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ABSTRACT: Vibrio harVeyi NADPH:FMN oxidoreductase P (FRPVh) is a homodimeric enzyme having a
bound FMN per enzyme monomer. The bound FMN functions as a cofactor of FRPVh in transferring
reducing equivalents from NADPH to a flavin substrate in the absence ofV. harVeyi luciferase but as a
substrate for FRPVh in the luciferase-coupled bioluminescent reaction. As part of an integral plan to elucidate
the regulation of functional coupling between FRPVh and luciferase, this study was carried out to characterize
the equilibrium bindings, reductive potential, and the reversibility of the reduction of the bound FMN in
the reductive half-reaction of FRPVh. Results indicate that, in addition to NADPH binding, NADP+ also
bound to FRPVh in either the oxidized (Kd 180 µM) or reduced (Kd 230 µM) form. By titrations with
NADP+ and NADPH and by an isotope exchange experiment, the reduction of the bound FMN by NADPH
was found to be readily reversible (Keq ) 0.8). Hence, the reduction of FRPVh-bound FMN is not the
committed step in coupling the NADPH oxidation to bioluminescence. To our knowledge, such an aspect
of flavin reductase catalysis has only been clearly established for FRPVh. Although the reductive potentials
and some other properties of a R203A variant of FRPVh and an NADH/NADPH-utilizing flavin reductase
from Vibrio fischeri are quite similar to that of the wild-type FRPVh, the reversal of the reduction of
bound FMN was not detected for either of these two enzymes.

A growing number of two-component flavin-dependent
monooxygenases have been shown to function in a wide
scope of biochemical processes such as bacterial biolumi-
nescence (1, 2), biosynthesis of the antibiotic agents valani-
mycin (3) and actinorhodin (4), and desulfurization of fossil
fuel (5). More examples and descriptions of the biochemical
properties of selected systems can be found in a recent review
(6). Each two-component monooxygenase system consists
of a monofunctional monooxygenase and an NAD(P)H-flavin
oxidoreductase (or flavin reductase). The former enzyme
catalyzes the hydroxylation of a substrate by molecular
oxygen utilizing reduced flavin as a cosubstrate. The required
reduced flavin is provided by the corresponding flavin
reductase, which catalyzes the reduction of flavin at the
expense of NAD(P)H.

Because free reduced flavin is subject to autoxidation (7-
9), it is intriguing how the various monofunctional mo-
nooxygenases efficiently acquire their necessary reduced
flavin substrate from the flavin reductases. However, mech-
anisms of reduced flavin transfer from donor to acceptor
enzymes, in two-component monooxygenases or any other
reduced flavin-requiring systems, have long evaded elucida-
tion. Only recently, a few selected two-component monooxy-

genases have been subjected to mechanistic investigations
with respect to reduced flavin transfer (4, 10, 11). Among
them, the bacterial luciferase-flavin reductase system has
been studied considerably more extensively.

Bacterial luciferase catalyzes a reaction in which FMNH2
1

and a long-chain aldehyde are oxidized by molecular oxygen
to generate FMN, carboxylic acid, water, and biolumines-
cence. The required FMNH2 is provided in vivo by flavin
reductases, of which theVibrio harVeyi NADPH-preferring
flavin reductase P (FRPVh) (10, 12-18) and theVibrio
fischeriNADH/NADPH-utilizing general flavin reductase G
(FRGVf) (10, 16, 19-23) have been characterized in con-
siderable detail. Both FRPVh and FRGVf are homodimeric
flavoenzymes containing a bound FMN per enzyme mono-
mer. Their crystal structures have been determined (14, 15,
22). Both FRPVh and FRGVf undergo a monomer-dimer
equilibrium (13, 23). In the case of FRPVh, the monomeric
form is the dominant species in vivo and only the monomer
binds to luciferase to form a functional complex (17, 24).

