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ABSTRACT

Although mechanisms of metabolite channeling have been extensively studied, the nature of reduced flavin trans-
fer from donor to acceptor enzymes remains essentially unexplored. In this review, identities and properties of
reduced flavin-producing enzymes (namely flavin reductases) and reduced flavin-requiring processes and enzymes
are summarized. By using flavin reductase-luciferase enzyme couples from luminous bacteria, two types of re-
duced flavin channeling were observed involving the differential transfers of the reduced flavin cofactor and the
reduced flavin product of reductase to luciferase. The exact mode of transfer is controlled by the specific makeup
of the constituent enzymes within the reductase-luciferase couple. The plausible physiological significance of the
monomer—dimer equilibrium of the NADPH-specific flavin reductase from Vibrio harveyi is also discussed.

Antioxid. Redox Signal. 3, 881-897.

INTRODUCTION

ONSIDERABLE RESEARCH ACTIVITIES have long

been directed toward the elucidation of
mechanisms of metabolite channeling from a
donor enzyme/active site to an acceptor en-
zyme/active site. This review aims at calling
attention to a new aspect of metabolite chan-
neling involving reduced flavin as the metab-
olite in question. Since the first discovery of fla-
vin cofactors in 1930s, a large number and
diverse types of flavoproteins have been iden-
tified and characterized. Many of them involve
the formation of two-electron-reduced flavin as
an obligatory intermediate. Upon the comple-
tion of each catalytic cycle, the reduced flavin
is oxidized to regenerate the original oxidized
flavin cofactor. These flavoproteins do not in-
volve the transfer of reduced flavin molecule
itself from one enzyme (or active site) to an-
other enzyme (or active site), and are not the

subjects for discussion herein. Instead, this re-
view focuses on two other classes of enzymes,
with one class producing reduced flavin as a
product and the second class requiring reduced
flavin as a substrate or in some other way for
the expression of the activity. In addition, one
particular reduced flavin donor—acceptor en-
zyme system, namely the flavin reductase-lu-
ciferase couples from luminous bacteria, will be
discussed in more detail with respect to struc-
tures, functions, and mechanisms of reduced
flavin transfer.

ENZYMES THAT GENERATE REDUCED
FLAVIN AS A PRODUCT
Flavin reductases

Reduced flavin is generated as a product by
NAD(P)H-flavin oxidoreductases or flavin re-
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ductases (FRs), which are generally regarded
as enzymes capable of catalyzing the following
reaction (Eq. 1):

F + NAD(P)H + H" — FH, + NAD®P)" (1)
where F stands for the flavin substrate and FH,
refers to the reduced flavin product. More
specifically, in comparison with other electron
acceptors for NAD(P)H oxidation, flavin re-
ductases must be able to efficiently utilize oxi-
dized flavin as an active, preferred, or even ex-
clusive substrate. In old literature, the term
“diaphorase” refers indiscriminately to any
enzyme capable of catalyzing the reduction of
artificial electron acceptors (such as dyes, fer-
ricyanide, and quinones) by NAD(P)H. There-
fore, the term “diaphorase” does not have
any physiological meaning and is rarely men-
tioned in modern biochemical literature. Some,
but not all, diaphorases are active in using fla-
vin as an electron acceptor and could be clas-
sified as flavin reductases. However, in gen-
eral, diaphorases should not be construed as
the equivalent of flavin reductases. Lastly, the
possibility exists that certain flavin reductases
may be associated with other enzymatic activ-
ities and, hence, could be designated by alter-
native names.

Proposed classification/nomenclature

We have proposed that NADPH- and
NADH-preferring flavin reductases be named
FRP and FRD, respectively, and the general fla-
vin reductase that utilizes NADH and NADPH
with similar efficiencies be designated FRG
(52). If the substrate specificity of a particular
flavin reductase toward NAD(P)H is affected
by the flavin cosubstrate, the pyridine nucleo-
tide specificity should be specified in conjunc-
tion with the identity of the flavin. Flavin re-
ductases often form a complex with their
corresponding reduced flavin-acceptor en-
zymes and can be co-isolated (see below).
Whenever possible, the NAD(P)H specificity of
a flavin reductase should be classified using a
flavin that is also the preferred substrate for the
functionally linked flavin-acceptor enzyme.
This will help with the rationalization of
NAD(P)H preferences in terms of the func-
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tional roles of reduced flavin donor-acceptor
enzyme complexes. We believe that the
FR(P,D,G) classification is useful from an op-
erational or functional point of view.

Drs. Vincent Niviere and Marc Fontecave
and colleagues have proposed that flavin re-
ductases be divided into a nonflavoprotein
Class I and a flavoprotein Class II (61, 62).
These two classes also show differences in ki-
netic schemes, sequences and/or protein folds.
However, the term “FRase I” has been used ex-
tensively by others for a flavoprotein reductase
from Vibrio fischeri (see below). To avoid con-
fusion, Drs. Niviere and Fontecave have kindly
agreed to reclassify the flavoprotein and non-
flavoprotein reductases as Class I and Class 1II,
respectively (personal communication).

The pyridine nucleotide specificity- and fla-
vin content-based classifications can be speci-
fied individually (e.g., FRD, FRI, etc.) or in con-
junction (e.g., FRD-I, FRG-II, etc.). The term
“FR” can be used for flavin reductase in gen-
eral and, in particular, for any flavin reductase
that has not been characterized with respect to
NAD(P)H specificity or flavin cofactor content.
The sequences and crystal structures are
known for some flavin reductases and un-
doubtedly will become available for additional
reductases. It will be desirable to revisit the
subject of classification in the near future on the
basis of sequence and/or protein fold.

