cytochrome b5 reductase in catalysis and control of the
rate-limiting step in electron transfer. J. Biol. Chem. 2003, 278, 3580-3589. [CrossRef] [PubMed]


http://doi.org/10.1111/j.1432-1033.1991.tb16471.x
http://www.ncbi.nlm.nih.gov/pubmed/1765067
http://doi.org/10.1021/bi972469l
http://www.ncbi.nlm.nih.gov/pubmed/9521664
http://doi.org/10.1016/S0021-9258(20)71306-2
http://doi.org/10.1016/0003-9861(91)90489-6
http://doi.org/10.1046/j.1432-1033.2003.03566.x
http://doi.org/10.1016/j.abb.2006.10.023
http://doi.org/10.1007/s11120-017-0372-0
http://doi.org/10.1016/j.bbabio.2015.09.002
http://doi.org/10.1021/bi0270541
http://doi.org/10.1039/D2SC01546C
http://www.ncbi.nlm.nih.gov/pubmed/35756516
http://doi.org/10.1021/bi00736a018
http://www.ncbi.nlm.nih.gov/pubmed/4145653
http://doi.org/10.1073/pnas.95.6.3059
http://doi.org/10.1111/j.1742-4658.2009.06919.x
http://doi.org/10.1074/jbc.275.2.1471
http://doi.org/10.1016/S0021-9258(17)38369-2
http://doi.org/10.1073/pnas.94.16.8411
http://doi.org/10.1074/jbc.M109.031682
http://doi.org/10.1038/srep43162
http://doi.org/10.1016/j.bbabio.2017.10.005
http://doi.org/10.1021/bi00302a013
http://www.ncbi.nlm.nih.gov/pubmed/6326802
http://doi.org/10.3390/ijms23010118
http://www.ncbi.nlm.nih.gov/pubmed/35008543
http://doi.org/10.1074/jbc.M209838200
http://www.ncbi.nlm.nih.gov/pubmed/12459552

Antioxidants 2022, 11, 2143 22 of 25

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.
84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

Guan, Z.W,; Kamatani, D.; Kimura, S.; Iyanagi, T. Mechanistic studies on the intramolecular one-electron transfer between the
two flavins in the human neuronal nitric-oxide synthase and inducible nitric-oxide synthase flavin domains. J. Biol. Chem. 2003,
278, 30859-30868. [CrossRef] [PubMed]

Nishino, Y.; Yamamoto, K.; Kimura, S.; Kikuchi, A.; Shiro, Y.; Iyanagi, T. Mechanistic studies on the intramolecular one-electron
transfer between the two flavins in the human endothelial NOS reductase domain. Arch. Biochem. Biophys. 2007, 465, 254-265.
[CrossRef]

Fukuchi-Mizutani, M.; Mizutani, M.; Tanaka, Y.; Kusumi, T.; Ohta, D. Microsomal Electron Transfer in Higher Plants: Cloning and
Heterologous Expression of NADH-Cytochrome b5 Reductase from Arabidopsis. Plant. Physiol. 1999, 119, 353-362. [CrossRef]
[PubMed]

Igbal, T.; Das, D. Biochemical Investigation of Membrane-Bound Cytochrome b5 and the Catalytic Domain of Cytochrome b5
Reductase from Arabidopsis thaliana. Biochemistry 2022, 61, 909-921. [CrossRef]

Deng, B.; Parthasarathy, S.; Wang, W.-E.; Gibney, B.R.; Battaile, K.P,; Lovell, S.; Benson, D.R.; Zhu, H. Study of the individual
cytochrome b5 and cytochrome b5 reductase domains of Ncb5or reveals a unique heme pocket and a possible role of the CS
domain. J. Biol. Chem. 2010, 285, 30181-30191. [CrossRef]

Bando, S.; Takano, T.; Yubisui, T.; Shirabe, K.; Takeshita, M.; Nakagawa, A. Structure of human erythrocyte NADH-cytochrome bs
reductase. Acta Crystallogr. D Biol. Crystallogr. 2004, 60, 1929-1934. [CrossRef] [PubMed]

Abe, K ; Sugita, Y. Properties of cytochrome b5, and methemoglobin reduction in human erythrocytes. Eur. J. Biochem. 1979, 101,
423-428. [CrossRef] [PubMed]

Amdahl, M.B.; Sparacino-Watkins, C.E.; Corti, P.; Gladwin, M.T.; Tejero, J. Efficient reduction of vertebrate cytoglobins by the
cytochrome b5/ cytochrome bs reductase/NADH system. Biochemistry 2017, 56, 3993-4004. [CrossRef] [PubMed]