The bound FMN in FRPVh and FRGVf holoenzymes has
dual functionalities. In the absence of bacterial luciferase,
the bound FMN functions as a genuine cofactor, and both
reductases follow a ping-pong mechanism (10, 19), which
involves the sequential events of NAD(P)H binding, reduc-
tion of FMN cofactor, NAD(P)+ release, binding and
subsequent reduction of a flavin substrate by the reduced
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cofactor, and, finally, release of the reduced flavin product
and regeneration of the original oxidized holoenzyme. The
originally bound FMN shuttles between an oxidized and a
reduced state but remains bound as a cofactor throughout
the catalytic cycle. However, in the presence of their
respective luciferase partners, the bound FMN is used by
FRPVh and FRGVf as a substrate reducible by the NAD(P)H
cosubstrate. Both reductases follow a sequential mechanism
in generating the reduced flavin product, which is directly
transferred to luciferase for the coupled bioluminescence
reaction (10, 16), leaving the reductase in an apoenzyme
form. The binding of FMN, released from luciferase after
the luminescence reaction or made available by other
processes, regenerates the FRPVh and FRGVf holoenzymes.
Moreover, FRPVh and FRGVf behave differently in hybrid
reductase-luciferase systems (10, 16). FRPVh follows the
same sequential mechanism in reducing and transferring the
bound FMN when it is coupled to either theV. harVeyi
luciferase (LVh) or theV. fischeriluciferase (LVf). In contrast,
the coupled reaction of FRGVf andV. harVeyi luciferase (LVh)
follows the ping-pong mechanism with the originally bound
FMN in the FRGVf holoenzyme maintaining its functional
role as a cofactor. Hence, the mechanism of FMNH2 transfer
between flavin reductase and luciferase appears to be rather
delicately regulated by both the reduced flavin donor and
acceptor enzymes.

Both FRPVh and FRGVf are highly efficient enzymes with
turnover rates about 2-3 orders of magnitude faster than
their respective luciferase partners. Moreover, the biosyn-
thesis of neither flavin reductase is in concert with the rapid
induction of luciferase encoded in thelux operon (1, 25, 26).
NAD(P)H is a precious energy source for many biochemical
and physiological functions. If NAD(P)H is committed to
rapid and irreversible oxidation by flavin reductases without
a well-controlled functional coupling with luciferase, sig-
nificant amounts of NAD(P)H would be wasted in generating
FMNH2 for nonproductive autoxidation. Therefore, knowl-
edge on flavin reductases with respect to equilibrium binding
of NAD(P)+ and NAD(P)H and reversibility of the reduction
of bound FMN is essential to an integral understanding of
the regulation of NAD(P)H oxidation for bioluminescence.
To date, knowledge along these lines is severely limited or
lacking for FRPVh and FRGVf in particular and for flavin
reductases in two-component monooxygenase systems in
general. Such a lack of understanding prompted us to carry
out this study to elucidate the redox potential and equilibrium
properties of the reductive half-reactions of FRPVh and, to a
more limited scope, FRGVf. We found that, despite many
similar properties between FRPVh and FRGVf (6), the
thermodynamic characteristics of their reductive half-reac-
tions have significant differences. These findings, once again,
highlight the delicacy in the functional coupling between
specific species of flavin reductase and luciferase.

EXPERIMENTAL PROCEDURES

Materials. NADPH, NADP+, NAD+, NADH, FMN,
benzyl viologen, phenosafranin, NAD+ kinase (from liver,
type IV), and isocitrate dehydrogenase were all from Sigma.
[4-3H]NAD+ was obtained from Amersham Biosciences.V.
harVeyi FRPVh and V. fischeri FRGVf were purified to
apparent homogeneity as described previously fromEscheri-
chia coliharboring pFRP1 (12) and pFRG (10), respectively.

The published methods (18) were followed for the construc-
tion and purification of the R203A variant of FRPVh, in which
the arginine residue of the wild-type enzyme at the 203
position was replaced by an alanine residue. Purity of enzyme
samples was judged on the basis of sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. All phosphate (Pi) buffers
were, except noted otherwise, at pH 7.0 and consisted of
phosphates at mole fractions of 0.39 sodium monobase and
0.61 potassium dibase.