Known flavin reductases

A number of known flavin reductases are in-
cluded in Table 1. Most of the known flavin re-
ductases are bacterial enzymes, but some are
from mammalian sources. Reductases shown
in Table 1 consist of members from each of the
three categories of FRP, FRD, and FRG.
Whereas some of these reductases are non-
flavoprotein, others have tightly bound flavin
mononucleotide (FMN) or, less frequently, fla-
vin adenine dinucleotide (FAD). Moreover, the
pyridine nucleotide specificity has no direct re-
lationship to whether flavin is required as a co-
factor. The size of flavin reductase monomer is
generally small, ranging from 13 to 34.5 kDa
molecular mass with most of them within the
21-28 kDa range. Thus far, seven flavin reduc-
tases are known to exist as dimers, with the
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monomer—dimer equilibria characterized in
aqueous solution for three of these species. As
will be elaborated later for a flavin reduc-
tase—luciferase system, such an equilibrium ap-
pears to be physiologically significant.

Three better characterized flavin reductases

The FRP (Class I) from Vibrio harveyi (for-
merly Beneckea harveyi), FRase I (Class FRG-I)
from Vibrio fischeri, and Fre (Class FRII) from
Escherichia coli are the three flavin reductases
that have been characterized extensively to
date.

The V. harveyi FRP was first detected and iso-
lated more than two decades ago, and was
found to be highly specific for NADPH (22, 34,
35). The gene encoding this reductase was later
cloned, sequenced, and overexpressed (52). The
expressed enzyme has been purified to appar-
ent homogeneity and found to contain one
FMN cofactor per 26-kDa monomer (52).
Apoenzyme of FRP was prepared in a form
suitable for reconstitution with FMN (K4 = 0.2
uM, 23°C) or 2-thioFMN (K4 = 0.3 uM, 23°C)
to form active holoenzymes (55). The 1.8-A
crystal structure of this reductase has been re-
ported (73), providing the first high-resolution
structure for a flavin reductase. The crystalline
FRP assumes an interlocking homodimeric
form with each subunit comprising two do-
mains and containing one bound FMN. The
first and major domain consists of a four-
stranded antiparallel B-sheet flanked by helices
on either side. The second and smaller domain
reaches out from one subunit to embrace the
major domain of the other subunit. The entire
si face of the FMN cofactor isoalloxazine ring
is buried, thus necessitating the specific trans-
fer of the pro-R hydrogen at the C-4 position
of NADPH (83) to the re face of the FMN co-
factor. The dimeric FRP crystal structure has
9,352 A2 of intersubunit contact surface (73), the
largest among known dimeric proteins with
similar sizes. Interestingly, V. harveyi FRP un-
dergoes a monomer—dimer equilibrium with a
Kq of 1.8 uM at 4°C (55). The crystal structure
of V. harveyi FRP in complex with the inhibitor
NAD™" has also been determined (75). The
bound NAD™ is the most folded in comparison
with that bound to any other proteins with
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known crystal structures. On the basis of such
a structure, we hypothesized that NADPH/
NADP™ shuttle between an open and a closed
form during V. harveyi FRP catalysis, with the
open form of NADPH active in hydride trans-
fer and the closed form of NADP™ ready for
release (75). The V. harveyi FRP has a nine-
residue (App1-S-R-T-S-N-G-K-Lyp9) loop that
was not resolved in the crystal structure. Re-
cently, we found that the Arg?® residue within
this loop is critical for NADPH recognition and
binding (87). The sequence of FRP (52) is highly
similar to that of the major nitroreductase NfsA
from Escherichia coli (51% identity) (96) and
Bacillus subtilis (41% identity) (100). Both ni-
troreductases contain a tightly bound FMN and
preferentially utilize NADPH. The NfsA from
B. subtilis reduces both nitrofurazone and FMN
effectively (100), whereas the substitution of
the Glu” residue by glycine converts the E. coli
NfsA into a flavin reductase (99). Recently, the
crystal structure of the E. coli NfsA has been
solved at 1.7-A resolution (44), showing con-
siderable similarity to the structure of V. har-
veyi FRP. The peptide segment corresponding
to the disordered loop in FRP was structurally
resolved for NfsA.

The Vibrio fischeri FRase 1/FRG-I, effective in
using NADH or NADPH as an electron donor,
has earlier been partially characterized (11, 82).
The gene for this reductase was cloned, se-
quenced, and successfully expressed (95). Sim-
ilar to the V. harveyi FRP, the V. fischeri FRase
I/FRG-I is an FMN-containing flavoprotein
(33) specific for the transfer of the pro-R hy-
drogen at the C-4 of NAD(P)H to the FMN co-
factor (33). The crystal structure of this reduc-
tase has also been determined (45), showing a
dimeric structure with one FMN cofactor per
monomer. The overall folding of the V. fischeri
FRase I/FRG-I is similar to that of the V. har-
veyi FRP and the NADH oxidase (NOX) from
Thermus thermophilus (30) despite a relatively
low 10-21% sequence identity. These three en-
zymes represent a new class of flavoprotein
fold. However, it has been noted (45, 73, 75)
that FRase I/FRG-I and NOX are substantially
more homologous to each other than to FRP.
One major structural difference is that the FRP
disordered Ajp1—Lao9 loop, which contains the
Arg?%3 critical to the specific recognition of



REDUCED FLAVIN: DONORS, ACCEPTORS, AND CHANNELING

NADPH, is not present in the NADH/
NADPH-indiscriminating FRase I/FRG-I or
NOX. The minor nitroreductase NfsB of E. coli,
which contains an FMN cofactor and utilizes
both NADH and NADPH effectively, has been
shown to resemble the V. fischeri FRase I/FRG-
I in sequence but has a low flavin reductase ac-
tivity (98). A substitution of the Phe!?* residue
by serine, however, converts the NfsB to a fla-
vin reductase even more active than FRase
I/FRG-I (97).