Dickinson, L.C.; Chien, ].C. Comparative biological chemistry of cobalt hemoglobin. J. Biol. Chem. 1973, 248, 5005-5011. [CrossRef]
Liu, X; El-Mahdy, M. A.; Boslett, J.; Varadharaj, S.; Hemann, C.; Abdelghany, T.M.; Ismail, R.S,; Little, S.C.; Zhou, D.; Thuy, L.;
et al. Cytoglobin regulates blood pressure and vascular tone through nitric oxide metabolism in the vascular wall. Nat. Ccommun.
2017, 8, 14807. [CrossRef]

Ermler, U,; Siddiqui, R.A.; Cramm, R.; Friedrich, B. Crystal structure of the flavohemoglobin from Alcaligenes eutrophus at 1.75
A resolution. EMBO J. 1995, 14, 6067-6077. [CrossRef]

Cooper, C.E.; Ioannidis, N.; D’mello, R.; Poole, R.K. Haem, flavin and oxygen interactions in Hmp, a flavohaemoglobin from
Escherichia coli. Biochem. Soc. Trans. 1994, 22, 709-713. [CrossRef]

Gardner, PR.; Gardner, A.M.; Martin, L.A.; Salzman, A.L. Nitric oxide dioxygenase: An enzymic function for flavohemoglobin.
Proc. Natl. Acad. Sci. USA 1998, 95, 10378-10383. [CrossRef]

Frey, A.D.; Kallio, P.T. Bacterial hemoglobins and flavohemoglobins: Versatile proteins and their impact on microbiology and
biotechnology. FEMS Microbiol. Rev. 2003, 27, 525-545. [CrossRef]

Sumimoto, H. Structure, regulation and evolution of Nox-family NADPH oxidases that produce reactive oxygen species. FEBS .
2008, 275, 3249-3277. [CrossRef]

Magnani, F.; Mattevi, A. Structure and mechanisms of ROS generation by NADPH oxidases. Curr. Opin. Struct. Biol. 2019, 59,
91-97. [CrossRef] [PubMed]

Isogai, Y.; lizuka, T.; Makino, R.; Iyanagi, T.; Orii, Y. Superoxide-producing cytochrome b. Enzymatic and electron paramagnetic
resonance properties of cytochrome b558 purified from neutrophils. J. Biol. Chem. 1993, 268, 4025-4031. [CrossRef]

Marcus, R.A.; Sutin, N. Electron transfers in chemistry and biology. Biochim. Biophys. Acta Bioenerg. 1985, 811, 265-322. [CrossRef]
Lesanavi¢ius, M.; Aliverti, A.; Sarlauskas, J.; Ceénas, N. Reactions of Plasmodium falciparum ferredoxin: NADP+ oxidoreductase
with redox cycling xenobiotics: A mechanistic study. Int. . Mol. Sci. 2020, 21, 3234. [CrossRef]

Iyanagi, T. On the mechanisms of one- and two-electron transfer by flavin enzymes. Chemica Scripta 1987, 27A, 31-36.
Yamamoto, K.; Kimura, S.; Shiro, Y.; Iyanagi, T. Interflavin one-electron transfer in the inducible nitric oxide synthase reductase
domain and NADPH-cytochrome P450 reductase. Arch. Biochem. Biophys. 2005, 440, 65-78. [CrossRef] [PubMed]

Matsuda, H.; Kimura, S.; Iyanagi, T. One-electron reduction of quinones by the neuronal nitric oxide synthase reductase domain.
Biochim. Biophys. Acta Gen. 2000, 1459, 106-116. [CrossRef]

Fu, J.; Yamamoto, K.; Guan, Z.W.; Kimura, S.; Iyanagi, T. Human neuronal nitric oxide synthase can catalyze one-electron
reduction of adriamycin: Role of flavin domain. Arch. Biochem. Biophys. 2004, 427, 180-187. [CrossRef]

Anusevicius, Z.; Nivinskas, H.; Sarlauskas, J.; Sari, M.A.; Boucher, J.L.; Cénas, N. Single-electron reduction of quinone and
nitroaromatic xenobiotics by recombinant rat neuronal nitric oxide synthase. Acta Biochim. Pol. 2013, 60, 217-222. [CrossRef]
Lesanavicius, M.; Boucher, J.L.; Cénas, N. Reactions of Recombinant Neuronal Nitric Oxide Synthase with Redox Cycling
Xenobiotics: A Mechanistic Study. Int. J. Mol. Sci. 2022, 23, 980. [CrossRef]