NADPH and NADP+ Titrations. One milliliter of the
FRPVh sample in an airtight anaerobic titration cuvette (27)
was deoxygenated by three cycles of vacuum application and
refilling with N2. The enzyme sample under N2 gas was
titrated with NADPH and NADP+ by using a microsyringe
for the addition of small-volume aliquots of concentrated
NADPH and/or NADP+ stock solutions stepwise through the
side arm of the cuvette, and the absorption spectrum of the
sample at equilibrium was taken after each addition using a
Milton Roy 3000 spectrophotometer. When enzyme was
titrated with NADP+ in the absence of NADPH, titrations
were carried out under aerobic conditions.

Determination of ReductiVe Potentials.Reductive poten-
tials were determined by dithionite titrations performed using
an anaerobic titration cuvette in the same way as described
above for NADPH titrations. Aliquots of dithionite at
appropriate concentrations in the microsyringe were added
stepwise into 1 mL of N2-saturated solution containing 2µM
benzyl viologen and equal molar concentrations of FRPVh

and phenosafranin. Phenosafranin and benzyl viologen were
used as an internal standard and a mediator in electron
transfer, respectively. The absorption spectrum at equilibrium
was taken after each addition, and spectral data were
analyzed according to the Nernst equation.

Synthesis and Purification of [4-3H]NADP+. In 10 mL of
70 mM phosphate buffer, pH 7.5, containing 5 mM ATP, 5
mM MgC12, 0.2 mM NAD+, and 250µCi of [4-3H]NAD+

(cpm 99300 for a 4µL aliquot) 50 units of NAD+ kinase
was added (one unit is defined as the phosphorylation of 1
nmol of NAD+ to NADP+ per minute at pH 7.5 and 37°C).
The solution was incubated for 8 h at room temperature,
heated in boiling water for 40 s, cooled on ice, and then
loaded onto a DEAE-cellulose column (2× 22 cm, pre-
equilibrated with 70 mM Pi, pH 7.5). The column was
washed first with 20 mL of 120 mM Pi, pH 7.5, and then
with a linear gradient (300 mL total) from 140 to 240 mM
Pi (pH 7.5). Fractions were counted, and those containing
[4-3H]NADP+ were pooled. The yield was about 14%, with
a specific radioactivity of 55µCi/µmol.

Test for ConVersion of [4-3H]NADP+ to [4-3H]NADPH
by FRPVh. FRPVh (0.12µg) was added to 0.5 mL of Pi, pH
7.0, containing 2 mM NADPH and 0.054µCi of [4-3H]-
NADP+ (specific radioactivity 55µCi/µmol). The solution
was incubated at room temperature for 1 h. NADP+ (10 mM
in 0.01 mL of Pi, pH 7.0, used as a marker for spectropho-
tometric detection at 260 nm) was added and the mixture
was loaded onto a DE-52 column (0.5× 5 cm, preequili-
brated with water). The column was sequentially eluted with
1.5 mL of H2O, 5.5 mL of 85 mM Pi, pH 7.5, and 300 mM
Pi, pH 7.5. Fractions were collected at 1 mL each and were
counted for radioactivity. A control was run under identical
conditions except in the absence of FRPVh.
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RESULTS

Equilibrium Scheme in the ReductiVe Half-Reaction.Initial
experiments showed that the addition of excess NADPH into
FRPVh only partially bleached the absorbance of its bound
FMN in the absence of O2 and exogenous FMN. Further-
more, the bleaching was partially reversed by the addition
of NADP+. These findings led us to propose Scheme 1 to
account for the reaction steps involved in the reductive half-
reaction of FRPVh. Values of various constants are based on
determinations made in this study.

Following this scheme, NADPH (NH) binds to oxidized
FRPVh holoenzyme (EF) to form an EF:NH complex. The
bound FMN (F) is reduced by NH in EF:NH to generate the
reduced enzyme (EFH2) which remains in complex with
NADP+ (EFH2:N). The release of NADP+ (N) from EFH2:N
yields the free reduced enzyme (EFH2). NADP+ is also a
competitive inhibitor against NADPH binding.KN, KS, and
KP are the dissociation constants for complexes EF:N, EF:
NH, and EFH2:N, respectively, and the equilibrium constant
of the conversion of EF:NH to EFH2:N is defined asKeq )
[EFH2:N]/[EF:NH]. This scheme was then subjected to
experimental tests as described below.

