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ABSTRACT:. The mechanisms of reduced flavin transfer in biological systems are poorly understood at the
present. TheVibrio harveyi NADPH—FMN oxidoreductase (FRP) and the luciferase pair were chosen

as a model for the delineation of the reduced flavin transfer mechanism. FRP, which uses FMN as a
cofactor to mediate the reduction of the flavin substrate by NADPH, exhibited a ping-pong kinetic pattern
with a Km gun Of 8 uM and aKm nappn OFf 20 M in a single-enzyme spectrophotometric assay monitoring

the NADPH oxidation. However, the kinetic mechanism of FRP was changed to a sequential pattern
with a Ky pvn Of 0.3 M and aKm nappH Of 0.024M in a luciferase-coupled assay measuring light emission.

In contrast, thePhotobacterium fischeMNAD(P)H—FMN oxidoreductase FRG showed the same ping-
pong mechanism in both the single-enzyme spectrophotometric and the luciferase-coupled assays.
Moreover, for the FRP, FMN at concentrations overM significantly inhibited the coupled reaction in

both light intensity and quantum yield, and showed apparent nhoncompetitive and competitive inhibition
patterns against NADPH and luciferase, respectively. No inhibition of the NADPH oxidation was detected
under identical conditions. These results are consistent with a scheme that the reduced flavin cofactor of
FRP is preferentially utilized by luciferase for light emission, the reduced flavin product generated by the
reductase is primarily channeled into a dark oxidation, and luciferase competes against flavin substrate in
reacting with the FRP reduced flavin cofactor. An FRP derivative containing 2-thioFMN as the cofactor
was also used to further examine the mechanism of flavin transfer. Results again indicate a preferential
utilization of the reductase reduced flavin cofactor by luciferase for the bioluminescence reaction.

Enzymes in the NAD(P)Hflavin oxidoreductase (flavin  reductive iron release from siderophoreg 8), oxygen
reductase) family catalyze the reduction of flavin at the activation @), activation of ribonucleotide reductasko(11)
expense of NAD(P)H. Several species of flavin reductase and chorismate synthasgZj, biosynthesis of the antitumor
have been identified in luminous bacteriz—4) and are agent valanimycin X3), and desulfurization of fossil fuel
believed to provide reduced riboflaviri-phosphate (FM-  (14).

NH2)! in vivo as a substrate for bacterial luciferase which  Erae reduced flavin is subject to rapid autoxidatiaB)(

catalyzes a luminescent monooxygenation reaction (eds lgree diffusion is thus unlikely to be an efficient pathway
and 2). Flavin reductases have also been isolated from¢q,; requced flavin transfer in vivo. Hence, specific direct

transfers of reduced flavin from flavin reductases to receptor

flavin reductase . .
Hf ———— enzymes are expected to exist. However, mechanisms for

FMN + NAD(P)H +

FMNH, + NAD(P)* (1) reduced flavin transfer in biochemical processes have never
2 been well-established.
RCHO+ FMNH, + OZM‘E The luciferase-flavin reductase couple in luminous bac-

teria provides an excellent system for the delineation of the
flavin transfer mechanism. The structure and mechanism
of bacterial luciferase have been extensively studi€gd {7
nonluminous organisms and linked to a variety of biological and references therein). Properties of several highly purified
functions such as the reduction of methemoglotin§), flavin reductase species from luminous bacteria have been
characterized 3, 18—22). The formation of FMNH by

t Supported by Grant GM25953 from the National Institutes of flavin reductases can be directly quantified by following the
Health and Grant E-1030 from The Robert A. Welch Foundation.  oxidation of NAD(P)H spectrophotometrically. In addition,

* Corresponding author: telephone, 713-743-8359; fax, 713-743- Juminescence from the flavin reductadeciferase-coupled
83§1D'e%'{;?t%1"égtt%?§%@%l;' and Biochemistry. assay provides a quantitative and sensitive measure of the
§ Department of Chemistry. FMNH, transfer from flavin reductase to luciferase. More-

1 Abbreviations: FMNH, reduced riboflavin Sphosphate; FRP, over, using an NADPH-preferring flavin reductase FRP (

NADPH-preferring flavin reductase P; FRD, NADH-preferring flavin _ i i
reductase D; FRG, NADH-, and NADPH-utilizing flavin reductase G; 23), an NADH-preferring flavin reductase FRE3)(from

FRR, holoenzyme reconstituted from FRP apoenzyme and 2-thioFMN; Vibrio harveyi, and a general NAD(P)_H—dependent ﬂaVin
g, quantum. reductase FRG fronPhotobacterium fischer{1), earlier
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RCOOH+ FMN + H,O + light (2)
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kinetic studies have provided evidence for a direct transfer Scheme 1
of FMNH, from flavin reductase to luciferase.