Szilagyi, ].T.; Fussell, K.C.; Wang, Y.; Jan, Y.H.; Mishin, V.; Richardson, ].R.; Heck, D.E.; Yang, S.; Aleksunes, L.M.; Laskin, D.L.;
et al. Quinone and nitrofurantoin redox cycling by recombinant cytochrome b5 reductase. Toxicol. Appl. Pharmacol. 2018, 359,
102-107. [CrossRef] [PubMed]

Iyanagi, T. On the mechanism of one-electron reduction of quinones by microsomal flavin enzymes: The kinetic analysis between
cytochrome B5 and menadione. Free Radic. Res. Commun. 1990, 8, 259-268. [CrossRef] [PubMed]

Dinkova-Kostova, A.T.; Talalay, P. NAD (P) H: Quinone acceptor oxidoreductase 1 (NQO1), a multifunctional antioxidant enzyme
and exceptionally versatile cytoprotector. Arch. Biochem. Biophys. 2010, 501, 116-123. [CrossRef] [PubMed]


http://doi.org/10.1074/jbc.M301929200
http://www.ncbi.nlm.nih.gov/pubmed/12777376
http://doi.org/10.1016/j.abb.2007.05.021
http://doi.org/10.1104/pp.119.1.353
http://www.ncbi.nlm.nih.gov/pubmed/9880378
http://doi.org/10.1021/acs.biochem.2c00002
http://doi.org/10.1074/jbc.M110.120329
http://doi.org/10.1107/S0907444904020645
http://www.ncbi.nlm.nih.gov/pubmed/15502298
http://doi.org/10.1111/j.1432-1033.1979.tb19735.x
http://www.ncbi.nlm.nih.gov/pubmed/520306
http://doi.org/10.1021/acs.biochem.7b00224
http://www.ncbi.nlm.nih.gov/pubmed/28671819
http://doi.org/10.1016/S0021-9258(19)43663-6
http://doi.org/10.1038/ncomms14807
http://doi.org/10.1002/j.1460-2075.1995.tb00297.x
http://doi.org/10.1042/bst0220709
http://doi.org/10.1073/pnas.95.18.10378
http://doi.org/10.1016/S0168-6445(03)00056-1
http://doi.org/10.1111/j.1742-4658.2008.06488.x
http://doi.org/10.1016/j.sbi.2019.03.001
http://www.ncbi.nlm.nih.gov/pubmed/31051297
http://doi.org/10.1016/S0021-9258(18)53574-2
http://doi.org/10.1016/0304-4173(85)90014-X
http://doi.org/10.3390/ijms21093234
http://doi.org/10.1016/j.abb.2005.05.027
http://www.ncbi.nlm.nih.gov/pubmed/16009330
http://doi.org/10.1016/S0005-2728(00)00117-1
http://doi.org/10.1016/j.abb.2004.04.030
http://doi.org/10.18388/abp.2013_1974
http://doi.org/10.3390/ijms23020980
http://doi.org/10.1016/j.taap.2018.09.011
http://www.ncbi.nlm.nih.gov/pubmed/30222979
http://doi.org/10.3109/10715769009053359
http://www.ncbi.nlm.nih.gov/pubmed/2113027
http://doi.org/10.1016/j.abb.2010.03.019
http://www.ncbi.nlm.nih.gov/pubmed/20361926

Antioxidants 2022, 11, 2143 23 of 25

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Cénas, N.; Nemeikaité-Céniené, A.; Kosychova, L. Single-and two-electron reduction of nitroaromatic compounds by flavoen-
zymes: Mechanisms and implications for cytotoxicity. Int. J. Mol. Sci. 2021, 22, 8534. [CrossRef]

Li, R;; Bianchet, M. A ; Talalay, P.; Amzel, L.M. The three-dimensional structure of NAD (P) H: Quinone reductase, a flavoprotein
involved in cancer chemoprotection and chemotherapy: Mechanism of the two-electron reduction. Proc. Natl. Acad. Sci. USA
1995, 92, 8846-8850. [CrossRef]