Aerobic NADP+ Titration. Oxidized FRPVh holoenzyme
EF was found capable of binding NADP+, resulting in
substantial changes in its absorption spectrum. When FRPVh

was titrated with NADP+ from 0.1 to 0.98 mM, the difference
spectra of (FRPVh + NADP+) - FRPVh showed two peaks
at 392 and 506 nm, two partially overlapped troughs between
these two peaks, and two well-defined isosbestic points at
405 and 467 nm (Figure 1A). Changes of∆A506 signals were
analyzed according to eq 1 following the method of Wu and
Hammes (28)

wheren andKN are the number of NADP+ binding sites per
FRPVh monomer and the dissociation constant for EF:N,
respectively; (EF)o and (N)o are the total molar concentrations
of oxidized FRPVh and NADP+, respectively; andP is the
equilibrium concentration of EF:N. The termP at different
(N)o was calculated using the equationP ) (∆A/∆Amax) ×
(EF)o. ∆Amax was∆A506 when FRP is saturated with N and
was determined to be 0.149 by double reciprocal plotting of
∆A506 and [NADP+]. Equation 1 can be rearranged to eq 2

(28). Consistent with eq 2, a linear relationship was obtained
in plotting (N)o/P against 1/[(E)o - P] (Figure 1B). On the

basis of values of the intercept on the ordinate and the slope,
FRPVh was found to bind 0.99 NADP+ per enzyme monomer
with KN ) 1.8 × 10-4 M.

Anaerobic NADP+ Titration. In the presence of saturating
NADPH, [EF] and [EF:N] in Scheme 1 are negligible.
Therefore, eq 3 describes the relationship between [N] and

the ratio of total reduced FRPVh over total oxidized FRP,
i.e., [Ered]/[Eox], at equilibrium. To test eq 3, FRPVh was
titrated with NADP+ in the presence of a high concentration
of NADPH, and the spectrum was recorded before and after
the addition of NADPH and each addition of NADP+. The
absorption peak of the oxidized FRPVh at 453 nm was
bleached by about 87% upon the reduction of FRPVh by
saturating NADPH without any addition of NADP+. The
bleaching was gradually but partially reversed when increas-
ing levels of NADP+ were added (Figure 2A). When
increases inA453 were plotted as a function of the NADP+

concentration, a hyperbolic curve was obtained reaching
about 55% of the originalA453 before bleaching by NADPH
(not shown). Such absorbance increases due to the NADP+

additions were not reversed by further addition of NADPH,
indicating that NADPH was indeed saturating. In principle,
the EF species would partition between EF:NH and EF:N
in the presence of NADPH and NADP+. A complete
recovery of the oxidized FRPVh should occur when a
sufficiently high level of NADP+ was added to out-compete
NADPH in this partitioning. However, additions of NADP+

only led to a partial recovery of the oxidized reductase
(Figure 2A). This is because the level of NADPH originally
added (0.3 mM) was 750-fold of theKS whereas the highest
level of NADP+ added (2.1 mM) was only 11.7-fold ofKN.
Hence the partitioning between EF:NH and EF:N strongly
favors the former under our experimental conditions. There-

Scheme 1

FIGURE 1: Titration of FRPVh with NADP+. (A) A 1 mL solution
containing 46µM FRPVh in 50 mM Pi was titrated with NADP+
(at total NADP+ concentrations of 0.1, 0.2, 0.3, 0.39, 0.49, 0.69,
and 0.98 mM) at 23°C. The spectrum of the sample was recorded
before NADP+ addition and when the binding reached equilibrium
after each addition. The difference spectra (FRPVh + NADP+) -
FRPVh are presented as a function of NADP+ concentration with
the solid line arrows indicating the direction of absorbance change
with increasing amounts of NADP+. Two well-defined isosbestic
points (shown as∆A ) 0) are indicated by the dashed arrows. (B)
∆A506 was analyzed according to eq 2, allowing the calculation of
the dissociation constant and number of NADP+ binding sites from
the slope and intercept, respectively.
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fore, the partial recoveries of oxidized FRPVh upon NADP+

additions were primarily a consequence of the reversion of
EFH2 to EFH2:N and the subsequent equilibrium between
EFH2:N and EF:NH.