The E. coli Fre/FRII, originally isolated as a
component of an enzyme complex involved in
the activation of ribonucleotide reductase (16),
represents a different class of flavin reductases
that do not contain any flavin cofactor. The
gene for this reductase has been cloned, se-
quenced, and overexpressed (13, 71). The
Fre/FRII is a 26.2-kDa monomer capable of us-
ing riboflavin as the best substrate in accepting
the pro-R hydrogen from the C-4 position of
NADH and NADPH with similar efficiencies
(62). However, this reductase shows a moder-
ate and strong preference for NADH as the
electron donor with FMN (13) and FAD (62),
respectively, as electron acceptors. Consistent
with its lack of any redox cofactor, it exhibits a
sequential kinetic mechanism with ordered
substrate binding of NAD(P)H followed by fla-
vin (13, 62). Interestingly, the reductase also re-
leases the products in a fixed order, but with
reduced flavin first followed by NADP* (13) or
with NAD™ first followed by reduced flavin
(62). The isoalloxazine ring of the flavin sub-
strate is critical to the binding by Fre/FRII (13).
Both the nicotinamide ring and the adenosine
moiety of NADH are important to binding,
whereas NADPH binds to the reductase almost
exclusively through the nicotinamide ring (62).
Although Fre/FRII is not a flavoprotein, sev-
eral lines of consideration (60) suggest that
Fre/FRII may be closely related to a flavopro-
tein family of which the spinach ferredoxin-
NADP™ reductase (FNR) is a structural proto-
type (5). The Fre/FRII contains a four-residue
motif similar to a corresponding sequence in
FNR known to interact with flavin (5). It has
been shown that the Ser*® residue within this
motif of Fre/FRII is indeed critical to flavin
binding and catalytic activity (60). Mechanistic
similarities also exist between Fre/FRII and
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FNR in that two charge transfer complex in-
termediates detected in the Fre/FRII reaction
are similar to those observed for FNR (61). Re-
cently, the crystal structure of Fre/FRII has
been determined (32). Although the sequence
similarities are low, the crystal structure of
Fre/FRII provides direct evidence that it is
structurally similar to the ferredoxin reductase
family of flavoproteins. A major difference,
however, can be noted; the AMP moiety of
FAD is important to the flavin binding by the
FNR family flavoproteins, but Fre/FRII does
not have any AMP binding site (32). Fre/FRII-
like flavin reductases have also been found in
luminous bacteria Photorhabdus Iuminescens,
Vibrio fischeri, Vibrio harveyi, and Vibrio orien-
talis (94). The Fre/FRII-like reductase in V. fis-
cheri is a minor reductase species and is differ-
ent from the major FRase I/FRG-I (94). Thus
far, none of these Fre/FRII-like reductases in
luminous bacteria have been well character-
ized.

BIOLOGICAL FUNCTIONS AND
ENZYMES THAT REQUIRE
REDUCED FLAVIN

At the present, the true physiological func-
tions of free reduced flavin in biological pro-
cesses have not been well established. How-
ever, some earlier and a number of more recent
reports have indicated that reduced flavin pro-
duced by flavin reductases is effective in acti-
vating certain biological functions and is re-
quired as a substrate by acceptor enzymes.
Examples of these flavin reductase-linked bio-
logical processes or enzymes are included in
Table 1 along with their corresponding flavin
reductases.

Reduced flavin as a reductant

The first type of molecular action by reduced
flavin is simply for it to act as an effective re-
ductant or electron-transfer mediator (18). In
most cases, ferric complexes or iron proteins
can be reduced by flavin reductases via their
reduced flavin product. In microbial systems,
evidence has been obtained to indicate that fla-
vin reductase is effective in reductive activa-
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tion of the iron center of ribonucleotide reduc-
tase (10, 16, 17), and in reducing ferrisidero-
phores for iron release (9, 25). Flavin reductases
from mammalian erythrocytes and other tis-
sues have also been shown to efficiently reduce
methemoglobin (6, 68, 69, 93). In another mode
of action, the E. coli Fre/FRII has been shown
to stimulate superoxide radical production by
supplying reduced flavin (21). The mechanistic
roles of flavin reductases in these processes, es-
pecially under in vivo conditions, are still
poorly understood. The fact that free NAD(P)H
is not effective and flavin reductase is required
for the activation of these biological functions
suggests that either reduced flavin is a prefer-
ential, or possibly specific, reductant or flavin
reductase can interact with the reduced flavin
acceptor for a more efficient transfer of the re-
ducing equivalent. However, it remains to be
established whether or not these activities of
flavin reductases mentioned above are physio-
logically significant.

Reduced flavin as a substrate for monofunctional
flavin-dependent monooxygenases

Flavin-dependent monooxygenases (or hy-
droxylases) can be divided into a “bifunctional
flavohydroxylase” group and a “monofunc-
tional flavin-dependent hydroxylase” group.
In earlier years, the vast majority of known fla-
vin-dependent hydroxylases belonged to the
bifunctional flavohydroxylase group, which
can catalyze the following overall reaction (Eq.
2):

SH + NAD(P)H + H" + O, — S-OH
+ NADP)* + H,O (2)

where SH is a substrate and S-OH is the hy-
droxylated product. A key feature of this class
of enzymes is that they contain a tightly bound
flavin cofactor and, hence, are genuine flavo-
proteins. The term “bifunctional” refers to the
fact that a single hydroxylase species can cat-
alyze the reduction of the tightly bound flavin
cofactor by NAD(P)H in the reductive half-re-
action and the subsequent oxidative half-reac-
tion to generate oxygenated flavin intermedi-
ates (1) and, finally, the hydroxylated product.
In some cases, such as salicylate hydroxylase,
the substrate is decarboxylated as well as hy-
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droxylated. No separate flavin reductase is
needed by these bifunctional flavohydroxy-
lases.

In contrast, the monofunctional flavin-de-
pendent hydroxylases have no bound flavin co-
factor and cannot reduce flavin by NAD(P)H.
Instead, they require reduced flavin (FH>) as a
substrate in catalyzing the following reaction

(Eq. 3):
SH + FH,; + O, - S-OH + F + H,O  (3)

The required FH, must be acquired from an
external source, converted to a flavin-4a-
hydroperoxide intermediate for substrate
hydroxylation and, finally, released as an oxi-
dized flavin product. Different from the bi-
functional flavohydroxylases, the monofunc-
tional flavin-dependent hydroxylases can only
catalyze the oxidative half-reaction. The essen-
tial reduced flavin substrate for these hydrox-
ylases is believed to be supplied in vivo by
flavin reductases. These monofunctional hy-
droxylases are not canonical flavoproteins for
they do not contain any bound flavin cofactor.
However, they are flavin-dependent on the ba-
sis of their absolute requirement for the re-
duced flavin substrate. The term “two-compo-
nent monooxygenase (or hydroxylase)” is often
used in recent publications. It should be noted
that, although the enzyme complex comprising
a monofunctional monooxygenase and a func-
tionally (or structurally) linked flavin reductase
can be appropriately designated as a “two-
component monooxygenase,” this term should
notbe used to specify the monooxygenase com-
ponent itself within the “two-component” en-
zyme complex.