Ryan, A.; Kaplan, E.; Nebel, ].C.; Polycarpou, E.; Crescente, V.; Lowe, E.; Preston, G.M.; Sim, E. Identification of NAD (P) H
quinone oxidoreductase activity in azoreductases from P. aeruginosa: Azoreductases and NAD (P) H quinone oxidoreductases
belong to the same FMN-dependent superfamily of enzymes. PLoS ONE 2014, 9, €98551. [CrossRef] [PubMed]

Mendoza, M.F.,; Hollabaugh, N.M.; Hettiarachchi, S.U.; McCarley, R.L. Human NAD (P) H: Quinone oxidoreductase type I
(hNQO1) activation of quinone propionic acid trigger groups. Biochemistry 2012, 51, 8014-8026. [CrossRef]

Anoz-Carbonell, E.; Timson, D.J.; Pey, A.L.; Medina, M. The catalytic cycle of the antioxidant and cancer-associated human NQO1
enzyme: Hydride transfer, conformational dynamics and functional cooperativity. Antioxidants 2020, 9, 772. [CrossRef]

Deller, S.; Macheroux, P; Sollner, S. Flavin-dependent quinone reductases. Cell Mol. Life Sci. 2008, 65, 141-160. [CrossRef]
Tedeschi, G.; Chen, S.; Massey, V. DT-diaphorase. Redox potential, steady-state, and rapid reaction studies. J. Biol. Chem. 1995,
270, 1198-1204. [CrossRef]

Tedeschi, G.; Chen, S.; Massey, V. Active site studies of DT-diaphorase employing artificial flavins. J. Biol. Chem. 1995, 270,
2512-2516. [CrossRef]

Sarla, F; Tedeschi, G.; Pupillo, P; Trost, P. Cloning and heterologous expression of NAD (P) H: Quinone reductase of Arabidopsis
thaliana, a functional homologue of animal DT-diaphorase. FEBS Lett. 1999, 463, 382-386. [CrossRef]

Adams, M.A; Jia, Z. Modulator of drug activity B from Escherichia coli: Crystal structure of a prokaryotic homologue of
DT-diaphorase. J. Mol. Biol. 2006, 359, 455-465. [CrossRef]

Ball, J.; Salvi, F.; Gadda, G. Functional annotation of a presumed nitronate monoxygenase reveals a new class of NADH: Quinone
reductases. J. Biol. Chem. 2016, 291, 21160-21170. [CrossRef]

Ross, D.; Siegel, D. The diverse functionality of NQO1 and its roles in redox control. Redox Biol. 2021, 41, 101950. [CrossRef]
[PubMed]

Zurbriggen, M.D.; Tognetti, V.B.; Carrillo, N. Stress-inducible flavodoxin from photosynthetic microorganisms. The mystery of
flavodoxin loss from the plant genome. IUBMB Life 2007, 59, 355-360. [CrossRef] [PubMed]

Pierella Karlusich, J.J.; Ceccoli, R.D.; Grafia, M.; Romero, H.; Carrillo, N. Environmental selection pressures related to iron
utilization are involved in the loss of the flavodoxin gene from the plant genome. Genome Biol. Evol. 2015, 7, 750-767. [CrossRef]
[PubMed]

Zeghouf, M.; Fontecave, M.; Macherel, D.; Coves, ]J. The flavoprotein component of the Escherichia coli sulfite reductase:
Expression, purification, and spectral and catalytic properties of a monomeric form containing both the flavin adenine dinucleotide
and the flavin mononucleotide cofactors. Biochemistry 1998, 37, 6114-6123. [CrossRef]

Tavolieri, A.M.; Murray, D.T.; Askenasy, I.; Pennington, ]. M.; McGarry, L.; Stanley, C.B.; Stroupe, M.E. NADPH-dependent sulfite
reductase flavoprotein adopts an extended conformation unique to this diflavin reductase. J. Struct. Biol. 2019, 205, 170-179.
[CrossRef]

Shet, M.S.; Sathasivan, K.; Arlotto, M.A.; Mehdy, M.C.; Estabrook, R.-W. Purification, characterization, and cDNA cloning of an
NADPH-cytochrome P450 reductase from mung bean. Proc. Natl. Acad. Sci. USA 1993, 90, 2890-2894. [CrossRef]

Hubbard, P.A.; Shen, A.L.; Paschke, R.; Kasper, C.B.; Kim, J.J.P. NADPH-cytochrome P450 oxidoreductase: Structural basis for
hydride and electron transfer. J. Biol. Chem. 2001, 276, 29163-29170. [CrossRef]