It should be noted that low levels of absorption in the 540-
700 nm range were detectable after NADP+ addition (Figure
2A). Species contributing to such absorption could be flavin
semiquinone (29) or the charge complex of EF:NH and/or
EFH2:N, similar to those observed forE. coli flavin reductase
Fre (30). However, the amounts of long-wavelength-absorb-
ing species were quite low. Hence, for simplicity, these
species are not included in Scheme 1. Accordingly, absor-
bance signals at 453 nm (Figure 2A) provide a measure of
the total oxidized enzyme (Eox) and total reduced enzyme
(Ered ) Etotal - Eox). The total NADP+ concentration was
determined from the level of added NADP+ and the amount
of NADPH oxidation. Data shown in Figure 2A can then be
analyzed according to eq 3 as shown in Figure 2B. As
expected, a linear relationship was observed between the ratio
of [Ered]/[Eox] and the reciprocal of NADP+ concentration.
On the basis of the intercept on the ordinate and the slope,
Keq and KP were determined to be 0.8 and 2.3× 10-4 M,
respectively.

The possible formation of an EFH2:NH complex between
NADPH and reduced enzyme E:FH2 was considered. How-
ever, the recovery of oxidized flavin absorbance upon the
addition of NADP+ was not reversed by further addition of
NADPH (Figure 2A), suggesting that the EFH2:NH complex
formation was negligible in competition with the EFH2:N
formation under our experimental conditions. Hence, EFH2:
NH is not included in Scheme 1.

NADPH Titration. The spectra were measured under
anaerobic conditions after each addition of a small aliquot
of NADPH into N2-saturated FRPVh containing a constant
level of 3 mM NADP+. Higher levels of FRPVh reduction
(indicated by decreasingA450) were observed at increasing
levels of NADPH addition (Figure 3A). Since the NADP+

level was 13 times theKP, free fully reduced FRPVh (EFH2)

should not exist in any significant amounts. Therefore, the
data in Figure 3A can be analyzed according to eq 4 derived

from Scheme 1. The absorbance at 467 nm, an isosbestic
point in the conversion between EF and EF:N (Figure 1A),
was used to calculate the total amount of the oxidized FRPVh

species assuming that EF:NH has a similar absorptivity at
this wavelength. Free NADPH concentrations were deter-
mined from the observedA340 after corrections forA340

contributed by FRPVh and the enzyme-bound NADPH. The
concentration of bound NADPH was determined from the
relationship [EF:NH] ) [EFH2:N]/Keq ) [Ered]/Keq. As
predicted by eq 4, [Eox]/Ered) versus 1/[NADPH] showed a
linear line (Figure 3B), allowing the determination ofKeq )
0.8 and, based onKN determined from Figure 1,KS ) 0.4
µM. The value ofKeq determined from this NADPH titration
correlated well with that determined from the anaerobic
NADP+ titration shown in Figure 2.

ReductiVe Potential. The reductive potential of FRPVh was
determined by spectral titration with dithionite using the
phenosafranin redox couple as a standard. The absorption
peaks of oxidized FRPVh and phenosafranin (PS) at 453 and
520 nm, respectively, can be completely bleached upon full
reduction by dithionite. After the addition of a given amount
of dithionite, an equilibrium state was reached for both redox
pairs of FRPVh,ox/FRPVh,red and PSox/PSred. Spectral measure-
ments of the sample at various equilibrium states after the
addition of increasing amounts of dithionite are shown in
Figure 4A. At each equilibrium state, the concentration ratio
of oxidized over reduced phenosafranin ([PSox]/[PSred]) was
determined from the ratio ofA540/∆A540, whereA540 is the
observed absorbance at equilibrium state and∆A540 is the
original absorbance minusA540. FRPVh had no contribution

FIGURE 2: Anaerobic titration of FRPVh with NADP+ in the
presence of NADPH. (A) FRPVh, at 40µM, in 1 mL of N2-saturated
50 mM Pi containing 0.3 mM NADPH was titrated anaerobically
at 23 °C with 0.15-2.1 mM NADP+. Spectra were taken after
stepwise titrations when equilibria were achieved. The arrow shows
the direction of spectrum change with increasing amount of NADP+.
The spectrum of FRPVh without NADPH or NADP+ is also
presented (dashed line) as a reference. (B) [Ered]/[Eox], concentration
ratio of total reduced over total oxidized FRPVh, is plotted against
the reciprocal of [NADP+] using the data from panel A.