NH N f fH,
In this study, theV. hareyi luciferase and FRP were ¢ f J ?

targeted for a more thorough and rigorous kinetic analysis EF EFH, EF
of the flavin transfer mechanism. Results indeed indicate
the existence of a direct transfer of reduced flavin from FRP column pre-equilibrated with 0.8 M (NSO, in 50 mM
to luciferase. Moreover, the purified FRP has a bound FMN Pi. The column was first eluted with 50 mL of the same
cofactor and requires a second flavin molecule as a substrateequilibrium solution and then with 0.5 M (Nj$SQ; in 50
(20). We found that luciferase preferentially utilized the mM Pi to recover FRG. FRG was concentrated by precipi-
reduced flavin cofactor instead of the reduced flavin product tation in 70% ammonium sulfate saturation and dialyzed

of FRP for luminescence. To our knowledge, this is the first
example of a preferential transfer of the reduced flavin

against 50 mM Pi, 0.5 mM dithiothreitol, overnight. The
FRG so obtained was 90% pure.

cofactor of one enzyme to another enzyme as a substrate. gpzyme Assays.Two assay methods were used to

EXPERIMENTAL PROCEDURES

Materials and General Methodology.Bovine serum
albumin, FMN, NADH, NADPH, and decanal were from

determine the activity of FRP at 2&. In the single-enzyme
spectrophotometric assay, FRP activities were determined
in 50 mM Pi containing FMN and NADPH at designated
concentrations by monitoring the decreas@dm associated

Sigma. Stock decanal solutions were prepared fresh inwith NADPH oxidation. In the luciferase-coupled assay,
ethanol. Literature procedures were followed to synthesize reactions were carried out in 50 mM Pi in a ¥275 mm

and purify 2-thioFMN 24) and to purify FMN @5). An
FRP derivative, FRP was reconstituted from FRP apoen-
zyme and 2-thioFMN as described previousB2)( All

glass culture tube (BOREX) and light emission intensities

were measured using a calibrated photomé@y: (Activities

of limiting quantities of FRP were determined in the presence

phosphate (Pi) buffers were at pH 7.0 and consisted of Of excess luciferase as the steady maximal emission intensity
phosphates at mole fractions of 0.39 sodium monobase andexpressed in light units with 1 unit 48 x 1 g-s™®. In
0.61 potassium dibase. Purities of enzyme samples wereSome cases, the emission time courses were recorded until

judged on the basis of sodium dodecyl sulfapelyacryl-
amide gel electrophoresis.

Luciferase Purification.The clonedv. harveyiluciferase
was expressed iEscherichia coliJM101 harboring pTH2
(26, 27) and was purified te>95% homogeneity as described
previously £8). Such a luciferase sample, usually containing
low but detectable levels of flavin reductase, was further
purified on a DEAE-Sepharose column (X510 cm) eluted
isocratically with 280 mM Pi. The luciferase so obtained

the completion of the coupled reactions and total quantum
outputs ;) were calculated. Methods detailed previously
(32) were followed for the analysis of kinetic data with
respect to th&, values and the kinetic mechanism.

RESULTS
Steady-State Kinetic Analyse3he FRP activities were

first determined by the single-enzyme spectrophotometric

assay as a function of NADPH concentration from 16 to 100

was close to being completely free from flavin reductase; a uM. Initial rates ofAAssdmin were determined after adding
1.2uM luciferase sample contained flavin reductase activities 3 nM FRP into 1 mL of Pi containing varying amounts of

equivalent to<5 pM FRP.

Flavin Reductases. V. haeyi FRP was purified to
apparent homogeneity as described previoug).( P.
fisheri (formerly asVibrio fisheri) flavin reductase FRG was
purified from E. coli JM109 harboring the recombinant
plasmid pFRG. The pFRG was obtained by cloning the
FRG-encodingfrg gene 29) into pUC18 at thePst and
EcaRl sites via polymerase chain reaction amplification using
P. fisherigenomic DNA and primers'8CATCATAAGT-
TCTGCAGACAAGAA-3' and 3-CTTTAAATAGAATTC-
TACCGTAG-3. The italicized bases were those mutated
to create thePst and EcaRl restriction enzyme sitesE.
coli IM109 cells harboring pFRG were first cultured in 5 L
of 2x Luria-Bertani medium supplemented with 100 mg/L
ampicillin at 37°C to about 1.5 Ok, and then grown at
25 °C for two more days in a BioFlo llc fermentor (New
Brunswick Scientific). Forty grams of wet cell paste so
obtained was sonicated for 10 min in 120 mL of ice-cooled
50 mM Pi buffer containing 0.5 mM dithiothreitol. Lysed