Luciferase from luminous bacteria catalyzes
the reaction (Eq. 4):

R-CHO + FMNH, + O, — R-COOH
+ FMN + H,O + light (4)

where R-CHO is a long-chain aliphatic alde-
hyde and R-COOH is the carboxylic acid prod-
uct. For a long period of time, bacterial lucif-
erase is the only well characterized
flavin-dependent monofunctional hydroxy-
lase. A substantial body of work has been done
on this enzyme, and a number of reviews are
available in the literature. Only some selected
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features of this enzyme are briefly discussed
herein. All known bacterial luciferases, mostly
from marine sources, are «f dimers. The reac-
tion mechanism has been extensively eluci-
dated, especially by Hastings and colleagues
(see 29 and 81 and references therein). The turn-
over rate of luciferase is extremely slow, ~20
min~! at 23°C using decanal as a substrate.
Therefore, long-lived intermediates are ex-
pected to exist. Indeed, two species of oxy-
genated flavin intermediates, namely the FMIN-
4a-hydroperoxide (27, 28, 78, 79, 85) and the
FMN-4a-hydroxide (46, 47, 58), have been iso-
lated and characterized. The crystal structures
of V. harveyi luciferase have been determined
for the af heterodimer (14) and the B, ho-
modimer (74, 77). The native a8 dimer of lu-
ciferase is highly active in luminescence (29),
but about four orders of magnitude lower ac-
tivities have also been detected with individ-
ual subunits (86). The active species have been
shown to be the « monomer and B; dimer (7).
Interestingly, same as the native af3 luciferase
(51), the luciferase a and B, also each has a sin-
gle active site for the binding of an FMNH; and
an aldehyde as substrates and an aldehyde in-
hibitor site that overlaps with the FMNH, site
(7). The exact locations of these specific bind-
ing sites are still a matter of speculation. The
aHis** and aHis*® are known to be critical to
luciferase activity (90). Interestingly, the aHis*
is essential to the formation of the FMN-4a-hy-
droperoxide intermediate (53), whereas the
aHis* is a catalytic base functioning at a step
after the formation of the FMN-4a-hydroper-
oxide intermediate (31).

Other members of the monofunctional fla-
vin-dependent hydroxylase class have been
discovered over the last decade. Included in
Table 1 are, in addition to luciferase, 4-hy-
droxyphenylacetate 3-hydroxylase (67, 92),
isobutylamine hydroxylase (65), pyrrole-2-car-
boxylate monooxygenase (2), nitrilotriacetate
monooxygenase (84, 91), EDTA monooxyge-
nase (66, 89), pristinamycin IIA synthase (3, 76),
a monooxygenase required for actinorhodin
biosynthesis (42), and two monooxygenases for
fossil fuel desulfurization (24, 49, 63). The
pristinamycin II5 synthase is actually an
FMNH,-requiring hydroxylase capable of cat-
alyzing the hydroxylation of pristinamycin IIg
and subsequent dehydration of the hydrox-
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ypristinamycin Ilg intermediate to form the fi-
nal product pristinamycin Il (76).

Regarding the flavin substrate specificity, the
4-hydroxyphenylacetate 3-hydroxylase (67, 92)
and pyrrole-2-carboxylate monooxygenase (2)
preferentially use FADH,, and the isobutyl-
amine hydroxylase can utilize both FMNH,
and FADH, (65). In contrast, FMNH,; is re-
quired by EDTA monooxygenase (66, 89),
nitrilotriacetate monooxygenase (84, 91), pristi-
namycin II, synthase (76), two monooxyge-
nases (i.e., Dsz C and Dsz A) for dibenzothio-
phene desulfurization (24, 49, 63), and bacterial
luciferase (29).

Several unusual features of monofunctional
hydroxylases can be identified. First, among all
known bifunctional and monofunctional fla-
vin-dependent hydroxylases, bacterial lucifer-
ase is the only one that catalyzes a light-emit-
ting reaction. Second, the sulfide/sulfoxide
monooxygenase (Dsz C) from Rhodococcus sp.
IGTS8 (49) and the EDTA monooxygenase (89)
each catalyze two consecutive monooxygena-
tion reactions. Third, although Eq. 3 is consis-
tent with the reactions catalyzed by most
monofunctional hydroxylases, the enzyme Dsz
A from Rhodococcus sp. IGTS8 requires two
NADH molecules per cycle of catalysis. A
mechanism has been proposed to account for
such a reaction stoichiometry with the Dsz A
still functioning as a monooxygenase (63).

Although definitive proofs remain to be es-
tablished, probably flavin reductases are func-
tionally linked to monofunctional hydroxy-
lases in vivo. A strong supporting evidence is
that several species of the monofunctional
hydroxylases are known to form structural
complexes with their corresponding flavin re-
ductases. These include nitrilotriacetate mono-
oxygenase (84), EDTA monooxygenase (89),
pyrrole-2-carboxylate monooxygenase (2), and,
as will be described later, bacterial luciferase.