FIGURE 3: Anaerobic titration of FRPVh with NADPH in the
presence of NADP+. (A) Absorption spectra of FRPVh after stepwise
addition of NADPH into 1 mL of N2-saturated Pi containing 40
µM FRPVh and 3 mM NADP+ at 23°C under anaerobic conditions.
The total concentrations of NADPH immediately after addition
were, in the direction of arrows, 0, 60, 80, 100, 140, and 200µM.
(B) Plots of [Eox]/[Ered] versus the reciprocal of free NADPH
concentration using data derived from panel A.

[Eox]

[Ered]
)

[EF] + [EF:N] + [EF:NH]

[EFH2:N]
)

1
Keq

+
KS(KN + [N])

KNKeq[NH]
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to observedA540. The concentration ratio of oxidized over
reduced FRPVh ([Eox]/[Ered]) was similarly determined from
A465/∆A465 where all absorbance readings at 465 nm were
corrected for the contributions from oxidized phenosafranin.
These data can be analyzed following the rearranged Nernst
equation:

The log-log plot of [Eox]/[Ered] against [PSox]/[PSred] using
data from Figure 4A gives a linear line (Figure 4B) with a
slope of 0.95 and an intercept of 0.098. Accordingly, the
standard reductive potential of FRPVh was calculated to be
-255 mV using the intercept and-252 mV for ∆E°PS.

For an accurate determination of the standard reductive
potential of FRPVh by the method summarized above, there
should be no significant binding of phenosafranin by FRPVh

so that the known∆E°PSof -252 mV for free phenosafranin
can be applied to eq 5. This critical requirement was
confirmed by equilibrium dialysis measurements. FRPVh (0.5
mL, 55 µM) was put into a Slide-A-Lyzer cassette with
10000 MWCO (Pierce) and dialyzed against 500 mL of 100
µM phenosafranin in 50 mM Pi for 24 h. The phenosafranin
level in the FRPVh-containing sample was spectrally deter-
mined to be 101µM in comparison with 100µM in the
outside solution. Apparently FRPVh did not bind pheno-
safranin significantly under our experimental conditions.

Reduction of FRPVh R203A. FRPVh R203A has very low
affinities for both NADPH and NADP+ but is catalytically
active (18). As shown in Figure 5, R203A was completely
reduced by NADPH in the presence of 0.26 mM NADP+

under anaerobic conditions. This is in sharp contrast with
wild-type FRPVh that had about 50% in oxidized form under

the same conditions. The reductive potential of FRPVh R203A
was previously determined to be-259 mV (18).

NAD+ Binding by and ReductiVe Potential of FRGVf.
Addition of NAD+ up to 10 mM did not change the spectrum
of FRGVf. FRGVf remained in a completely reduced state in
the presence of 0.3 mM NADH and NAD+ at levels up to
10 mM under anaerobic condition. The reductive potential
of FRGVf was determined to be-215 mV by the dithionite
titration similar to that described above for FRPVh.

ReVersibility of FRP Reduction by NADPH. When FRPVh

was mixed with NADPH and [4-3H]NADP+ without any
exogenously added FMN, the enzyme can only carry out
the first half of the overall reaction to allow the reduction
of bound FMN and the production of NADP+. If the
conversion of EF:NH to EFH2:N (Scheme 1) is irreversible,
there should be no reduction of NADP+ back to NADPH.
However, as shown in Figure 6, the labeled [4-3H]NADP+

in the solution was significantly converted to NADPH in
the presence of FRPVh. Clearly, the step of FRPVh holo-
enzyme reduction by NADPH is readily reversible.