NADPH and a constant level of FMN at 2.6, 5.2, 10.5, 26.3,
or 53 uM. A series of parallel lines were obtained from
double-reciprocal plots of initial rate versus NADPH con-
centration. This kinetic pattern, same as that reported earlier
(3), indicates a ping-pong mechanism for FRP as shown in
Scheme 1. According to this scheme, NADPH (NH) first
binds to FRP holoenzyme (EF), and then the FMN cofactor
is reduced by NADPH. After the release of NADEN) as

the first product, the enzyme is left in a reduced form (BFH
Subsequently, an exogenously added FMN binds to the flavin
substrate (f) site of EFland a reducing equivalent exchange
takes place between the bound FMNebfactor and the
FMN substrate. Finally, the FMNHproduct (fH) is
released and the oxidized FRP is regenerated. The “F” and
“f" refer to the flavin bound to or released from the cofactor
site and the substrate site, respectively. By using kinetic
equations for the ping-pong mechanisgi)(for analysis, a
Km,emn Of 8 uM and aKy nappn Of 20 uM (Table 1) were
obtained.

cells were centrifuged, and the supernatant was directly Luciferase-coupled reactions were also carried out by

loaded on a 2.5x 40 cm DEAE-Sepharose (fast flow,

adding 10uL of NADPH (final concentration 0.020.15

Pharmacia) column pre-equilibrated with 50 mM Pi and M) into 1 mL of Pi containing 0.5 nM FRP, 1.2M

isocratically eluted with 0.3 M Pi. The FRG pool so obtained
was adjusted to 0.8 M (NBLSO, and loaded on a k 20

luciferase, 1uM decanal, and a constant level of FMN at
0.1, 0.2, 0.4, or 0.e&tM. Light intensity reached a steady

cm Phenyl-Sepharose (fast flow, high sub, Pharmacia) level within a few seconds and lasted for 1 min or longer. A
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Table 1: Ky, Values and Kinetic Mechanisms of FRP and FRG

Determined by Reductase Single-Enzyme Spectrophotometric Assay

and Luciferase-Coupled Luminescence Assay

Kmeun  KmnappH  Km nabH kinetic
assay method (uM) (uM) (M)  mechanism
FRP spectrophotometric 8 20 ping-pong
FRP-luciferase coupled 0.3 0.02 sequential
FRG spectrophotometfic 220 120 ping-pong
FRG—luciferase coupled 4 9 ping-pong
aTaken from Tu et al., 197930).
Scheme 2
NH N Lu Lu:FH, F
EF { L EFH, ¢ * E * EF
F NH N Lu Lu:FH,
E } EF * f EFH, * ? E

family of converging lines was obtained from double-
reciprocal plots of light intensity versus NADPH concentra-
tion, allowing the calculation of 0.8M for the Kim gy and
0.02uM for the K nappr (Table 1). Consistent with earlier
findings 3), theseK, values revealed by the coupled assay
were significantly smaller than the respectilég run and
Kmnappr determined by the spectrophotometric assay. How-
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Ficure 1: Effects of FMN on light intensity and total quantum
output in the luciferaseFRP-coupled reaction. Maximum light
intensities ©) and total quantum outpuh{ of the coupled reactions
are plotted against FMN concentration. The reactions were initiated
by the addition of 1QuL of 10 uM NADPH into 1 mL of Pi, pH

7.0, containing 1.0 nM FRP, 24M luciferase, 10uM decanal,
and different levels of FMN from 0.2 to 20M.

(F) site of the apoenzyme to regenerate the holoenzyme EF.
When Scheme 2 is viewed with the reductase apoenzyme
as the starting point (Scheme 2 lower pathway), it is clear
that the coupled assay would follow an apparent sequential
kinetic pattern.

FMN Inhibition of Coupled ReactionWe found that FMN
at >2 uM caused significant inhibitions of the luciferase-
coupled reaction. As shown in Figure 1, initially light
intensity increased at higher FMN concentrations and reached
an apparent maximal emission intensity at aboul/2FMN.

ever, results from the coupled assays indicate a sequentiaHowever, the luminescence intensity markedly decreased
mechanism in contrast to the ping-pong mechanism shownwith further increase of FMN concentration. The effect of

by the spectrophotometric assay.
It is known that theP. fischeriFRG also has a bound FMN
cofactor B2) and follows a ping-pong mechanism, deter-