Other functions of reduced flavin

The chorismate synthase, a nonhydroxylase
enzyme, catalyzes the conversion of 5-
enolpyruvylshikimate 3-phosphate to choris-
mate in the aromatic amino acid biosynthesis
pathway (15, 26). The reaction does not involve
any overall change in the redox states. How-
ever, FMNH; is essential to the activity of cho-
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rismate synthase (4, 56). A mechanism has been
proposed (56) in which the reduced flavin first
transfers one electron to the substrate, giving
rise to a radical pair of flavin semiquinone and
a dephosphorylated allylic radical derived
from the substrate. In subsequent steps, a ho-
molytic C-H bond cleavage of the allylic radi-
cal occurs, leading to a one-electron back trans-
fer to the flavin semiquinone to form the
chorismate product and regenerate FMNH,. In
such a mechanism, FMNH, has a “hidden” re-
dox role, transforming from a dihydroflavin to
a semiquinone and back to a dihydroflavin.
There are also strong indications that choris-
mate synthase is functionally coupled to the fla-
vin reductase. In fact, the fungal chorismate
synthases from Neurospora crasa and Saccha-
romyces cerevisiae are bifunctional enzymes each
containing intrinsic reductase and chorismate
synthase activities (43). For the monofunctional
chorismate synthase, it was found that the syn-
thase from Bacillus subtilis exists together with
a flavin reductase and a 3-dehydroquinate syn-
thase as a trimeric enzyme complex (15).

Similar to bacterial chorismate synthase, the
catalytic activity of E. coli DNA photolyase also
involves the initial transfer of an electron from
an excited state FADH, to the thymine dimer
to form a flavin semiquinone and a radical an-
ion intermediate (39, 40, 70). After additional
chemical transformation, a subsequent step of
electron transfer from the radical anion to the
flavin semiquinone results in the formation of
two thymine monomers and regeneration of
the ground state FADH,. The isolated pho-
tolyase contains a neutral FAD semiquinone
that can be easily converted to FADH, by
dithionite or photochemically. However, it is
unclear how DNA photolyase acquires the
FADH,; in vivo or whether any flavin reductase
is involved in such a process. Chorismate syn-
thase- and DNA photolyase-like enzymes and
other new reduced flavin-requiring enzymes
are likely to be discovered in the future.

MECHANISMS OF REDUCED
FLAVIN TRANSFER

Many biological functions and enzymes are
dependent on reduced flavin supply for activ-

TU

ities. However, the mechanisms of reduced fla-
vin transfer in vitro or in vivo remain essentially
unexplored at the present for any donor-ac-
ceptor system except the flavin reductase-bac-
terial luciferase couple. Information revealed
by studies on the latter system is summarized
below.

Direct channeling of reduced flavin from
reductase to luciferase

In general, there are at least three possible
mechanisms for the acceptor protein or enzyme
to acquire reduced flavin: (a) free diffusion of
reduced flavin to acceptor, (b) reduction of ac-
ceptor-bound oxidized flavin by an external re-
ductant including free or bound reduced fla-
vin, and (c) direct channeling of reduced flavin
from a donor to an acceptor. Conceivably, all
three mechanisms could be operational in vitro
or in vivo. However, free diffusion cannot be an
efficient way for reduced flavin transfer. Re-
duced flavin is sensitive to rapid autooxidation
following an autocatalytic process (12, 23, 57):

FH, + O, — F + H,O, (slow) (5)
FH, + F— 2 FH' (6)

FH + O, ->F+ 0O, + H" (7)
FH + O~ — F + H0p 8)

Initially, the reduced flavin (FHj) is oxidized
directly but slowly by oxygen to generate oxi-
dized flavin (F) and hydrogen peroxide (Eq. 5),
accounting for only a few percent of the total
oxidized flavin formation. As soon as some ox-
idized flavin is formed, a one-electron transfer
between FH, and F leads to the formation of
two molecules of flavin semiquinone (FH") (Eq.
6). One flavin semiquinone then reacts with
oxygen to generate F and superoxide radical
(Eq. 7). A second molecule of the flavin semi-
quinone subsequently reacts with the superox-
ide radical to form F and H,O; (Eq. 8). In an
air-saturated aqueous solution, FMNH,; has a
half-life of only ~25 ms. Autooxidation of re-
duced flavin will not only waste otherwise use-
ful reducing equivalents, but will also generate
harmful oxygen species. Although bacterial lu-
ciferase can utilize exogenously added free
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FMNH, for the luminescence reaction in vitro,
free diffusion is not likely to be either an effi-
cient or a major way to deliver FMNH, to lu-
ciferase in vivo.

In connection with the second possible mech-
anism, the resting state of bacterial luciferase
binds FMNH, tightly, but does not bind oxi-
dized FMN appreciably. However, the oxi-
dized FMN product formed in each cycle of
catalysis is released slowly from luciferase due
to a slow decomposition of the ternary enzyme-
product complex of luciferase, FMN, and fatty
acid (54). It is conceivable that the luciferase-
bound FMN product can be reduced by exter-
nal reductant (reduced flavin included) coming
into contact with the bound FMN. The lucifer-
ase—flavin complex is then reduced and
recharged for the next cycle of catalysis. At
present, results of reductase-luciferase coupled
reaction in vitro are inconsistent with such a
mechanism (see below), but no sufficient in-
formation is available to rule in or out this
mechanistic possibility in vivo.

Regarding the direct channeling mechanism,
evidence was made available more than two
decades ago to suggest that FMNH, can be di-
rectly transferred from reductases to luciferase.
It can be reasoned that the K, values of re-
ductase for the flavin and pyridine nucleotide
substrates should be the same in both the re-
ductase single-enzyme assay and the reduc-
tase-luciferase coupled assay if the latter uses
truly excess amounts of luciferase and lucifer-
ase receives FMNH, by free diffusion. On the
other hand, knowing that the turnover rate of
luciferase is markedly slower than those of re-
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ductases, the overall efficiency of a reductase—
luciferase functional complex will be limited by
the much slower luciferase. Therefore, FMN
and NAD(P)H at levels much lower than the
Km,pvn and K Nappyn Of reductase in the sin-
gle-enzyme assay would be sufficient for 50%
maximal bioluminescence emission in the cou-
pled assay involving a luciferase-reductase
functional complex and direct channeling of
FMNH,; within the complex. The same argu-
ment can be made in comparing the substrate
levels optimal for reductase in the single-en-
zyme and coupled assays. For simplicity, the
subscripts F and H will be used to refer to V.
fischeri and V. harveyi, respectively, as the bac-
terial sources of luciferase (L) and flavin re-
ductase, and the FRase I/FGR-I from V. fischeri
will be abbreviated as FRGg. Duane and Hast-
ings (11) found that the optimal concentration
of FMN for FRGr activity in a coupled assay
containing excess Lr was nearly 100 times
lower than that in the FRGg single-enzyme
spectrophotometric assay. Jablonski and
DeLuca (35) also observed that the K, values
for FMN and reduced pyridine nucleotide for
FRDy and FRPy determined by the Ly-coupled
assays were substantially lower than those in
the respective single-enzyme assays (Table 2).
These findings were interpreted to indicate a
direct transfer of FMNH, from reductase to lu-
ciferase in a functional complex. Similar stud-
ies were carried out more recently for FRPy
and FRGg in single-enzyme and coupled assays
using various reductase-luciferase combina-
tions (Table 2). In all cases, substantially lower
Ky, values were observed in coupled assays