DISCUSSION

Although FRPVh and FRGVf share a number of similarities
with respect to their mechanistic and structural properties
(6), there are significant differences between these two
reductases as well. FRPVh strongly prefers NADPH as a
substrate and has a disordered loop within which the Arg203
residue is critical to NADPH recognition and binding (18).
On the other hand, FRGVh does not have this disordered loop
and can utilize NADH and NADPH with similar efficiencies.
Moreover, in hybrid-coupled reactions of FRPVh-LVf and
FRGVf-LVh, the two reductases follow different mechanisms
in reducing their originally bound FMN (10, 16). In this
study, the binding of reduced and oxidized pyridine nucleo-
tides and the redox properties have been characterized for
FRPVh and, for some critical comparisons, also for a R203A

FIGURE 4: Determination of the reductive potential of FRPVh.
Aliquots of dithionite were added into 1 mL of 50 mM Pi containing
20 µM phenosafranin, 2µM benzyl viologen, and 20µM FRPVh.
(A) Changes of the sample spectra with increasing amounts of
dithionite addition are shown in the direction of the arrows. The
spectrum of FRPVh before dithionite addition is shown as the dashed
line. (B) At each equilibrium state after the addition of dithionite,
the ratio of oxidized over reduced phenosafranin ([PSox]/[PSred])
was determined from the ratio ofA540/∆A540, whereA540 is the
observed absorbance at equilibrium state and∆A540 is the original
absorbance minusA540. The ratio of oxidized over reduced FRPVh
([Eox]/[Ered]) was similarly determined fromA465/∆A465, where all
absorbance readings at 465 nm were corrected for the contributions
from oxidized phenosafranin. The log-log plot of [Eox]/[Ered] versus
[PSox]/[PSred] is presented.

log([Eox]/[Ered]) ) (∆E°PS- ∆E°FRP)
2F

2.303RT
+

log([PSox]/[PSred]) (5)

FIGURE 5: Comparison of wild-type and the R203A variant of
FRPVh in their reduction by NADPH in the presence of NADP+.
Spectra of 40µM wild-type (solid line) and R203A (short dashed
line) FRPVh were taken under anaerobic conditions in the presence
of 0.3 mM NADPH and 0.26 mM NADP+. The off-scale absor-
bance in the region of<400 nm was mainly from NADPH, and
the bleaching of theA450 peak was due to the reduction of FRPVh
enzymes. The spectrum of R203A (long dashed line) before the
addition of NADP+ and NADPH is also presented as a reference.
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variant of FRPVh and for FRGVf. Again, some significant
differences were uncovered.

We have shown that monomeric FRPVh can form a
complex with luciferase that is functionally active in vitro
and in vivo (17, 24). This satisfies a critical requirement for
a direct metabolite channeling system. However, FRPVh is
constitutively synthesized (26) whereas the biosynthesis of
LVh is subjected to the induction of thelux operon (1). During
the life cycle ofV. harVeyi, periods must exist in which part
or even most of the FRPVh molecules are not functionally
coupled to luciferase. Moreover, FRPVh has akcat of 4170
min-1 (18), much faster than the 2-20 min-1 kcat (depending
upon the aldehyde substrate) for luciferase (31). If FRPVh is
allowed to rapidly and irreversibly convert NADPH to
NADP+ for the formation of nonproductive FMNH2, not only
precious NADPH would be wasted but also toxic oxygen
species would be generated from autoxidation of reduced
flavin. This study demonstrated for the first time that, in
addition to forming a structural and functional complex with
luciferase (17, 24), the utilization of NADPH by FRPVh is
sensitive to other factors for regulation.