FMN concentration on the total quanta of light emission was
similar to that on the emission intensity except that the
maximal total quantum output was reached at abouMl

mined by the single-enzyme spectrophotometric assay, withFMN. In contrast, no inhibition was observed with FMN

aKm vy 0f 220uM and aKpy, napn Of 120uM (33). Steady-

on the rate of NADPH oxidation by FRP in the spectropho-

state light emissions were measured by the coupled assayometric assay in the absence or presence of luciferase and

by adding NADH (varying from 1.5 to 5@M) into 1 mL
of Pi containing 1.5 nM FRG, 1.2M luciferase, 10uM
decanal, and a constant level of FMN at 0.5, 1.0, 2.0, 4.0,
6.0, or 8.QuM. Interestingly, double-reciprocal plots of light
intensity versus NADH concentration at different constant
levels of FMN again generated a set of parallel lines. In
contrast to theV. hareyi FRP, theP. fisheri FRG still
followed a ping-pong mechanism in the luciferase-coupled
assay, with thé&Kn, pun and Ky napn determined to be 4 and
9 uM, respectively (Table 1). Therefore, the change of
kinetic pattern observed with the. hareyi FRP in two
different assays was clearly a genuine property of this
reductase.

Hypothesis of FRPLuciferase Coupling Mechanismie
propose the following minimal scheme to reconcile the
apparent sequential mechanism in the FRRiferase-

decanal at concentrations similar to those used in the coupled
assay.

FMN Inhibition Pattern. Light emission intensities were
measured as a function of NADPH concentration at several
constant FMN levels from 5 to 26M which are much higher
than theKy, pun determined in the coupled assay. A series
of converging lines were obtained from the reciprocal plots
of light intensity versus NADPH concentration (Figure 2A),
and both the slope and intercept linearly increased with FMN
concentration (Figure 2B), suggesting an apparent noncom-
petitive inhibitior? of FMN against NADPH.

Following a conventional noncompetitive inhibition in the
presence of2 uM FMN one would anticipate the reduction
in the light intensity ¢ in g- s%) but not in the total light
output ;). The presence of the FMN inhibitor would trap
some of the FRP in a form inactive to support the luciferase

coupled reaction. As shown in Scheme 2 upper pathway, bioluminescence, but the remaining active FRP should be

the initial events leading to the release of NAD&nd the
formation of EFH are the same as those in Scheme 1. We
propose that luciferase (Lu) forms a complex with BEFH
and a direct transfer of the FMNHofactor from reduced
FRP to luciferase occurs. This key step is highlighted by
the enclosure box. After the release of -tkH,, the
reductase is left in the apoenzyme form (E). The exog-

able to completely utilize the total NADPH for biolumines-
cence in the coupled reaction. However, contrary to a simple
noncompetitive inhibition, high concentrations of FMN were
inhibitory to both the luminescence intensity and the total
guantum output (Figure 1). Therefore, Scheme 3 is proposed

2 The noncompetitive inhibition referred to in this report includes

enously added FMN subsequently binds to the flavin cofactor the conventional noncompetitive inhibition and the mixed inhibition.
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0.36 —— 0.03 C = kika(ki + kog)(ks + kog) + (ki + k-3g)(kiksks +
| A 8 _% kikokg)[Lu] + (ks + k-g)(kikiks + kikoks)[F]; and Vmax =
027} 3 Ke[E4]- )
~ loo2 3 The terms [H, [Lu], [NH], and [F] are the concentrations
x T of total FRP, luciferase, NADPH, and FMN, respectively.
2048} - ConsideringKy = 0.2 uM for FMN binding to FRP
2 5 apoenzyme 42), at [F] = 5 uM the term of free E is
~oool 00t T negligible in deriving eq 3. Furthermore, eq 3 can be
) T rearranged to eq 4 suitable for a double-reciprocal plot of
E 1/v versus 1/[NH]. At a constant concentration of luciferase
0.00 : - P T - and several constant levels of FMN, both the slope and the

ordinate intercept of such a double-reciprocal plot should
assume the general format 6= a + b[F], whereY is the

Esgfoizpllen dhgtsig;‘ R;I;X'}”rr’]\‘af‘ggg‘s; glnﬁggg'n?vf’g?e“ggggﬁg 4 afteSiOPe or intercept anaandb are both constants. Consistent
the initiation of the reaction by the addition of 144 of NADPH with eq 4, the results shown in Figure 2A revealed an

into 1 mL of 50 mM Pi, pH 7.0, containing 1,2V luciferase, 10 apparent noncompetitive inhibition of FMN against NADPH.
uM decanal, 0.5 nM FRP, and different levels of FMN. Final Furthermore, both the slope and the intercept of the plots
NADPH concentrations were from 0.04 to 0. (A) Light determined in Figure 2A increased linearly with increasing
intensities versus NADPH concentrations are presented as doublewgncentrations of EMN (Figure 2B).