TaBLE 2. KINETIC PROPERTIES OF FRGE, FRDy, AND FRPy INDIVIDUALLY AND IN COUPLED REACTIONS WITH Ly AND Lg

Ko, rmn Kiu,NaDH Ky, NADPH Kinetic
Enzyme system (M) (M) (M) mechanism Reference
FRPy 14 40 Ping-pong (35)
8 20 Ping-pong (50)
FRPy-Ly 2.5 1.6 (35)
0.3 0.02 Sequential (50)
FRPy-Lg 0.2 1.1 Sequential (37)
FRDy 1.0 47 Sequential (35)
FRDy-Ly 0.35 5.0 (35)
FRG¢F 73 80 (11)
220 120 Ping-pong (82)
FRGg-Lg 0.05 3.8 Sequential (37)
FRG¢-Ly 4 9 Ping-pong (50)
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than in reductase single-enzyme assays. There-
fore, a direct transfer of FMNH, was indicated
not only for FRPy-Ly and FRGg-Lg, but also for
the FRGg-Ly and FRPy-Lg mixed couples.

Direct transfer of reduced flavin cofactor of
reductase to luciferase

The mechanisms of reduced flavin transfer
from reductase to luciferase have been exam-
ined by using Ly and Lf in various combina-
tions with FRPy and FRGg. The FRPy-Ly cou-
ple was first examined in detail, and the results
led to the conclusion that FRPy directly trans-
fers its reduced flavin cofactor rather than the
reduced flavin product to Ly as the major path-
way for the coupled luminescence reaction (50).
The supporting evidence is derived from three
lines of studies.

Change of kinetic mechanism. FRPy exhibits a
ping-pong mechanism in the single-enzyme as-
say (Table 2). As FRPy has a bound FMN co-
factor, the observed ping-pong mechanism can
be accounted for by Scheme 1A. For Scheme 1A
and other schemes: E is the reductase apoen-
zyme; N and NH are, respectively, the oxidized
and reduced pyridine nucleotide; F and FH;
are, respectively, the oxidized and reduced fla-
vin cofactor; f and fH, are, respectively, the ox-
idized flavin substrate and reduced flavin
product. Interestingly, a sequential mechanism
was observed for FRPy in the Ly-coupled lu-
minescence reaction (50). This is interpreted to
indicate a direct transfer of reductase reduced

NH N f
(A) EF l EFH, EF

F NH N LFH,
(B) E l EF l T EFHZL/,T E

SCHEME. 1. (A) Ping-pong mechanism of FRPy and
FRGg in the respective single-enzyme reactions. (B) Se-
quential mechanism for the FRPy-Ly, FRPy-Lp, and
FRGg-Lr coupled reactions with steps of the direct trans-
fer of reductase reduced flavin cofactor to luciferase high-
lighted by the enclosing box. (Adapted from Lei B and Tu
S-C. Biochemistry 37: 14623-14629, 1998.)
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flavin cofactor to luciferase (Scheme 1B). Ini-
tially, the NADPH binds to the oxidized FRP
holoenzyme (EF). The FMN cofactor is then re-
duced and NADP™ is released as a product.
The FMNH, cofactor of the reduced reductase
(EFH,) is then directly transferred to luciferase
for the bioluminescence reaction, and the re-
ductase is left as an apoenzyme. The binding
of the exogenously added flavin to the apo-
reductase regenerates the original oxidized
holoenzyme. When rearranged to have the
apoenzyme as the starting enzyme species,
FRPy now follows a sequential mechanism in
the Ly-coupled reaction (Scheme 1B). FRGr
also follows a ping-pong mechanism in the sin-
gle-enzyme assay (82). The kinetic mechanisms
of FRPy and FRGg were found (37) to switch
over to the sequential pattern in the FRPy-Lg
and FRGg-Lr coupled reactions (Table 2).
Therefore, the same Scheme 1B can also be fol-
lowed to support a direct transfer of reductase
reduced flavin cofactor to luciferase in the
FRPy-Lr and FRGg-Lg couples.

Inhibition of coupled luminescence reaction by
flavin. Scheme 2 was proposed for further ki-
netic analyses of the FRPy-Ly coupled reaction
(50). Scheme 2B is a more detailed version of
Scheme 1B based on a direct transfer of reduc-
tase reduced flavin cofactor to luciferase (high-
lighted by the enclosing box). In addition,
Scheme 2A shows that exogenously added fla-
vin (f) is expected to compete against lucifer-
ase in forming a complex with the reduced re-
ductase (EFH;) to generate the fH, product,
which undergoes a rapid and dark autooxida-
tion. Following Scheme 2, kinetic rate (Egs. 9
and 10) can be obtained on the basis of the orig-
inal analyses by Lei and Tu (50):

1 G+ C[L] + C3lf]

C4[L]Vmax
GCs[L] + Celf] 1 ©)
C4[L]Vmax [NH]
1_ G5 + G[NH]
v C4NH]Vinax
Cs[NH] + {Ce + C3[NH])[f] 1 (10)

C4[NH]Vmax TL]