Zhang, J.; Martasek, P; Paschke, R.; Shea, T.; Masters, B.S.S.; Kim, J.J.P. Crystal structure of the FAD/NADPH-binding domain
of rat neuronal nitric-oxide synthase: Comparisons with NADPH-cytochrome P450 oxidoreductase. |. Biol. Chem. 2001, 276,
37506-37513. [CrossRef]

Rwere, F; Xia, C.; Im, S.; Haque, M.M.; Stuehr, D.J.; Waskell, L.; Kim, J.J].P. Mutants of cytochrome P450 reductase lacking either
Gly-141 or Gly-143 destabilize its FMN semiquinone. J. Biol. Chem. 2016, 291, 14639-14661. [CrossRef] [PubMed]

Mclver, L.; Leadbeater, C.; Campopiano, D.J.; Baxter, R.L.; Daff, S.N.; Chapman, S.K.; Munro, A.W. Characterisation of flavodoxin
NADP* oxidoreductase and flavodoxin; key components of electron transfer in Escherichia coli. Eur. ]. Biochem. 1998, 257, 577-585.
[CrossRef] [PubMed]

Wolthers, K.R.; Basran, J.; Munro, A.W.; Scrutton, N.S. Molecular dissection of human methionine synthase reductase: Determina-
tion of the flavin redox potentials in full-length enzyme and isolated flavin-binding domains. Biochemistry 2003, 42, 3911-3920.
[CrossRef] [PubMed]

Dunford, A.].; Rigby, S.E.; Hay, S.; Munro, A.W.; Scrutton, N.S. Conformational and thermodynamic control of electron transfer in
neuronal nitric oxide synthase. Biochemistry 2007, 46, 5018-5029. [CrossRef]

Ruettinger, R.T.; Wen, L.P,; Fulco, A.J. Coding nucleotide, 5 regulatory, and deduced amino acid sequences of P-450BM-3, a single
peptide cytochrome P-450: NADPH-P-450 reductase from Bacillus megaterium. J. Biol. Chem. 1989, 264, 10987-10995. [CrossRef]
Zhang, H.; Yokom, A.L.; Cheng, S.; Su, M.; Hollenberg, PF.; Southworth, D.R.; Osawa, Y. The full-length cytochrome P450 enzyme
CYP102A1 dimerizes at its reductase domains and has flexible heme domains for efficient catalysis. . Biol. Chem. 2018, 293,
7727-7736. [CrossRef]


http://doi.org/10.3390/ijms22168534
http://doi.org/10.1073/pnas.92.19.8846
http://doi.org/10.1371/journal.pone.0098551
http://www.ncbi.nlm.nih.gov/pubmed/24915188
http://doi.org/10.1021/bi300760u
http://doi.org/10.3390/antiox9090772
http://doi.org/10.1007/s00018-007-7300-y
http://doi.org/10.1074/jbc.270.3.1198
http://doi.org/10.1074/jbc.270.6.2512
http://doi.org/10.1016/S0014-5793(99)01625-7
http://doi.org/10.1016/j.jmb.2006.03.053
http://doi.org/10.1074/jbc.M116.739151
http://doi.org/10.1016/j.redox.2021.101950
http://www.ncbi.nlm.nih.gov/pubmed/33774477
http://doi.org/10.1080/15216540701258744
http://www.ncbi.nlm.nih.gov/pubmed/17505975
http://doi.org/10.1093/gbe/evv031
http://www.ncbi.nlm.nih.gov/pubmed/25688107
http://doi.org/10.1021/bi9728699
http://doi.org/10.1016/j.jsb.2019.01.001
http://doi.org/10.1073/pnas.90.7.2890
http://doi.org/10.1074/jbc.M101731200
http://doi.org/10.1074/jbc.M105503200
http://doi.org/10.1074/jbc.M116.724625
http://www.ncbi.nlm.nih.gov/pubmed/27189945
http://doi.org/10.1046/j.1432-1327.1998.2570577.x
http://www.ncbi.nlm.nih.gov/pubmed/9839946
http://doi.org/10.1021/bi027290b
http://www.ncbi.nlm.nih.gov/pubmed/12667082
http://doi.org/10.1021/bi7001339
http://doi.org/10.1016/S0021-9258(18)60416-8
http://doi.org/10.1074/jbc.RA117.000600