reciprocal plots. FMN concentrations were, from the bottom line : : :
upward. 5, 10, 15, and 20M. (B) The slopes®) and the ordinate The same Scheme 3 is also applicable to the analysis of

intercepts 4) in panel A are each plotted as a function of FMN  the inhibitory effect of FMN on the total quantum output of

1/(NADPH) (uM™) (FMN)  (uM)

concentration. the coupled reaction. When the coupled reactions were
carried out at a constant starting concentration of NADPH
Scheme 3 and several levels of FMN at-20 «M until the exhaustion

of NADPH, the quantum yield¢; defined as quantum per

K o
EFH:f— > EF + fi;, —» Dark

NADPH molecule consumed) can be expressed following
k3 (f)w” Scheme 3 as the ratio of the rate of NADPH oxidation by
- KO N EFH, the sequential pathway over the total rate of NADPH
| k., i N Mk, o oxidation through both the sequential and ping-pong path-
ﬂ“ w "-4“ ! 0, ways (eq 5).
NH s RCHO
(EF:Lu) —/—— (EF-LuNH) 9= EFHy:Lu——=E + LuFH; —> Light k4(k1- + k_3)[Lu]
= 5
' e P e I+ kel k)
EF

The term¢max is the maximal quantum yield in the absence
- o of any dark oxidation of NADPH. Equation 5 predicts that
as a minimal kinetic pathway to account for the results shown ¢ would decrease at increasing concentrations of FMN.
in Figures 1 and 2. _ _ Therefore, the observation that high levels of FMN inhibited
The two enzyme species shown in parentheses areihe total quantum output of the coupled reaction (Figure 1)
excluded for consideration for now and will be discussed ¢an also be accounted for.
later. Again, F and f are the flavin species bound to or | yciferase Titration. The coupled reactions were carried
released from the cofactor site and the substrate site,qut at varying concentrations of luciferase, a constant starting
respectively. It is assumed that luciferase and the FMN jeye| of NADPH, and several constant concentrations of

substrate (f) compete in reacting with the FRP reduced flavin FpMN. For the analysis of data, eq 4 was rearranged to eq 6
cofactor (FH). This reduced flavin cofactor is directly

transferred from FRP to luciferase leading to a light-emitting 1 C  CGH+CJF] 1

pathway whereas the reduced flavin productffef FRP v Voax Voax  [LU] (6)

is released to the medium and is thus primarily channeled

into a dark oxidation reaction. It should be noted that the whereCy, C,, andC;s are all constants. This would predict
dark reaction (upper pathway in Scheme 3) is identical to a saturation curve upon titration with luciferase and an
the ping-pong pathway in Scheme 1 whereas the light apparent competitive inhibition of FMN against luciferase
reaction (lower pathway in Scheme 3) is the same as thein measuring the light intensity of the coupled reaction. Both
sequential pathway in Scheme 2. predictions were confirmed by experimental results shown

A steady-state kinetic equation (eq 3) was derived on the in Figure 3, parts A and B. Similar analyses were also made
using the results of quantum yield (based on NADPH

V., AINH] consumed) measurements. Equation 5 was rearranged to eq
v=— 3) 7 which also predicts a saturation curve upon titration with
B + C[NH]
ka(ks + k_[F
i_c . B 1 " 1_ 1 ks +4)k[] L1 @)
v AVmax AVmax [NH] ¢ ¢max (PmanA(ki 73) [ U]
luciferase and an apparent competitive inhibition of FMN
basis of Scheme 3 wherk = kjkoks(ki + k-3)[Lu]; B = against luciferase. Again, both predictions were confirmed