First and foremost, the step of reduction of the bound FMN
is readily reversible as indicated by the finding ofKeq )
[EFH2:N]/[EF:NH] ) 0.8 on the basis of results of NADP+

titration in the presence of saturating NADPH (Figure 2) and
NADPH titration in the presence of saturating NADP+

(Figure 3). In another independent test, [4-3H]NADP+ was

found to be converted back to [4-3H]NADPH in the reductive
half-reaction of FRPVh (Figure 6). Therefore, the reversibility
of reduction of the bound FMN by NADPH has been clearly
established for FRPVh. The physiological implication of this
finding is that the reduction of the bound FMN of FRPVh by
NADPH is not the committed step in NADPH oxidation. It
should be noted that, whenever FRPVh is not completely
trapped by LVh in complex formation, the reversibility of
the reduction of FRPVh-bound FMN would decrease but not
prevent the formation of reduced flavin that is uncoupled
from luciferase bioluminescence. The reduced flavin so
generated by FRPVh would be a wasteful product if the sole
function of FRPVh in vivo is to provide FMNH2 for luciferase.
However, in metabolite channeling, a completely leak-free
coupling of a donor enzyme with one acceptor enzyme may
not be desirable if the metabolite generated by the former is
needed by other enzymes or processes. In this connection,
the possibility remains that the reduced flavin generated by
FRPVh may have other acceptor enzymes. There is yet
another level of regulation shared by FRPVh and FRGVf to
reduce wasteful oxidation of NAD(P)H. TheKm,NADPH of
FRPVh and the Km,NADH of FRGVf are 0.02 and 9µM,
respectively, when coupled to luciferase but are markedly
elevated to 20 and 120µM, respectively, when free from
coupling with luciferase (10). This would decrease the
abilities of both reductases, when they are not functionally
coupled to luciferase, to compete with other NAD(P)H
utilizing enzymes in the cells.

The reversibility of reduction of the reductase-bound FMN
is quite sensitive to perturbation. When R203A is compared
with the wild-type FRPVh, this mutation results in a marked
elevation ofKm for NADPH but only small changes in its
standard reductive potential,Kd for FMN cofactor binding,
Km for flavin substrate, andkcat (18). However, in sharp
contrast to wild-type FRPVh, R203A was fully reduced by
NADPH in the presence of 0.26 mM NADP+ (Figure 5),
showing no detectable degree of reversal of the reduction
of FMN cofactor. FRGVf also has a standard reductive
potential similar to that of FRPVh. However, different from
FRPVh, full reduction of FRGVf was obtained at 0.3 mM
NADH, and no reversal of the reduction of the bound FMN
was observed by the addition of NAD+ up to 10 mM. The
reversibility of FRPVh in NADPH oxidation is further in
contrast to the irreversibility of reduction of flavin substrate
by NADPH catalyzed by theE. coli flavin reductase Fre,
which does not utilize flavin as a cofactor and follows a
sequential mechanism (30). To date, the particular aspect of
reversibility of flavin reduction/NAD(P)H oxidation has, to
our knowledge, only been demonstrated for FRPVh.

In addition to NADPH binding, NADP+ also binds to
oxidized and reduced FRPVh with dissociation constants of
180µM (Figure 1) and 230µM (Figure 2), respectively. As
shown in Scheme 1, the NADP+ binding to EFH2 would
favor the reversal of NADP+ to NADPH, and NADP+

binding to EF would trap FRPVh in a form inactive in
oxidizing NADPH. Qualitatively, these properties of FRPVh

allow another level of regulation of NADPH oxidation by
this reductase. Because no information is available on the
NADP+ level at different stages of the life cycle of luminous
bacteria, the physiological significance of such a regulation
is uncertain at the present.

FIGURE 6: Reversibility of FRPVh reduction by NADPH. (A) A
reaction solution containing 0.12µg of FRPVh, 2 mM NADPH,
and 0.054µCi of [4-3H]NADP+ (specific radioactivity) 55 µCi/
µmol) in 0.5 mL of 50 mM Pi, pH 7.5, was incubated for 1 h.
Unlabeled NADP+ (0. 01 mL of a 10 mM stock) was then added
as a marker. The solution was subjected to chromatography on a
DE-52 column as described in the text, and 1 mL fractions were
collected and counted for tritium. (B) A control run under conditions
identical to that described for panel A except without any addition
of FRPVh. The peak (at fraction 4) in both panels is associated with
NADP+ whereas the second peak (at fraction 11) in panel A is
associated with NADPH based on another control run using
NADPH only.
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