Antioxidants 2022, 11, 2143 24 of 25

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Su, M.; Chakraborty, S.; Osawa, Y.; Zhang, H. Cryo-EM reveals the architecture of the dimeric cytochrome P450 CYP102A1
enzyme and conformational changes required for redox partner recognition. J. Biol. Chem. 2020, 295, 1637-1645. [CrossRef]
Chen, H.C.; Swenson, R.P. Effect of the insertion of a glycine residue into the loop spanning residues 536-541 on the semiquinone
state and redox properties of the flavin mononucleotide-binding domain of flavocytochrome P450BM-3 from Bacillus megaterium.
Biochemistry 2008, 47, 13788-13799. [CrossRef]

Hanley, S.C.; Ost, T.W.; Daff, S. The unusual redox properties of flavorcytochrome P450 BM3 flavodoxin domain. Biochem. Biophys.
Res. Commun. 2004, 325, 1418-1423. [CrossRef] [PubMed]

Murataliev, M.B.; Klein, M.; Fulco, A.; Feyereisen, R. Functional interactions in cytochrome P450BM3: Flavin semiquinone
intermediates, role of NADP (H), and mechanism of electron transfer by the flavoprotein domain. Biochemistry 1997, 36, 8401-8412.
[CrossRef] [PubMed]

Prakash, D.; Iyer, PR.; Suharti, S.; Walters, K.A.; Santiago-Martinez, M.G.; Golbeck, ].H.; Murakami, K.S.; Ferry, ].G. Structure and
function of an unusual flavodoxin from the domain Archaea. Proc. Natl. Acad. Sci. USA 2019, 116, 25917-25922. [CrossRef]
Peterson, J.A.; Lorence, M.C.; Amarneh, B. Putidaredoxin reductase and putidaredoxin. Cloning, sequence determination, and
heterologous expression of the proteins. J. Biol. Chemn. 1990, 265, 6066—6073. [CrossRef]

Sevrioukova, LE,; Poulos, T.L.; Churbanova, 1.Y. Crystal structure of the putidaredoxin reductase putidaredoxin electron transfer
complex. J. Biol. Chem. 2010, 285, 13616-13620. [CrossRef] [PubMed]

Kimmich, N.; Das, A.; Sevrioukova, I.; Meharenna, Y.; Sligar, S.G.; Poulos, T.L. Electron transfer between cytochrome P450cin and
its FMN-containing redox partner, cindoxin. J. Biol. Chem. 2007, 282, 27006-27011. [CrossRef]

Madrona, Y.; Hollingsworth, S.A.; Tripathi, S.; Fields, ].B.; Rwigema, ].C.N.; Tobias, D.J.; Poulos, T.L. Crystal structure of cindoxin,
the P450cin redox partner. Biochemistry 2014, 53, 1435-1446. [CrossRef]

Klenk, ].M.; Fischer, M.P,; Dubiel, P.; Sharma, M.; Rowlinson, B.; Grogan, G.; Hauer, B. Identification and characterization of
cytochrome P450 1232A24 and 1232F1 from Arthrobacter sp. and their role in the metabolic pathway of papaverine. J. Biol. Chem.
2019, 166, 51-66. [CrossRef]

Zhang, L.; Xie, Z.; Liu, Z.; Zhou, S.; Ma, L.X,; Liu, W,; Huang, ] W,; Ko, T.P; Li, X.Q.; Hu, Y,; et al. Structural insight into the
electron transfer pathway of a self-sufficient P450 monooxygenase. Nat. Commun. 2020, 11, 2676. [CrossRef]

Wang, Z.; Shaik, S.; Wang, B. Conformational motion of ferredoxin enables efficient electron transfer to heme in the full-length
P450TT. J. Am. Chem. Soc. 2021, 143, 1005-1016. [CrossRef]

Yamamoto, T.; Hasegawa, Y.; Iwaki, H. Identification and characterization of a novel class of self-sufficient cytochrome P450
hydroxylase involved in cyclohexanecarboxylate degradation in Paraburkholderia terrae strain KU-64. Biosci. Biotechnol. Biochem.
2022, 86, 199-208. [CrossRef]

Yonekura-Sakakibara, K.; Onda, Y.; Ashikari, T.; Tanaka, Y.; Kusumi, T.; Hase, T. Analysis of reductant supply systems for
ferredoxin-dependent sulfite reductase in photosynthetic and nonphotosynthetic organs of maize. Plant. Physiol. 2000, 122,
887-894. [CrossRef]

Hase, T.; Hanke, G.T.; Ariga-Kimata, Y.; Ping, G.; Okutani, S.; Kusunoki, M.; Kurisu, G. Structure and Function of the Electron
Transfer Complex of Ferredoxin and Ferredoxin: NAD(P)H Oxidoreductase; Nishino, T., Miura, R., Tanokura, M., Fukui, K., Eds.;
Flavins and Flavoproteins; ARchiTect Inc. Publishing: Tokyo, Japan, 2005; pp. 503-508.