kaks(k-1 + ko) (ki + k-3)[Lu] + kski(k-1 + ko)(ks + Kk—4)[F]; by experimental results shown in Figure 3, parts A and C.
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200 420 & Table 2: Comparison of NADPH Oxidation Rate and Coupled
0 150 1 115 ~ Luminescence Intensity Using Different Reductase/Flavin Substrate
N .~ oot
- 2 Combination%
T 100 1% NADPH relative (light
~  s0} 15 + reductase/flavin oxidatior? light intensity  intensity/NADPH
> ‘ ‘ ‘ (’; substrate (AAssdmin) (1071 x grs) oxidation)
0 0 2 4 6 8 10 120 FRP/FMN 0.08 144 1 ,
. FRR/FMN 0.10 10 6x 10~
(Luciferose) - (uM) FREVZMMOEMN 6.1 15 & 102
0.08 FRR/2-thioFMN 0.04 0.2 3 1073
f: 0.06 8 aFinal reaction solution contained 0.@81 FRP or FRR, 2.4 uM
5 luciferase, 1QuM decanal, 1.7«M 2-thioFMN or 3.5uM FMN, and
= 0.047 225uM NADPH in 50 mM Pi, pH 7.0. The reaction was initiated at
2 002k 23 °C by the addition of reductaseCalculated from the linear time
- 7 courses of changes i Observed from the onset to 5 min for the
0.00 ; . FRP/FMN and FRF2-thioFMN samples and to about 2 min for the
0.0 0.3 0.6 0.9 FRR/FMN and FRP/2-thioFMN samples. The latter two samples
1/(Luciferase) (uM-") showed a gradual upward curvature after 2 riileasured at about 5
90 s after the addition of the reductase. The measured intensities
represented the maximal levels for the FRP/FMN, FRP/2-thioFMN,
60 L and FRR2-thioFMN samples, but the FRFMN sample showed a
& slow increase to 6 10" g-s™* over 3 min.
30 5
O 1 )
0.0 0.3 0.6 0.9
1/(Luciferase) (uM™") - 4 A
Ficure 3: Effects of luciferase on light intensity and quantum yield T
in the luciferase-FRP-coupled assay. (A) Ten microliters of 20 2
uM NADPH was added into 1 mL of Pi, pH 7.0, containing 2 mg n 3r
of bovine serum albumin, 80M decanal, 1 nM FRP, GM FMN, 2
and luciferase at indicated concentrations to initiate the coupled % +FMN
reaction. The maximum light intensity and total quantum output 2| — NADPH
are plotted as functions of luciferase concentration. (B) The same R
experiment described for panel A was repeated using different levels
of FMN. Results are shown as double-reciprocal plots of maximum
light intensity versus luciferase concentration. (C) Data were o0 07 Ta 21

obtained from the same experiments described for panel B. Results

are shown as double-reciprocal plots of quantum yield (i.e., number
of quanta per molecule of NADPH oxidized) versus luciferase
concentration. For both panels B and C, the FMN concentrations
were, from the bottom line upward, 5, 10, 15, and:20.

FRPs; as Mechanistic Probe for the LuciferasERP
Coupling. Both the native FRP and the FR{Peconstituted
from the FRP apoenzyme and 2-thioFMN) can utilize either
FMN or 2-thioFMN as an active substrat22j. In turn,
luciferase can use both FMNHand 2-thioFMNH as a
substrate for bioluminescenc&4j. However, the 0.16
quantum vyield for the former flavin is much higher than the
0.003 quantum yield for the latter flaviB%). In this study,
coupled reactions were carried out by adding FRP orFRP
to 2 mL of Pi containing NADPH, luciferase, decanal, and
FMN or 2-thioFMN. Reaction rates were determined by
following the time-dependent decreases Agyo and by
measuring luminescence intensity abds after the initiation
of the reaction. Four samples were tested with the reductase
flavin substrate combinations of FRP/FMN, FHMN,
FRP/2-thioFMN, and FRJ2-thioFMN. Under the condi-
tions described in Table 2, the FRFRMN and FRP/2-
thioFMN samples showed similar NADPH oxidation rates
and luminescence intensities whereas the FZRfRioFMN
sample exhibited low activities by both measurements and
the FRP/FMN sample showed a low NADPH oxidation rate
but a very high luminescence intensity. TA&gs/min is a
measure of the rate of NADPH oxidation and, hence, reduced
flavin formation. Table 2 also shows a comparison of the
four samples in terms of relative luminescence intensity

Incubation Time (min)

Ficure 4: Effect of preincubation of FRRvith FMN in the absence

or presence of NADPH on the maximum luminescence intensity
in the luciferase-coupled reaction. FRFD.08 uM) was first
incubated with 1M decanal, 3.%«M FMN, and 225«M NADPH

in 1 mL of 50 mM Pi, pH 7.0. Luciferase (10L of a 0.24 mM
stock) was added to initiate the light emission reaction after different
times of the preincubation. The peak light intensities are plotted
against the incubation time®). The experiment was repeated under
identical conditions except that FRRas first incubated with FMN
and decanal in the absence of NADPH and the same amount of
NADPH was added together with luciferase after different times
of the incubation to initiate the luminescence reaction. The peak
light intensities are plotted against the incubation timey (

normalized to the same rate of NADPH oxidation (or reduced
flavin formation). The FRP/FMN sample had the highest
normalized light intensity/NADPH oxidation ratio whereas
17-, 12.5-, and 330-fold reductions were observed for the
FRR/FMN, FRP/2-thioFMN, and FR2-thioFMN samples,
respectively.

In another series of experiments, a limiting quantity of
FRR, was incubated with FMN, NADPH, and decanal, and
then excess luciferase was added after different times to
initiate the coupled luminescence reaction. Higher initial
peak light intensities were observed after longer incubation
times (solid line in Figure 4). The experiment was repeated
except that FRPwas first incubated with FMN and decanal
and then a luciferaseNADPH mixture was added after
different times to initiate the luminescence. Qualitatively
the same results were obtained (dotted line in Figure 4), but
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Scheme 4 transfer from FRP to luciferase rather than the exact nature
of the FRP-luciferase complex.