In both equations, v and Vi, are, respec-
tively, the observed and the maximal intensi-
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kA
EFH,:f —» EF +fH, Dark (A)
k3 (f)l ks
Kky(NH) K
EF EF:NH EFH,
ko
N m“km.)
EFH,L — o E + LFHy |— 2% Light B
: + ——» Li
2L — 2| R CHO g (B)
ke Lke (F)
EF

SCHEME 2. Light and dark pathways in the FRPy-Ly, FRPy-Lg, and FRGg-Ly coupled reactions. Steps of the di-
rect transfer of reductase reduced flavin cofactor to luciferase are highlighted by the enclosing box. (Adapted from

Lei B and Tu S-C. Biochemistry 37: 1462314629, 1998.)

ties of the coupled luminescence reaction, and
C; through Cg are constants (50). Equation 9 is
arranged in a form for the analysis of the in-
hibitory effect of FMN against varying concen-
trations of NADPH at a constant level of lucif-
erase. In double-reciprocal plots of 1/V versus
1/[NH], [f] appears in both the (ordinate) in-
tercept term and the slope term. Hence, high
concentrations of exogenously added FMN
should be a noncompetitive (i.e., including the
conventional noncompetitive and the mixed)
inhibitor against NADPH. On the other hand,
Eq. 10is shown for the examination of the FMN
inhibition against varying concentrations of lu-
ciferase using a constant amount of NADPH.
Only the slope term of the 1/v versus 1/[L]
double reciprocal plot is affected by [f]. There-
fore, FMN should be a competitive inhibitor
against luciferase. Experimental results indi-
cated that, indeed, FMN at concentrations
higher than the Ky, pmn in the coupled reac-
tion was a noncompetitive inhibitor against
NADPH and a competitive inhibitor against lu-
ciferase in the FRPy-Ly coupled reaction (50).

The same tests were extended to the FRPy-
Lr and FRGg-Lg coupled reactions. Similar to
the FRPy-Ly system, high concentrations of
FMN inhibited both the FRPy-Lg and the FRGg-
Lk coupled reactions noncompetitively against
reduced pyridine nucleotide and competitively
against Ly (37).

2-ThioFMN as a mechanistic probe. Apoen-
zymes of FRPy and FRGg can bind 2-thioFMN
as a cofactor to produce active holoenzymes
FRPsy (55) and FRGgr (72), respectively. It is

also known that 2-thioFMNH, is an active sub-
strate for luciferase, but the luminescence
quantum yield is markedly lower than that ob-
tainable with FMNH, (59, 79). These properties
make 2-thioFMN an invaluable mechanistic
probe for distinguishing the direct transfer of
the reduced flavin cofactor from the reduced
flavin product of reductase to luciferase. FMN
was used as a common substrate for various
coupled reactions using reductases containing
either FMN or 2-thioFMN as a cofactor. The
rates of NAD(P)H oxidation by the reductases
in these coupled reactions were measured spec-
trophotometrically in duplicate samples. The
observed initial luminescence intensities were
normalized to the same rate of NAD(P)H oxi-
dation (hence the same rate of FMNH, prod-
uct formation). The normalized initial lumi-
nescence intensities for the FRPsy-Ly and
FRPy-Ly coupled reactions should be the same
if the reductase directly transfers the reduced
flavin product (i.e., FMNH;) to luciferase
for luminescence. On the other hand, FRPy
and FRPsy will generate FMNH, and 2-
thioFMNH, cofactor, respectively, at the onset
of the coupled reaction. Therefore, the normal-
ized initial light intensity of the FRPs y-Ly cou-
pled reaction should be markedly lower than
that of the FRPy-Ly coupled reaction if the re-
ductase reduced flavin cofactor is directly
transferred to luciferase for luminescence. In an
experimental test, the normalized initial light
intensity of the FRPs y-Ly couple was only 6%
of that for the FRPy-Ly couple (Table 3). This
provides strong support for the direct transfer
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TaBLE 3. RELATIVE INITIAL COUPLED LUMINESCENCE
INTENSITY USING FMIN AS A SUBSTRATE FOR DIFFERENT
RepUCTASE-LUCIFERASE COUPLED REACTIONS

Relative light intensity* Reference

(FRPs 11-Ly7)/ (FRPy;-Lyy) 6.0 X 10-2 (50)
(FRPg 11-Lr)/ (FRPy;-Ly) 49 % 10 37)
(FRGS,F-LF)/(FRGF-LF) 7.2 X 1072 (37)
(FRG r-Li1)/ (FRGr-Li) 18 37)

*For all coupled reactions, the initial light intensities
measured at 5 s after the addition of the flavin reductase
to initiate the reaction were normalized to correspond to
a constant level of NAD(P)H oxidation rate.

of the reduced flavin cofactor of FRPy to Ly.
Similar tests were also carried out, and much
lower initial light intensities were obtained for
FRPs 1i-Lr in comparison with FRPy-Lg and for
FRGg p-Ly in comparison with FRGg-Lg (Table
3). Therefore, a direct transfer of the reductase
reduced flavin cofactor to luciferase as the ma-
jor pathway is also shown for FRPy-Lr and
FRGg-Lg.

Direct transfer of reduced flavin product of
reductase to luciferase

A quite different pattern of reduced flavin
transfer was detected with the FRGg-Ly cou-
ple. A direct channeling of FMNH, from FRGg
to Ly was indicated by the much lower K, pmn
and Ky, napp in the coupled assay in compar-
ison with those determined in the FRGg single-
enzyme assay (Table 2). However, the ping-
pong mechanism of FRGg in the single-enzyme
assay remained unchanged in the Ly-coupled
assay (Table 2), indicating a direct transfer of
the reductase reduced flavin product to lucif-
erase in the FRGg-Ly coupled reaction (Scheme
3). On the basis of this scheme, exogenously
added flavin is not expected to have any in-
hibitory effect on the light intensity of the cou-
pled reaction. Indeed, no inhibition of the lu-

LfH, —— Light

EF T EFH, ¢ > |EF:f, —=—> | EF

L

SCHEME 3. Ping-pong mechanism of the FRGp-Ly
coupled reaction. Steps of the direct transfer of reductase
reduced flavin product to luciferase are highlighted by
the enclosing box.
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minescence activity of the FRGg-Ly coupled re-
action was detected using FMN up to 120 uM
(37). The 2-thioFMN probe was also used to test
the nature of reduced flavin transfer in the
FRGg-Ly couple (37). By using FMN as a com-
mon substrate, the normalized initial lumines-
cence intensity of the FRGgp-Ly couple was
similar to that of the FRGg-Ly couple (Table 3).
Therefore, all available experimental results
support the conclusion that FRGg directly
transfers the reduced flavin product to Ly as a
major pathway in the coupled reaction.