Murray, D.T.; Weiss, K.L.; Stanley, C.B.; Nagy, G.; Stroupe, M.E. Small-angle neutron scattering solution structures of NADPH-
dependent sulfite reductase. J. Struct. Biol. 2021, 213, 107724. [CrossRef]

Adak, S.; Aulak, K.S.; Stuehr, D.J. Direct evidence for nitric oxide production by a nitric-oxide synthase-like protein from Bacillus
subtilis. J. Biol. Chem. 2002, 277, 16167-16171. [CrossRef]

Wang, Z.Q.; Lawson, R.J.; Buddha, M.R.; Wei, C.C; Crane, B.R.; Munro, A.W.; Stuehr, D.]. Bacterial flavodoxins support nitric
oxide production by Bacillus subtilis nitric-oxide synthase. J. Biol. Chem. 2007, 282, 2196-2202. [CrossRef] [PubMed]

Nishida, C.R.; de Montellano, P.R.O. Electron transfer and catalytic activity of nitric oxide synthases: Chimeric constructs of the
neuronal, inducible, and endothelial isoforms. . Biol. Chem. 1998, 273, 5566-5571. [CrossRef] [PubMed]

Wang, R.; Wang, B.; Zheng, B.; Ma, P; Gou, R.; Guo, Y.; Chen, F; Li, H.; Wang, Y.; Pu, ].; et al. The FNR modules contribute to
control nitric oxide synthase catalysis revealed by chimera enzymes. Mol. Med. Rep. 2017, 16, 9263-9269. [CrossRef] [PubMed]
Mizutani, M.; Ohta, D. Two isoforms of NADPH: Cytochrome P450 reductase in Arabidopsis thaliana: Gene structure, heterolo-
gous expression in insect cells, and differential regulation. Plant. Physiol. 1998, 116, 357-367. [CrossRef]

Jensen, K.; Mgller, B.L. Plant NADPH-cytochrome P450 oxidoreductases. Phytochemistry 2010, 71, 132-141. [CrossRef]

Parween, S.; Rojas Velazquez, M.N.; Udhane, S.S.; Kagawa, N.; Pandey, A.V. Variability in loss of multiple enzyme activities due
to the human genetic variation P284T located in the flexible hinge region of NADPH cytochrome P450 oxidoreductase. Front.
Pharmacol. 2019, 10, 1187. [CrossRef] [PubMed]

Sugishima, M.; Sato, H.; Higashimoto, Y.; Harada, J.; Wada, K.; Fukuyama, K.; Noguchi, M. Structural basis for the electron
transfer from an open form of NADPH- cytochrome P450 oxidoreductase to heme oxygenase. Proc. Natl. Acad. Sci. USA 2014,
111, 2524-2529. [CrossRef] [PubMed]

Sugishima, M.; Taira, J.; Sagara, T.; Nakao, R.; Sato, H.; Noguchi, M.; Fukuyama, K.; Yamamoto, K.; Yasunaga, T.; Sakamoto, H.
Conformational equilibrium of NADPH-cytochrome P450 oxidoreductase is essential for heme oxygenase reaction. Antioxidants
2020, 9, 673. [CrossRef] [PubMed]


http://doi.org/10.1074/jbc.RA119.011305
http://doi.org/10.1021/bi800954h
http://doi.org/10.1016/j.bbrc.2004.10.189
http://www.ncbi.nlm.nih.gov/pubmed/15555585
http://doi.org/10.1021/bi970026b
http://www.ncbi.nlm.nih.gov/pubmed/9204888
http://doi.org/10.1073/pnas.1908578116
http://doi.org/10.1016/S0021-9258(19)39292-0
http://doi.org/10.1074/jbc.M110.104968
http://www.ncbi.nlm.nih.gov/pubmed/20179327
http://doi.org/10.1074/jbc.M703790200
http://doi.org/10.1021/bi500010m
http://doi.org/10.1093/jb/mvz010
http://doi.org/10.1038/s41467-020-16500-5
http://doi.org/10.1021/jacs.0c11279
http://doi.org/10.1093/bbb/zbab199
http://doi.org/10.1104/pp.122.3.887
http://doi.org/10.1016/j.jsb.2021.107724
http://doi.org/10.1074/jbc.M201136200
http://doi.org/10.1074/jbc.M608206200
http://www.ncbi.nlm.nih.gov/pubmed/17127770
http://doi.org/10.1074/jbc.273.10.5566
http://www.ncbi.nlm.nih.gov/pubmed/9488682
http://doi.org/10.3892/mmr.2017.7745
http://www.ncbi.nlm.nih.gov/pubmed/29039476
http://doi.org/10.1104/pp.116.1.357
http://doi.org/10.1016/j.phytochem.2009.10.017
http://doi.org/10.3389/fphar.2019.01187
http://www.ncbi.nlm.nih.gov/pubmed/31749697
http://doi.org/10.1073/pnas.1322034111
http://www.ncbi.nlm.nih.gov/pubmed/24550278
http://doi.org/10.3390/antiox9080673
http://www.ncbi.nlm.nih.gov/pubmed/32731542