NH N Lu:FH, Lu Another important and unexpected finding was that FMN
at >2 uM significantly inhibited not only the intensity
(i.e., the rate) but also the total quantum output of the
luminescence reaction. The inhibition of the total quantum

F
E:Lu * EF:Lu { f EFH,:Lu

Scheme 5 output by FMN requires the existence of an additional dark
—— pathway for the oxidation of FMNjformed at the expense
F Lu NH N uit of NADPH. Scheme 3 was developed to account for all of

E the observations described above. According to the main
part of Scheme 3 (including all enzyme species except the
] ) ) _ two species in parentheses), luciferase competes against the
the levels of luminescence intensity and the rate of lumi- f|avin substrate (f) in reacting with the reduced FRP (BFH
nescence activity increase during the incubation were bothThis scheme forms a basis for the predictions of an apparent
lower than those observed when RRfas incubated with  noncompetitive inhibition of coupled reaction luminescence
both FMN and NADPH. intensity by FMN against NADPH (eq 4), decreasing total
guantum output at increasing levels of FMN (eq 5), and
DISCUSSION competitive inhibitions of the luminescence intensity (eq 6)
The Ky, values for FMN and NAD(P)H determined for ~and quantum yield (eq 7) by FMN against luciferase. All
flavin reductases in the luciferase-coupled luminescenceof these predictions are fully consistent with the results
assay have been found to be significantly lower than thoseshown in Figures 3.
measured in the reductase single-enzyme spectrophotometric Scheme 3 can be expanded to include the two enzyme
assay {, 3, 23). These findings were interpreted to indicate species in parentheses for a more general consideration of
the formation of a luciferasereductase functional complex the reductaseluciferase complex formation. For those
on the basis of the following consideration. If the reduced experiments in which the inhibitory effects of FMN were
flavin product from reductase reaches luciferase by free demonstrated, the FMN concentrations used were much
diffusion and a true excess of luciferase is used for the higher than theky of FMN binding to the cofactor site of
coupled assay, th,, for FMN and NAD(P)H determined = FRP apoenzyme. Consequently, the possible bindings of
for the reductase should be the same as those determined biuciferase to oxidized FRP (EF), FRINADPH complex
the reductase spectrophotometric assay. However, the lu{EF—NH), and reduced FRP (ERHare all included in the
ciferase turnover rate is substantially slower than those of expanded Scheme 3 but the luciferase binding to FRP
flavin reductases. If a functional complex is formed between apoenzyme is not. Kinetic analyses of this expanded Scheme
flavin reductase and luciferase for a direct transfer of reduced3 also predict an apparent noncompetitive inhibition of the
flavin, then 50% maximal luminescence activity would be light intensity by FMN against NADPH and an apparent
reached in the coupled assay at FMN and NADPH concen- competitive inhibition by FMN against luciferase. Again,
trations much lower than the respectiig levels determined regardless of the detail events in the binding of luciferase to
by the single-enzyme spectrophotometric assay. FRP, our results fully support the conclusions that the
We again observed much lowir, gyn andKm nape)yn for reduced flavin product (f5) generated by FRP is not efficient
the V. hareyi FRP andP. fischeriFRG by the luciferase-  in supporting luciferase luminescence, that luciferase pref-
coupled assay than those by the reductase spectrophotometrierentially utilizes the reductase reduced flavin cofactorfFH
assay (Table 1 and ré&3). However, in contrast to the. for the light emission, and that luciferase competes with the
fischeri FRG, theV. hareyi FRP showed a change from flavin substrate in reacting with the FRP reduced flavin
the ping-pong mechanism in the single-enzyme assay to acofactor.
sequential mechanism in the coupled assay (Table 1). The existence of separate flavin cofactor and substrate sites
Scheme 2 is proposed to account for such an unexpectedn FRP is critical to the Schemes 2 and 3. This is supported
observation. A key feature of this scheme, highlighted by by the following findings. The isolated FRP holoenzyme,
the enclosure box, is that the reduced flavin cofactor of FRP which has a bound FMN cofacto2@), can utilize not only
is preferentially utilized by luciferase for luminescence. flavin but also other electron acceptors as a subst@te (
When luciferase is added at a constant and excess level, th&Ve have also shown that neither riboflavin nor FAD shows
utilization of FMN and NADPH by the FRP apoenzyme any appreciable binding to FRP apoenzyme but that both
would follow a sequential mechanism as shown in Scheme flavins are good substrates for the FMN-bound FRP holo-
2 lower pathway. As will be detailed later, another important enzyme 22).
feature of this scheme is that luciferase competes against 2-ThioFMN and FRP were used for further tests of
the FMN substrate in reacting with the FRP reduced flavin Scheme 3. Table 2 shows the relative light intensity
cofactor. It should be emphasized that, as long as these twanormalized to the same NADPH oxidation (or reduced flavin
key features are maintained, the change from the ping-pongformation) rate for different reductase/flavin samples. If the
to the sequential mechanism in the coupled assay does noteduced flavin product (ft) formed by reductase is prefer-
confine the binding of luciferase to only the reduced form entially utilized by luciferase, then FRP/FMN and ERRMN
of FRP as shown in Scheme 2. In fact, luciferase could bind should exhibit the same normalized luminescence intensity.
to either the FRP apoenzyme (Scheme 4) or the oxidizedHowever, the latter was markedly less efficient in light
holoenzyme (Scheme 5) and still shows a change from theemission. For FRFFMN, the initial form of reduced flavin
ping-pong to the sequential mechanism in the coupled assaycofactor was 2-thioFMNEwhich has a much lower quantum
This work is aimed at elucidating the mechanism of FMNH  yield with luciferase than FMNK(34, 35). Therefore, our
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results indicate that the reduced flavin cofactor of the and, primarily, with respect to th¥. harveyi luciferase-
reductase was preferentially transferred to luciferase for the FRP couple.