Additional remarks

FRPy and FRGg are similar with respect to
crystal structure (45, 73), protein size and se-
quence (52, 95), FMN cofactor content (33, 52),
and monomer—dimer equilibrium (36, 55). The
V. harveyi and V. fischeri luciferases are also
similar in sequence and subunit structure (8,
19, 38). Despite these similarities, our results in-
dicate two types of reduced flavin transfer
mechanisms. A direct transfer of the reductase
reduced flavin cofactor to luciferase occurs
within FRPH-LH, FRPH-LF, and FRGF-LF
whereas FRGg transfers its reduced flavin
product to Ly for the coupled luminescence re-
action. The mechanism of reduced flavin trans-
fer appears not to be unilaterally controlled by
either the reductase or luciferase, butis dictated
by the specific makeup of the constituent en-
zymes in the reductase-luciferase couple.

COMPLEX OF REDUCTASE
AND LUCIFERASE

Regardless of the detailed mechanism, a di-
rect channeling of reduced flavin from a donor
to an acceptor requires the formation of the
donor—acceptor complex, either steady or tran-
sient. V. harveyi luciferase immobilized onto
cyanogen bromide-treated Sepharose appeared
to bind the FRDy activity in a crude sample,
and exhibited an enhanced bioluminescence
activity in the coupled reaction (80). However,
direct physical evidence for complex formation
in solution between any species of bacterial fla-
vin reductase and luciferase has never been re-
ported until recently for the V. harveyi FRP and



REDUCED FLAVIN: DONORS, ACCEPTORS, AND CHANNELING

luciferase by fluorescence anisotropy measure-
ments (36). The FRPy apoenzyme was labeled
at 1:1 molar ratio by the fluorescent probe
eosin, and active holoenzyme was reconsti-
tuted from the labeled apoenzyme and FMN.
Both the labeled reductase holoenzyme and
apoenzyme undergo a monomer—dimer equi-
librium with respective K4 values of 1.3 and 2.0
M (36) similar to the 1.8 uM Ky of the native
FRPy (55). By using low concentrations (e.g.,
0.13 uM) of the labeled FRPy apoenzyme or
holoenzyme to ensure the near-complete dis-
sociation of the reductase, titration with V. har-
veyi luciferase led to marked increases in the
fluorescence anisotropy of the reductase-
bound eosin, indicating a complex formation
between luciferase and reductase. The Ky val-
ues for the complex formation with luciferase
were found to be 7 and 11 uM for the labeled
apoenzyme and holoenzyme, respectively. In
contrast, when the dimeric form was the pre-
dominant species at a high concentration (e.g.,
13 uM) of the labeled reductase apoenzyme or
holoenzyme, titration with luciferase led to no
detection of complex formation by fluorescence
anisotropy measurements. All the kinetic data
discussed earlier for the direct transfer of
FMNH, from FRPy to Ly were obtained with
the FRPy existing in the monomeric form,
which is active in binding to luciferase.

The finding that only monomeric FRPy
forms a complex with Ly is likely to be physi-
ologically relevant. By measuring the cellular
volume and the enzyme contents in cells grown
to maximal luminescence intensity, the intra-
cellular concentrations of Vibrio harveyi FRP
and luciferase were estimated to be 3 and 170
uM, respectively (36). The ~3 uM in vivo con-
centration of FRPy is close to the 1.8 uM Ky of
FRPy monomer—dimer equilibrium. Moreover,
luciferase at ~170 uM is at a saturating level
for complex formation with monomeric FRPy.
The conversion of existing FRPy monomers to
complexes with luciferase will trigger further
dissociation of any remaining FRPy dimers, re-
sulting in essentially a complete dissociation of
FRPy and complex formation with luciferase.
Thus, the in vivo luminescence appears to be
regulated by the limiting cellular content of
FRPy. As FRPy is essentially all in complex
with luciferase, nonproductive oxidation of
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NADPH in vivo by free FRPy monomers or
dimers can be kept at a minimum.

At the present, the field of structural and
mechanistic delineation of reduced flavin
transfer is still in its infancy. In addition to the
reductase-luciferase system from luminous
bacteria, a number of other reduced flavin
donor—acceptor enzyme couples have already
been identified, and undoubtedly more will be
discovered in the near future. This author be-
lieves that a significant and rapid advancement
of this young field in the coming years can be
optimistically anticipated.
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ABBREVIATIONS

E and EF, apoenzyme and holoenzyme, re-
spectively, of flavin reductase; F, as subscript,
Vibrio fischeri; f and fH;, oxidized and reduced
flavins, respectively, that bind to or dissociate
from the flavin reductase substrate (or product)
site; F and FH,, oxidized and reduced flavins,
respectively, that bind to or dissociate from the
flavin reductase cofactor site; FAD, flavin ade-
nine dinucleotide; FMN, flavin mononu-
cleotide; FNR, ferredoxin-NADP™ reductase;
FR, flavin reductase; FRD, NADH-preferring
flavin reductase; FRG, general flavin reductase
that utilizes NADH and NADPH with similar
efficiencies; FRGg g, FRGr holoenzyme contain-
ing 2-thioFMN as the flavin cofactor; FRP,
NADPH-preferring flavin reductase; FRPgyy,
FRPy holoenzyme containing 2-thiolFMN as
the flavin cofactor; H, as subscript, Vibrio har-
veyi, L, luciferase; N and NH, NAD(P)* and
NAD(P)H, respectively; NOX, NADH oxidase.
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