Antioxidants 2022, 11, 2143 25 of 25

144.

145.

146.

147.

148.

149.

150.

151.

Hedison, T.M.; Scrutton, N.S. Tripping the light fantastic in membrane redox biology: Linking dynamic structures to function in
ER electron transfer chains. FEBS J. 2019, 286, 2004-2017. [CrossRef] [PubMed]

Crawford, N.M.; Smith, M.; Bellissimo, D.; Davis, R.-W. Sequence and nitrate regulation of the Arabidopsis thaliana mRNA
encoding nitrate reductase, a metalloflavoprotein with three functional domains. Proc. Natl. Acad. Sci. USA 1988, 85, 5006-5010.
[CrossRef] [PubMed]

Moreno-Vivian, C.; Flores, E. Nitrate assimilation in bacteria. In Biology of the Nitrogen Cycle; Elsevier: Amsterdam, The
Netherlands, 2007; pp. 263-282.

Tan, W,; Liao, TH.; Wang, J.; Ye, Y.; Wei, Y.C.; Zhou, HK.; Xiao, Y.; Zhi, X.Y,; Shao, Z.H.; Lyu, L.D.; et al. A recently evolved
diflavin-containing monomeric nitrate reductase is responsible for highly efficient bacterial nitrate assimilation. J. Biol. Chem.
2020, 295, 5051-5066. [CrossRef] [PubMed]

Bock, R. The give-and-take of DNA: Horizontal gene transfer in plants. Trends Plant Sci. 2010, 15, 11-22. [CrossRef]

Nielsen, K.M.; Bones, A.M.; Smalla, K.; van Elsas, ].D. Horizontal gene transfer from transgenic plants to terrestrial bacteria—a
rare event? FEMS Microbiol. Rev. 1998, 22, 79-103. [CrossRef]

Thomas, C.M.; Nielsen, K.M. Mechanisms of, and barriers to, horizontal gene transfer between bacteria. Nat. Rev. Microbiol. 2005,
3, 711-721. [CrossRef]

Campbell, I].; Bennett, G.N; Silberg, ].]. Evolutionary relationships between low potential ferredoxin and flavodoxin electron
carriers. Front. Energy Res. 2019, 7, 79. [CrossRef]


http://doi.org/10.1111/febs.14757
http://www.ncbi.nlm.nih.gov/pubmed/30657259
http://doi.org/10.1073/pnas.85.14.5006
http://www.ncbi.nlm.nih.gov/pubmed/3393528
http://doi.org/10.1074/jbc.RA120.012859
http://www.ncbi.nlm.nih.gov/pubmed/32111737
http://doi.org/10.1016/j.tplants.2009.10.001
http://doi.org/10.1016/S0168-6445(98)00009-6
http://doi.org/10.1038/nrmicro1234
http://doi.org/10.3389/fenrg.2019.00079

	Introduction 
	Structure and Properties of the FNR, Fd and Fld 
	Catalytic Cycle of the FNR-Fd and FNR-Fld Systems 
	Catalytic Cycle of the FNR-Fd System 
	Catalytic Cycle of the FNR-Fld Systems 

	Structure and Properties of Diflavin Reductase Family 
	Catalytic Cycle of Cyt b5 Reductase 
	Single-Electron Reduction of Quinone Compounds 
	Antioxidant Enzymes: NAD(P)H-Quinone-Oxidoreductase (NQO1) 
	Evolutionary Aspects of FNR-Containing NAD(P)H-Dependent Enzymes 
	Conclusions 
	References