light reaction. Also, the initial forms of reduced flavin

cofactor should be FMNHand 2-thioFMNH for FRP/2- REFERENCES

thioFMN and FRE2-thioFMN, respectively. Indeed, the
former showed a significantly higher normalized lumines-
cence intensity than the latter (Table 2).

The FRRIFMN sample, as described in the Table 2 legend,
showed a gradual increase of light intensity over the initial
3 min. In addition, when FRRvas preincubated with FMN
in the presence or absence of NADPH and the coupled
luminescence was subsequently initiated, higher light intensi-
ties were observed after longer periods of preincubation
(Figure 4). No lag period in thAAg4time course was ever

detected in any of the spectroscopic assays for FRP og FRP 7
in the absence or presence of luciferase. Therefore, increases

in the luminescence intensity shown in Figure 4 cannot be
due to slow binding of the FMN substrate to the reductase.
The FRRconcentration (0.08M) used in these experiments
was significantly lower than the 048V Kq for the 2-thioFMN
binding to FRP apoenzym®@2). A gradual replacement of
the 2-thioFMN cofactor by the exogenous FMN, added at
3.5 uM and having aKq of 0.2 uM (22), would occur.
Therefore, the observed time-dependent increases in lumi-

nescence intensity (Figure 4) further support the preferential 13.

utilization of FRP reduced flavin cofactor by luciferase for

luminescence. Moreover, with FMN as a cosubstrate,;FRP
has a slightly faster rate of NADPH oxidation than FRP
(Table 2). If the FMNH product formed by FRP or FRP

is preferentially utilized by luciferase for the coupled

luminescence reaction, the replacement of the 2-thioFMN 17.
18.

cofactor on FRPby FMN during the preincubation should
result in a small gradual decrease in the luminescence
activity, a prediction contradicted by our observation.
Furthermore, the increase in the peak luminescence intensity
was faster when FRPwas preincubated with FMN and
NADPH (a condition allowing turnover and formation of
the reduced flavin cofactor by the reductase) than with just
FMN (Figure 4). Apparently, the reduced flavin cofactor
was easier to dissociate from the reductase than the oxidized
cofactor, thus providing further support for an efficient
utilization of the reduced flavin cofactor of the reductase by
luciferase for luminescence.

Mechanisms for reduced flavin transfer in biological
systems are poorly understood in general. The preferential
utilization of the reduced flavin cofactor of FRP by luciferase
shown by this study is an interesting and surprising finding.
However, the reduced flavin transfer mechanism proposed
for theV. harveyi FRP-Iluciferase couple does not preclude
other mechanisms for reduced flavin transfer to luciferase.
In fact, the results described for the FR(@ciferase couple
support a direct transfer of the reduced flavin product from
FRG to luciferase. Clearly, the mode of reduced flavin
transfer by different doneracceptor pairs should not be
generalized at the present. Moreover, luciferase may not
rely on just one type of mechanism to acquire reduced flavin
invivo. There are at least three plausible mechanisms: free
diffusion of FMNH; to luciferase, reduction of luciferase-
bound FMN by exogenous reductant(s) including free
reduced flavin, and a direct transfer from flavin reductase
to luciferase within a functional complex. This work is
confined to the investigation of the third transfer mechanism
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